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Orbit-orbit interaction and photonic orbital
Hall effect in reflection of a light beam*

Zhang Jin(5k ), Zhou Xin-Xing(Ji#1 &), Ling Xiao-Hui({ZHEHE),
Chen Shi-Zhen([%: fH v7), Luo Hai-Lu(F'##F)", and Wen Shuang-Chun(CX{F)

Key Laboratory for Micro-/Nano-Optoelectronic Devices of Ministry of Education, Hunan University, Changsha 410082, China

(Received 24 September 2013; revised manuscript received 11 November 2013; published online 20 April 2014)

We examine the orbit—orbit interaction when a paraxial beam with intrinsic orbital angular momentum (IOAM) reflects
at an air—glass interface. The orbital-dependent splitting of the beam intensity distribution arises due to the interaction
between IOAM and extrinsic orbital angular momentum (EOAM). In addition, we find that the beam centroid shows an
orbital-dependent rotation when seen along the propagation axis. However, the motion of the beam centroid related to the
orbit—orbit interaction undergoes a straight line trajectory with a small angle inclining from the propagation axis. Similar to
a previously developed spin-dependent splitting in the photonic spin Hall effect, the orbital-dependent splitting could lead

to the photonic orbital Hall effect.
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1. Introduction

The orbital angular momentum (OAM) of a light beam
can be divided into two parts: intrinsic OAM (I0OAM) and ex-
trinsic OAM (EOAM). Here, the IOAM stands for the intrinsic
orbital angular momentum associated with OAM around the
centroid of the beam, and the EOAM is the extrinsic orbital
angular momentum related to the motion of the centroid.!]
The beam with a helical phase front apertured symmetrically
about the propagation axis has zero transverse momentum
and, consequently, an OAM of /7 per photon is independent
of the calculation axis.!”) The OAM of the light beam may
therefore be described as intrinsic. However, when the beam
passes through an off-axis aperture, its transverse momentum
is nonzero and the OAM depends upon the choice of calcula-
tion axis, and therefore must be described as extrinsic. !

Unlike the OAM, the spin angular momentum (SAM)
does not depend upon the choice of the calculation axis and
is always intrinsic.[*! Recently, the spin—orbit interaction re-
lated to spin photons has received considerable attention. >~12]
The photonic spin Hall effect (SHE) is generally believed to
be a result of an effective spin—orbit interaction, which de-
scribes the mutual influence of the spin (polarization) and the
trajectory of the beam centroid related to EOAM.[!3-15] The
photonic SHE manifests itself as spin-dependent splitting in

the beam reflection, refraction on a sharp boundary,!'®23 or

propagation in an inhomogeneous medium. 247!
In this paper, similar to the previously developed spin—
orbit interaction and the photonic SHE on a sharp boundary,

we evolve the orbit—orbit (IOAM and EOAM) interaction of
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light beam reflection at an air—glass interface. The manifesta-
tion of the orbit—orbit interaction is the influence of the IOAM
on the trajectory of the beam centroid related to the EOAM.
To obtain a clear physical picture of the orbit—orbit interac-
tion, we consider the beam reflection near the Brewster angle.
We find that the beam centroid shows an orbital-dependent ro-
tation around the propagation axis. However, we show that
the motion of the centroid related to the orbit—orbit interaction
undergoes a straight line trajectory with a small angle inclin-
ing from the propagation axis. In general, a Hermite—Gaussian
beam can be represented as a superposition of two Laguerre—
Gaussian components with opposite IOAM states.!”] As a re-
sult, the orbital-dependent splitting of the beam intensity dis-
tribution arises, leading to the photonic orbital Hall effect
(OHE).

2. Orbit-orbit interaction

To reveal the orbit—orbit interaction, we first establish a
general propagation model to describe IOAM and EOAM. Fig-
ure 1 illustrates the Cartesian coordinate system. The z axis of
the laboratory Cartesian frame x, y, z is normal to the air—glass
interface. In addition, two coordinate systems (x;, yi, zi) and
(x¢, ¥r, 2¢) are introduced to denote the incident beam and the
reflection beam, respectively. In the momentum space, the an-

gular spectrum of the incident beam can be written as!?!

akxi + ﬁkyi

E = |adi+ By — .
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Here, oo and 3 are Jones vectors, &, 9, 2; are unit vectors,
and k = 27 /A is the wave number in a vacuum. The incident
angular spectrum is given by i, where wy is the radial of the
2/(m|l]!)

is the normalization constant, and sign[/] is the sign function.

beam waist, and / is the topological charge, C; =

Fig. 1. (color online) Schematic illustrating the paraxial beam with the
IOAM reflected at an air—glass interface.

The reflected angular spectrum is related to the incident
angular spectrum by means of the relation:['¥l E, = M E;, and

(rp+7rs)cot Biky  rpksr

p k k
M C(pt rs)kcot Oikyr " 3 rslljyr 3
ok Tskyr
B s 0
k k

Here, 6; is the incidence angle, and r;, and 7 are the Fresnel
reflection coefficients for parallel and perpendicular polariza-
tions, respectively. For the arbitrary angular spectrum com-
ponent, 1, and s can be expanded by making use of the first-
order Taylor series expansion

kyi 01Inrp s (kyi) ] @

VP,S(kxi):rPaS(kXi =0) |:l+k aéi

From Eqgs. (1)-(4), we can obtain the reflected angular
spectrum as

~ orp k ky,
E, = {(x (rp — (92: ?) +B (rs—i—rp) cot@ilzr] iy

D

k ky
- (arp;r + ﬁrslf> 2y, 5)
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where i, can be obtained from the incident angular spectrum
_kxi and kyr = kyi.
The linear momentum currents can be used to analyze the

and the boundary conditions: k. =

physical nature of the orbit—orbit interaction. In general, the
linear momentum currents can be divided into their orbital and

spin parts[8-2%]

p=Im[E* - (V)E]+ %Im[V x (E* x E)], 6)

where the first term is the orbital momentum currents p°, the
pS, and F is the
electric field in position space. In momentum space, we can

second term is the spin momentum currents

rewrite Eq. (6) as

P = |GE[k + (ks§ — k,&)(G*E;GE, — GE.G'E}).  (7)

We substitute the propagation operator
. iZ 2 2
G =exp |ikz— 5 (ks +k;)
into Eq. (7), and derive the orbital and spin momentums as

PO = (E|k|E), PS=(EJklE)G— (Elk|E)E.  (8)
For paraxial beams, the spin part makes no contribution to the
linear momentum and PS = 0.

We have known that the IOAM stands for the intrinsic
orbital angular momentum associated with the OAM around
the centroid of the beam. In position space, the angular mo-
mentum density denotes 3 = r X p. In momentum space, we

replace r by operator idj, + 22 and obtain

J = (GE|(id, +22) x k|GE)
+ [(GEy|i(hcky + Oiyky) |GEy)
— (GE|i(Okcky + diyky)|GEy) | 2, ©

where the first term is the [OAM J'©, and the second is the
SAM J5. It is noteworthy that the transverse spin angular mo-
= 0. We substitute the
propagation operator into Eq. (9) and have

menta are null, which means J3 =

J© = (E|ikdy|E)z + (E| — ko |E) g
+ (B (kyOgx — kx i) | E) 2, (10)
IS = [(Ey|i(Ohks + Oiyky) | Ex)
— (Ex|i(Opwkx + Ohyky) |Ey)] 2. (11)

Both the IOAM and the SAM do not depend upon the choice
of the axis, for which they are said to be intrinsic.

The EOAM is the extrinsic orbital angular momentum re-
lated to the motion of the centroid. If the beam centroid is
laterally displaced by 7, the EOAM can be given by

JEO = x PO. (12)
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The angular momentum is intrinsic only if JEO equals zero
for all values of r. This condition is satisfied only if the trans-
verse momenta PxO and P;,) are exactly zero. Even though the
transverse momentum is nonzero, the IOAM remains /A per
photon. However, it does not follow that the OAM of the beam
is intrinsic since the result does depend upon the choice of the
calculation axis. !

Fig. 2. (color online) The orbital-dependent splitting and rotation ef-
fects of beam intensity around the propagation axis in reflection. (a)
The beam intensity shows a clockwise rotation for the positive IOAM
state / > 0. (b) The beam intensity shows an anticlockwise rotation for
the negative IOAM state / < 0. Here, we choose the incidence angle as
6; = 56°, the refractive index of glass as n = 1.515, the beam waist as
wo = 155 um, the wave length as A = 632.8 nm, and |/| = 4. The beam
centroid related to the EOAM undergoes a straight line trajectory with
a small angle inclining from the propagation axis.

To obtain a clear picture of the orbit—orbit interaction, we
reveal how the intensity evolves in reflection. At any given
plane z; = const, the intensity of the reflected beam can be
obtained as I = ¢?>p,.. Figure 2 shows the orbital-dependent
rotation of the beam intensity in different propagation sec-

tions. The beam intensity shows a positive transverse shift
for the positive IOAM state (I > 0), while showing a nega-
tive one for the negative IOAM state (I < 0). As the propa-
gation distance increases, the intensity distribution shows an
orbital-dependent rotation around the propagation axis. For
the positive IOAM state, the beam intensity exhibits a clock-
wise rotation (see Fig. 2(a)). For the negative IOAM state,
however, the beam intensity presents an anticlockwise rotation
(see Fig. 2(b)). It should be mentioned that these rotation char-
acteristics are observed along the propagation axis. Indeed,
the motion of the centroid related to the EOAM undergoes a
straight line trajectory with a small angle inclining from the
propagation axis. This interesting phenomenon is similar to
the beam with IOAM reflection on the glass—air interface near
the critical angle. 3!

In general, the orbital-dependent rotation of beam inten-
sity can be explained by the transverse momentum currents as
shown in Fig. 3. For the incident beam, the current distribu-
tion is symmetric and the transverse momentum is absent (see
Figs. 3(a) and 3(e)). For the reflected beam, the current dis-
tribution is asymmetric, and therefore produces the transverse
momentum. We find that the transverse momentum current
presents a clockwise circulation for the positive IOAM state
(see Figs. 3(b)-3(d)), while exhibiting an anticlockwise circu-
lation for the negative IOAM state (see Figs. 3(f)-3(h)). Com-
paring this with Fig. 2, we find that the circulation direction of
the momentum currents is the same as that of the beam inten-
sity. As we show below, the asymmetric momentum currents
in reflection will lead to the transverse momentum. This inter-
esting phenomenon is similar to the rotation characteristics of
an asymmetric beam with both the IOAM and EOAM in free

space.[3!]

Fig. 3. (color online) Orbital momentum currents of incident and reflected beams. First row: the beam with positive IOAM state.
Second row: the beam with negative IOAM state. The background distribution depicts the longitudinal currents, and the green arrows
describe the transverse currents. (a) and (e) Cross section of incident beam is chosen as z; = —zgr, where zr = kowg /2 is the Rayleigh
length. (b)—(d) and (f)—(h) Reflected beam are plotted in different cross sections. Other parameters are the same as those in Fig. 2 and

the intensity is normalized.
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3. Photonic orbital Hall effect

We now attempt to reveal the orbital-dependent splitting
in momentum space. The centroid of the beam in a given plane
z = const. is given by

(GE|idy, |GE)

= = , 13

(r.) (GE|GE) (13)

where 7| = x& + y4, and 0 —i:i:—i—iA The above

R A TR T
equation can be formulated into

E|io,, |E Elk,|E

oy (Bl |B) z(BkB)
(E|E) k (E|E)

The first and second terms of Eq. (14) are the spatial and an-
gular shifts, which are independent of and dependent on z, re-
spectively.

To enhance the orbital-dependent splitting, we assume
that the horizontally polarized beam (@ = 1, = 0) with a
helical phase front is incident near the Brewster angle. This
is similar to the case that the beam passes through an off-axis
aperture,m where the orbit—orbit interaction is amplified. To

derive the specific expressions of the shifts of the beam cen-
troid, we substitute Eq. (5) into Eq. (14) and obtain

z(Jl|+1) dInry

<xr>:*W 26, (15)
1 dlnn,
<)’r>——§ 96, (16)

where zr = kw(z) /2 is the Rayleigh length. This result shows
that the transverse shift of the beam centroid is orbital-
dependent. It is noteworthy that the present result coincides
with previous ones.[32:33] Here, we focus our attention on the
case of beam reflection near the Brewster angle. We find that
the orbital-dependent shift of the beam centroid will be greatly
enhanced, which is similar to the large spin splitting induced
by photonic SHE."**! In addition, the IOAM of a beam can
also enhance the geometric SHE when the beam position is
observed in a tilted frame of reference. >3 Recently, the strong
spin—orbit interaction in metasurface, a two-dimensional elec-
tromagnetic nanostructure, enables one to observe a giant pho-
tonic SHE.?%37) Hence, we expect a strong orbit—orbit inter-
action to arise in the metasurface, and that a giant photonic
OHE would occur.

—Il=-1
—1=-2
100'_1:_3
—1l=—4
g
=
—~ 0
2 — —1=1
— — 1=2
— —1=3
—100 — — ;=4

(a)

Fig. 4. (color online) Orbital-dependent splitting of beam with opposite IOAM states. (a) Orbital-dependent splitting versus incident
angle. (b)—(e) Intensity distribution of a beam with positive IOAM state. (f)—(i) Intensity distribution of a beam with negative IOAM
state. The cross section of the beam is chosen as z; = 0. Other parameters are the same as those in Fig. 2, and the intensity is

normalized.
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Figure 4 shows the orbital-dependent splitting of the
beam centroid in reflection. The theoretical transverse dis-
placements given by Eq. (16) show that the two opposite
IOAM states would have opposite tendencies relative to the
incident angles (see Fig. 4(a)). This indicates that the orbital-
dependent splitting can be greatly enhanced near the Brew-
ster angle (see Figs. 4(b), 4(f), 4(d), and 4(h)). However, the
orbital-splitting vanishes when the beam is incident at exactly
the Brewster angle (see Figs. 4(c) and 4(g)). When the in-
cident beam is far away from the Brewster angle, the orbital
splitting decreases as the incident angle increases, as shown
in Figs. 4(e) and 4(i). Indeed, we choose the beam reflection
near the Brewster angle to produce an asymmetric intensity
distribution.

The angular positions of the beam centroid denote the ro-
tation angle tan ¢ = (x;) /(y;). Combining Egs. (15) and (16),

the rotation angle is given by
I+1
¢ = arctan <||+Zr) . (17)
I zR

During the beam propagation from z; = 0 to z; = oo, the rota-
tion angle amounts to /2. The instant angular velocity can
be obtained by Q(z) = d¢/dr = cd¢/dz, so

e
[+1R

I\ '
(77) v

We find that the rotation velocity of the beam centroid de-

Q(z)=c (18)

creases as the propagation distance increases. When the con-
dition / = 0 is satisfied, the rotation characteristics of the beam

centroid vanish, i.e., Q(z) = 0.

Fig. 5. (color online) Orbital-dependent splitting of the beam with different IOAM states. (a)—(d) Beam with positive IOAM states
with [ =4 and [ = 20. (e)—(h) Beam with negative IOAM states with [ = —4 and / = —20. The exterior and inner parts exhibit sightly
different rotation velocities. Other parameters are the same as those in Fig. 2 and the intensity is normalized.

Unlike the photonic SHE, which manifests itself as spin-
dependent splitting only in two spin states, the photonic OHE
shows the orbital-dependent splitting in many IOAM states.
Here, we choose the IOAM states |/| = 4 and |/| = 20 as an
example (see Fig. 5). For the positive IOAM states, the beam
intensity presents a clockwise rotation (see Figs. 5(a)-5(d)).
For the negative IOAM states, however, the beam intensity ex-
hibits an anticlockwise rotation (see Figs. 5(e)-5(h)). In con-
trast to the photonic SHE counterpart, we emphasize that the
photonic OHE can significantly enhance the magnitude of the
splitting, since the IOAM states with / can reach even several
hundreds. In addition, we also note that the exterior and inner
parts of the beam exhibit slightly different rotation velocities,
which are exactly given by Eq. (18). It should be noted that
the motion of the beam centroid with different IOAM states
undergoes different straight line trajectories.

We now perform a quantitative analysis on the linear mo-
menta. Combining Egs. (1) and (5) with Eq. (8), we obtain the
linear momenta of incident and reflected beams as

PP =kz;, (19)
o_ —(+1) drp o o,

P° = ?rp 76, & + 09, +krpzr. (20)

For the incident beam, there is no transverse linear momentum

and the OAM is intrinsic. For the reflected beam, however, the

transverse linear momentum P is produced, and the EOAM

arises.

The transverse linear momenta are indeed responsible for
the angular shifts. For the reflected beam, the shifts of the
beam centroid can be expressed as

(xr) = Ax; + 2 A0y, Q1)
(r) = Ayr + 2 ABy. (22)
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Comparing Eq. (15) with Eq. (16), we find Ax; = 0 and A8, =
0. In the momentum space, we write the angular shifts as

PO PP
— X —
A6 =550 A6 = 7o (23)

For the incident beam, we have Af,; = 0 and A8,; = 0. For the

reflected beam, we have

—(|1|+1) dlnry
kZR 86i ’

AOyy = AB,, =0, (24)
which coincides well with Egs. (15) and (16). These simple
results mean that the beam centroid undergoes a straight line
trajectory with a small angle inclining from the propagation
axis (see Fig. 2).

We now attempt to explore the IOAM and EOAM in re-
flection. Here, we choose the calculation axis as the propaga-
tion axis. Substituting Eq. (5) into Eq. (10) yields

ar,
JIO — —lrpa—;:ﬁr + 09 — Ir3 4. (25)
1

Substituting Eq. (20) into Eq. (12), we obtain the EOAM as

2

JEO _ _zrp%oeﬁogr -~ l(“k'%l) (3;‘;) 5. (26)
Comparing Eq. (26) with Eq. (25), we find that the transverse
angular momentum JEO = JIO and J)],":ro = J}I,ro . We want to
emphasize that these relations are satisfied only if the calcula-
tion axis of the EOAM is chosen as the propagation axis.

When the beam centroid exhibits a nonzero transverse
angular momentum, we obtain the following relations at the

plane of z; = 0:

]{O JIO
Av=—25, A= 756 @7)

Equation (27) indicates that the spatial shifts have no direct
relation with the z-component IOAM lero . They are depen-
dent on the transverse angular momentum Jio and the z-
component linear momentum P2.13¥! From Eq. (12), we can
obtain the following relations:

EO EO
Jyr J xr

T pO T — 0 ’
PZT Pzr

Axy =

(28)

which depend on the choice of the calculation axis. The
EOAM of the beam centroid vanishes if we transfer the cal-
culation axis from xyz to x'y'z’ as shown in Fig. 2.

Figure 6 shows the experimental setup to verify the theo-
retical discussion. A fundamental Gaussian beam generated
by a He-Ne laser (Thorlabs HNL210L) passes through the
collimating system and a polarizer (GLP1) to produce a hor-
izontal polarized beam. The fundamental Gaussian beam is
modulated by a liquid-crystal spatial light modulator (Holoeye
Pluto) to obtain a vortex beam with IOAM. The beam alters its
polarization after the focusing lens, and the GLP2 is needed

to modulate the incident beam to be horizontally polarized.
When the focusing beam with a waist of wg = 155 um im-
pinges onto the prism interface, the EOAM is produced due to
the orbit—orbit interaction. As a result of the orbit—orbit inter-
action, the opposite shifts of the two orbital components show
dependence on the input IOAM state. The prism is mounted
to a rotation stage, which allows precise control of the inci-
dent angle. The intensity distribution profiles can be detected
by a CCD (Coherent LaserCam HR) at different propagation
distances.

He—Ne laser HWP CL GLP 1 LC-SLM

GLP 2
CCD prism
<: Q::l

Fig. 6. (color online) Experimental setup for the orbit-dependent rota-
tion effects of the beam centroid. The linearly polarized He—Ne laser
source (21 mW and 632.8 nm); HWP denotes the half-wave plate (for
adjusting the intensity); CL denotes the collimating lenses with focal
lengths of 25 mm and 125 mm, respectively; GLP1 and GLP2 denotes
the Glan laser polarizers; LC-SLM denotes the liquid crystal spatial
light modulator; BS: non-polarizing beam splitter; lenses have an effec-
tive focal length of 750 mm; prism has a refractive index n = 1.515; and
CCD denotes the charge-coupled device.

Figure 7 shows the theoretical and experimental results
of orbit-dependent splitting and intensity rotation of beam af-
ter reflection at the air—glass interface. To obtain a clear pic-
ture of orbit-dependent splitting, we choose the IOAM states
as |/| = 4. From Fig. 7 we find that the orbit-dependent split-
ting of the beam intensity arises. The beam centroid present
a positive transverse shift for the positive IOAM state, while
a negative one for the negative IOAM state. As the propaga-
tion distance increases, the intensity distribution presents an
orbit-dependent rotation around the propagation axis. For the
positive IOAM state, the beam centroid presents a clockwise
rotation (see Figs. 7(a)-7(d)). For the negative IOAM state,
however, the beam centroid exhibits an anticlockwise rotation
(see Figs. 7(e)-7(h)). Figures 7(a’)-7(d’) and 7(¢/)-7(h’) show
the experimental results which agree well with the theoretical
prediction. Note that the Hermite—Gaussian beams can be rep-
resented as a superposition of two Laguerre—Gaussian com-
ponents with opposite IOAM states.[?] As a result, the orbit-
dependent splitting of the beam intensity distribution arises.
Thus, the orbit—orbit interaction would lead to the photonic
OHE.
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Fig. 7. (color online) Theoretical and experimental results of the orbit-dependent splitting and intensity rotation. (a)—(d) Theoretical
results of the beam with positive IOAM state. (e)—(h) Theoretical results of the beam with negative IOAM states. (a’)—(d") Experimental
results of the beam with positive IOAM states. (¢')—(h") Experimental results of the beam with negative IOAM states. Other parameters

are the same as those in Fig. 2 and the intensity is normalized.

4. Conclusions

In this paper, we have examined the orbit—orbit interac-
tion when a paraxial beam with intrinsic orbital angular mo-
mentum (IOAM) reflects at an air—glass interface. Similar
to the spin—orbit interaction in the photonic spin Hall effect
(SHE), we have dealt with the issue of how the extrinsic or-
bital angular momentum (EOAM) arises and the orbit—orbit
interaction presents. We have obtained a large orbit-dependent
splitting near the Brewster angle, which provides clear evi-
dence for the photonic orbital Hall effect (OHE). The orbit-
dependent splitting can be directly detected without the need
of the signal enhancement technique known as weak measure-
ments. The photonic SHE has been regarded as a direct op-
tical analogy of the SHE in an electronic system. Recently,
important progress has been made in electronic beams with
TIOAM. 32 Due to the close similarity between photonic and
electronic beams, we predict that the photonic OHE can also
be extended to electronic systems and the exploration of elec-
tronic OHE would probably provide many interesting insights
into the orbit—orbit interaction.
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