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The introduction of non-Hermiticity has inspired abundant intriguing phe-
nomena to topological physics. As a significant part of non-Hermiticity, losses
are generally inevitable, represent a natural tendency of open systems, and can
be readily regulated by straightforward passive components. However, losses
are originally considered obstructive to topological systems and usually
enable the localization of states. Here, we present that reciprocal loss can
induce delocalization of topological boundary modes, which is essentially
distinct from non-reciprocal mechanisms. By precisely regulated imaginary
hopping via loss, the end modes in one dimension and the corner modes in
two and three dimensions of topological insulators are delocalized to the bulk,
accompanied by the non-Hermitian skin effects. Our theory is implemented in
passive electric circuits with resistance as non-Hermitian loss, and the topo-
logical delocalized modes are well visualized experimentally. The realized
topological delocalized modes are still robust against disorders and possess a
broadband property. Our work establishes an important missing link between
topology and loss, and brings a unique vision for compact topological
applications.

M Check for updates

Topological materials, a subject of intense research, are mainly known
for their topological boundary modes (TBMs), where the bulk prop-
erties give rise to these unique modes exponentially localized at ends,
boundaries or defects of lattice'>. These TBMs are characterized by
their robustness against local disorders or immunity to backscattering,
thereby exploring widely in condensed matters, photonic, acoustic,
and electric circuit systems* ™. With the presence of non-Hermitian
interaction of gain, loss or non-reciprocity, the system usually hosts
the complex spectrum, enabling innovative mechanisms to manip-
ulate TBMs"°, For example, the gain medium can perform the TBMs
to generate amplified topological whispering gallery modes as a sound
laser®. The non-reciprocal hoppings generally can give rise to the non-
Hermitian skin effect (NHSE)?°~**"**, which causes the eigenstates of

open lattice to exponentially collapse toward its boundaries, making
the TBM s further localized”** or even delocalized”**. Such topologi-
cal delocalized modes (TDMs) remain topologically nontrivial and
exhibit the same robustness as localized TBMs, enabling topological
applications based on all sites regardless the bulk of lattice. However,
the non-reciprocal hoppings enabled by active devices easily render
the system complicated and unstable, thereby hindering device min-
iaturization and the advancement of high-dimensional systems.

As an important component of non-Hermiticity, loss mirrors the
inevitable trend of open systems, which is originally thought of
harmful and limited due to energy dissipation. However, recent studies
discover that loss can play an important role in topological physics,
which facilitate the re-formulation of Bloch band theory and

"The Key Laboratory of Weak Light Nonlinear Photonics, Ministry of Education, School of Physics and TEDA Institute of Applied Physics, Nankai University,
Tianjin, China. 2School of Physics and Electronic Science, Changsha University of Science and Technology, Changsha, China. *Key Laboratory of Artificial
Micro- and Nanostructures of Ministry of Education and School of Physics and Technology, Wuhan University, Wuhan, China. 4Institute for Advanced Studies,
Wuhan University, Wuhan, China. ®School of Materials Science and Engineering, Smart Sensing Interdisciplinary Science Center, Nankai University,
Tianjin, China. 6The Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi, China. “These authors contributed equally: Yugan
Tang, Jien Wu. </ e-mail: dengwy@whu.edu.cn; hcheng@nankai.edu.cn; zyliu@whu.edu.cn; schen@nankai.edu.cn

Nature Communications | (2025)16:10420 1


http://orcid.org/0000-0001-5380-2419
http://orcid.org/0000-0001-5380-2419
http://orcid.org/0000-0001-5380-2419
http://orcid.org/0000-0001-5380-2419
http://orcid.org/0000-0001-5380-2419
http://orcid.org/0009-0000-8315-4766
http://orcid.org/0009-0000-8315-4766
http://orcid.org/0009-0000-8315-4766
http://orcid.org/0009-0000-8315-4766
http://orcid.org/0009-0000-8315-4766
http://orcid.org/0000-0002-7779-6129
http://orcid.org/0000-0002-7779-6129
http://orcid.org/0000-0002-7779-6129
http://orcid.org/0000-0002-7779-6129
http://orcid.org/0000-0002-7779-6129
http://orcid.org/0000-0002-7898-4148
http://orcid.org/0000-0002-7898-4148
http://orcid.org/0000-0002-7898-4148
http://orcid.org/0000-0002-7898-4148
http://orcid.org/0000-0002-7898-4148
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65422-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65422-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65422-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65422-7&domain=pdf
mailto:dengwy@whu.edu.cn
mailto:hcheng@nankai.edu.cn
mailto:zyliu@whu.edu.cn
mailto:schen@nankai.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65422-7

topological descriptions in non-Hermitian systems. On the one hand,
by employing the deliberately introduced loss, the trivial topological
phases can be transformed into nontrivial ones with TBMs, such as end
mode®*® and corner mode”. On the other hand, the loss can con-
tribute systems to form nonzero spectral winding numbers, resulting
in NHSEs****, including the geometry-dependent skin effect for the
bulk modes*>** and hybrid skin-topological effects for the TBMs*.
Distinguished from complicated gain and non-reciprocal interactions,
the loss modulation necessitates only passive and simple structures
that afford greater flexibility and maintain system stability indepen-
dent of dimensions, site numbers and non-Hermitian hopping
strengths. It obviously promotes the development of high-dimensional
topological physics and is applicable across diverse fields. Never-
theless, loss is inherently reciprocal and is generally considered lead-
ing to the localization of states in previous understanding. Considering
the state propagation, loss naturally induces state decay in space and
be localized. In the context of steady state, previous studies widely
accept that loss can induce generalized reciprocal skin effects and
localize eigenstates at boundaries® *. A counterintuitive question is
that whether the reciprocal loss can be harnessed to delocalize the
originally localized TBMs.

Here, we provide the reciprocal solution and demonstrate the
delocalization of TBMs in non-Hermitian topological insulators with
hopping loss. Our design is based on the bilayer strategy with pseu-
dospin degree of freedom, and the loss plays the role to spin polarized
non-reciprocal imaginary hoppings. They can achieve the NHSEs
whose accumulated directions are locked to spins. Through the pre-
cisely regulated parameter of loss, the in-gap TBM can be delocalized
into bulk and form a spin polarized TDM. Such TDM is still nontrivial
protected by a nonzero topological invariant. Meanwhile, the TDM
originates from spin-dependent wavefunction topology, while its
delocalization direction aligns with the spin polarized skin effect that
relates to spin-dependent spectral topology. It is fundamentally dis-
tinguished from previous non-reciprocal studies that rely on spinless
wavefunction and spectral topologies* 2%, We first introduce the lattice
model with topological end modes in one-dimensional (1D) topologi-
cal insulator. The spin polarized TDM and complex spectra are visua-
lized in 1D passive electric circuit with resistances in experiments.
Then, we extended the study to two-dimensional (2D) and three-
dimensional (3D) lattice models, where the TDMs delocalized from
topological corner modes (TCMs) are well observed in 2D and 3D
passive electric circuits. The solid results in 1D, 2D and 3D all demon-
strate that the reciprocal theory of loss utilization and the passive
experimental method bring significant insights into non-Hermitian
physics.

Results

Loss induced delocalization of topological end mode in 1D

We commence by a tight-binding model on a duplex non-Hermitian
chain, pictorially shown in the top panel of Fig. 1a, which is stacked by
two identical Su-Schrieffer-Heeger (SSH) single chains employing
interlayer hoppings. Each unit cell consists of four sites 1-4, the
intracell hopping is pure imaginary with iy, where y represents the
amplitude of designed loss; the intercell hopping is ¢; and + ¢, indicate
the positive and negative interlayer hoppings, respectively. On the
basis of sites 1-4, the non-Hermitian Hamiltonian in momentum space
can be expressed as

Hy(k)= (t; cosk +iy)T,0q +t; SiNkT,0 + 07,0, @D

where k represents the wavevector, T and ¢ denote the Pauli matrices
for sublattice and layer degrees of freedom, respectively. It can be
separated into two independent blocks via the unitary transformation

with T,=1Lr1, <1 _ll> , denoted as

Hll(k)zrlHl(k)Tl_l 2 1

, (Hy, 0
Hl‘(o H,,

As shown in the bottom panel of Fig. 1a, the two blocks are named spin
up and spin down respectively. As a result, through the designed loss
regulated by y, the spin-dependent non-reciprocal imaginary hoppings
are obviously constructed with i(y + ;) for spin up and i(y¥t,) for spin
down. Notably, the underlying physics of the bilayer model is
essentially distinct from that in previous non-reciprocal studies. The
entire system is inherently reciprocal and obeys spinful anomalous
time-reversal symmetry, U,H" (k)U;'=H(—k) with U%~= —1, which
fundamentally differs from the non-reciprocal systems that maintain
time-reversal symmetry, U,H (k)U7' = H(—k) with U2 =1.

), where Hy,() = (£ cosk+iy)T, + (¢ sink +(=)tg)T,.

In the presence of loss, the open boundary condition (OBC) and
periodic boundary condition (PBC) spectra are calculated in the top
panel of Fig. 1b, which do not coincide with each other. In particular,
the band closure points (|E|=0) of them are inconsistent, indicating
the broken bulk-boundary correspondence. To better describe the
topological properties of the spectrum, the Hamiltonian of either spin
Hbf,)(ﬁ) H“S(ﬁ) ) , where B is the
Bloch phase factor f=¢. Under PBC, B is a unit circle on the com-
plex plane, forming the Brillouin zone (BZ). Under OBC, since the
introduction of loss, k is a complex value, and the trajectory formed by
Bz does not coincide with BZ, forming the generalized Brillouin zone
(GBZ). Based on the GBZ, we employ the non-Bloch winding number
W gz to describe the topological properties of the OBC spectrum,

Hab(ﬁGBz)
Hbu(ﬂGBz)
shown in the bottom of Fig. 1b, the topological phase transition points

areaty= */t? + 3, which are the same with the closure points of OBC
spectrum. The spectra and topological invariants are the same for two
spins. Hence, by setting |y| < \/ 82 +t3, we can get a pair of spin polar-

ized topological end modes at |E£| =0, which are not affected by the
closure of the PBC spectra.

can be written in the form of H(8) = (

where Wgp, = 2§, arg dfssz (Supplementary Section 1). As

The Bloch winding number Wy, defined in BZ is employed to
describe the localization property of end mode, as shown in the bot-
Hap(Boz)
Hpa(Brz)
Section 1). It is also the same for two spins. When the Bloch winding
number changes, one end mode is expected to reverse its localization
direction and localize at the opposite end*****>, Therefore, at the
transition point .= — t, |t;|, the end mode is naturally delocalized
as a TDM. In this time, the PBC spectrum closes and coincides with the
end mode of OBC spectrum under chiral symmetry, forming the Bloch
points*®*’, as shown in Fig. 1c.

Although the spectra for two spins are identical on the complex
plane, the PBC spectral winding directions are opposite, caused by the
introduced loss and arising from spin-dependent spectral topology.
This indicates the appearance of spin polarized NHSEs (left-localized
and right-localized skin effects for spin up and spin down, respec-
tively), which essentially represent the generalized reciprocal skin
effects with zero current functionals (as shown in Fig. S1 of Supple-
mentary Section 1). Accordingly, the delocalization directions of end
modes align with the spin polarized skin NHSEs. For instance, when
Y=V, the right end mode for spin up and the left end mode for spin
down are simultaneously delocalized in the left and right directions,
respectively. To simplify the discussion, we cut off two sites at right
end of the duplex chain and leave only end modes at left for two spins
(Supplementary Section 2). In addition, the Bloch winding number
cannot predict the appearance or disappearance of end mode in OBC.
The nontrivial topological property of end mode should still be
described by the non-Bloch winding number, while the critical

tom of Fig. 1b, where Wy, =L §,, arg dfy; (Supplementary
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Fig. 1| Loss induced delocalization of topological end mode in 1D. a Schematic
of a duplex non-Hermitian SSH lattice. The black dashed box encloses a unit cell,
which can be decoupled into two spin models. The red and blue balls conceptually
indicate the corresponding sublattices. The yellow and light blue sticks are intracell
and intercell hoppings, respectively, where the red vortex represents loss. The gray
and green sticks represent the positive and negative hoppings, respectively. The
black balls located below represent the sublattices of spin models. b Spectra of OBC
and PBC as a function of y with £, =0.6, t; = — 1 and y,=0.4. The gray dashed line
denotes the position of Bloch point. The topological phase diagrams are displayed

Site number

in the bottom. The topological end modes (yellow points at |E| =0) appear when
\y| </t? +t3. c Complex spectra of OBC and PBC for two spins at y =y,. The zero
energy of OBC intersects with PBC spectrum forming Bloch point. The arrows
indicate the winding directions of spectral loops. d, e Relations between BZ and
Bloch phase factors of left end modes for two spins at y=0 and y =y, respectively.
f Wavefunction intensities of the end modes at y =y,. The topological end modes
are fully delocalized for spin down and more localized for spin up. The OBC chain
possesses 58 sites after cut off the right two sites.

parameter y, has no influence on it. Consequently, the loss induced
TDM is always nontrivial yet delocalized rather than localized, char-
acterizable by both Bloch and non-Bloch winding numbers, analogous
to the winding tuple*.

To intuitively illustrate the loss induced TDM, we employ the GBZ
approach by calculating the Bloch phase factor. In fact, a point in the
GBZ corresponds to an OBC eigenstate, whose wavefunction at /-th
sublattice site satisfies ¢; oc B, *°. For the Bloch point, owing to the
same eigenvalues of PBC and OBC spectra, there is Bz, =gz, i.€.,
|ﬁGBz| =1, giving rise to the delocalized mode for its eigenstate. The
Bloch phase factors of the left end modes for spin up and spin down
can be derived as " °= — 7o and g 0= irHe at E=0,
respectively, which represent the wavefunction decay ratios of end
modes (Supplementary Section 1). Their wavefunctions at /-th sites A
thus obey A4, , (Bf“ %) and A, (ﬁf” ~), while that at sites B are
zero as B; = 0. As observed, the loss can change the decay ratios of the
end mode via the spin-dependent non-reciprocal imaginary hoppings,
thereby counteracting the localization.

Wheny=0, bothﬁﬁf“ :0‘ <land )ﬁf” ~°| <1 holding within the BZ
indicate that the end modes are localized at left ends, as shown in
Fig. 1d. When y=y,, lﬁfu (1:1 intersects with BZ and forms Bloch
point in spectra, resulting a TDM rather than a localized mode for spin
down, as shown in Fig. 1le. In this time, the Bloch winding number is
changed (Supplementary Section 1). Meanwhile, the left end mode for

spin up becomes more localized with ‘/if”zo’d. Therefore, when
taking y=y,, the excellent TDM for spin down occupying the entire
chain and the bound mode for spin up being more localized are
plotted in Fig. 1f, which are reshaped from the topological end modes.
The reciprocal bilayer model, combining pseudospin degree of free-
dom with loss, consequently determines the formation of spin polar-
ized TDM, where the designed loss is mainly responsible for the
delocalization of topological end modes. It is fundamentally distinct
from previous works (Supplementary Section 3).

In order to experimentally realize the loss induced delocalization
of TBMs, we introduce a 1D passive electric circuit that based on the
duplex non-Hermitian chain, as depicted in Fig. 2a. The electric circuit
systems are widely accepted as the critical platform for research and
experimental demonstration of non-Hermitian topological
physics**~. In matrix form of Kirchhoff’s law, the response of a circuit
system is described by I'=/V, where I and V denote the input current
and voltage at all nodes, and J is the circuit Laplacian or admittance
matrix similar to the Hamiltonian of system. Naturally, the eigenvalues
J and eigenstates ¢ of Laplacian J take the similar roles to the eigen-
values and eigenstates of Hamiltonian. Supplementary Section 4
recapitulates how our Laplacian relates to the tight-binding model. For
our 1D electric circuit with a given frequency w = 2rtf, the Laplacian can
be written as J;(k)=iw[H (k) +E,], where E, represents the diagonal
matrix. Obviously, the real and imaginary parts of the Laplacian’s
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Fig. 2 | Observation of the loss induced delocalization effect in 1D. a Photograph
of the 1D circuit sample. The dashed box indicates a circuit unit cell, whose design
diagram is schematically shown on the right. The nodes 1-4 are correspond to the
sublattices in 1D non-Hermitian lattice. The resistance R; and capacitance C,
represent the intracell and intercell hoppings, respectively. The positive and
negative interlayer hoppings are constructed through the inductance L, and
capacitance C, respectively. Each node is grounded through a certain inductance

5
Site number

10
Re[/]
and capacitance. b, ¢ Measured PBC spectra for spin up and spin down, respec-
tively. The lines represent results in theory. The balls and unfilled circles represent
the measured eigenvalues in the 3D parameter space and their projections in the 2D
parameter space, respectively. d Measured and simulated wavefunction intensities
of all the bulk eigenstates for two spins, showing the spin polarized NHSEs. e, f OBC

spectra for spin up and spin down, respectively. g Corresponding intensity dis-
tributions of the end modes, confirming the TDM for spin down.

eigenvalues are inversely related to the counterparts of the Hamilto-
nian. The circuit unit cell corresponding to the one of lattice model is
detailed shown in the right side of Fig. 2a, where the imaginary intracell
hopping is indicated by the resistance R, with iy — w+€{ which still
represents loss in circuit; the positive and negative interlayer hoppings
are constructed through the inductance L, with ¢, — w+LO and capa-

citance C, with —t, — —C,, respectively, which requires f = ﬁ
0%0

as the critical frequency f, to make sure this; the intercell one is C,
with ¢;, - —C,. In addition, C, is capacitance to act on E,. In the same
way, the Laplacian can also be decoupled into two spin parts, which
still possesses spin polarized topological end modes. To form the TDM

for spin down, it is needed R, = M*ZC% to satisfy y=y..

Hence, by taking the resistance with loss, we can similarly
delocalize the end mode of the Laplacian for spin down. With suc-
cessfully obtaining the imaginary part, the PBC spectra of two spins
are independently measured, as shown in Fig. 2b, c, respectively,

which form the complex loops. While the opposite winding direc-
tions along the momentum k have also been observed, these results
clearly indicate spin polarized NHSEs originating from spin-
dependent spectral topology. The measured OBC bulk eigenstates
of Laplacian shown in Fig. 2d demonstrate them with left and right
skin directions. The measured OBC spectra for two spins are shown
in Fig. 2e, f, respectively, which exhibit the end modes are still in the
gap. The end mode of spin down is finally delocalized via loss,
forming a flat TDM, as shown by the red points and line in Fig. 2g,
while the bound mode of spin up is simultaneously obtained at
operated frequency f=178 kHz.

Second-order delocalization of TCM via loss in 2D

Furthermore, we demonstrate the ability of loss can be extended to
high-dimensional topological systems. A rhombic geometry of
bilayer kagome lattice in 2D is introduced and schematically shown
in Fig. 3a. A unit cell contains three sites 1-3 in each layer, and the
intracell hopping is zero between sites 2 and 3, while the hoppings in
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Fig. 3 | Second-order delocalization of TCM via loss in 2D. a Conceptual illus-
tration of the bilayer kagome lattice. The red, blue and green balls represent dif-
ferent sublattices of theoretical model. The sticks with different colors are the same
with 1D case, which represent different hoppings. The unit cell encircled by the
black dashed box can be separated into a pair of spin-polarized models. The colors
in the spin models are also the same with those in 1D. b PBC and OBC spectra, where
the rhombic sample has 192 sites. ¢ Topological phase diagram of spin down model

with ¢, = 0.6. It is also the same for spin up. The green, gray and blue colors indicate
the nontrivial phase, gapless and trivial phase, respectively. The blue star marks the
parameters of TDM. The red stars conceptually indicate the location of Wannier

centers. d Wavefunction intensities of TCMs at different parameters for spin up and

m and n directions are the same with the above 1D chain. Hence, the
Hamiltonian H,(k) can also be separated into two independent

blocks with H} = (H(%T HO ) as shown in the bottom of Fig. 3a
2

(Supplementary Section 5). Notably, the equivalent non-reciprocal
imaginary hoppings of each spin are constructed in m and n direc-
tions via the deliberately introduced loss. For spin down case, the
Hamiltonian can be written as

0 i(y—to)+hy iy —to)+hy
Hy = i(y+to)+hy, 0 hys , 2)
i(y+to)+hy hys 0

where hy, =t,e7kx, hy; =t,e=ik*V3k)/2 and hy, =t e~k *V3K)/2 The
PBC and OBC spectra are shown in Fig. 3b. In this case, the spectrum of
PBC has nonzero spectral area in the complex plane. And more
importantly, a second-order TCM emerges in OBC spectrum, which
can be similarly delocalized to form a TDM via loss. To demonstrate it,
the wavefunction decay ratios of TCM are calculated by solving the
OBC real-space eigen-equations, which are expressed as

E3CLug=tA, g+ TV LA (gt 1B 1,641y

spin down, respectively. The parameters are chosen as t,=0.6, t;= — 1
withy,=04.
Ey By g =tiA | i+1,9 VIV LA 0 6C | iv1,6-1) 3

where A ; o), El,(i.g) and C ; represent tht.s wavefunctior? compo-
nents on the i-th and g-th sublattice sites in m and n directions,
respectively. Since the wavefunction of TCM has nonzero compo-
nents only at sites A with a zero energy of £,, =0, the wavefunction

decay ratios at sites A are obtained as ¢, | ,= 0 = 1“‘0 in n
(i.g)
A ;
directionand ¢, | , = #‘g =— t% in m direction. The parameter
ry 2(0,8)

Y=V, leads to |e,, ,|=|€4, m|=1 resulting in a second-order
delocalization of the TCM for forming a fully delocalized mode in
the entire 2D spin down lattice. The TDM here is still topologically
nontrivial, which is demonstrated by employing the non-Hermitian
bulk polarization®® and shown in Fig. 3¢ (Supplementary Section 5).
Notably, non-Hermitian bulk polarization is accurate when the non-
Hermitian intensity is not strong. The nontrivial phase, colored green,
exhibits Wannier centers positioned at the centers of downward-
pointing triangles, marked by red stars in Fig. 3c. In the trivial phase,
represented by blue color, the Wannier centers are located at the
centers of upward-pointing triangles. The bulk polarization cannot be
calculated when the PBC spectrum is closed, which is represented by
gapless (gray color). Compared with the originally localized TCM, the
bound mode and TDM have been clearly depicted in Fig. 3d.
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Fig. 4 | Observation of the second-order delocalization effect via loss.

a Photograph of the 2D passive circuit sample. b Schematic diagram of the
designed circuit unit cell for the dashed rectangle in (a). The nodes 1-6 are cor-
respond to the sublattices in 2D lattice. The intracell resistance R; and intercell
capacitance C, are connected between nodes. The interlayer inductance L, and
capacitance C, are connected along two directions. The circuit elements grounded
at each node are introduced in Supplementary Section 6 to simplify the schematic.
The bottom part shows the corresponding schematic of a lattice unit cell.

¢, d Simulated and measured OBC spectra for two spins. The blue backgrounds

denote the PBC spectra in theory. The corresponding measured eigenstate inten-
sities of the TCMs are plotted on the right. The TCM of spin down is delocalized and
forms the TDM. e Calculated OBC imaginary part of spectrum as a function of the
resistance disorder 6 . The corresponding eigenvalue’s real part of the corner
mode is shown on the right. f Measured OBC imaginary spectrum of spin down ina
certain frequency range. The intensity of the marked eigenstate is shown on the
right. The red and gray points in (e, f) indicate the eigenvalues of corner and other
modes, respectively.

The second-order delocalization of TCM is visualized by utilizing a
2D passive electric circuit, as shown in Fig. 4a, which is designed on the
bilayer kagome topological lattice. The corresponding circuit unit cell is
schematically shown in Fig. 4b, where the circuit elements connected in
m and n directions are the same with the 1D circuit. Again, the circuit
Laplacian related with H,(k) can be similarly derived at a given fre-
quency (Supplementary Section 6). Figure 4c, d show the measured
OBC spectra of Laplacian for two spins at f=173.2 kHz, respectively,
where the blue backgrounds indicate the PBC spectra calculated in
theory, separating two bulk bands. As observed, the measured TCMs are
still in the gap. The measured eigenstate intensities of TCMs are shown
in the right side of Fig. 4c, d, respectively, indicating the shape change of
their wavefunctions. Owing to the passive bilayer structure combines
pseudospin degree of freedom and loss, the originally localized TCM is
more bound in the left-lower corner for spin up, and is delocalized
forming a nearly flat TDM for spin down. The intensities of bulk and
edge wavefunctions are also experimentally observed in Fig. S8 of
Supplementary Section 6, which both exhibit the corner NHSEs.

To verify the topological feature of loss induced TDM, we provide
the OBC real and imaginary spectra in the presence of resistance dis-
order. The resistance is changed to R, (1+wé, ) with the disorder
strength of 6, , where w is a random number uniformly distributed
from —1 to 1. We calculate 50 times for each 6, . The calculated results
shown in Fig. 4e prove that the TDM is still embedded in the imaginary
band gap, robust against such disorders. Meanwhile, the loss induced

TDM is also robust against defects, as discussed in Supplementary
Section 7. In particular, we show the measured imaginary spectra in a
broad frequency range in Fig. 4f. Although the condition of forming a
TDM needs a fixed frequency f, to keep the interlayer hoppings equal,
the TCMs are still well delocalized in a certain frequency range. The
intensity distribution of eigenstate at f =168.4 kHz shown in the right
panel of Fig. 4f is a concrete example to reveal the broadband property
of TDM. These results denote the advantage of loss in inducing TBMs’
delocalization.

Third-order TDM delocalized from TCM through loss in 3D

In 3D case, a bilayer pyrochlore lattice with deliberately introduced
loss is proposed and shown in Fig. 5a, where the unit cell contains four
sites 1-4 in each layer, and the hoppings in m, n and [ directions are the
same with the 1D chain. The two independent spin models can also be
derived via the unitary transformation from the Hamiltonian H,(k)
(Supplementary Section 8). The Hamiltonian of spin down model can
be expressed as

0 i(y—to)+hy i(y—to)+hy i(y—to)+hy
. i(y+ty) +hy, 0 hys hyy
* i(y+to) +hy hy, 0 hs, '
i(y+to) +hyy hy hy 0

“@
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Fig. 5 | Demonstration of the third-order delocalization effect through loss in
3D. a Schematic of the 3D bilayer pyrochlore lattice. The red, blue, green and yellow
balls represent different sublattices, where the different hoppings are indicated by
the same colors as those in the 1D case. b Topological phase diagram of spin down
model with ¢, =0.6. It is also the same for spin up. The blue star marks the para-

meters of TDM, as ¢, =0.6, t; = — 1 with y. = 0.4. The red stars indicate the location
of Wannier centers. ¢ Wavefunction intensities of TCMs at different parameters for
spin down, respectively. The bilayer pyrochlore lattice has 322 sites. d Photograph
of the 3D passive circuit sample, which is designed on the 2D plane. e Schematic

diagram of the designed circuit unit cell for the dashed rectangle in (d). The nodes
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1-8 are correspond to the sublattices in 3D lattice. The intracell resistance R;,
intercell capacitance C,, interlayer inductance L, and interlayer capacitance C, are
connected along three directions, respectively. The circuit elements grounded at
each node are described in Supplementary Section 9. f Simulated and measured
OBC spectra for spin down. The blue backgrounds denote the PBC spectra in
theory. The corresponding measured eigenstate intensity of the TDM is plotted on
the right. g Measured OBC imaginary spectrum of spin down in a certain frequency
range. The red and gray circles indicate the eigenvalues of corner and other modes,
respectively. The intensity of the marked TCM is shown on the right.

where  hp=tie®tk)2 po=peihthd2 g =t erikth/2)
hyy =tie k%012 p,, =t e~ i*:~K)/2 and h,, = t,e-*<—*)/2, The bottom
sites of the OBC bilayer lattice are cut off, leaving only TCMs at top
corners for two spins. By similarly employing the OBC real-space eigen-
equations for spin down, the TCM’s wavefunction decay ratio at top
corner sublattice site A can be derived as ¢, | = — iy::*’, which is the
same in m, n and [ directions. Therefore, the critical parameter y=y,
with |e, ,|=1 leads to a third-order delocalization of the TCM for
forming a delocalized mode. The TDM is still topologically nontrivial,
which is characterized by the non-Hermitian bulk polarization, as
shown in Fig. 5b (Supplementary Section 8). The nontrivial phase
(green) and trivial phase (blue) indicate the Wannier centers (red stars)
located at the centers of the downward-pointing and upward-pointing
tetrahedrons, respectively. Consequently, the originally localized
third-order TCM can be fully delocalized in the whole 3D spin down
lattice via loss, as shown in Fig. 5c.

The third-order delocalization of TCM is achieved by employing a
3D passive electric circuit, as shown in Fig. 5d. Owing to the reciprocal

loss modulation necessitates only passive and simple components, the
3D passive electric circuit based on the bilayer pyrochlore lattice is
easily designed on the 2D plane (Supplementary Section 9). Figure 5e
schematically depicts the circuit unit cell, where the same circuit ele-
ments as those in the 1D circuit are employed in m, n and [ directions.
The corresponding measured OBC eigenvalues and eigenstate inten-
sity of Laplacian for spin down are shown in Fig. 5f at f =171.9 kHz.
Consistent with theoretical predictions, the eigenvalue of TCM
remains in the gap, while its wavefunction shows remarkable deloca-
lization, giving rise to the TDM. The intensity of the topological bound
mode for spin up is also experimentally observed (Supplementary
Section 9). This TDM also possesses broadband property, as demon-
strated in Fig. 5g. The intensity distribution of eigenstate at
f=167.5kHz indicates that the TDM is almost uniformly distributed
even it deviates from the required frequency. Meanwhile, the topolo-
gical properties of the TDMs remain unaffected across different
dimensions within a certain frequency range (Supplementary Sec-
tion 10). These excellent results in 1D, 2D and 3D all demonstrate that
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the proposed passive system with loss always maintains stability, fea-
turing a simple design and compact size, regardless of both the
number of sites and system dimensions, paving the way for high-
dimensional or other systems.

Discussion

In summary, we have realized the delocalization of the originally
localized TBMs via only loss, which still preserve the nontrivial topo-
logical properties. In contrast to the conventional cognition of loss
with localization, we here realize the delocalization, thereby broad-
ening the understanding of loss. The proposed bilayer theoretical
models integrating pseudospin degree of freedom with non-Hermitian
loss are inherently built on reciprocal systems and fundamentally dif-
fer from the models in previous studies on non-reciprocal systems.
Compared with the complicated non-reciprocal approaches, our work
presents a distinct reciprocal paradigm in both theoretical framework
and experimental design, which can be more readily generalized to
explore and validate non-Hermitian topological phenomena in high-
dimensional or other systems. The loss induced acoustic TDM has also
been realized to demonstrate the universality of our work (Supple-
mentary Section 11). Owing to the delocalized feature, these TDMs
have potential applications, such as large-area single mode topological
amplifier and high-performance energy harvesting in gap. We take the
large-area single mode topological amplifier as an example and dis-
cussed it in Supplementary Section 12.

Methods

Mapping between the eigenstates of the Laplacian J and the
voltage distribution

For a given frequency w = 27f, the canonical form of Laplacian is given
by

N
J@)=PAP7 = "), pRepr,
n=1

where P= [ R @R, ¢§] A=diag(iy,jy, - jn), P7'= [¢f§¢é;'--;
¢§V] ,andj,, @% and @', are the eigenvalue, right and left eigenstate of
J(w), respectively. The Green’s function is obtained as

N oR sl
Gw)=) (@) =PA'P =" iy

n=1 Jn

As a result, we can describe the voltage distribution of the circuit
system to the input current via V=Y"_, ¢§¢; 1, which indicates the
mapping between the eigenstates and voltage distribution?***. There-
fore, for an input current at one or several nodes with frequency w, the
corresponding voltage response is the combination of the eigenstates

and the input current.

Assumptions in the theoretical model and the uncertainties in
experimental measurements
It needs to be mentioned that, the equal positive and negative inter-

layer hoppings require f = ﬁ as the critical frequency f, to make
(gt}

sure this. Meanwhile, we connect certain grounding capacitances to
different nodes to ensure that their respective on-site potentials of
circuit Laplacian are equal. However, when the frequency deviates
from the critical one, the on-site potential of each node is no longer
strictly equal. At this time, it is not rigorous to transform the Laplacian
into two spins via the unitary transformation. Therefore, in this paper,
we primarily discuss the TDM of the spin Laplacians at the critical
frequency. For the frequency variation near f,, the Laplacian operator
is approximately regarded as being capable of being transformed into
two spins. The experimental results exhibit that the TDM can remain

uniform in a certain frequency near f,, which so called the broadband
property. In addition, we have thoroughly discussed the uncertainties
in experimental measurements, which can be found in Supplementary
Section 13.

Sample fabrications and experimental measurements

The specific values of the circuit elements used for the passive non-
Hermitian circuits are chosen with manufacturing tolerances as
Co=220nF(+5%), C,=68nF(+5%), C,=369nF(+5%), L,=4.4uH
(£10%) and R,;=6.65Q(+0.1%). The 1D, 2D and 3D OBC circuits
include 26 nodes, 80 nodes and 100 nodes, respectively. In the 2D and
3D samples, we take the same values for the circuit elements to the 1D
one. The experimental measurements for the eigenvalues and eigen-
states of circuit Laplacian are performed by measuring the impedance
matrix G, =V, /I,. When we set a local input current /, at node b, the
voltage response V, against ground at any node a is measured. The
complete matrix G is the inverse of the circuit Laplacian /, which
contains the full information of system, including eigenvalues and
eigenstates of admittance. The 1D electric circuit shown in Fig. 2a
possesses two three-port switches, where the circuit can be switched
to PBC by connecting left end and right end; or switched to OBC by
connecting the left end to the ground and the right end to the
remaining two sites. Specifically, for the measurement of PBC, we place
the input current on each node of a single unit cell in turn and measure
the corresponding voltage responses of all the circuit nodes. By
employing the Fourier transform, the Laplacian in the momentum
space can be obtained. To measure the Laplacian of OBC, we place the
input current on each node of the whole circuit in turn and measure
the corresponding voltage response of all nodes. The measured
Laplacian of spin model is obtained by the unitary transformation of
the measured Laplacian /' = T/T*. The Keysight ES061B ENA vector
network analyzer is employed to perform the measurements, where
the input current is generated from the voltage source injected into
each node through a resistance. It needs to be mentioned that, the
theoretical frequency of forming a flat TDM is f, =161.8 kHz due to the
requirement of equal interlayer hoppings, the best TDMs formed in
experiments are at 178 kHz, 173.2 kHz and 171.9 kHz for 1D, 2D and 3D
samples, respectively. It is mainly owing to the actual values of the
circuit components have certain deviations compared with the nom-
inal values, which can be improved by screening circuit elements with
smaller errors.

Data availability

All the data supporting this study are displayed in the main text and
Supplementary Information. All data related to this study are available
from the corresponding authors upon request.

Code availability
The codes that support the results of this study are available from the
corresponding authors upon request.
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