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Fig. 1. The 1 D LC chain, in which a unit cell containing two inequivalent nodes A and B labeled by a dashed blue box. Each node

A or B is grounded through a parallel connected inductor L and capacitor Cp. All nodes are connected by C7 and Cs alternat-

ively.
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Fig. 2. (a) Upper: increase the parameter of Cy from zero to exceed Cs, the end states (red) converge into the bulk states, indicat-

ing the topological transition. Bottom: the transition of winding number is consistent with the appearance and absence of end

states. The effective polarization vector (ds,dy) winds the original a round when the momentum varies continuously from 0 to 2n

for Cq1 = 0.5(left), while zero round for C7 = 1.5(right). (b) The electric potential distributions of two end states (green and

puple) and a randomly selected bulk state (grey).
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Fig. 3. Schematic setup of the 3 D LC circuit lattice. (a) LC honeycomb layers stacked along e-direction without any interlayer con-
nection. Two inequivalent nodes A and B within a unit cell, linked by capacitors C1,2,3. Each node A(B) is grounded through the
parallel connected inductor L 4 (Lp) and capacitor Cga(Cgp). a, b, and ¢ denote lattice vectors. Inset: spectra of a single layer
LC lattice includes two band-crossing points, extended uniformly along k. -direction and form two straight nodal lines (red) in the
BZ. (b) Connecting nodes A and B between the nearest neighbor-layers with Cy . The straight lines could be curved to a closed ring
given appropriate Cy4. (c) Connect node-pairs A-A(B-B) between the nearest neighbor-layers with Cy4 (Cp), to break space inver-
sion symmetry by setting C4 # Cp and Cga # Cgp, and the nodal ring may be degenerated to discrete Weyl points. The LC

network can be deformed into (d), which is convenient to construct circuit elements in experiments while spectrum invariant.
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Fig. 4. (a) Nodal line (red) and its projections (grey) on the (001), (010), and (100) planes. The parameters are set as
Cy = 1mF,Cy = 2mF,C3 = 1 mF,Cy = 0.833mF,Cga = Cgp = 1mF, and Ly = L = 1 mH. (b) Bands along I-M-A-Y-B-M-
T, where A and B are two points with k. = 0 on the nodal line as labeled in (a). Upper: the bulk bands(grey) with the drumhead-
like surface states nestled inside the projection of the nodal ring (red) on the (001) surface and the two bands (purple) in periodic

boundary condition. Bottom: the Berry phase Ok” equals (0) inside (outside) the nodal ring.
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T # g, 53 1E (1) TR S B REC 1 1060 1)

Fig. 5. (a) Four Weyl points in the Brillouin zone and their projections on (001), (010) and (100) direction. C4 = 0.2 mF,
Cp = 0.0l mF, and Cga = 0.77 mF are used in the calculations. The other parameters are the same as Fig.4. The Weyl points are
the intersection points between the nodal ring determined by dq,2(k) = 0 and the two planes determined by dz(k) = 0. The chir-
ality are indicated as blue stars (red points) for x = 4+1(—1). (b) upper left: on the (001) surface, Fermi arcs connect the projec-
tions of the bulk Weyl nodes carrying opposite chiralities onto the surface. Upper right: the gapless surface band in the A — B
path. Dashed green line denotes the frequency where Weyl points lie. Bottom left: the Chern numbers for planes perpendicular to
kq . Moving along kq , the Chern number increases (decreases) when the plane passing through the Weyl points with +1(-1) chirality.
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4.2  HHIMMRE

M Ca # Cp, Cga # Cgp Nl LA B2S
Ti) J52 Y58 X Rk BT 68 65 £ 25 AR AR B AN RS e
ds (k) ANFHIE N, BERR A& A5 T 2t — 2P 2K
coske =1+ (Caa — Cap)/2(Ca — Cp). TEHUHL %
SR ERA DT 1, ds(k) = 0FE = 4EAT HLIK
X AN T BT ke P T, 43X AT S
di2(k) = 0245 H I 45 M 2SI A 2 1] 5(a) 1
ANAE A, XIE AT TR A SR AL TR R
W FRIE B — LT & A SNR 5 5 51 F A
[FYEAL T —k MR A, TR RGERISMR ST
ZHMERE. FRXUANIMR S FHELRE 2 4
RIE, 53 2R, RIS A B ) S s R A
RGP AR S R/ R 4. QniEl 5(b) B
ko VERNSHL, WIS — ZRBVHR Ky, — ko 1K B 48 1T,
F 34 A T b BRI A8 Ak nT T S AR S T
PE. PRI B AR b 2T A Re T LA RER,
AR AL, W 1 At B B 2t B S )
FAERMA. HI, T REP IR SRS
o1, H % R G A R A PN MR s ZE R T
AL SR ORI R .

FE LI AR, FRAT15E R R AR A A
JE&. SEBR T L TR A2 B i TSR R,

0.5 :
6.5 ‘
NS A\ o 4

_ 0.4+ = KON
T 3
= = 6.0r
"g 0.3 <
5 5
o~ )
= 3
3 o02f
3
<

0.1}

0 0.2 04 06 = 08 1.0

Intensity of random errors

6 3x3x3BIAAEI Aw™? = min{w}, ,, , — w7y}
B 22 i B2 B9 724k, Horp N R AR, SRR 5 BEAR
TG . B3 i 22 0 B2 BB AL B 42 7 H 58 100 k. BUE T iR
FEMRPEA R AL 30% WA IR mATSRAFEAE . /) P L A 1R 22
JE A 20% B TS SM IR A0T 78 B AR 11 € 1

Fig. 6. The band gap, Aw™?2 = min{w?\,/27L1 — w;,%} as a
function of the tolerance values for a 3 x 3 x 3 super cell,
where N is the number of total bands. The parameters are
the same as Fig.5 in ideal case. Each range of tolerance is
calculated 100 times. Numerical results show that Weyl
points survive for ranges less than the critical value 30%.
Inset: the bands along the k-path crossing two Weyl points
with 20% range of tolerance on the capacitors.
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Topological states in electric circuit”
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Abstract

Based on the correspondence between tight-binding Hamiltonian in condensed matter physics and the
Kirchhoff’s current equations in lumped parameters circuits, profuse topological states can be mapped from the
former to the latter. In this article, the electric-circuit realizations of 1D SSH model, 3D nodal-line and Weyl
semimetals are devised and elaborated, in which the edge states, surface drum-head and Fermi-arc states are
appearing on the surface of the circuit lattice. Of these circuits, the effective hopping terms in Hamiltonian have
high degree of freedom. The hopping strength, distance and dimension are easy to tune, and therefore our
design is convenient to be extended to non-Hermitian and four or higher dimensional cases, making the fancy
states that hard to reach in conventional condensed matter now at our fingertips. Besides, the electric circuit
has the advantage of plentiful functional elements and mature manufacture techniques, thus being a promising

platform to explore exotic states of matter.
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