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Fig. 1. (a) Upper panel: Sketch of an electrical circuit simulating the nonreciprocal AA model. It includes N voltage nodes
Von (n=1,---,N) with elements Cp and INIC () simulating the intersite couplings, where INIC ) defined in panel (b) is the key
element to realize the nonrecprocity, and the grounded elements (Lo, Ro,Co,r,n) simulating the on-site potentials; X modules and
the switches control the simulation of boundary conditions. Lower panel: Definitions of X modules. (b) The internal circuit of the
INIC, constructed by the ideal operational amplifier (opamp), impedance elements Z+, and the targeted element Cf(without Xy ),
which can realize unequal effective input inductances from the two different ports Vj.; INICy is defined by adding an extra Xj
module in parallel with C; in INIC. (c¢) Modules of negative impedancel®?.. The internal circuits of the grounded one-port and the
floated two-port negative impedances — 7 for the left and right panels, respectively, where the labels of the ideal opamps represent
the relation of the output voltage to the input voltages. See relevant texts for the detailed description of each element.
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k. A =AM AT SRR Ay IR R (a) T A, B C =, B AR MBS E. DL BT I REBCE R R T N =21, H
BT B BB S WLAH R IE 3C.

Fig. 2. (a) Referenced phase diagram of the non-reciprocal AA model, where phase boundaries (solid red lines) are obtained by cal-
culating the winding number , with Eq. (B6) in the Appendix of Ref. [27]. The dashed lines are for the plots in Fig. 3. (b), (¢) The
eigenfrequencies of the circuit at v = 0 (left panels) and the eigenvalues of A/Cp at @ = 0(right panels). Solid red dots and solid
blue squares represents the theoretical results under PBCs and OBCs, respectively. The hollow diamonds in left panels label the
driving frequency, and those in right panels are the simulated results under PBCs via SPICE. (d) 8(®) = Indet[A(P)/Co] versus ¢
based on the simulated A(®) via SPICE, where left-pointing triangles, right-pointing triangles, and solid diamonds represent points
A, B, and C in panel (a), respectively. The dashed lines are the corresponding theoretical results. All figures are calculated in a fi-

nite size N = 21. See relevant texts for the specific setting of the circuit's elements.
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Fig. 3. (a), (b) Node distributions of voltages (normalized) simulated by SPICE along dashed lines of & = 0.5 and A = 0.5 in Fig. 2(a),
respectively. The AC current source with w = wp/+v/6 is connected to the 11 th node. (c), (d) IPRs of the voltage distributions in
panels (a) and (b), respectively, calculated by Eq. (26), where diamonds (dashed lines) are the simulation (theoretical) results. The

arrows indicate the minima of simulated IPRs, while the dashed lines indicate the phase transition points in theory.
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quantum computers
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Abstract

The introduction of non-Hermiticity into traditional Hermitian quantum systems generalizes their basic
notions and brings about many novel phenomena, e.g., the non-Hermitian skin effect that is exclusive to non-
Hermitian systems, attracting enormous attention from almost all branches of physics. Contrary to the quantum
platforms, classical systems have the advantages of low cost and mature techniques under room temperature.
Among them, the classical electrical circuits are more flexible on simulating quantum tight-binding models in
principle with any range of hopping under any boundary conditions in any dimension, and have become a
powerful platform for the simulation of quantum matters. In this paper, by constructing an electrical circuit, we
simulate by SPICE the static properties of a prototypical non-Hermitian model —the nonreciprocal Aubry-
André (AA) model that has the nonreciprocal hopping and on-site quasiperiodic potentials.

The paper is organized as follows: Following the introduction, in Sec. II we review in detail the Laplacian
formalism of electrical circuits and the mapping to the quantum tight-binding model. Then, in Sec. III, an
electrical circuit is proposed with resistors, capacitors, inductors, and the negative impedance converters with
current inversion (INICs), establishing a mapping between the circuit's Laplacian and the non-reciprocal AA
model's Hamiltonian under periodic boundary conditions (PBCs) or open boundary conditions (OBCs).
Especially, the nonreciprocity, the key of this model, is realized by INICs. In Sec IV, based on the mapping, for
the proposed circuit under PBCs, we reconstruct the circuit's Laplacian via SPICE by measuring voltage
responses of an AC current input at each node. The complex spectrum and its winding number p can be
calculated by the measured Laplacian, which are consistent with the theoretical prediction, showing v = +1 for
non-Hermitian topological regimes with complex eigenenergies and extended eigenstates, and v =0 for
topologically trivial regimes with real eigenenergies and localized eigenstates. In Sec V, for the circuit under
OBCs, a similar method is used for measuring the node distribution of voltage response, which simulates the
competition of non-Hermitian skin effects and the Anderson localization, depending on the strength of
quasiperiodic potentials; the phase transition points also appear in the inverse participation ratios of voltage
responses.

During the design process, the parameters of auxiliary resistors and capacitors are evaluated for obtaining
stable responses, because the complex eigenfrequecies of the circuits are inevitable under PBCs. Our detailed
scheme can directly instruct further potential experiments, and the designing method of the electrical circuit is
universal and can in principle be applied to the simulation for other quantum tight-binding models.

Keywords: nonreciprocal Aubry-André model, non-Hermitian skin effect, non-Hermitian topology, quantum

simulation

PACS: 03.65.Vf, 71.23.—k DOI: 10.7498 /aps.71.20220219

* Project supported by the National Natural Science Foundation of China (Grant No. 11904109) and the Basic and Applied
Basic Research Foundation of Guangdong Province, China (Grant No. 2019A1515111101).

1 Corresponding author. E-mail: ljlang@scnu.edu.cn

160301-10


http://doi.org/10.7498/aps.71.20220219
http://doi.org/10.7498/aps.71.20220219
mailto:ljlang@scnu.edu.cn
mailto:ljlang@scnu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

JFH S Aubry-Andre ARRY )2 H B BRARI
BB PRAE
Electrical circuit simulation of nonreciprocal Aubry—Andr é models

Cheng En-Hong  Lang Li-Jun

515 &, Citation: Acta Physica Sinica, 71, 160301 (2022) DOI: 10.7498/aps.71.20220219
TEZE[R]1E View online: https:/doi.org/10.7498/aps.71.20220219
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

AR R I —RAL A%

Non—Hermitian mosaic dimerized lattices

WAL 2022, 71(13): 130302 https://doi.org/10.7498/aps.71.20220890

AR R MEVR I B AR

Dynamics of non—Hermitian local topological marker

WIFRE4. 2021, 70(23): 230309 https://doi.org/10.7498/aps.70.20211576

JSCA BRI S TR R B
Generalized Brillouin zone and non—Hermitian band theory

PyFEEEAR. 2021, 70(23): 230307 https:/doi.ore/10.7498/aps.70.20211908

= RACAR O A% T AR 1 M 2 A

Topological edge states with skin effect in a trimerized non—Hermitian lattice

YR 2019, 68(10): 104206  hitps:/doi.org/10.7498/aps.68.20190112

SR oK R GEAr 5 i 1 TR B

Experimental observation of chiral inversion at exceptional points of non—Hermitian systems

YrH2E 4. 2022, 71(13): 131101 https://doi.org/10.7498/aps.71.20220842

B SRR
Quantum computation and quantum simulation

YrH2E 4. 2018, 67(12): 120301  https://doi.org/10.7498/aps.67.20180710


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220219
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20220890
https://doi.org/10.7498/aps.70.20211576
https://doi.org/10.7498/aps.70.20211908
https://doi.org/10.7498/aps.68.20190112
https://doi.org/10.7498/aps.71.20220842
https://doi.org/10.7498/aps.67.20180710

