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Manipulating Terahertz Plasmonic Vortex Based on
Geometric and Dynamic Phase

XiaoFei Zang, YiMing Zhu,* ChenXi Mao, WeiWei Xu, HongZhen Ding, JingYa Xie,
QingQing Cheng, Lin Chen, Yan Peng, Qing Hu, Min Gu, and SonglLin Zhuang

Electromagnetic waves carrying orbital angular momentum (OAM), namely,
vortex beams, have a plethora of applications ranging from rotating
microparticles to high-capacity data transmissions, and it is a continuing
trend in manipulating OAM with higher degrees of freedom. Here, an
approach to control terahertz (THz) near-field plasmonic vortex based on
geometric and dynamic phase is proposed and experimentally demon-
strated. By locally tailoring the orientation angle (geometric phase) and
radial position (dynamic phase) of aperture arrays embedded in an ultrathin
gold film, the excited surface waves can be flexibly engineered to form both
spin-independent and spin-dependent THz plasmonic vortex field distri-
butions, resulting in multi-degree of freedom for controlling OAM of THz
surface plasmon polaritons (SPPs). Arbitrary OAM values of THz plasmonic
vortex and coherent superposition between two OAM states are investigated
based on near-field scanning terahertz microscopy (NSTM) system. The pro-
posed approach provides unprecedented freedom to modulate THz near-field
plasmonic vortex, which will have potential applications in THz communica-

tions and quantum information processing.

1. Introduction

Electromagnetic waves can carry angular momentum with two
different components, that is, the spin angular momentum
(SAM) and orbital angular momentum (OAM).I) SAM is mani-
fested as circularly polarized (CP) beam, where electric and
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magnetic fields rotate continuously around
the beam axis during propagation.?l In
contrast, electromagnetic waves trans-
porting OAM (namely, vortex beam) is
associated with helical phase structure,
showing the doughnut-shaped field
distribution.®] A vortex beam has a helical
wavefront described by exp(iq¢), where ¢ is
the azimuthal angle and g is the topological
charge determined by the number of
phase discontinuities within a 27 range.
In theory, the OAM of electromagnetic
waves can possess an infinite number of
eigen modes (g9 = 1, 2, 3....) that can carry
hitherto unprecedented quantities of data,
leading to high-capacity free space data
transmissions.[**! Free space vortex beam
is also expected to have many applications
such as trappingl® and rotating micro-
particles.”® They can be generated by
various approaches, i.e., diffractive optical
element,”] spatial light modulators,!1!1]
Pancheratnam-Berry phase optical ele-

metasurfaces, 2% and photopatterned large birefrin-
2122]

ment,[1Z

gence liquid crystal.!

On the other hand, near-field OAM that is related to plas-
monic vortex has attracted considerable attention due to its
potential application in light focusing, optical tweezers, and
ultrathin vortex plates. The methods of generating plasmonic
vortex can be mainly classified into two categories. The former
is circular slits or catenary structure?>=4 embedded in a metal
film to generate plasmonic vortex or spin-Hall effect. The spe-
cific phase (geometric phase) distribution can be tailored by
locally varying the orientation angle of each slit segment, and
thus, the arbitrary OAM values of spin-independent vortex field
distribution can be realized. However, OAM of electromag-
netic waves in this case is just proposed in theory?’! with the
same vortex field distribution and the reverses sign of OAM
number for incident circular-polarized waves (the left circu-
larly polarized (LCP) and right circularly polarized (RCP) elec-
tromagnetic waves, respectively). On the contrary, the latter is
related to the dynamic phase induced by path difference along
the azimuthal angle of chiral geometries, i.e., spiral and whirl-
pool-shaped slits.>>=38 But, the difference of plasmonic OAM
between the LCP and RCP illuminations is always restricted
to 2, limiting the OAM values of the excited surface waves
(under the LCP or RCP illumination). Obviously, existing
methods to generate plasmonic OAM encounter challenges

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.201801328&domain=pdf&date_stamp=2018-12-06

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

in the reverses sign of OAM number (based on geometric
phase individually) and the restricted difference of plasmonic
OAM (based on dynamic phase individually), which inevitably
degrades the perceptive devices for on-chip applications, i.e.,
polarization multiplexing®*! and optical trapping.’**% Here,
we propose an approach to control terahertz (THz) near-field
plasmonic vortex and overcome the above limitations, by com-
bining the geometric and dynamic phase. Indeed, it is a con-
tinuing trend in manipulating OAM with higher degrees of
freedom. Thus, merging both the geometric and dynamic
phase will yield unprecedented freedom for controlling OAM of
THz surface plasmon polaritons (SPPs).

In this paper, a series of metasurfaces with predesigned
double-ring distributed slit arrays are designed to investigate
the manipulation of the THz near-field plasmonic vortex. We
experimentally demonstrate that the geometric phase modula-
tion induces spin-independent plasmonic vortex (field distri-
bution) by locally tailoring the orientation angle of slit arrays.
Then, we study the control of THz near-field THz OAM by
combining geometric and dynamic phase (induced by shifting
the spatial position of the slit array). In addition, the coherent
superposition between two OAM states is discussed under the
illumination of linear-polarized (LP) THz beam. The multi-
degree of freedom for manipulating OAM of THz SPPs will
open new avenues in controlling THz polarization multi-
plexing, communications, and fundamental physics.

2. Design and Methods

Figure 1 shows schematic of the designed structure for
manipulating THz near-field plasmonic vortex. Two types of

www.advopticalmat.de

metasurface-based lens are proposed in this paper: circular
double-ring distributed slit arrays (Figure 1b) and Archi-
medes spiral slit arrays (Figure 1c). For the circular-shaped
slit arrays (see Figure 1a, left), the topological charge of
the plasmonic vortex is 2 (under LCP illumination), when
the rotation angle of the slit in a turn is 1.5 times of 2.
When combining with both geometric and dynamic phase
(dy = Aspp)), the corresponding OAM number is turned
into 3, as shown in Figure la (middle). For LP illumination,
both the LCP and RCP incident beams can excite near-field
plasmonic vortex, and they can be coherently superimposed
with each other, showing a quite different field distribution
(Figure 1a, right). As a proof-of-concept, the geometric para-
meters of the slit arrays are selected as follows: I = 300 um,
w =130 um, d; = 342 um, d, = 684 um, p, = 2736 um. The slit
arrays with geometrical charge can be described in cylindrical
coordinates (p, 0”)

Po (circular-shaped structure)

p(6)= A (1)

Do +m Z—PP -0’(Archimedes spiral structure)
V4

where p, is the initial radius and Agpp represents the SPPs
wavelength (Agp=1 &*& in which A is the incident wave-
Emé&q

length, and g and &, are the permittivity of dielectric and
metal, respectively). m is an integer (m = £1, £2, £3...), and

dy=d, = )VSZPP . The rotated angle of each slit in the double-ring

distributed arrays can be expressed as follows

Figure 1. Schematic of control THz near-field plasmonic vortex: a) THz plasmonic OAM modulated with geometric phase (left), geometric and dynamic
phase (middle), and the coherent superposition between two OAM states (right). b) and c) are the top view of the corresponding metasurfaces to
control plasmonic vortex. d) Schematic for definitions of the structure parameters.
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%ﬂ +n6’  (inner slit)
oe)=1 4

Zﬂ+ ng’  (outer slit)

where n is the slit-rotation factor.

Each slit (upon illumination) in the designed metasur-
face can serve as a dipole source (Figure 1d), and the excited
SPPs (E, field) inside the designed single-ring structure can be
expressed by integrating dipole sources along the slit arrays(’]
Ez(p,B,Z) — e—azJ‘ A(g/)etid)(e')eiksppw*ﬁ'\dez (3)
where o is the attenuation coefficient of the SPPs mode and
¢(0) is the rotation angle of the slit. A(6") = Aqcos ¢(6) is the
amplitude of the dipole source and + is determined by the
LCP and RCP incidence, respectively. For the double-ring and
orthogonal distributed slit array, the corresponding SPPs in the
interface between metal and air can be written as

E.(p.6)= [ A@) e 7\de" + IA(B’+%)€M(8 g o1
= Aoj(cos((n —1)0’) £ isin((n—1)0")) € e . PPl 97
_ AOJ'eti(Zn—l)etims’ _eikspplﬁ—ﬁ’\de,

o< Jintan-1) (kSPPp)

in which n» is the slit-rotation factor which can be defined as
the ratio between the rotation angle of the slit in a turn and
2m. Equation (4) yields a g = m £ (2n — 1)-order Bessel function,

F | Chopper

e o o
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where the parameter m is associated with the dynamic phase
while n is connected with the geometric phase.

To verify our proposed approaches, we fabricate four samples
to control the THz near-field plasmonic vortex (see Figure 2a—d)
and explore the corresponding characteristics using the near-
field scanning terahertz microscopy, as shown in Figure 2e.
The sample is fabricated by conventional photolithography and
magnetron sputtering coating. The substrate is polyimide with
thickness of 25 um and permittivity of € = 3.5 + 0.035i. 150 nm
thickness of the gold film with predesigned slit arrays is coating
on the substrate. Here, dual-turn of the circular distributed slit
array (and Archimedes spiral slit array) sample is designed and
fabricated, and the SPPs excited at different turns have propa-
gation phase differences of 2m, resulting in the constructively
interfere of SPPs excited between different turns. Therefore, the
multi-turn design will have stronger field enhancement than
that of the case of single-turn. In experiment (see Figure 2e),
the collimated THz waves radiated from a 100 fs (A = 780 nm)
laser pulse pumped photoconductive antenna emitter is modu-
lated with a proper polarized state and then impinges on the
sample. A commercial THz near-field probe mounted on a
translation stage is used as the detector. The probe is located
closely (=50 um) to the sample to collect spatial electric field
and phase. Here, a microscope (FORTUNE TECHPLOGY
FT-FH1080) is applied to identify the distance between the
probe and metasurface. A mirror tip appears due to the smooth
and flat surface of the sample, and we can approximately
control/estimate the distance by moving the 3D translation
stage. The 2D electric field distribution is detected in 50 um
step in the x- and y-directions.

)

Fiber i uy Sample

R |
Bl
THz SqurCe

-

3D Translation * ¥

Figure 2. a)-d) The optical images of the designed plasmonic lens. e) Experiment set-up of the near-field scanning terahertz microscopy.
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3. Results and Discussions

First, we study the geometric phase-induced THz near-field
OAM manipulation and the coherent superposition between
two OAM states (with reverse sign of OAM number), as
shown in Figure 3. In this case, the slit-rotation factor is
n =1, which means that the rotation angle of the slit in a turn
is 2w (see Figure 2a). The excited SPPs under the illumina-
tion of circular-polarized (LCP and RCP) THz waves can be
expressed as

Jikseep)  (LCP)

(5)
J-1(ksepp)  (RCP)

Ez(p,e)oc{

which corresponds to +1-order Bessel function. The analytical
electric fields (|E,?) are illustrated in Figure 3a;,a;. Although,
the topological charge of the plasmonic vortex are £1 for LCP
and RCP incident THz waves, respectively, both of them are
identical in electric-field distribution, leading to the spin-
independent and doughnut-shaped field distribution. However,
the phase distributions are reversed with rotation direction
counterclockwise and clockwise determined by the positive
and negative topological charge (see Figure 3a,,a,). Here, each
aperture embedded in the gold film can launch SPPs with a dif-
ferent initial phase induced by the orientation angle ¢(¢). The
overall phase shift across a whole turn is 2n-1)or=2r (n =1,
o = *£1), where “+” and “~” represent the sign of the phase shift
for the incident LCP and RCP THz waves, respectively. The cor-
responding numerical simulations and experimental demon-
strations for the incident frequency of f= 0.33 THz are shown
in Figure 3b;-b, and Figure 3c;—c4, respectively. Here, the
finite integration time domain (FITD) solver (CST Microwave
Studio) is used to calculate the field and phase distributions.

www.advopticalmat.de

Conducting wall boundary condition is employed along the
x- and y-directions while the open (add space) condition is
used in the z-direction. The measured results are matched with
numerical simulations and the analysis model, except for a
slight discrepancy because of the fabrication error, the approxi-
mate condition of d,=d, ~Z™ (in theory,?>?! the distance of

two neighboring slits of the outer and inner ring array should
meet the demands of d,=d, = A ), and the limited number of

the slits. Both the LCP and RCP illuminations can excite the
near-field THz vortex (E, field) with different helical phase,
and thus, the coherent superposition between these two OAM
states are realized and shown in Figure 3as,ag. An LP incident
THz beam is composed of two orthogonal components with
opposite helicity, and the excited SPPs (upon the illumination
of LP THz waves) can be written as

E.(p,0) > ] (kser p)e”* + ] 1 (ksppp)e ™ (6)

The corresponding intensity of the coherent field can be
expressed as

L(p.6)=( Julksoop)e” + J(ksrop)e™ |

. | 7)

X( Ji(ksonp)e™ + T (ksop)e™ ) =4 T3 (kspop)sin? 0
where the illumination of THz waves is x-polarized. For
the y-polarized (LP) THz waves, the intensity of SPPs is
L(p,0) < 4 7 (kspp p) cos’ 6”. Therefore, two symmetrically dis-
tributed (along the y-axis) and crescent-shaped coherent field
and symmetrically distributed phase are obtained, as shown in
Figure 3as,as. The numerical simulations and the experimental
measurements are demonstrated in Figure 3bs—cs, which are
well agreed with the analysis model. Unlike the direct inten-
sity superposition*! (incoherent superposition) of OAM states

LCP(q=1)

RCP(q=-1)

|E.} Phase |E.}

Phase

L
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g
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Figure 3. a;—ag) Analysis, bj—bg) numerical, and ¢;—cg) measured results of the electric field and phase distribution of THz plasmonic vortex with

m =0 and n=1. The scale bar is 500 um.
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Figure 4. a;—ag) Analysis, bj—bg) numerical, and c;—cs) measured results of the electric field and phase distribution of THz plasmonic vortex with

m =0 and n=1.5. The scale bar is 500 um.

in free space, the excited near-field vortex induced by LCP and
RCP illuminations are coherent with each other, resulting in
the coherent superposition between two OAM states.

To characterize the functionality of THz near-field OAM con-
trolled by geometric phase, we further study the manipulation
of plasmonic vortex with slit-rotation factor of n = 1.5, as shown
in Figure 4 (see Figure 2b for the sample). In this situation, the
rotation angle of the slit in a turn is 37 that is 1.5 times of the
azimuth angle. The topological charge of the excited plasmonic
vortex is q = + (2n—1) = £ 2 (m = 0), representing a doughnut-
shaped field distribution and a larger radius of hollow fields
in the center, as shown in Figure 4a;,a;. The excited SPPs can
be expressed as E.(p,0) < Ju (ksppp), corresponding to a two-
order Bessel function. It should be noted that the intensity
(|EJ% of the plasmonic vortex is also spin-independent for
both LCP and RCP illuminations. The spatial helical phase
structure reveals two evident abrupt phase jumps from —x to
7 (see Figure 4aa,). The numerical simulations and experi-
mental measurements are depicted in Figure 4b,-b, and
Figure 4c,—c,, respectively, exhibiting excellent qualitative agree-
ments with the analysis model (Figure 4a;—a,). The coherent
superposition between t2-order OAM states are illustrated in
Figure 4as,ag. The intensity of the coherent superposition can
be expressed as I.(p,0) <4 Ji(ksprp)cos> 26’ (for y-polarized
illumination), leading to quadruple petal-shaped field distri-
bution shown in Figure 4as. The corresponding phase profile
is depicted in Figure 4as. The calculated (Figure 4bs,bg) and
measured (Figure 4cs,cg) results are also well matched with the
analysis model. Compared with the cases of n = 1.5 (Figure 4)
and n = 1 (Figure 3), we can conclude that the THz near-field
OAM can be well modulated with the geometric phase by
tailing the orientation angle of slit arrays.

In addition to geometric phase, dynamic phase can also
be applied to modulate the near-field plasmonic vortex. We
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investigate the manipulation of THz nearfield OAM by
combing geometric and dynamic phase shown in Figure 5.
The designed structure is composed of Archimedes double-
ring slit arrays (see Figure 2¢), in which the slit-rotation factor
is n =1, and the shifting of radial position in a turn is d, = Agpp
(m = 1). Figure 5a;,a; shows the spin-dependent field distribu-
tions (|E,|) of the sample under the incidence of LCP and RCP
THz waves, respectively. For LCP illumination, a doughnut-
shaped field distribution is appeared with the corresponding
topological charge of ¢ = m + (2n—1) = 2 (Figure 5a;), and the
phase shift across a turn is 47 (Figure 5a,). When the polariza-
tion of the incident THz waves is switched from LCP to RCP,
a hot spot (Figure 5a;) is focusing in the center with topolog-
ical charge of g = m — (2n—1) = 0, indicating the homogeneous
phase distribution around a turn (Figure 5a,). For LP incidence,
the intensity and phase of the coherent superposition between
these two OAM states (g = 2, g = 0) are shown in Figure 5as,ag,
respectively. The coherent field in this case is associated with
L.(p,6) o< (J2 (koo p) + J2(ksoo p)+ Jo Ja(ksor p)sin 260%), while the
phase distribution does not linearly change with the azimuthal
angle. All of the simulations and measurements are shown in
Figure 5b;—¢,, and show a good agreement with the analysis
model.

To demonstrate the versatility of the proposed approach, a
fourth metasurface (Figure 2d) that can realize different OAM
states (compared with the third sample (Figure 2c)), is also devel-
oped. Now, the slit-rotation factor is n = 1.5, while the shifting
of radial position in a turn is fixed as Agpp (m = 1). Therefore,
the topological charge of the excited plasmonic vortex under the
LCP illumination is g = m + (2n—1) = 3 (Figure 6a;—¢,), and it is
q=m — (2n—1) = -1 for the RCP incidence (Figure 6a;—cs). The
phase distributions are also matched with the corresponding
OAM states (see Figure 6a,—c, and Figure 6a,—c,). The coherent
superposition of field and phase distributions between these

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a;—ag) Analysis, by—bg) numerical, and ¢;—cg) measured results of the electric field and phase distribution of THz plasmonic vortex with
m =1 and n=1. The scale bar is 500 um.

two OAM states are given in Figure 6as—cs; and Figure 6as—cg,
exhibiting an in inhomogeneous intensity distributions and
nonlinearly phase variation along the azimuthal direction.

4. Conclusion

In summary, we have analytically, numerically, and experi-
mentally demonstrated an ultrathin metasurface approach to

realize the manipulation of THz near-field OAM. The unique
method lies in the combination of geometric and dynamic
phase induced by engineering the orientation angle and the

radial position of aperture arrays, respectively. By controlling
the geometric and (or) dynamic phase, arbitrary topological
charges of THz plasmonic vortex can be obtained with flex-
ibility under the illumination of CP THz waves, leading to the

multi-degree of freedom for manipulating OAM of THz SPPs.
Unlike the direct intensity superposition of OAM states in free

LCP(q=3)

RCP(q=-1)

LP

|E,

Phase

|E,[

Phase
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- T
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Figure 6. a;—ag) Analysis, b;—bg) numerical, and c;—cg) measured results of the electric field and phase distribution of THz plasmonic vortex
with m =1 and n=1.5. The scale bar is 500 pm.
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space, the superposition between two THz near-field OAM
states is coherent with each other. Due to the simplicity of the
design and its powerful control of the plasmonic vortex, the
flexible method in this work may have practical applications in
imaging, communication, and information processing.
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