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Discovering a hybrid skin-topological effect
induced by gain and loss
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Fig. 1 Hybrid skin-topological modes in non-Hermitian Haldane model. (a)
Schematic of the non-Hermitian lattice. The red (blue) circles denote sites with
opposite on-site mass terms +2m+iy[2. (b) Zigzag edge of the honeycomb lattice
as a 1D chain, which has non-Hermitian skin effect with on-site gain and loss.
The long solid (dashed) arrow indicates the chiral edge current along (opposite
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to) the localized direction [similar in (d) and (f)]. The black arrows in (a) and
middle-line arrows in (b) indicate the directions of the next-nearest-neighbor
couplings tzei“". (c) Profile of all eigenmodes for the 1D chain in (b) with 20
sites. The on-site gain and loss are y=3. (d)-(f) The chiral edge mode for y=0 (e)
becomes skin-topological modes for y=-0.6 (d) and y=0.6 (f) with different
localized directions. Every triangle with a grey circle denotes a site. Here the
chiral edge mode propagates clockwise. Credit: Tsinghua University

Recently, Associate Professor Yong-Chun Liu of the Department of
Physics and others have found the hybrid skin-topological effect induced
by gain and loss and the parity-time phase transition between skin-
topological modes. The research results were published in Physical
Review Letters under the title of "Gain-loss-induced hybrid skin-
topological effect."

Non-Hermitian systems are open systems that can be described by non-
Hermitian Hamiltonians. There are many novel properties in non-
Hermitian systems, one of which is the non-Hermitian skin effect. In this
effect, all the eigenstates of a topological system (including bulk states
and edge states) are localized to one of the system boundaries, and the
conventional bulk-edge correspondence is broken down. There are
mainly two ways to realize non-Hermitian systems: one is using non-
reciprocal couplings, and the other is using gain and loss.

In the case of non-reciprocal couplings, the non-Hermiticity comes from
the non-Hermitian nature of the interaction between different lattice
sites. The energy exchange between the lattice sites is asymmetric, so
there is a net energy flow in one direction and all the energy is finally
gathered on the boundary. Thus, the non-reciprocal systems exhibit the
skin effect. In the case of gain-loss, the non-Hermiticity originates from
the gain and loss at each lattice site, which is equivalent to adding
imaginary on-site energy to each lattice site. This kind of non-Hermitian
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system does not always lead to the skin effect. In realistic systems, non-
reciprocal couplings are usually difficult to achieve, but dissipation is
widespread, and staggered dissipation distribution is equivalent to gain
and loss. Therefore, it is of great significance to study the skin effect in
gain-loss non-Hermitian systems.

They found the hybrid skin-topological effect induced by gain and loss
in two-dimensional systems. This kind of skin effect is selective, i.e., the
bulk states and the edge states have different behavior. The bulk states
are not affected by the skin effect and remain extended, while the edge
states exhibit skin effect and are further localized to corners. This hybrid
phenomenon of skin effect and topological effect shows the unique
properties of non-Hermitian topological systems, which do not have
Hermitian or nontopological analogs.

As a specific example, they considered the non-Hermitian Haldane
model with gain and loss [Fig. 1 (a)]. In the Haldane model, the
topological edge states are obtained by introducing on-site energy and
local magnetic flux. It is one of the two important models to realize the
quantum anomalous Hall effect in condensed matter physics. They found
that if staggered gain and loss are introduced into the nearest-neighbor
sites in the Haldane model, the topological edge modes of the system
will exhibit the skin effect and are localized to the corners, while the
bulk modes are not affected. So, it reveals a hybrid skin-topological
effect.

By analyzing the lattice sites at the edges alone, this second-order skin-
topological effect can be simplified to the first-order skin effect at the
edges. In the simplified one-dimensional model, there are chiral edge
currents due to the nonlocal magnetic flux introduced by the complex
next-nearest-neighbor couplings. They are equivalent to non-reciprocal
couplings, so the system exhibits the first-order skin effect [Fig. 1
(b)—(c)]. On the contrary, there is only local flux, and the non-
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reciprocity cancels out in the bulk of the system. So, the bulk modes are
not affected by the skin effect. By adjusting the gain and loss of the
system, the direction of edge currents can be changed, to control the
direction of the skin-topological effect [Fig. 1 (d)—(f)].

They further obtained the relationship between the parity-time (PT)
symmetries of the system and the hybrid skin-topological effect. When
choosing the open boundary condition and the periodic boundary
condition in different directions, the system exhibits different kinds of
PT symmetries for different kinds of edges. The global PT symmetry
which maps any mode localized in one boundary into the other boundary
precludes the emergence of the hybrid skin-topological effect, while the
local PT symmetry with mapping inside each sub-cell allows the
existence of the hybrid skin-topological effect.

Therefore, the analysis of PT symmetries of the system provides a
simple and effective means to judge whether there is the hybrid skin-
topological effect. In particular, they found that when the gain and loss
in the system increase, the PT phase transition will occur between the
skin-topological modes, accompanied by the emergence of exceptional
points (EPs). When PT symmetry is broken, the eigen energies of the
skin-topological modes are no longer real and the distributions of the
corresponding eigen modes become PT-asymmetric.
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Fig. 2 The topology and phase diagram of the non-Hermitian Haldane model. (a)
The surface S mapped from the first Brillouin zone, i.e., mapping from (k, ky)
to (h;, h,, h;). The color map represents the magnitude of h;. The density map
below is the projection of the surface. The bottom figure is half of the top figure
for hs
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