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Topological LC-circuits based on microstrips and
observation of electromagnetic modes with orbital
angular momentum
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New structures with richer electromagnetic properties are in high demand for developing

novel microwave and optic devices aimed at realizing fast light-based information transfer

and information processing. Here we show theoretically that a topological photonic state

exists in a hexagonal LC circuit with short-range textures in the inductance, which is induced

by a band inversion between p- and d-like electromagnetic modes carrying orbital angular

momentum, and realize this state experimentally in planar microstrip arrays. Measuring both

amplitude and phase of the out-of-plane electric field accurately using microwave near-field

techniques, we demonstrate directly that topological interfacial electromagnetic waves

launched by a linearly polarized dipole source propagate in opposite directions according to

the sign of the orbital angular momentum. The open planar structure adopted in the present

approach leaves much room for including other elements useful for advanced information

processing, such as electric/mechanical resonators, superconducting Josephson junctions

and SQUIDs.
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T
o harness at will the propagation of electromagnetic (EM)
waves constitutes the primary goal of photonics, the
modern science and technology of light, expected to enable

novel applications ranging from imaging and sensing well below
the EM wavelength to advanced information processing and
transformation. So far, systems with spatially varying permittivity
and/or permeability, or arrays of resonators were explored, and
EM properties unavailable in conventional uniform media have
been achieved, such as negative refractive index, superlensing,
cloaking and slow light1–6, etc.

Inspired by the flourishing topological physics emerging in
condensed matter7–13, robust EM propagation at the edge of
photonic topological insulators immune to back-scattering from
sharp corners and imperfections came into focus in the past
decade. This is achieved by one-way edge EM modes in systems
with broken time-reversal symmetry (TRS)14–23, and by pairs of
counterpropagating edge EM modes carrying opposite pseudos-
pins in systems respecting TRS24–35 (for a recent review, see
ref. 36). Topological photonic systems with TRS which avoid the
need of application of external magnetic fields—albeit at the price
of sacrificing partially absolute robustness—attract increasing
interest since they are more compatible with semiconductor-
based electronic and optical devices. In a two-dimensional (2D)
topological photonic crystal with C6v symmetry proposed
recently27, p- and d-like EM modes of opposite parities with
respect to spatial inversion are tuned to generate a frequency
band gap, and the sign of the orbital angular momentum (OAM)
plays the role of an emergent pseudospin degree of freedom (for
OAM and spin angular momentum, a related physical quantity,
of EM modes in various circumstances, see previous works37–40).
While EM modes with pseudospin up and down are degenerate in
bulk bands due to TRS, thus hard to manipulate, they are sepa-
rated into two opposite directions in the topological interface
EM propagation, which can be exploited for realizing novel EM
functionality. However, up to now only field strengths along
the interface between photonic crystals distinct in topology and
transmission rates at output ports have been measured. Details of
pseudospin states of the topological EM propagation remain
unclear in topological photonic systems explored so far, which
hampers their advanced applications (the valley degree of free-
dom and related OAM have been revealed in a photonic graphene
by selectively exciting the two sublattices in terms of interfering
probe beams41).

In this work, we present the direct experimental observation on
pseudospin states of unidirectional interface modes in topological
photonic metamaterials. Based on the insight obtained by ana-
lyzing a lumped element circuit model with honeycomb-type
structure, we propose that topological EM propagation can be
achieved experimentally in a planar microstrip array, a typical
transmission line in the microwave frequency band42 constructed
as a sandwich structure of bottom metallic substrate, middle
dielectric film and top patterned metallic strips, which is common
in various electronic devices. When the metallic strips form a
perfect honeycomb pattern, linear frequency-momentum dis-
persions appear in the normal frequency EM modes, very similar
to the Dirac cones in the electronic energy-momentum disper-
sions seen in graphene. Introducing a C6v-symmetric texture with
alternating wide and narrow metallic strips opens a frequency
band gap. In addition, a band inversion between p- and d-like EM
modes arises when the inter-hexagon strips are wider than the
intra-hexagon ones, yielding a topological EM state mimicking
the quantum spin Hall effect (QSHE) in electronic systems.
Taking advantage of the planar and open structure of this
metamaterial, we measure distributions of both amplitude and
phase of the out-of-plane electric field along the interface between
two topologically distinct microstrip regimes using near-field

techniques. EM waves are launched from a linearly polarized
source located close to the interface. We resolve the weights of p-
and d-like EM components in the interface modes and clarify
their dependence on the source frequency swept across the bulk
frequency band gap. We further map out the circulating local
Poynting vectors and reveal explicitly the pseudospin states
locked to the propagating directions. The simple structure of the
present topological microstrip device displaying local OAM in its
EM modes enables easy fabrication and on-chip integration,
which is advantageous for harnessing EM transport inside the
metamaterial, and potentially the system can be exploited for
building novel microwave antennas which emit EM waves car-
rying OAM. Furthermore, the open 2D structure adopted in the
present approach leaves much room for including other elements,
such as electric/mechanical resonators, superconducting Joseph-
son tunneling junctions, and SQUIDs, which are useful for
advanced information processing.

Results
Topological phase transition in lumped element circuit. As a
simplified model of our system (see Fig. 1a, b), we begin with a
lumped element circuit shown schematically in Fig. 1c. On-node
capacitors with a uniform capacitance C establish shunts to a
common ground plane. Link inductors with inductance L0
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Fig. 1 Design principle of microstrip-based topological LC-circuit.

a Schematics of the honeycomb microstrip structure with enlarged views of

the topologically nontrivial (upper) and trivial (lower) unit cells shown in

the right panels. When excited by a linearly polarized source located in the

interface with a frequency within the bulk frequency band gap,

electromagnetic (EM) waves propagate rightward/leftward (red/green

arrow) along the interface carrying up/down pseudospin, which is

represented by the phase winding of the out-of-plane electric field Ez

accommodated in the hexagonal unit cells as indicated in the insets.

b Photo of the experimental setup with a field probe placed right above the

microstrip array, which is used to measure the distribution of the amplitude

and phase of the out-of-plane electric field Ez, thereby resolving the

pseudospin states and pseudospin-dominated unidirectional interface EM

propagation. A lumped capacitor of C= 5.6 pF is loaded on the nodes. In

the lower half of the system, the metallic strips of inter/intra hexagonal unit

cell have widths of 1 and 2.6 mm, whereas in the upper half they are of

3.2 and 1.5 mm, respectively, and at the interface the width of metallic strips

is taken as 2.6 mm. The length of all metallic strip segments is 10.9 mm

and both lower and upper halves are composed of 14 × 8 hexagons. The

whole microstrip system is fabricated on a F4B dielectric film with thickness

of 1.6 mm and relative permittivity 2.2. c Schematic of the lumped element

circuit of the hexagonal unit cells shown in the right panels of (a)
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connect the nearest neighbor nodes within the honeycomb
structure (drawn in red in Fig. 1c) and inductors with inductance
L1 (shown in blue in Fig. 1c) connect to the next hexagonal
cell. Topological LC circuits were proposed and realized
previously34,35, in which cross-wirings with permutations were
adopted to generate the nontrivial topology. In contrast, in the
present approach, the nontrivial topology emerges purely from
the symmetry of 2D honeycomb structure27,43.

The voltage on a given node i with respect to the common
ground is described by (see Supplementary Note 1 for details)

d2Vi=dt
2 ¼

�1

C

X

3

j¼1

1

Lij
Vi � Vj

� �

ð1Þ

Taking the hexagonal unit cell shown in Fig. 1c, the normal
frequency modes are governed by the following secular equation:
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with V¼V0exp ik � r� iωtð Þ � ½V1V2V3V4V5V6�
texp ik � r� iωtð Þ

for the voltages at the six nodes (see Supplementary Figure 1 for the
numbering of nodes), where X ¼ expðik � a1Þ, Y ¼ expðik � a2Þ,
ω2
0 ¼ 1=L0C; τ= L0/L1, and the asterisk means complex conjugating.
Figure 2 displays the frequency band structures for three

typical values of τ. As shown in Fig. 2a for τ < 1, there is a global
frequency band gap around 1.515 GHz, and the EM modes
exhibit double degeneracy both below and above the frequency
band gap. When τ= 1, the frequency band gap is closed at the
Γ point, center of the Brillouin zone (BZ), and two sets of
linear dispersions, known as photonic Dirac cones, appear with
four-fold degeneracy at the Γ point as displayed in Fig. 2b
(accidental Dirac cones were achieved before in square lattices
and were used to manipulate EM transport with zero refractive
index44). For τ > 1, a global frequency gap reopens as shown in
Fig. 2c. While the frequency band structures in Fig. 2a, c look
similar to each other, the EM modes in the two cases are different
which can be characterized by the eigenvalue of the two-fold
rotation operator C2

45,46, or equivalently the parity with respect
to the 2D spatial inversion, at the high-symmetry points of BZ
(see Supplementary Figure 2 for details). For τ < 1 (Fig. 2a), the
parities of the eigen EM modes below the frequency band gap are
given by “+−−” at both Γ and M points. In contrast, for τ > 1
(Fig. 2c), the parities are given by “+++” at the Γ point while
“−+−” at the M point. With the parities of EM modes different
at the Γ and M points, the case τ > 1 features a nontrivial
topology. Therefore, the lumped element circuit exhibits a
topological phase transition with the pristine honeycomb
structure as the transition point.

The details of the phase windings at the Γ point as displayed in
Fig. 2d–g reveal that the EM eigenmodes can be designated as p±
and d± orbitals. A k � p Hamiltonian can be formulated around
the Γ point based on these four orbitals27, where the 4 × 4 matrix
is block diagonalized into two 2 × 2 matrices, associated with the
EM modes with positive and negative OAM, respectively (see
Supplementary Note 2 for details). This k � p Hamiltonian takes
the same form as the Bernevig–Hughes–Zhang model of QSHE
proposed for HgTe quantum wells12, where the two 2 × 2 blocks
are associated with the electronic spin-up and -down states.
Parallelizing these two Hamiltonians, it is clear that the sign of

OAM of the eigen EM mode in the present topological microstrip
arrays plays the same role as the spin in spin–orbit coupled
electronic systems, indicating that the sign of the OAM behaves
as an emergent pseudospin degree of freedom27–31,47–49. In the
case of Fig. 2c, band inversion between p and d orbitals takes
place, which is thus topologically distinct from the case of Fig. 2a,
in agreement with the conclusion derived from the analysis based
on the eigenvalue of C2.

While for simplicity and transparency, we describe the
topological phase transition by a lumped element circuit with a
two-valued inductance and uniform capacitance, the phenomenon
is generic for circuits with textured capacitances and/or induc-
tances. The system can also be reformulated in terms of
propagating electric and magnetic fields with dielectric permittiv-
ity and magnetic permeability as relevant parameters. Therefore,
the physics revealed here also applies to a broad class of planar
networks of waveguides50 including coaxial cables and striplines.

Observing pseudospin and p–d orbital hybridization. We then
implement experimentally the topological photonic state revealed
above by designing the planar microstrip arrays as shown in
Fig. 1b. Because the distributed capacitances of the metallic strips
with respect to the ground plate estimated following the standard
procedure42 are smaller than the lumped ones by one order of
magnitude, the distributed capacitances can be incorporated to
good approximation into the on-node capacitance, resulting in
the lumped element circuit discussed above. The widths of the
metallic strips in the trivial and topological designs are chosen in
such a way that the two bulk systems give a common frequency
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Fig. 2 Band structures and topological phase transition in LC circuit.

Frequency band structures calculated based on Equations (2) and (3) for

a τ < 1 with L0= 3.60 nH and L1= 6.35 nH, b τ= 1 with L0= L1= 4.22 nH,

and c τ > 1 with L0= 5.09 nH and L1= 3.13 nH. The on-node capacitance is

taken as C= 7.27 pF for all three cases. The distributed inductances and

lumped capacitance are taken as tuning parameters, which reproduce the

frequency band gap and the gap-center frequency of the experimental

setup. The values of the distributed inductances are close to those

evaluated from the experimental structures of microstrip arrays, and the

on-node capacitance is slightly larger than the lumped one due to the

distributed capacitances coming from the microstrip lines. The signs “+”

and “−” inside the black dots denote the parities of the eigen EM modes

with respect to the two-dimensional spatial inversion at the high-symmetry

Γ point and M point of the Brillouin zone. d–g Phase distributions of the out-

of-plane electric field Ez for the four eigenmodes at the Γ point close to the

frequency band gap at 1.515 GHz in (a, c)
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band gap, taking into account the common lumped capacitance.
In order to reveal explicitly the topological EM properties, we put
these two microstrip arrays side by side as displayed in Fig. 1a, b.
As shown in Fig. 3a, obtained by numerical calculations based on

a supercell for the lumped element circuit, two frequency dis-
persions appear in the common bulk frequency gap due to the
inclusion of the interface between the two half-spaces of distinct
topology. It is interesting to note that these interface modes are
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Fig. 3 Resolving pseudospin and p–d orbital hybridization. a Calculated frequency band structure for the whole system in Fig. 1b with an interface between

the topologically trivial and nontrivial regimes. A supercell is adopted including 8 hexagonal unit cells on both sides of the interface where the parameters

for Fig. 2a, c are taken, respectively. The system is considered infinite along the direction of the interface. The right panel is a zoomed-in view of the

frequency band diagram around the bulk band gap at 1.515 GHz. The red/green arrow indicates the dispersion of the rightward/leftward-propagating

interface mode. b, c Distributions of the out-of-plane electric field Ez obtained by the full-wave simulations (b) and experimental measurements (c) using

a linearly polarized source located at the interface. The source frequency is set at f= 1.47 GHz for the full-wave simulations and f= 1.44 GHz for

experimental measurements. d Phase distribution of the out-of-plane electric field Ez under the same condition as (b) which is mirror symmetric with

respect to the mirror line perpendicular to the interface indicated by the two dark-blue arrows. The source is located on the mirror line. The two insets

show zoomed-in views of the phase distributions in the two typical hexagonal unit cells close to the interface, with the left/right one accommodating

clockwise/counterclockwise phase winding. e–g, h–j Full-wave simulated and experimentally measured phase distributions in the right highlighted hexagon

in (d) with up pseudospin at three frequencies indicated in the right panel in (a). k–m, n–p Same as those in (e–g) and (h–j), respectively except for the left

highlighted hexagon in (d). q Frequency dependence of weights of p and d orbitals obtained by the full-wave simulations and experimental measurements

for the right hexagonal unit cell in (d). The p and d orbitals take the same weight at the frequency where the two interface frequency dispersions cross each

other in (a), with an apparent difference of 0.03 GHz between the simulated and experimental results. The error bars indicate statistical uncertainty

(standard deviation) during three measurements
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characterized mainly by two degrees of freedom, namely pseu-
dospin and parity as resolved experimentally below.

In order to detect these topological interface EM modes
experimentally, we launch an EM wave from a linearly polarized
dipole source located in the interface with a frequency within the
common bulk frequency gap (see inset of Fig. 1b). It is noticed
that injecting an EM wave into the system without disturbing the
bulk frequency band is a feature inherent to the bosonic property
of photons which is not available for electrons. As displayed in
Fig. 3b, c for the distributions of the out-of-plane electric field Ez
obtained by the full-wave simulations and experimental measure-
ments (see Methods for details), respectively, the EM wave
propagates only along the interface. Figure 3d shows the phase
distribution of the out-of-plane electric field Ez obtained by the
full-wave simulations, which exhibits clockwise/counterclockwise
phase winding in the half of the sample to the left/right of the
source, as is clearly revealed by the mirror symmetry with respect
to a mirror line perpendicular to the interface and passing
through the source (indicated by the two dark-blue arrows in
Fig. 3d). The two insets show the zoomed-in views of the phase
distributions in the two typical hexagonal unit cells close to the
interface, with the left/right one accommodating the clockwise/
counterclockwise phase winding, which specifies the down/up
pseudospin state of EM modes. This demonstrates a clear
pseudospin-momentum locking in the topological interface EM
propagation, mimicking the helical edge states in QSHE.

Now we investigate the variation of phase distribution in the
topological interface EM modes when the source frequency is swept
across the bulk frequency band gap. The interface EM modes
intersecting the frequency bands below and above the band gap are
composed from both p and d orbitals, which can be resolved by
analyzing the phase winding noticing that for a p/d orbital the phase
winds 2π/4π over a hexagonal unit cell (see Supplementary Figure 3
and 4, and Supplementary Note 3 and 4 for details). As displayed in
Fig. 3e–p obtained by the full-wave simulations and experimental
measurements, at a frequency close to the lower band edge (Fig. 3e, h,
k, n) the interface EM modes consist mainly of p orbitals, and at a
frequency close to the upper band edge (Fig. 3g, j, m, p) the interface
EM modes are predominately d orbitals, whereas p and d orbitals
contribute equally at the center frequency of the band gap (Fig. 3f, i, l,
o). Figure 3q displays the full frequency dependence of the weights of
p+ and d+ orbitals evaluated in terms of the Fourier analysis on the
phase distribution in the right zoomed-in hexagon in Fig. 3d (same
results are obtained for the left hexagon and p

−
and d

−
orbitals as

assured by the mirror symmetry), with a systematic frequency shift of
0.03 GHz between the experimental results and the ones obtained by
the full-wave simulations due to the tolerance of the material and
structural parameters in the fabrication. Because the p and d orbitals
correspond to the dipolar and quadrupolar EM modes, respectively,
using a linearly polarized dipole source we can generate and guide
EM waves with the desired sign of OAM by choosing the
propagation direction, and desired relative weight of dipolar and
quadrupolar EM modes by choosing the working frequency within
the topological band gap. These properties may be exploited to design
topology-based microwave antennas and receivers.

The OAM accommodated in the hexagonal unit cell of the
present microstrip array is intimately related to the local Poynting
vector through the Faraday relation (see Supplementary Note 5
for details). For a harmonic mode with frequency ω the local
Poynting vector is given by

S ¼ Re½E ´H��=2 ¼
Ezj j2

2μ0ω

∂φ

∂x
x þ

∂φ

∂y
y

� �

ð4Þ

where E ¼ Ezz ¼ Ezj jeiφz (with x, y, and z being the unit vectors
in the three spatial directions) and H are the out-of-plane electric

field and the in-plane magnetic field, respectively. For EM modes
with fixed OAM such as p± and d± defined in the hexagonal unit
cell, the local Poynting vectors circulate around the edges of the
hexagon. It is obvious that p� and d� orbitals accommodate the
Poynting vectors circulating clockwise whereas pþ and dþ orbitals
accommodate those circulating counterclockwise, which corre-
spond to the two pseudospin polarizations in the present system.
One can evaluate explicitly the amount of angular momentum
carried by the local Poynting vector given in Equation (4)

L ¼ r ´ S=c2 ¼
Ezj j2

2μωc2
x
∂φ

∂y
� y

∂φ

∂x

� �

z: ð5Þ

It can be shown (see Supplementary Note 5 for details) that for
the EM mode Ez ¼ Ezj jexp iφð Þ ¼ Ezj jexp ilθð Þ where θ is the
azimuthal angle and l= ±1 (for p±) or l= ±2 (for d±) one has

L ¼ Ezj j2

2μωc2
lz. Therefore, one photon of energy ℏω carries a

quantized OAM lℏ along the normal of microstrip plane.
The local Poynting vectors measured experimentally at 1.44

GHz are displayed in Fig. 4a for the two typical hexagonal unit
cells close to the interface, and those obtained by the full-wave
simulations at 1.47 GHz are displayed in Fig. 4b over a wide
region along the interface (shown schematically in Fig. 4c). Good
agreement is achieved between experiments and simulations. On
the left-/right-hand side of the source, the local Poynting vectors
circulate clockwise/counterclockwise in the hexagonal unit cells in
both topological and trivial regimes. In hexagons above the
interface (i.e., in the topological regime), the density of the local
Poynting vectors is larger at the bottom edge (closer to the

a

b

c

Fig. 4 Distributions of local Poynting vectors in the interface EM modes.

a Distribution of the local Poynting vectors obtained by experimental

measurements of the amplitude and phase of the out-of-plane electric

field Ez (see Equation (4)) in the two hexagonal unit cells bounded by the

dashed lines in (b) at 1.44 GHz. The size and direction of the arrows denote

the amplitude and direction of the local Poynting vectors. b Distribution

of the local Poynting vectors obtained by the full-wave simulations at

1.47 GHz in the region bounded by the dashed line in (c). c Schematic of

the distribution of the local Poynting vector S over hexagonal unit cells in

the topological interface modes stimulated by a linearly polarized source

located in one of the unit cells (the red dots)
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interface) than that on the top edge, which generates net energy
flows in two directions along the interface. In hexagons below
the interface (i.e., in the trivial regime), although the local
Poynting vectors circulate in the same ways as those in the
topological regime, the density of the local Poynting vectors is
smaller at the top edge (closer to the interface) than that on the
bottom edge, opposite to that in the topological regime, which
therefore contributes the same net energy flows. This yields the
winding phases, or equivalently the circulating local Poynting
vectors, in hexagonal unit cells and the unidirectional energy flow
along the interface. The distribution of the local Poynting vectors
in Fig. 4 indicates explicitly that OAM of EM mode governs
the topological interface EM propagation in the present system.

As seen above, the planar and open structure of the present
system permits us to observe directly the pseudospin states,
pseudospin-momentum locking, and furthermore the p–d orbital
hybridization in the interface EM modes, which constitute
the essence of the topological state preserving TRS. So far, the
relevance of pseudospin in topological interface propagation
has been inferred based on comparisons between experimental
observations and theoretical analyses, and there are few
experimental studies on the relative weight of orbitals with
opposite parities in topological interface propagations.

Discussion
EM waves with OAM attract considerable current interest. It
becomes clear that optical fields with OAM are ideal for many
important applications such as communications, particle
manipulation, and high-resolution imaging51. Even at microwave
frequency, tunable OAM provides a new degree of freedom,
which can be used for controlling on-chip propagation and can be
exploited to develop novel high information density radar and
wireless communication protocols52,53. The OAM explored in the
present work is defined in unit cells and is oriented perpendicular
to the propagating direction of the topological interface EM
modes, different from OAM carried by light vortices in con-
tinuous media that is parallel to the propagating direction. To
figure out a way to emit efficiently EM modes carrying OAM
supported by the microstrip structure with C6v symmetry into
free space is one of the most intriguing future problems. The
topological EM properties achieved in the planar circuit can not
only be exploited for microwave photonics54 and plasmonics55,
but can also be extended up to the infrared frequency regime56. In
the photonic wire laser working in the terahertz band57,58, a
patterned, double-sided metal waveguide is used for confining
and directing the emission from a quantum-cascade laser, with
the metal–semiconductor–metal structure essentially being the
same as the microstrip array investigated in the present study. In
terms of a honeycomb-patterned network with typically micro-
meter strip-widths one can achieve a topological quantum-
cascade laser, where the emission and propagation of terahertz
EM waves are governed by OAM. It is also worth noticing that
the 2D structure of the present scheme makes the topological
microwave-guiding compatible with various lithographically
fabricated planar devices. Extension of the lumped element circuit
discussed in the present work to a network including resonators
of quantum features, such as quantum bits (qubit) based on
SQUID structures59, is of special interest.

Methods
Preparation of the sample and the full-wave simulations. To prepare the
perimeter of the whole sample, we load lumped resistors between the metallic strips
and the common ground plane (i.e., bottom metallic substrate), which corresponds
to a perfect matching boundary condition. The values of lumped resistors are
selected according to the characteristic impedances Z0 of microstrip lines, 115, 74,
97, and 66Ω for microstrip lines with widths of 1.0, 2.6, 1.5, and 3.2 mm, respec-
tively42. In order to numerically simulate the system, we perform three-dimensional

full-wave finite-element simulations using Computer Simulation Technology
Microwave Studio software based on a finite integration method in the time
domain. The dielectric loss tangent (tan δ) of the substrate and the conductivity of
the metallic microstrip lines are set to be 0.0079 and 5.8 × 107 S/m, respectively. The
internal resistance in each lumped capacitor is taken as 1Ω. An open boundary
condition is applied for the whole sample including the terminal resistors. In order
to demonstrate fully the unidirectional interface EM transport governed by pseu-
dospin, we also prepare interfaces with sharp turns and stimulate the system by a
source with signals overlapping exclusively with one of the two pseudospins of the
interface modes (see Supplementary Figure 5 and Supplementary Note 6 for details).

Experimental setup. Signals generated from a vector network analyzer (Agilent
PNA Network Analyzer N5222A) are transported into a port located in the sample,
which works as the source for the system (see Supplementary Figure 6 and Sup-
plementary Note 7 for details). A small homemade rod antenna of 2 mm length is
employed to measure the out-of-plane electric field Ez at a constant height of 2 mm
from the microstrip lines. We make sure by the full-wave simulations that the
field distribution thus measured is almost the same as that at the very surface of
microstrip lines. The antenna is mounted to a 2D translational stage to scan the
field distribution over the whole system with a step of 2 mm. A finer step of 1 mm
is taken in order to measure accurately the field distribution in several typical
hexagonal unit cells, which reveals the pseudospin structure. The measured data
are then sent to the vector network analyzer. By analyzing the recorded field values,
we obtain the distributions of both amplitude and phase of the out-of-plane electric
field Ez, which are used for analysis of detailed phase windings, weights of p and
d orbitals, and local Poynting vectors in the topological interface states.

Code availability. All the computer codes that support the findings of this study
are available from the corresponding authors upon reasonable request.

Data availability
The data that support the findings of this study are available from the corre-
sponding authors upon reasonable request.

Received: 23 January 2018 Accepted: 12 October 2018

References
1. Shelby, R. A., Smith, D. R. & Schultz, S. Experimental verification of a negative

index of refraction. Science 292, 77–79 (2001).
2. Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 85,

3966–3969 (2000).
3. Fang, N., Lee, H., Sun, C. & Zhang, X. Sub-diffraction-limited optical imaging

with a silver superlens. Science 308, 534–537 (2005).
4. Pendry, J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic fields.

Science 312, 1780–1782 (2006).
5. Cai, W. S., Chettiar, U. K., Kildishev, A. V. & Shalaev, V. M. Optical cloaking

with metamaterials. Nat. Photonics 1, 224–227 (2007).
6. Alekseyev, L. V. & Narimanov, E. Slow light and 3D imaging with non-

magnetic negative index systems. Opt. Express 14, 11184–11193 (2006).
7. Berry, M. V. Quantal phase-factors accompanying adiabatic changes.

Proc. R. Soc. Lond. A 392, 45–57 (1984).
8. Klitzing, K. V., Dorda, G. & Pepper, M. New method for high-accuracy

determination of the fine-structure constant based on quantized hall
resistance. Phys. Rev. Lett. 45, 494–497 (1980).

9. Thouless, D. J., Kohmoto, M., Nightingale, M. P. & Dennijs, M. Quantized
Hall conductance in a two-dimensional periodic potential. Phys. Rev. Lett. 49,
405–408 (1982).

10. Haldane, F. D. M. Model for a quantum Hall-effect without Landau-levels—
condensed-matter realization of the parity anomaly. Phys. Rev. Lett. 61,
2015–2018 (1988).

11. Hasan, M. Z. & Kane, C. L. Colloquium: topological insulators. Rev. Mod.
Phys. 82, 3045–3067 (2010).

12. Qi, X. L. & Zhang, S. C. Topological insulators and superconductors.
Rev. Mod. Phys. 83, 1057–1110 (2011).

13. Weng, H. M., Yu, R., Hu, X., Dai, X. & Fang, Z. Quantum anomalous
Hall effect and related topological electronic states. Adv. Phys. 64, 227–282
(2015).

14. Haldane, F. D. M. & Raghu, S. Possible realization of directional optical
waveguides in photonic crystals with broken time-reversal symmetry. Phys.
Rev. Lett. 100, 013904 (2008).

15. Wang, Z., Chong, Y. D., Joannopoulos, J. D. & Soljăcić, M. Reflection-free
one-way edge modes in a gyromagnetic photonic crystal. Phys. Rev. Lett. 100,
013905 (2008).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07084-2

6 NATURE COMMUNICATIONS |          (2018) 9:4598 | DOI: 10.1038/s41467-018-07084-2 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


16. Wang, Z., Chong, Y. D., Joannopoulos, J. D. & Soljăcić, M. Observation
of unidirectional backscattering-immune topological electromagnetic states.
Nature 461, 772–775 (2009).

17. Lu, L., Joannopoulos, J. D. & Soljăcić, M. Topological photonics. Nat.
Photonics 8, 821–829 (2014).

18. Rechtsman, M. C. et al. Photonic Floquet topological insulators. Nature 496,
196–200 (2013).

19. He, C. et al. Photonic topological insulator with broken time-reversal
symmetry. Proc. Natl. Acad. Sci. U.S.A. 113, 4924–4928 (2016).

20. Poo, Y., Wu, R. X., Lin, Z. F., Yang, Y. & Chan, C. T. Experimental realization
of self-guiding unidirectional electromagnetic edge states. Phys. Rev. Lett. 106,
093903 (2011).

21. Fang, K. J., Yu, Z. F. & Fan, S. H. Realizing effective magnetic field for photons
by controlling the phase of dynamic modulation. Nat. Photonics 6, 782–787
(2012).

22. Lu, L. et al. Symmetry-protected topological photonic crystal in three
dimensions. Nat. Phys. 12, 337–340 (2016).

23. Bahari, B. et al. Nonreciprocal lasing in topological cavities of arbitrary
geometries. Science 358, 636–640 (2017).

24. Hafezi, M., Demler, E. A., Lukin, M. D. & Taylor, J. M. Robust optical delay
lines with topological protection. Nat. Phys. 7, 907–912 (2011).

25. Hafezi, M., Mittal, S., Fan, J., Migdall, A. & Taylor, J. M. Imaging topological
edge states in silicon photonics. Nat. Photonics 7, 1001–1005 (2013).

26. Khanikaev, A. B. et al. Photonic topological insulators. Nat. Mater. 12,
233–239 (2013).

27. Wu, L. H. & Hu, X. Scheme for achieving a topological photonic crystal by
using dielectric material. Phys. Rev. Lett. 114, 223901 (2015).

28. Barik, S., Miyake, H., DeGottardi, W., Waks, E. & Hafezi, M. Two-
dimensionally confined topological edge states in photonic crystals.
New J. Phys. 18, 113013 (2016).

29. Barik, S. et al. Topological quantum optics interface. Science 359, 666–668
(2018).

30. Yves, S. et al. Crystalline metamaterials for topological properties at
subwavelength scales. Nat. Commun. 8, 16023 (2017).

31. Yang, Y. T. et al. Visualization of a unidirectional electromagnetic
waveguide using topological photonic crystals made of dielectric materials.
Phys. Rev. Lett. 120, 217401 (2018).

32. Cheng, X. J. et al. Robust reconfigurable electromagnetic pathways within a
photonic topological insulator. Nat. Mater. 15, 542–548 (2016).

33. Chen, W. J. et al. Experimental realization of photonic topological insulator
in a uniaxial metacrystal waveguide. Nat. Commun. 5, 5782 (2014).

34. Albert, V. V., Glazman, L. I. & Jiang, L. Topological properties of linear
circuit lattices. Phys. Rev. Lett. 114, 173902 (2015).

35. Ningyuan, J., Owens, C., Sommer, A., Schuster, D. & Simon, J. Time- and
site-resolved dynamics in a topological circuit. Phys. Rev. X 5, 021031
(2015).

36. Khanikaev, A. B. & Shvets, G. Two-dimensional topological photonics.
Nat. Photonics 11, 763–773 (2017).

37. Bliokh, K. Y., Rodríguez-Fortuño, F. J., Nori, F. & Zayats, A. V. Spin–orbit
interactions of light. Nat. Photonics 9, 796–808 (2015).

38. Kerber, R. M., Fitzgerald, J. M., Reiter, D. E., Oh, S. S. & Hess, O. Reading
the orbital angular momentum of light using plasmonic nanoantennas.
ACS Photonics 4, 891–896 (2017).

39. Bliokh, K. Y., Smirnova, D. & Nori, F. Quantum spin Hall effect of light.
Science 348, 1448–1451 (2015).

40. Bliokh, K. Y., Bekshaev, A. Y. & Nori, F. Optical momentum, spin, and
angular momentum in dispersive media. Phys. Rev. Lett. 119, 073901 (2017).

41. Song, D. H. et al. Unveiling pseudospin and angular momentum in photonic
graphene. Nat. Commun. 6, 6272 (2015).

42. Hong, J. S. & Lancaster, M. J. Microstrip Filters for RF/Microwave Application
(John Wiley & Sons, 2001).

43. Fu, L. Topological crystalline insulators. Phys. Rev. Lett. 106, 106802 (2011).
44. Huang, X. Q., Lai, Y., Hang, Z. H., Zheng, H. H. & Chan, C. T. Dirac cones

induced by accidental degeneracy in photonic crystals and zero-refractive-
index materials. Nat. Mater. 10, 582–586 (2011).

45. Benalcazar, W. A., Teo, J. C. Y. & Hughes, T. L. Classification of two-
dimensional topological crystalline superconductors and Majorana bound
states at disclinations. Phys. Rev. B 89, 224503 (2014).

46. Noh, J. et al. Topological protection of photonic mid-gap cavity modes.
Nat. Photonics 12, 408–415 (2018).

47. Wu, L. H. & Hu, X. Topological properties of electrons in honeycomb lattice
with detuned hopping energy. Sci. Rep. 6, 24347 (2016).

48. He, C. et al. Acoustic topological insulator and robust one-way sound
transport. Nat. Phys. 12, 1124–1129 (2016).

49. Brendel, C., Peano, V., Painter, O. & Marquardt, F. Snowflake phononic
topological insulator at the nanoscale. Phys. Rev. B 97, 020102 (2018).

50. Yariv, A. & Yeh, P. Optical Waves in Crystals: Propagation and Control of
Laser Radiation (John Wiley & Sons, 1984).

51. Qiu, C. W. & Yang, Y. J. Vortex generation reaches a new plateau. Science 357,
645 (2017).

52. Thidé, B. et al. Utilization of photon orbital angular momentum in the
low-frequency radio domain. Phys. Rev. Lett. 99, 087701 (2007).

53. Tamburini, F. et al. Encoding many channels on the same frequency through
radio vorticity: first experimental test. New J. Phys. 14, 033001 (2012).

54. Capmany, J. & Novak, D. Microwave photonics combines two worlds.
Nat. Photonics 1, 319–330 (2007).

55. Ozbay, E. Plasmonics: merging photonics and electronics at nanoscale
dimensions. Science 311, 189–193 (2006).

56. Schnell, M. et al. Nanofocusing of mid-infrared energy with tapered
transmission lines. Nat. Photonics 5, 283–287 (2011).

57. Khalatpour, A., Reno, J. L., Kherani, N. P. & Hu, Q. Unidirectional photonic
wire laser. Nat. Photonics 11, 555–559 (2017).

58. Williams, B. S., Kumar, S., Callebaut, H., Hu, Q. & Reno, J. L. Terahertz
quantum-cascade laser at λ ≈ 100 μm using metal waveguide for mode
confinement. Appl. Phys. Lett. 83, 2124–2126 (2003).

59. Devoret, M. H., Wallraff, A. & Martinis, J. M. Superconducting qubits:
a short review. Preprint at https://arxiv.org/abs/cond-mat/0411174 (2004).

Acknowledgements
H. Chen and Y. Sun are supported by the National Key Research Program of China

(No. 2016YFA0301101), the National Natural Science Foundation of China

(Grant Nos. 11234010, 61621001, and 11674247), the Shanghai Science and Technology

Committee (Nos. 18JC1410900 and 18ZR1442900), and the Fundamental Research

Funds for the Central Universities. X. Hu is supported by Grants-in-Aid for Scientific

Research No.17H02913, Japan Society of Promotion of Science.

Author contributions
Y.L. prepared the sample and conducted experimental measurements and the full-wave

simulations. Y.S., W.Z., Z.G., and J.J. helped with experiments. T.K. joined discussions

on the model and theoretical analyses. H.C. and X.H. conceived the idea, supervised

the project, and wrote the manuscript. All authors fully contribute to the research.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-

018-07084-2.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/

reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory

regulation or exceeds the permitted use, you will need to obtain permission directly from

the copyright holder. To view a copy of this license, visit http://creativecommons.org/

licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07084-2 ARTICLE

NATURE COMMUNICATIONS |          (2018) 9:4598 | DOI: 10.1038/s41467-018-07084-2 | www.nature.com/naturecommunications 7

https://arxiv.org/abs/cond-mat/0411174
https://doi.org/10.1038/s41467-018-07084-2
https://doi.org/10.1038/s41467-018-07084-2
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Topological LC-circuits based on microstrips and observation of electromagnetic modes with orbital angular momentum
	Results
	Topological phase transition in lumped element circuit
	Observing pseudospin and p–d orbital hybridization

	Discussion
	Methods
	Preparation of the sample and the full-wave simulations
	Experimental setup
	Code availability

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Electronic supplementary material
	ACKNOWLEDGEMENTS


