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In this letter, we introduce the technique of using transformation optics to manipulate the mode

states of surface plasmonic waves of metallic nanowire waveguides. As examples we apply this

technique to design two optical components: a three-dimensional (3D) electromagnetic mode rota-

tor and a mode convertor. The rotator can rotate the polarization state of the surface wave around

plasmonic nanowires by arbitrarily desired angles, and the convertor can transform the surface

wave modes from one to another. Full-wave simulation is performed to verify the design and

efficiency of our devices. Their potential application in photonic circuits is envisioned. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926332]

Transformation optics is a powerful mathematical tool

that can map empty geometries into concrete physical media

parameterized by tensor properties under the form invariance

of Maxwell equations. After the pioneering work on

cloaks,1–3 the inspired broad applications of this technique

have greatly boosted the advancement of modern electromag-

netics and produced numerous designs of electromagnetic

(EM) devices with functionalities deemed impossible before,

such as invisibility cloaks,4–15 controlling plasmonics,16–23

field concentrators,24–27 field rotators,27–30 transmutation of

singularities,31–34 and beam bends or expanders.35

Among these applications, controlling the wave state of

polarization is very important in an optical circuit or system. In

the literature,28,29 Chen et al. first designed a two-dimensional

(2D) transformation-medium shell that could rotate wave

fields while remaining invisible. Sometime later, Kwon et al.
improved this technique to design a 3D polarization rotator

that could rotate the polarization state of an incoming beam in

an empty space by arbitrary angles. These transformed devices

were proposed for free-space applications.

In this letter, we make an attempt to apply this technique

to manipulate the mode states of highly confined surface

waves on metallic nanowires, which have attracted great

research enthusiasms for their potential applications in nano-

photonic circuits or devices.36 As examples, we propose two

component devices for nanowire waveguides: One is a rota-

tor able to change the spatial polarizations of surface modes,

and the other is a mode convertor that can transform the sur-

face modes from one into another. In addition to scientific

interests, the devices proposed here may find important prac-

tical applications in photonic circuits or optical interconnec-

tion systems.37

First, we discuss how to design a mode rotator for plas-

monic nanowires placed in the air background. Without loss

of the generality, we consider a silver nanowire of radius a
and length l. Such a nanowire can guide different bounded

surface modes along the cylindrical axis direction. As sche-

matically shown in Fig. 1, an imagined donut-shaped EM ro-

tator (yellow) with inner radius a, outer radius b, and length

h (h< l) is positioned somewhere to surround the nanowire.

When the surface waves enter this region, their spatial pat-

terns will experience a gradual rotation around the z-axis and

acquire a new and desired orientation state after passing the

whole device.

Consider a cylindrical coordinate transformation from

the electromagnetic into the physical spaces, i.e.,

ðq; h; zÞ ! ðq0; h0; z0Þ.The above rotational function for the

FIG. 1. Structural diagram of the surface wave rotator for nanowires. The

gray rod is the silver nanowire, and the yellow cladding is the wave rotator.

The red arrows represent the polarization directions at different positions

along the propagation direction, which experiences a smooth change from

x-axis to y-axis after passing the rotator.a)Electronic mail: yungui@zju.edu.cn
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imagined device can be realized by a simple mathematical

mapping,

q0 ¼ q; h0 ¼ hþ
a z� z0ð Þ

h
; z0 ¼ z for q � a

and z0 � z � z0 þ h; (1)

where a is the rotation angle and z0 is the coordinate of the

lower edge of the device if we assume that the wave is inci-

dent from the bottom. No transformation is taken for the rest

region. By this relationship, the permittivity and permeabil-

ity tensors for this device are expressed by

e ¼ l ¼
1 0 0

0 1þ q2a2=h2 qa=h
0 qa=h 1

0
@

1
A: (2)

In the following, we numerically examine the actual per-

formance of this wave rotator by the simulation software of

Comsol Multiphysics. The nanowire waveguide we consider

here has a radius of 133 nm and a specific operation wave-

length k¼ 400 nm, which corresponds to a permittivity value

e¼�15.04þ 1.02i for silver.38 The rotator has an outer ra-

dius of 266 nm, inner radius of 133 nm and length of 266 nm.

With these parameters, different ordered surface modes

could be excited traveling along the nanowire.37 For the low-

est three orders, their effective propagation constants are cal-

culated to be 1.06, 0.99, and 0.79, respectively. For the

simplicity of discussion, we consider the first mode with

dipolar field distribution in the cross-section plane, which

could be excited by properly defining the boundary condition

for the input end. Here, we select a¼ p/2, which means that

the rotator will have a working angle of 90 degrees. This

value can be modified by changing a. Fig. 2(a) provides a 3D

view of the magnetic field in z direction along the nanowire

axis. It is seen that the field pattern does show a gradual and

finally 90� rotation after passing the rotator. The right side of

Fig. 2(a) shows three cross-sectional magnetic field patterns

at three z positions before the rotator, in the middle of the ro-

tator, and after the rotator, respectively. Smooth rotation for

the lowest eigenmode wave is clearly evidenced from these

real-field distributions. We also examined and confirmed

similar operation features for any higher order modes by this

device, as shown in Fig. 2(b) for the second order mode.

Note that our design is based on the assumption that the EM

fields of the surface mostly exist inside the dielectric sur-

rounding space, which is basically correct because the calcu-

lated skin depth for a silver film at k¼ 400 nm is about

16 nm, far smaller than the decaying length of the surface

mode in the dielectric surrounding. The full-wave simulation

results show that this assumption works pretty well for sur-

face wave modes.

The ideal transformed device works perfectly with an in-

finite thickness (i.e., b!1). For evanescent surface waves

with exponentially decreasing spatial amplitudes, it is practi-

cally possible to truncate the volume of the rotator for the

purpose of easy application. An effective thickness depend-

ent on the operation wavelength is expected. Fig. 3 plots the

real rotation angle of the mode pattern after we physically

truncate the rotator to have different thicknesses. It is seen

that the truncated device can maintain the desired 90� rota-

tion performance until its thickness b � a¼ 0.25k. Below

this limit, the real rotation angle decreases quickly. Three

inset pictures on the top of Fig. 3 give the snapshots of the

output magnetic field patterns corresponding to the rotators

of thicknesses 0.1k, 0.2k, and 0.33k, respectively. For the

thickness smaller than the spatial decaying length of the

eigenmode, the rotator can only partially cover the main

electromagnetic fields and thus leads to a smaller rotation in

the end. The effective thickness will be smaller for higher

order modes that have larger spatial decaying constants.

Since we can manipulate the field polarization by rotat-

ing operation, a more interesting question comes to us that

whether it is possible to transform eigenmodes among differ-

ent orders, i.e., design a mode convertor. Generally, it will

be very difficult because different eigenmodes are spatially

orthogonal to each other. But, the strong spatial manipulation

capability of transformation optics affords us a unique possi-

ble to do this. Here, as the proof of concept, we will try to

design a convertor that can transform the first eigenmode of

a nanowire into the second harmonic and vice versa. In the

xy plance, the first and second eigenmodes of a nanowire

have a dipolar and quadrupolar field distributions, as respec-

tively shown by the cartoon pictures in Figs. 4(a) and 4(c),

FIG. 2. Simulation of wave rotator operated on the first (a) and second order

modes of a nanowire. In (a), the left is the 3D magnetic field pattern along

the nanowire axis and the right insets give three cross-sectional field patterns

in the xy plane at z¼ z0, z0þ h/2, and z0þ h, respectively. In (b), the three

patterns correspond to the real magnetic distributions at the same positions

described in (a). The 90� rotation for the lowest eigenmode is evidenced.

FIG. 3. Real rotation angle of the mode pattern for the truncated rotator as a

function of the thickness. The top three figures are the normalized magnetic

field in z direction for different rotator thickness. From left to right, the

thickness is 0.1k, 0.2k, and 0.33k, respectively.
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where the anti-phase features of the standing wave are distin-

guished by the colors (orange and blue). The most intuitive

way to design such a convertor is to split and double the

dipolar field distribution of the first eigenmode by applying a

spatial stretching operation defined by

a ¼ signðxyÞa0; (3)

where a0¼ p/4 and the rotation direction is dependent on the

quadrature. By this operation, the convertor will give rise to

a four-spot phase pattern as shown in Fig. 4(b) at the output

end. But, this temporal field pattern is spatially not stable

and will quickly merge together by transforming back into

the incident dipolar mode.

Comparing the phase patterns in Figs. 4(b) and 4(c), we

see that an additional phase difference by p between the

regions of y> 0 and y< 0 is required to form a stable and

quadrupolar field pattern. For this purpose, we assume the

background materials of these two halves in the virtual space

are different with refractive index n¼ 1 (i.e., air) for the

region y> 0 and n¼ n0 for the region y< 0. To yield a p
phase difference, we should have

n0 ¼ 1þ K
2h
; (4)

where K is the wavelength of the surface wave. The transfor-

mation can be mathematically described by

q0 ¼ q
n yð Þ

; h0 ¼ 1

n yð Þ
hþ

a0 � sign xyð Þ z� z0ð Þ
h

� �
;

z0 ¼ z

n yð Þ
for q � a and z0 � z � z0 þ h; (5)

where nðyÞ ¼ 1; for y � 0; and nðyÞ ¼ 1þ K
2h ; for y < 0.

Applying Eq. (5), we could get the permittivity and perme-

ability tensors of the convertor by Eq. (2) multiplied by an

index factor n. In our example, the operating wavelength is

400 nm, K¼ 404 nm, and n¼ 1.76. Fig. 5 plots the radius de-

pendence of the permittivity and permeability tensor ele-

ments of the convertor in the half with y> 0. Each tensor

element for the other half is n times larger than these shown

here. It is seen that all these parameters have reasonably

moderate values without the singularity problems, thus pro-

viding a practical potential for the proposed device. The fab-

rication could be further facilitated if we imbedded the

nanowire in a dielectric background.

The actual performance of the designed convertor is

numerically inspected, as shown in Fig. 6(a), by the normal-

ized 3D electric field pattern along the nanowire axis. The

desired gradual evolution of the input mode is observed. For

better visualization, three inset figures on the right side give

the snapshots of the cross-sectional magnetic field distribu-

tions corresponding to the positions before, inside and after

the convertor, respectively. These real-part field patterns

clearly show the mode conversion feature of the designed de-

vice, i.e., transforming the first order mode into the second

order of the nanowire. In our design, the virtual geometry of

the convertor is assumed to be the combination of two identi-

cal halves but with different dielectric constants. This

assumption will lead to additional boundary reflection for the

surface waves touching the end surfaces of the convertor.

FIG. 4. Carton diagrams for the sur-

face wave distributions around a silver

nanowire in the xy plane. The orange

and blue colors represent the positive

and negative phases of a standing

wave, respectively. (a) and (c) are for

the patterns of the first and second

eigenmodes, respectively. (b) is for an

unstable middle state transformed by

only applied Eqs. (1) and (3).

FIG. 5. Permittivity and permeability of the mode convertor in the half

region y> 0. The black solid line represents the tensors ehh; lhh, the dashed

blue line represents the tensors eqq; ezz; lqq;lzz, and the red dotted line repre-

sents ehz;lhz. The material parameters for the other half (y< 0) are exactly

1.76 times larger.

FIG. 6. Simulation of wave convertor inputted by the first (a) and second

(b) order modes of a silver nanowire. In (a), the left gives a 3D view of the

electric field magnitude along the nanowire, and the right gives the cross-

sectional magnetic field patterns in the xy plane corresponding to the z posi-

tions before, inside and after the convertor, respectively. In (b), the three

figures give the real magnetic field distributions at the position similarly

defined in (a). The inter-mode conversion between the first two eigenmodes

is evidenced.
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Here, we make a rough evaluation about the mode conver-

sion efficiency by calculating the field intensity ratio g at the

output end of the nanowire between the cases with and with-

out the convertor. By integrating the field around a fixed

circle, we get a value g around 0.374. This is a reasonable

value, because the convertor we designed here is actually not

a perfect one due to the existence of impedance mismatch

and field distortion. The transformed fields after the conver-

tor will form a stable mode only after passing a certain

physical distance along the nanowire. In principle, this

imperfection could be further controlled, for example, by

properly choosing the refractive index n for the right half to

minimize the interface mismatch. In addition, the same de-

vice can also transform the second order mode into the first

order due to the transmission reciprocity, and it has the bidir-

ectional conversion capability, as shown in Fig. 6(b). By

properly refining the values of a and n in different spaces, it

is both theoretically and technically fully possible to design

a convertor that can transform the eigenmodes among arbi-

trary orders.

The mode rotator or convertor is designed to work for a

specific frequency because their physical length is chosen

according to the effective wavelength of the surface wave

that depends on frequency. This point has been confirmed by

our additional simulation (not shown here). Material loss for

a real device is also a critical issue influencing the device ef-

ficiency. Fig. 7 plots the conversion efficiency of our mode

convertor as a function of the imaginary part Im(e) of permit-

tivity. It is seen that g is sensitive to the loss and a good con-

version performance can be achieved at Im(e)< 0.1.

In conclusion, we have demonstrated a mode rotator and

a mode convertor that works for the optical plasmonic sur-

face waves on metal nanowire. By simulation, we have ana-

lyzed the relations between the rotator thickness and its

performance. We have also used the idea of rotator to design

a mode convertor with acceptable conversion efficiency. The

advantage of our two devices is their compact structures and

convenient usage. One can integrate a nanowire waveguide

with our devices and achieve some fascinating functions

without resorting to some additional devices such as splitters

and couplers. Of course, our devices have technical difficul-

ties due to their complex material parameters. Nevertheless,

with the rapid development of techniques, our devices will

indeed have potential applications in optical interconnect

systems for their space-saving characteristics.
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Quidant, and S. Enoch, Opt. Express 18, 15757 (2010).
22M. Kadic, S. Guenneau, and S. Enoch, Opt. Express 18, 12027 (2010).
23M. Kadic, G. Dupont, S. Guenneau, and S. Enoch, J. Mod. Opt. 58, 994

(2011).
24F. Sun and S. L. He, Prog. Electromagn. Res. 142, 683 (2013).
25K. X. Liu, W. Jiang, F. Sun, and S. L. He, Prog. Electromagn. Res. 146,

187 (2014).
26M. Rahm, D. Schurig, D. A. Roberts, S. A. Cummer, D. R. Smith, and J.

B. Pendry, Photonics Nanostruct. Fundam. Appl. 6, 87 (2008).
27Y. Luo, H. Chen, J. Zhang, L. Ran, and J. A. Kong, Phys. Rev. B 77,

125127 (2008).
28H. Chen, B. Hou, S. Chen, X. Ao, W. Wen, and C. T. Chan, Phys. Rev.

Lett. 102(18), 183903 (2009).
29H. Y. Chen and C. T. Chan, Appl. Phys. Lett. 90, 241105 (2007).
30D. H. Kwon and D. H. Werner, Opt. Express 16(23), 18731 (2008).
31T. Tyc and U. Leonhardt, New J. Phys. 10, 115038 (2008).
32Y. G. Ma, F. Sun, Y. Zhang, Y. Jin, and C. K. Ong, J. Opt. Soc. Am. A 29,

124 (2012).
33J. Perczel, C. Garcia-Meca, and U. Leonhardt, J. Opt. 13, 075103 (2011).
34Y. C. Liu, M. Mukhtar, Y. G. Ma, and C. K. Ong, J. Opt. Soc. Am. A 30,

2280 (2013).
35M. Rahm, D. A. Roberts, J. B. Pendry, and D. R. Smith, Opt. Express 16,

11555 (2008).
36X. Guo, Y. B. Ying, and L. M. Tong, Acc. Chem. Res. 47, 656 (2014).
37X. Guo, Y. G. Ma, Y. P. Wang, and L. M. Tong, Laser Photonics Rev. 7,

855 (2013).
38E. D. Palik, Handbook of Optical Constants of Solids (Academic Press,

New York, 1991).

FIG. 7. Influence of the material loss to the conversion efficiency.

011902-4 Liu et al. Appl. Phys. Lett. 107, 011902 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  61.164.42.140 On: Tue, 29 Mar 2016

05:22:17

http://dx.doi.org/10.1126/science.1125907
http://dx.doi.org/10.1126/science.1126493
http://dx.doi.org/10.2528/PIER14090305
http://dx.doi.org/10.1038/nphoton.2007.28
http://dx.doi.org/10.1038/nphoton.2007.28
http://dx.doi.org/10.1103/PhysRevLett.100.113901
http://dx.doi.org/10.1103/PhysRevLett.101.203901
http://dx.doi.org/10.1126/science.1166949
http://dx.doi.org/10.1038/nmat2461
http://dx.doi.org/10.1103/PhysRevLett.103.153901
http://dx.doi.org/10.1126/science.1186351
http://dx.doi.org/10.1038/ncomms1023
http://dx.doi.org/10.1038/ncomms1176
http://dx.doi.org/10.1038/ncomms1176
http://dx.doi.org/10.1038/srep02182
http://dx.doi.org/10.1038/nphoton.2009.117
http://dx.doi.org/10.1103/PhysRevLett.106.033901
http://dx.doi.org/10.1021/nl100800c
http://dx.doi.org/10.1021/nl1008019
http://dx.doi.org/10.1021/nl101235d
http://dx.doi.org/10.1039/c2nr31140b
http://dx.doi.org/10.1515/nanoph-2012-0011
http://dx.doi.org/10.1364/OE.18.015757
http://dx.doi.org/10.1364/OE.18.012027
http://dx.doi.org/10.1080/09500340.2011.589913
http://dx.doi.org/10.2528/PIER13092509
http://dx.doi.org/10.2528/PIER14042704
http://dx.doi.org/10.1016/j.photonics.2007.07.013
http://dx.doi.org/10.1103/PhysRevB.77.125127
http://dx.doi.org/10.1103/PhysRevLett.102.183903
http://dx.doi.org/10.1103/PhysRevLett.102.183903
http://dx.doi.org/10.1063/1.2748302
http://dx.doi.org/10.1364/OE.16.018731
http://dx.doi.org/10.1088/1367-2630/10/11/115038
http://dx.doi.org/10.1364/JOSAA.29.000124
http://dx.doi.org/10.1088/2040-8978/13/7/075103
http://dx.doi.org/10.1364/JOSAA.30.002280
http://dx.doi.org/10.1364/OE.16.011555
http://dx.doi.org/10.1021/ar400232h
http://dx.doi.org/10.1002/lpor.201200067

