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We propose a novel type of skin effects in non-Hermitian quantum many-body systems that we dub a
“non-Hermitian Mott skin effect.” This phenomenon is induced by the interplay between strong
correlations and the non-Hermitian point-gap topology. The Mott skin effect induces extreme sensitivity
to the boundary conditions only in the spin degree of freedom (i.e., the charge distribution is not sensitive to
boundary conditions), which is in sharp contrast to the ordinary non-Hermitian skin effect in noninteracting
systems. Concretely, we elucidate that a bosonic non-Hermitian chain exhibits the Mott skin effect in the
strongly correlated regime by closely examining an effective Hamiltonian. The emergence of the Mott skin
effect is also supported by numerical diagonalization of the bosonic chain. The difference between the
ordinary non-Hermitian skin effect and the Mott skin effect is also reflected in the time evolution of
physical quantities; under the time evolution spin accumulation is observed while the charge distribution

remains spatially uniform.
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Introduction—Since the discovery of topological insula-
tors, extensive efforts have been devoted to understanding
topological aspects of condensed matter systems [1-9].
While topological insulators are originally reported for free
fermions, it has turned out that the interplay between strong
correlations and nontrivial topology triggers further exotic
phenomena [10-32]. For instance, strong correlations can
induce fractional quantum Hall states [10,11,15,20-25].
Furthermore, topological Mott insulators exhibit the unique
bulk-edge correspondence due to the interplay between
correlations and the nontrivial topology [33-35]. Namely,
corresponding to the nontrivial topology in the bulk,
gapless edge modes emerge only in the spin excitation
spectrum (i.e., the charge excitation spectrum is gapped
even around edges).

Along with the above progress, the topological band
theory of non-Hermitian systems has been developed
[36-67] and revealed unique phenomena due to the non-
Hermitian point-gap topology that do not have Hermitian
counterparts [68—82]. A representative example is the non-
Hermitian skin effect [83—106] that results in the novel
bulk-edge correspondence unique to non-Hermitian sys-
tems; because of the nontrivial point-gap topology in the
bulk, the eigenstates and eigenvalues exhibit extreme
sensitivity to the presence or absence of boundaries
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[91,92]. Especially, in one-dimensional systems, most of
eigenstates are localized only around one of the edges
under open boundary conditions (OBC), while they extend
into the bulk under periodic boundary conditions (PBC).
The above localized eigenstates are known as skin modes.

The above progress on correlated systems and the
noninteracting non-Hermitian topology naturally leads us
to the following crucial question: how do strong correla-
tions affect the non-Hermitian skin effects? The signifi-
cance of this issue is further enhanced by recent advances
in experiments with cold atoms [107-110] and quantum
circuits [111] where both dissipation and correlations can
be introduced. Correlation effects on the non-Hermitian
topological properties have been studied extensively
[112—-143], but not on non-Hermitian skin effects, which
is particularly the case for bosonic systems.

In this Letter, we address this question for a one-
dimensional bosonic system and discover a novel type
of skin effects, a “non-Hermitian Mott skin effect,” which
induces striking skin modes. Namely, the nontrivial point-
gap topology results in the skin modes in which only the
spin degree of freedom is involved (i.e., charges are
distributed uniformly even under OBC). This behavior is
in sharp contrast to non-Hermitian skin effects in non-
interacting systems where bosons are localized around the
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edge. We elucidate the emergence of the Mott skin effect
by examining an effective spin model in the strong
correlation regime, which hosts skin modes and possesses
the nontrivial point-gap topology characterized by the spin
winding number. We also support the emergence of the
Mott skin effect by employing numerical diagonalization.
Our numerical analysis also elucidates unique real-time
dynamics induced by the Mott skin effect; dynamical spin
accumulation is observed while the charge distribution
remains spatially uniform.

Model—Let us consider a one-dimensional chain of
interacting bosons. The Hamiltonian reads

ﬁl:ﬁ[0+ﬁint’ (1)

I:IO = Z(_tRo'l;;Jr](;l;ja -

jo
Hiy = —iV E fj, (1)
Jjo

where lA);, (13 o) creates (annihilates) a boson at site j =
0, 1,2....,L — 1 and in the spin state 6 = 1, | [144]. The
nonreciprocal hopping integrals are denoted by fgy =
tL , =1, and ILT = tg, = t_ with real numbers 7, and

—. The operator 71, denotes the number operator of bosons

tLaI;;o-Bj+ld)7 (2)

D=iU) apdy.  (3)
J

of spin o at site j; 71, = b b.,. The first (second) term of

jo Jjo*
I:Iint describes the on-site interaction between bosons with
the same (opposite) spin. The parameters V and U are non-
negative numbers. Without loss of generality, we assume
the relation ¢, > ¢_ throughout this Letter.
Symmetry and topological invariant—The above model
preserves charge U(1) symmetry and spin U(1) symmetry,
as indicated by

[H,N] =0, (4)

un

[H.5] =0, (5)

with N = NT + Ni and 287 = NT - Ni' Here, N, denotes
the number operator of bosons in the spin state o; N, =
>.ifj, (6="1,1). Therefore, the Hamiltonian can be
block-diagonalized into N4 and N sectors. We denote
eigenvalues of N 4+ and N , as Ny and N, respectively.

In order to characterize the point-gap topology [145], we
introduce the many-body spin winding number

27
W, = — ——log |det 0,) —E)|, (6
= [ S tog [t (i, (0) = Ew)] . ()
which is a variant of the previously introduced many-body
winding number [132-134]. Here, in order to compute W,
we have imposed twisted boundary conditions where the
twist angle of the down-spin state 6 is opposite to that of

the up-spin state 0, [1461; bf b, 1, — €%b} b, ,, with

(01.0,) = (65, —06;) and the twist angle 6. For the Fock
space specified by [N;,N,], the block-diagonalized
Hamiltonian is denoted by H Ny N d(GS)' We note that the

spin U(1) symmetry is essential for the skin effect; breaking
the spin U(1) symmetry destroys the skin effect even for
the noninteracting case (see Sec. S2 of Supplemental
Material [147]).

Analysis in the strong coupling regime—Before
presenting numerical results, we derive an effective model
that provides an intuition for the Mott skin effect. In the
strong coupling regime (i.e., V,U > t,,t_), the longest
lived states of the system are described by an effective
spin model, i.e., eigenstates shift in the negative direction of
the imaginary axis if bosons occupy the same site, which
is attributed to the continuous quantum Zeno effect
[148-153].

Applying the second order perturbation theory [154—157]
yields the following effective spin model for the states where
each site is occupied by one boson:

L—

S8

Hain(0) = [7.55,85 +7,81,,87 +7.57,,57]
j=0
+J, 208587+ J_e M558+ Ey, ()

with J, = —4i(¢,.t)[(1/V) = (1/U)], J. = =2i(2/U),
and Ey = —iL(z,1_)[(1/V) + (1/U)]. Here, 3‘7 m=xy,
z) denotes spin operators at site j. The spin raising and
lowering operators are defined as Sjt =8+ iS;’ . In terms of
creation and annihilation operators of bosons, the spin
operators are written as S‘j = (nj —1j,)/2, 3‘;’ = ZQ;TIA) il
and S’J_ = B; iIA) i+ for the subspace where each site is
occupied by one boson. Details of the derivation are
provided in Sec. S1 of Supplemental Material [147]. The
above Hamiltonian (7) preserves the spin U(1) symmetry
and can be block-diagonalized with S¢, the eigenvalue
of 7 =" ; S‘j

Applying the Jordan-Wigner transformation elucidates
that the effective model (7) gives rise to the Mott skin effect
(for the detailed derivation, see Sec. S1 of Supplemental
Material [147]); the spin model [Eq. (7)] can be mapped to
the following spinless fermion model:

L2
Hspm Z J+f]+1fj +J_ f fj+1)
Jj=0
— (DY (e of o + e o)
L-1 L
+JZZ +1n —_ (Nf—z> +E0, (8)
Jj=0
with N7 = 37, af, §F = &7 71, and &% = (#f - 1). Here,
N7 and Al are defined as N7 = > k7] ﬁ§ and A% = f7f;.
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Operators f} (f ;) create (annihilate) a spinless fermion at
site j.

In particular, for the subspace with S°=1—(L/2)
(.e., [N4,N,] = [1, L — 1]), there exists only one fermion
created by f; Therefore, the above Hamiltonian is sim-
plified as

~

-2
(aFifs +I-F i)

I:Ispin (‘9) -

J

Il
=}

T X0 f o+ T e M0 FT_ fo)

ZG—I) +E. )

This model is nothing but the Hatano-Nelson chain [43,44],
which exhibits the skin effect. Specifically, substituting the
Hamiltonian (9) to I:I[l,L_l](GS), we obtain the winding
number W, =2 for the subspace with [Ny, N |=
[1,L — 1]. Here, we have set the reference energy E.,
located inside of the loop formed by the eigenvalues. We
recall that i/, > iJ_ holds for z, > ¢_ [see below Eq. (7)].
Corresponding to this nontrivial point-gap topology, skin
modes emerge only around the right edge, which are
described by fermions created by ]A”j J, and J_ of the
effective Hamiltonian are purely imaginary.

Recalling the relation between spin operators and oper-
ators ]A’j, we can conclude that the system exhibits the Mott
skin effect. Namely, only the spin degree of freedom is
involved in the skin modes induced by the nontrivial point-
gap topology.

Numerical results: Noninteracting case—In order to
numerically analyze this model, we employ exact diago-
nalization. Unless otherwise noted, we set (z,,7_) =
(1,0.1).

In the noninteracting case, the system is decomposed
into two bosonic Hatano-Nelson models where the hopping
in the right (left) direction is dominant for 6 = 1 (6 = |).
Such nonreciprocal hoppings result in the ordinary non-
Hermitian skin effect as discussed below. In the following,
we analyze the many-body Hamiltonian (1) for the Fock
space with (N4, N|)=(1,L—1) and L=6 (for an
analysis of the one-body Hamiltonian, see Sec. S2 of
Supplemental Material [147]).

Figure 1(a) displays the spectral flow of H(6,) for
0 <0, <2z, where E,(0,) (m=0,1,2,...) [158] are
eigenvalues of H (6,). In this figure, we can see that the
spectral flow forms the loop structure, which indicates the
point-gap topology characterized by the many-body spin
winding number taking a nonzero value for E; = —0.01i
(for more details, see Sec. S3A of Supplemental
Material [147]).

Corresponding to this nontrivial point-gap topology, the
spectrum shows extreme sensitivity to the boundary

—
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FIG. 1. Energy eigenvalues and expectation values for
V=U=0. (a) Energy eigenvalues under twisted boundary
conditions and OBC (red), respectively. (b) A magnified version
of the range —1.2 <ImE < 1.2. The data obtained under OBC
are represented by red dots. With increasing 6, from O to 2z, the
eigenvalues wind around the origin of the complex plane, which
indicates W, takes a nonzero value for E; = —0.01i. (c) [(d)]
Expectation values (i) [(3’?)] at each site under OBC. The
expectation values are computed from right eigenvectors of the
many-body Hamiltonian whose eigenvalues E,, are located
around the origin of the complex plane. Specifically, m' is
defined as m’ = m — 756 (for the definition of m, see footnote
[158]). We note that the other states show essentially the same
behaviors. For U = V = 0, the eigenvalues are aligned on the real
axis, and the eigenvalues are numerically zero for m = 756
(|E7s6] < 1 x 10712). These data are obtained for the subspace
with (N4, N|) = (1,5) and for (z.,7_) = (1,0.1) and L = 6.

conditions. Imposing OBC significantly changes the spec-
trum of H; as shown in Fig. 1(a), the eigenvalues under
OBC are aligned on the real axis in contrast to the
eigenvalues under PBC. Eigenstates also show such sensi-
tivity to the boundary conditions [159]. In order to show
this, we compute the expectation values of 71; = 1,

R{Pul [Pl

i) = e

(10)

with |¥,,)g (m = 0, 1,2, ...) being right eigenvectors of the
many-body Hamiltonian [160,161], H|¥,,)x = E,n|¥.)x-
As displayed in Fig. 1(c), the bosons are localized around
edges under OBC in contrast to the case of PBC (the data
for PBC are provided in Sec. S3B of Supplemental
Material [147]).

Because of the localization of bosons, a spin polarization
is observed only in the presence of boundaries. Figure 1(c)
displays the expectation values of 3‘; = (fjy —;y)/2. The
spin polarization is observed under OBC in contrast to the
case of PBC.
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As discussed above, in the noninteracting cases, the
system shows the non-Hermitian skin effect that results in
extreme sensitivity of the eigenvalues and eigenstates to the
presence or absence of the boundaries. Accordingly, the
localization of bosons is observed only under OBC.

Numerical results: Interacting case—Now, we demon-
strate that the interplay between strong correlations and
nonreciprocal hoppings induces the Mott skin effect.
Namely, the nontrivial point-gap topology results in
extreme sensitivity to the boundary conditions only in
the spin degree of freedom. The spin-charge separation
plays an essential role in the emergence of the Mott skin
effect. In the following, we focus on the Fock space with
(N4,N,) = (1,L —1) [162]. The Mott skin effect is also
observed for other subspaces of half-filling (see Sec. S3C
of Supplemental Material [147]).

Figures 2(a) and 2(b) display the spectral flow of H(6,)
for (V, U) = (20, 10) with increasing 6, from 0 to 2. The
interactions V and U shift most of the loops in the negative
direction of the imaginary axis [see Fig. 2(a)]. However,
one of the loops remains around the origin of the complex
plane [see Fig. 2(b)]. This is because bosons do not feel the
on-site interactions unless multiple bosons occupy the
same site.

The states remaining around the origin of the complex
plane exhibit the Mott skin effect. Because of the loop

L=6 (V,U)=(20,10)
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FIG. 2. Energy eigenvalues and expectation values for
(V,U) = (20,10). (a) Energy eigenvalues under twisted boun-
dary conditions and OBC, respectively. (b) A magnified version
of the range —0.39 <ImFE <0.19. In these figures the data
obtained under OBC are represented by red dots. With increasing
0, from 0 to 2z, the eigenvalues wind around the origin of the
complex plane, which indicates Wy =2 for E. . = —0.01i
(¢) [(d)] Expectation values (1) [<.§j)] at each site under
OBC. Here, the expectation values are plotted for eigenstates
whose eigenvalues [158] satisfy —10.02 < ImE,, < —0.033. The
eigenvalues form = 0, ..., L — 1 are plotted in panel (b). As is the
case of V = U = 0, the expectation values are computed from the
right eigenvectors (see Fig. 1). These data are obtained for
(t,,7-) =(1,0.1) and L = 6.

structure, the many-body spin winding number takes
We=2 for E =-001li (for more details, see
Sec. S3A of Supplemental Material [147]). Corresponding
to the nontrivial point-gap topology, eigenstates exhibit
extreme sensitivity to the presence or absence of
boundaries.

Under OBC, eigenvalues plotted in Fig. 2(b) are purely
imaginary in contrast to the case of PBC where eigenvalues
are distributed on the complex plane. This behavior is
understood in terms of A spin [EQ. (9)] which is essentially
the Hatano-Nelson chain with pure imaginary hoppings.

Such sensitivity to the boundary conditions is also
observed for eigenstates. However, only the spin degree
of freedom is involved in the sensitivity of the boundary
conditions, which is in sharp contrast to the noninteracting
case. Figure 2(c) displays the expectation values (72;). As
shown in this figure, strong correlations prevent bosons
from localizing around the edges, which suppresses the
sensitivity to the boundary conditions for the charge degree
of freedom. Instead, the spin degree of freedom exhibits
extreme sensitivity to the boundary conditions. Figure 2(d)
displays the expectation values <3‘§> As shown in this
figure, the spin polarization is observed under OBC in
contrast to the case of PBC (the data for PBC are provided
in Sec. S3B of Supplemental Material [147]).

The above results reveal that the system exhibits the Mott
skin effect resulting in extreme sensitivity to the boundary
conditions only in the spin degree of freedom (i.e., such
sensitivity is not observed in the charge degree of freedom).
The emergence of the Mott skin effect is due to the
interplay between strong correlations and non-Hermitian
point-gap topology. We note that the Mott skin effect is
observed also for the subspace with (N4, N ) = (2,4) and
L =6 (for more details see Sec. S3C of Supplemental
Material [147]).

Real-time dynamics—As seen above, the Mott skin effect
involves only the spin degree of freedom in contrast to the
skin effect in the noninteracting case. This difference is also
reflected in the time-evolution of physical quantities.

Let us start with the noninteracting case. Figure 3(a)
displays the expectation values

(1)) = SEIP) (1)

with |®(¢)) = e7#|®(0)) and ¢ being time [163].
The initial state is chosen so that all of the bosons occupy
site j =0; /(L = 1)![®(0)) = b, (bf,)*~'|0). Figure 3(a)
indicates that the bosons remain localized around the left
edge due to the skin effect [164]. Figure 3(b) indicates that
the above localization is also observed in the expecta-
tion values (S3(1)) = (<I>(t)|§§|<D(t)>/((1>(t)|<l>(t)). This is
because bosons with spin-up (spin-down) are localized
around the right (left) edge (see Sec. S2A of Supplemental
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OBC

(V.U)=(20.10)
(C) <nj> =0

t=0.045

d)(S)

FIG. 3. (a),(c) [(b),(d)] The time evolution of the expectation
values (7;(t)) [(Sj(r))] under OBC [see Eq. (11)]. Panels (a)
and (b) [(c) and (d)] display data for (V,U) = (0,0)
[(V,U) = (20,10)]. These data are obtained for (z,,t_)=
(1,0.1) and L = 6.

Material [147]). The above results demonstrate that in the
noninteracting case, the dynamical properties of the spin
degree of freedom are tied to those of charge degree of
freedom.

Now, we turn to the real-time dynamics in the correlated
case. In contrast to the noninteracting case, dynamics of the
spin degree of freedom exhibit an essential difference from
those of the charge degree of freedom. Figure 3(c) displays
the time evolution of (7,(¢)) for (V, U) = (20, 10). As seen
in Fig. 3(c), bosons immediately extend to the bulk. In
particular, for 0.375 <1, each site is occupied by one
boson. This is because the states where each site is
occupied by one boson have a longer lifetime 7 ~ 1/ImE,,
than others. Contrary to the above behavior, the dynamics
of the spin degree of freedom exhibit a signal of skin
modes. The time evolution of (3‘5) is plotted in Fig. 3(d).
In this figure, dynamical spin accumulation is observed
for 0.2 <. This behavior is observed only under OBC
(for data under PBC, see Sec. S3D of Supplemental
Material [147]).

As seen above, the Mott skin effect induces the dynami-
cal spin accumulation while the charge degree of freedom
remains spatially uniform. These dynamical properties in
the strongly correlated case are in sharp contrast to those in
the noninteracting case. The above dynamical properties
are considered to be observed for open quantum systems
even in the presence of quantum jumps.

Conclusion—We have proposed a non-Hermitian Mott
skin effect induced by the interplay between strong
correlations and the non-Hermitian point-gap topology.
In contrast to the ordinary non-Hermitian skin effect, the
Mott skin effect results in extreme sensitivity to the
boundary conditions only in the spin degree of freedom.

We have demonstrated the emergence of the Mott skin
effect by analyzing the bosonic non-Hermitian Hamiltonian
with nonreciprocal hoppings and on-site interactions. The
difference from the ordinary skin effect is also reflected in
the dynamical properties; spin accumulation is observed
while charge distribution remains spatially uniform.

We finish this Letter with a remark on the relevance to
open quantum systems described by the Lindblad equation
[165-167]. In this Letter, we have analyzed the non-
Hermitian Hamiltonian as a toy model. We note, however,
that our Hamiltonian is relevant to an open quantum system
having particle losses, and that the above dynamical
spin accumulation can be observed even under the presence
of the jump term (for more details, see Sec. S4 of
Supplemental Material [147]). This fact implies that open
quantum systems such as cold atoms with strong correla-
tions may provide a feasible platform to observe the
Mott skin effect. Section S4 also provides data of polar-
izations that serve as a phase diagram for the Mott skin
effect. Specifically, Fig. S13 displays polarizations of an
Hamiltonian that is essentially the same as the one
in Eq. (1).

Note added—While finishing this Letter, we noticed
Ref. [168] posted on arXiv, which has some overlap with
our results.
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