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The recent interest in non-Hermitian systems has significantly broadened their application across condensed-
matter physics, offering a unique framework to explore out-of-equilibrium phenomena. Simultaneously,
altermagnets have emerged as a distinct magnetic class, characterized by unconventional spin-split bands
protected by crystal symmetries. In this work, we investigate the interplay between non-Hermitian dynamics
and spin transport in these materials, focusing on the Edelstein effect. We demonstrate that the introduction of
non-Hermiticity in d-wave altermagnets and p-wave unconventional magnets opens novel susceptibility compo-
nents that are inaccessible in Hermitian counterparts. Fundamentally, the dissipation breaks standard momentum
selection rules, dynamically converting previously asymmetric channels into even-parity configurations under
spatial inversion to allow macroscopic spin accumulation. Crucially, our results show that this nonconservative
nature leads to the selective gain and loss of specific spin components, which can be finely tuned by the interplay
between dissipation, the magnetic order parameter, and the Néel vector orientation. This phenomenon provides
a new route for manipulating spin degrees of freedom through controlled nonconservative processes in emerging

unconventional magnetic materials.

DOI: 10.1103/pers-tkry

I. INTRODUCTION

Altermagnets (AMs), a new magnetic phase with coex-
isting ferromagnetic and antiferromagnetic properties and
spin polarization but zero net magnetization, has drawn at-
tention as candidates for next-generation superconducting
spintronic devices and for having promising applications in
areas such as valleytronics, conductivity, and straintronics
[1-3]. Within this framework, compounds such as CrSb,
MnTe, and MnsSi3, V,(Se,Te),O have been theoretically and
experimentally identified as hosting remarkable altermagnetic
signatures [4,5], including the strain-driven anomalous Hall
effect and the efficient generation of spin currents via spin-
orbit torques [6,7], linear and nonlinear Edelstein effects
[8-12], topological superconductivity [13-15], Josepshon
properties and the diode effect [16—19], and quantum transport
[20,21]. Beyond conventional AMs, recent studies on p-wave
unconventional magnets (UMs) have revealed intriguing prop-
erties arising from their preserved time-reversal symmetry
and broken inversion symmetry—features that clearly distin-
guish them from AM materials [22,23]. Notably, phenomena
such as the emergence of the finite out-of-plane Edelstein
effect [24,25], unique transport properties in hybrid sys-
tems [26-28], and unconventional superconductivity [29-31]
have gained significant attention. The emergence of out-of-
plane spin polarization, also referred to as the nonrelativistic
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Rashba-Edelstein effect, arises without requiring strong
spin-orbit coupling (SOC), in contrast to the spin-momentum
locking at the Fermi surface in typical ferromagnetic/heavy
metal interfaces [32]. Instead, in p-wave magnets, a similar ef-
fect occurs due to the magnetic order, that is, in such a case the
exchange field part of the Hamiltonian, e.g., Hy.(K) o t;k;, di-
rectly mimics Rashba-like spin-momentum locking. A charge
current, therefore, shifts the electronic distribution asymmet-
rically in momentum space, which generates nonequilibrium
spin density even in systems without strong SOC [24,25].
However, despite this progress, the properties of AMs (UMs)
are still largely restricted to their Hermitian features, effec-
tively treating these systems as closed and dissipationless.
Indeed, devices made of these structures operate in open en-
vironments, where coupling to external leads, disorder, and
finite quasiparticle lifetimes are unavoidable [33]. These ef-
fects naturally introduce gain and loss processes, where a
non-Hermitian (NH) description is necessary.

The inclusion of NH effects has emerged as a promising
avenue for exploring unconventional topological phases that
are markedly different from their Hermitian counterparts [34].
These effects provide a realistic description of systems char-
acterized by energy gain and loss, leading to complex energy
spectra and new phenomena under boundary conditions [35].
In particular, eigenstates can exhibit strong localization, a phe-
nomenon known as the NH skin effect [36—40]. Furthermore,
NH systems feature exceptional points (EPs), where eigen-
values and eigenstates coalesce—this is a fundamental aspect
of NH physics [35,41,42]. Recently, EPs were identified in
d-wave altermagnets coupled to ferromagnetic (FM) leads,
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FIG. 1. Top panel: Fermi surfaces of the d»_,» AM [(a),(c)]
and p, UM [(b),(d)], shown both in the absence and presence of
Rashba SOC, respectively; color maps represent the spin expectation
value (s;). Bottom panel: Schematic representation of the in-plane
electric field effect at the AM(UM)/FM lead interface. The diagram
illustrates the coupling between the external electric field E and
the interface formed by a ferromagnetic lead (FM) and an AM or
UM (pink layer). The electric field in the X direction gives the spin
accumulation in the i direction accordingly with 8s; = y;E,.

tuned by external magnetic fields [43,44], and likewise in
p-wave unconventional magnets [45,46]. Quantum transport
studies within the NH framework have further revealed sig-
nificant dissipation effects in the Hall conductance [47,48].
Such new concepts have led to an increasing interest in un-
derstanding how NH properties can be used to manipulate
the spin degree of freedom. Advances in material growth and
experimental techniques have enabled detailed exploration
and utilization of spin dynamics. This can be probed by using
spin-pumping techniques [49], exploiting the Seebeck effect
[50], or by considering a less invasive approach, as is the case
of THz emission in spintronic devices [51-53]. In particu-
lar, AMs (UMs), due to their anisotropic properties, offer an
intriguing platform for the exploration of active spin-charge
converters under various conditions. Their defining charac-
teristic is that the conversion process does not depend on
strong relativistic spin-orbit coupling [24], where collinear
but alternating spin moments are responsible for mimicking
the responses typically associated with heavy-element sys-
tems. This unique origin not only allows altermagnets to
serve as efficient sources and detectors of spin currents, but
it also embeds their functionalities in a manner that is depen-
dent on crystal symmetry, leading to anisotropic and tunable
effects [54].

In this work, we investigate the spin Edelstein effect within
a NH framework given by the coupling of an AM(UM)/FM
lead interface as depicted in the bottom panel of Fig. 1. By
employing a tight-binding (TB) formalism, we extend linear-
response theory to incorporate NH effects, identifying specific
regions in phase space where the interplay between damp-
ing and gain yields experimentally accessible signatures. The
structure of this article is as follows. In Sec. II, we introduce
the TB model for the NH altermagnetic system and derive the
susceptibility tensors using the Kubo formalism and Green’s

function techniques. In Sec. III, we discuss the impact of
Néel vector orientation and vertex corrections on our results.
Finally, Sec. IV summarizes our findings and provides con-
cluding remarks.

II. THEORETICAL MODEL
A. Tight-binding Hamiltonian models

Non-Hermiticity provides a natural framework for de-
scribing open quantum systems where dissipation and fi-
nite quasiparticle lifetimes—inherent to most experimental
setups—play a fundamental role. Here, following Ref. [41],
we introduce NH features by interfacing an AM(UM) system
with a FM lead, which acts as a dissipative environment. Such
coupling in the wide-band limit is given by X% (w = 0) =
—il"og — iyo,, where the first term is related to the orbital
component and the second one to the spin components. The
parameters I' = (I'y +T))/2 and y = (I'y — I"})/2 charac-
terize the average and imbalanced dissipation, respectively
[41,55]. Likewise, the non-Hermitian parameters must satisfy
I' > y 20 in order to preserve causality and guarantee a
physically stable dissipative state [56]. Furthermore, I', =
T(t')? o5, where t’ is the value of the interfacial coupling in
the ferromagnetic lead, and pj is the spin-dependent surface
density of states. Finally, oy and o, denote the identity and
z-component Pauli matrices.

The resulting NH Hamiltonian is defined as Hyy = Hy +
Y(w = 0), where the Hermitian part Hy = Hx + Hg + Hay,
includes kinetic energy, Rashba SOC, and and AM(UM) con-
tribution, respectively. The TB Hamiltonians of kinetic and
Rashba SOC terms in reciprocal space are given by

Hyg (k) = —2t(cos k, + cos ky)og — i 0o,
Hp(k) = Ag(sink, o, — sink, o)), (1)

where ¢ is the hopping parameter, u is the chemical potential,
and Ag represents the Rashba SOC parameter. For the alter-
magnetic sector, we adopt the following d-wave and p-wave
Hamiltonians:

H{, (k) = a[2sink, sin k, sin 20
+ (cosk, — cosk,)cos26](n - o),
Hp(K) = [t sink, + £, sink,](n - ). )

H{, describes a d-wave altermagnet with strength o,
where the orientation angle € interpolates between d,>_
(0 =0) and d,, (0 = 7 /4) symmetries [2,57,58]. Similarly,
H},, represents a p-wave unconventional magnet [26,29] with
strengths 7, and ¢, along the p, and p, symmetries, respec-
tively. While we focus on this specific representation, we
note that alternative formulations for odd-parity magnets have
recently been proposed, such as the sublattice-based model in
[59], which offers a complementary framework for studying
emergent magnetic phases. Moreover, such a sublattice degree
of freedom should be important to distinguish the localization
of corner states as a result of non-Hermitian effects of the
system [60]. In both models, n denotes the orientation of
the Néel vector [25]. The top panel of Fig. 1 compares the
Fermi surfaces of the Hermitian AM and UM systems in the
absence [(a),(b)] and presence [(c),(d)] of Rashba SOC, while
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the bottom panel depicts the setup used in the model. For
both d,>_,>-wave AM and p,-wave UM, turning on Rashba
SOC with n = (0, 0, 1) lifts the point degeneracies [(b),(d)],
resulting in two separate, nonintersecting Fermi contours.

B. Kubo formula extension for spin dynamics

To investigate the out-of-equilibrium spin accumulation
properties, we employ linear-response theory. Within this
framework, the electrical driven spin accumulation arises as
the response to an applied in-plane electric field E; defined by
the relation (8%;) = ) jXi ;E;. Using the Kubo formalism, the
proportionality constant x;;, also known as the spin Edelstein
susceptibility tensor, can be written as [61-64]

i
mfrégfaﬂ@ﬁqu@m“%kwm

x (G* (K, &))}]. 3)

Here, GR*4 = GR + GA, where G® and G* denote the re-
tarded and advanced Green’s functions (GFs), respectively.
Similarly, 9; = 0y, Hyy(K) and &; represent the momentum-
dependent velocity and spin matrices. The term f(e¢) denotes
the Fermi-Dirac distribution, and Tr indicates the trace over
the internal degrees of freedom. Moreover, we restrict our
analysis to the low-temperature limit (7' — 0), where the
derivative of the distribution function reduces to a delta func-
tion, d.f(€) — 8(e¢ — ). In terms of response symmetry,
upon the action of time-reversal symmetry (7)), Eq. (3) is
T -even.

To incorporate non-Hermiticity arising from the coupling
to the ferromagnetic lead, we adopt the biorthogonal ba-
sis formalism [47,48]. The retarded NH Green’s function is
expressed as

Py (k) P_(k)
e —ER(k) & —ER(K)

Here, P; are the projection operators onto the eigenstates, de-
fined as Pr = |WR) (Wk|, where |W5") denote the right (left)
eigenvectors obtained from our NH Hamiltonian satisfying
the biorthogonal condition (W,||¥,) = §,, with > P, =
9 [48], and EX are the corresponding complex energies ob-
tained from the NH Hamiltonian. The integrand is performed
over the BZ, and we only take the real part of the suscep-
tibility tensor. From Eq. (4), the advanced GF is given by
G* = [G®]'. In the Hermitian limit ¥*¥(w = 0) — 0, the GF
recovers their Hermitian form with |WR) = |wk).

GR(k, ¢e) = 4

III. RESULTS

In this section, we investigate the field-driven spin accu-
mulation considering an external electric field applied along
the x direction, i.e., E = E,X, to the system defined by the
AM(UM)/ FM lead coupling (see Fig. 1). Specifically, we
calculate the spin accumulation along the j direction, given
by Eq. (3). The real part of the susceptibility tensor is ex-
pressed in units of o = efi/m, and unless otherwise specified,
all numerical TB simulations are performed considering the
hopping amplitude, ¢, as a scale of energy. Specifically, we
set the energy scale by fixing r = 0.5 eV, with Agx = 0.6¢
and u = 0. On the other hand, to support our findings, we
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FIG. 2. Real part of the spin susceptibility tensor for a NH sys-
tem with the Néel vector along the z direction. Left panel [(a),(c)]:
d-wave AM; right panel [(b),(d)] : p-wave UM. The transversal
component x,, [(a) and (b)] decreases for y # 0 while the diagonal
component y,, arises for d,, wave (c) and an out-of plane component
X decreases by the action of y (d). For (a) and (c), @ = 0.2¢, while
for (b) and (d), t, = 0.2t,¢, = 0 and 1, = 0, t, = 0.2¢ for p, and p,,
respectively.

supplement our simulations with analytical derivations of the
quantum-mechanical trace from Eq. (3) using low-energy ef-
fective models for both the AM(UM) phases. Furthermore, the
role of disorder is discussed by means of the vertex correction,
showing a small impact given the details of the considered
system Hamiltonian; the details are given in Appendix B.

A. Out-of-plane Néel order n || z direction

In Fig. 2, we present the corresponding components of
the spin Edelstein spin susceptibility responses for d-wave
[(a),(c)] and p-wave [(b),(d)] symmetries in left and right
panels respectively, considering a Néel vector oriented along
the z direction, i.e., n = (0, 0, 1). The Hermitian case is rep-
resented by solid curves (I' = y = 0), while the NH regime
is represented by dashed curves with I' = y = 0.05¢. While
the high values of Rashba SOC and AM(UM) parameters
are selected to provide computational clarity and visually
resolve the non-Hermitian topological features across the full
Brillouin zone maps, this choice represents a weak-coupling
dissipative perturbation regime (y much smaller than t),
which aligns with previous studies [41,56]. Focusing first
on the d-wave AM, the transversal in-plane susceptibility
Xyx €xhibits an almost oscillatory behavior that is symmetric
around E = 0. While this response—enhanced by Rashba
SOC—is consistent with recent reports [10,24], the symmetry
C,;T ensures that both the longitudinal (x,,) and out-of-plane
(xzx) components vanish. Revisiting it here is instructive, as
its physical origin becomes especially transparent in the NH
regime.

The inclusion of non-Hermiticity, controlled by the param-
eters y and I', modifies the intensity of x,., as evidenced
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by the dashed curves. For the d-wave case, the magnitude
of the susceptibility is progressively reduced as y increases.
This suppression signals dissipative effects characteristic of
NH quantum transport [47,65]. Remarkably, non-Hermiticity
qualitatively alters the symmetry-imposed absence of longitu-
dinal components. As shown in Fig. 2(c), a finite longitudinal
in-plane response x., emerges for the d,, altermagnet (red
dashed curve) upon activating y. Unlike the dissipative sup-
pression observed in .., the .. signal is significantly
enhanced with increasing y. This behavior stems from a NH
spin-filtering mechanism, where the spin-asymmetric imag-
inary self-energy yields heavily differential dissipation rates
for the two spin channels (I'y # I'} ). Rather than invoking
an active quantum gain, the complex self-energy selectively
broadens and suppresses the spectral weight of one spin
species while leaving the opposite channel unaffected. In a
steady-state driven scenario, this massive lifetime contrast
prevents the mutual cancellation of the altermagnetic bands,
effectively purifying the net spin accumulation via differential
decay. The emergence of this component can be understood
through the momentum parity of the integrand within the
BZ, as will be shown in Sec. IIIC1, in which we con-
sider the effective models of our TB Hamiltonians. In the
dy, case, the product of the momentum-dependent veloci-
ties and the altermagnetic order parameter—proportional to
sin k, sin k, —acquires an overall even parity only in the
presence of the NH coupling y. Consequently, the integra-
tion yields a nonvanishing contribution and therefore a finite
Xxx response. In contrast, for the dy>_,» symmetry, the mis-
match between the velocity vectors (which in this case is
proportional to sink, (odd function)] and the d-wave AM
form factor preserves the null response, even in the NH
regime. On the other hand, the out-of-plane component .,
is negligible compared to x,,, which appears three orders of
magnitude lower and only with large values of NH parameters
(not shown here).

We now turn our attention to the p-wave UM. Similar to
the d-wave AM, the system exhibits finite y,,, which de-
creases with the action of y [see Fig. 2(b)]. In contrast, the
px UM shows a finite x,, even in the Hermitian regime, as
shown in Fig. 2(d) by the blue solid curve, which agrees with
Ref. [25]. Upon increasing y, this response is progressively
suppressed, as indicated by the blue dashed curve, display-
ing a dissipative behavior similar to that observed for y,.
Symmetry considerations dictate that the induced spin accu-
mulation along the z-axis is highly sensitive to the p-wave
orientation relative to the electric field direction. Specifically,
for an electric field applied along the x-direction (Ey), the
response coefficient x, is finite for the p, symmetry but
vanishes identically for p,, which will be show in Sec. III C 3.
This vanishing occurs because the orthogonal alignment be-
tween the field E, and the p, anisotropy axis preserves a
parity symmetry that causes the spin contributions to cancel
out upon integration over the Fermi surface. Conversely, if
the field is applied along the y-direction (E,), the response
Xzy becomes finite for the p, channel while the p, contri-
bution is null, a selection rule that remains robust even in
the Hermitian limit [25]. Notably, while the NH imbalance
dissipation y induces a spin population in the d-wave regime,
it is insufficient to break the structural parity constraints in
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FIG. 3. Real part of the spin susceptibility components for a
non-Hermitian systems with the Néel vector along the x direction.
Left panel: d-wave AM [(a),(c)]; right panel: p- wave UM [(b),(d)].
The transversal component x,, [(a) and (b)] decreases for y # 0, the
finite out-of-plane component ., arises for d,, wave (c), and the
longitudinal component x,, decreases by the action of y (d). For
(a) and (c), o = 0.2¢, while for (b) and (d), t, =0.2¢,¢, = 0 and
t, =0, ¢, = 0.2t for p, and p,, respectively.

the p-wave sector, leaving these orthogonal null responses
unaffected.

B. In-plane Néel configurations n || x, y

After discussing the classic Néel vector orientation, we
move to the Néel vector oriented along the x direction n =
(1,0, 0). In Fig. 3, we plot the susceptibility components for
d-wave AM [(a),(c)] and p-wave UM [(b),(d)] in the left and
right panels, respectively. Similar to the previous case, the
transversal in-plane component x,, exhibits an almost oscilla-
tory behavior in both systems, with its magnitude decreasing
as y increases, as shown in panels (a) and (b).

Focusing on the d-wave AM and in the Hermitian limit, the
components y,, and x,, vanish, where the rotation symmetry
is still preserved even for different Néel vectors. In contrast,
in this case, the component y,, emerges in the NH regime
only on the d,,-wave AM, as illustrated by the dashed red
curve in panel (c). This can be understood as the NH term
produces a spin torque where the altermagnet parameter com-
petes directly with the Rashba SOC parameter and the term
coupled with o, is purely imaginary, ~iy. This term gives an
even parity in the integrand and therefore induces non-zero
values of x,.

Regarding the p-wave symmetry, the y,, signal decreases
with increasing y, mirroring the dissipative trend observed
in the d-wave case. However, a key distinction arises in the
Xzx component only for p,-wave AM, which is already fi-
nite in the Hermitian regime [Fig. 3(d), blue solid curve],
consistent with Ref. [25]. In this sector, the NH term acts
primarily as a dissipator, progressively suppressing the signal
intensity (blue dashed curve). This contrast with the d-wave
AM case—where NH terms act as a generative mechanism
for new components—can be understood through the parity
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FIG. 4. Real part of the spin susceptibility components for a
non-Hermitian systems with the Néel vector along the y direction.
Left panel [(a),(c)]: d-wave AM; right panel [(b),(d)]: p-wave UM.
The transversal component x,, [(a) and (b)] decreases for y # 0, the
finite out-of-plane component y_, arises for the d,>_,» wave (c), and
the longitudinal component yx,, for p, decreases byA the action of y
(d). For (a) and (c), « = 0.2¢, while for (b) and (d), t, = 0.2t,¢, =0
and t, = 0, ¢, = 0.2¢ for p, and p,, respectively.

of the orbital form factors. The p, symmetry possesses odd
parity in only one momentum direction; consequently, the
overall parity of the integrand is determined by the remaining
velocity and spin operators, which allows for a nonvanishing
integral even without the NH framework. In contrast, the d,,
symmetry (o< sin k, sin k) is odd in both directions, enforcing
a global cancellation in the Hermitian limit that can only be
lifted by the complex spectral redistribution induced by y. On
the other hand, the situation undergoes a significant change
when the Néel vector is oriented along the y-direction, i.e.,
n = (0, 1, 0), as illustrated in Fig. 4. Similar to the previous
case, the x,, component in both d-wave AM and p-wave UM
systems [(a) and (b)] exhibits a symmetric, oscillatory-like
profile whose magnitude is progressively suppressed by y.
This confirms that the x,, response remains robust and fi-
nite regardless of the Néel vector orientation. However, the
NH coupling y induces a qualitative change in the other
susceptibility components. Specifically, for fi || y, the d_»
altermagnet exhibits the emergence of a finite yx,, response

|

R [ —
Gk, E) = 5

| —2akky —i(n —y)—E
)\R(ikx - ky)

in the NH regime [Fig. 4(c)]. Remarkably, x,, remains van-
ishingly small for this symmetry, indicating that the y-axis
orientation shifts the NH-induced activation exclusively to the
collinear sector for the d»_,» symmetry. On the other hand,
the y-orientation leads to a finite x,, in the p,-wave UM even
in the Hermitian limit, as indicated by the solid green curve
in (d); this result is in good agreement with Ref. [25]. The
intensity of this component decreases with increasing y, as
shown by the green dashed curve.

C. Analysis of the effective Hamiltonian

In this section, we derive an analytical expression for the
trace of the response susceptibility matrix defined in Eq. (3).
To simplify the calculations, we will employ the effective
models of Egs. (1) and (2) within a k- p approximation.
Furthermore, we examine the resulting momentum-space spin
textures, specifically characterizing their behavior within the
NH regime, to assess the impact of dissipation on the spin
accumulation. Throughout this analysis, we focus on the con-
figuration where the Néel vector is aligned along the z axis;
however, the formal framework presented here is general, and
extending the analysis to other Néel vector orientations is

straightforward.

1. Spin accumulation for d.,-wave AM and out-of-plane
Néel order in the n || z direction

To demonstrate the emergence of x, for the d,,-wave AM,
we computed the effective retarded GF of a two-level system

[66], which is given by

G{ (K, E) = [(E + in)I — Hy,l ™', 5)

where 7 is the broadening, and the two-level k - p Hamiltonian
can be written as Hy, = dyoo + d - o, where

dy = Agky, dy = —Agky, d’7"* =2akk, —iy. (6)

Based on [67], we can find an analytical expression for GR
that can be written as

Gfp(k, g) = g @)
where ¢ = E +in and d = /d} + d} + d?. After some
algebraic steps, the effective retarded GF can be expressed as

—Ag(iky + ky)

Dakeky — i() +7) — E] ®)

with D(k) = A2(k? + k)z,) — (in + E)?* + (atkyk, — iy ). With this in hand, we can compute an analytical expression for the
trace of the matrix in Eq. (3). For spin accumulation in the x direction and for momentum up to the second O(k?) order, we

obtain

y(—192ar)k§ky2)»13eE — 64ank)2,)»RE3) ©

Tr® {0,GFA(k, E)6,G*(k, E)h) =

—1602k2k2E® + 32anykk E> + 2B + Q + E¥
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where

B = —160°k;ky E* + 24k k] WG E® — 12k 0RE* — 12k A°E* 4 4E°,

Q = 12k;k; A E* — 4k APE® — 4k \E°. (10)

This analytical expression reveals that the spin accu-
mulation in the x-direction vanishes when y = 0, a result
consistent with our numerical TB calculations. However, for a
finite NH coupling y # 0, the NH terms break this symmetry,
shifting the parity of the function to even and leading to the
emergence of a finite y,, as derived in detail in Appendix A.
A similar computation can be made by the d,-_,» altermag-
netic channel, where in this case df =0 — a(kf — kf,) — iy in
Eq. (6), and the corresponding trace is given by

Trée-2 (5,GRA(k, E)6,GF A (k, E )i,
2 (640’ k2AE? — 160k, EY) + y H

= , 11
8a?kZk2ES + y2G + yF + Q + EB (i

where
H = 1280’ nkck E® + 32ankck; AgE — 320k ARE”,
G =8Ik EY + 24k E? — 126007 EY — 12007 E*
+ 4ES,
F = 16ankE> — 16ank, E°.

From this expression, it is straightforward to verify that the
parity of the numerator is odd while the denominator is even;

J

)/(6401277kxky2,E3 + 96ank? gE? — 32ar)k}2,)»RE3 + M)

(

consequently, the entire trace behaves as an odd function of
the momentum, ensuring that its integral over the BZ van-
ishes due to the symmetry. As demonstrated by our analytical
results, we confirm the emergence of finite x,, in dy
symmetry, which remains zero in d,>_,» symmetry. Further-
more, a key distinguishing feature is the requirement of a finite
altermagnetic parameter « to obtain a nonvanishing trace in
Eq. (9), which clearly differentiates this system from a con-
ventional Rashba semiconductor.

2. Spin accumulation for d,>_,-wave AM with Néel order
in the n || y direction

To demonstrate the emergence of the out-of-plane spin
accumulation, characterized by the response coefficient
in a d,»_,2-wave AM with the Néel vector oriented along the
y-direction, the second and third terms in Eq. (6) are modified
as follows:

di=0 = —rgky + (k] — k), 1)
d, = —iy.

By computing the analytical trace for the out-of-plane spin
accumulation under an applied electric field along the x-
direction, we obtain the following expression:

d 2 R A A _
Tr'-2{0,G"(k, E)6:G' (k. E)}, =

where
M =320k kI A4E — 320k ARE”,
P =240’k K E* — 24ak k] ARE* + 24Kk D HE?
— 12kDRE* — 1203 E* + 4E°.

A parity analysis of Eq. (13) under individual axial inver-
sions (k, — —k,, k, — —k,) gives the physical mechanism
behind the spin response. The lowest-order expansion of
the denominator is dominated by the isotropic background
E® + Q, which is even in momemtum k. Crucially, the second
(96ankf)%E) and third (—32anky2ARE3) monomials in the
numerator possess full axial symmetry (even parity under
both k, and ky). As a result, these terms completely survive
in the standard cancellations on the Fermi surface. Further-
more, the asymmetric altermagnetic term in the denominator
(—32akxky2.)»RE6), which is odd in k,, dynamically couples
with the remaining odd terms of the numerator via geometric
series in a similar way to the previous section. This cross-
coupling generates additional even-parity channels (o< kfké )
that reinforce the transport. This symmetry-lifting mechanism

8a2k§k§E6 — 8ak k2ARES + y2*P + Q + EB

, 13)

(

ensures that the full-zone integration of the integrand remains
nonvanishing, establishing a robust and finite intrinsic spin ac-
cumulation coefficient x,, driven by the competition between
the altermagnetic field and the NH parameter y. A similar
analysis for the d,,-wave AM leads the response x., to vanish
in this case, in total agreement with the calculations of our TB
formalism.

3. Intrinsic out-of-plane response and dissipation-driven decay
in the p.-wave UM for Néel vector n || z

Using Eq. (7), we can evaluate the dissipation-driven be-
havior of the response function y,, for the p,-wave channel,
where the corresponding orbital component is given by

dr =tk —iy. (14)

Following the procedure outlined in the previous section and
expanding the response function to linear order in the
momentum coordinates around the high-symmetry points,
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we arrive at the momentum-space trace:

—8n*E* + y ( — 320k A2E? — 640k, E*?) 4+ y?(32n*E?r, — 8E*t,)

TrP {9,G* A (k, E)6,.GFA(k, E)hp =

This analytical expression explicitly confirms that in the Her-
mitian limit (y = 0), the integrand reduces to a momentum-
independent constant, yielding a finite and robust intrin-
sic spin accumulation upon integration over the Brillouin
zone. Conversely, when dissipation is introduced (y # 0), a
systematic Taylor expansion shows that the first-order dis-
sipative corrections [0()/1)] in both the numerator and
denominator are proportional to odd powers of momentum
(k). Consequently, these linear-in-y terms vanish identically
due to parity constraints under the k, — —k, operation. The
leading-order effect of dissipation manifests exclusively at
the quadratic level [O(y?)], where even-parity cross-products
survive the integration, thereby driving the smooth decay of
the intrinsic p, response.

On the other hand, a similar analysis for the p,-wave
UM dictates that the corresponding effective field component
along the z-direction is described by

dy =k, —iy. (16)

By evaluating the symmetry of the resulting integrand under
full-zone integration, the algebraic trace for the y,, response
vanishes identically due to mutually destructive parity com-
pensations between different quadrants of the Brillouin zone.
Consequently, the explicit analytical expression for this chan-
nel is omitted here for brevity.

4. Spin expectation values for d., and p, for the Néel vector
in the n || z direction

Although the biorthogonal approach could be used for
these calculations, we will restrict our analysis to the right
eigenstates as an approximation for small values of the NH
parameters. The spin expectation values are defined as

SE = (Yeloi |¥s), (17)

where |1/1) are the eigenstates of the k - p Hamiltonian. With
this in hand, the expectation value components can be written
as

SE=2INRe[fF].  SF = 2N/ Im[£],
SE= NP - IfEP), (18)
where

—d, £d

1
INP = ———, fi=———.
kT (dy —idy)

L+ 1/

To visually unveil the microscopic mechanism behind the
NH generation and modulation of spin transport, we plot the
momentum-resolved spin texture differences, S; = Sj' -8,
across the full Brillouin zone in Fig. 5. The columns from
left to right display the distributions for the AS, AS,, and
AS, components, respectively, contrasting the altermagnetic
dy,-wave AM [top row, panels (a)—(c)] against the p,-wave
UM [bottom row, panels (d)—(f)]. The red and blue colors

19)

4n2E° + 16nyk,.ESt, + y2(4n2E* + 4E®) + E?

s5)

(

represent positive and negative values of the spin-texture dif-
ferences, while the distinct white regions represent the exact
momentum coordinates where the textures vanish or where
the non-Hermitian EPs are located. For the dy,-wave AM
(top row), the NH effects introduce a clear distinction from
the conventional Hermitian limit. In the standard Hermitian
case, the only surviving transport channel is the transverse
S, response. Upon introducing the NH dissipative coupling,
this intrinsic S, component [panel (b)] persists but undergoes
a noticeable reduction in magnitude due to environmental
damping, leaving a wide white region centered around the ori-
gin where the EPs are located [44]. Crucially, the dissipation
dynamically activates a novel longitudinal S, response [panel
(a)], which completely emerges as a direct consequence of
the NH parity-lifting mechanism. The white sharp features
at the boundaries of these lobes mark the boundaries of the
exceptional structures where the complex energy gap closes.
Meanwhile, the S, component [panel (c)] remains strictly
zero across the entire Brillouin zone due to the robust spin-
locking enforced by the z-oriented Néel vector, preventing
any out-of-plane spin accumulation. A contrasting behavior
is manifested in the bottom row for the p,-wave UM. In
the Hermitian limit, this symmetry naturally supports finite
responses in both the S, and S, channels. Under the influence
of NH dissipation, both the intrinsic S, [panel (e)] and S,
[panel (f)] persist, though their overall magnitudes are attenu-
ated by the coupling to the open environment. Most notably,
unlike the altermagnetic case, the longitudinal S, component
[panel (d)] never emerges in the p,-wave phase, remaining
entirely suppressed across the momentum space except for
the sharp white nodal lines tracking the EPs [45]. In panel
(f), the sharp white boundary at k, = 0 perfectly separates the
antisymmetric binary lobes of the S, component, highlighting
how the p,-wave geometry locks the EPs to high-symmetry
axes. This clear divergence between the d,,-wave and p,-wave
symmetries demonstrates that NH dissipation can act either as
an activation parameter for forbidden transport channels or as
a controlled damping mechanism for existing ones, with the
EPs leaving a clear topological fingerprint on the observable
spin-charge conversion.

IV. CONCLUSIONS

We have investigated the interplay between altermagnetism
(unconventional magnetism) and NH dynamics in the con-
text of the Edelstein effect. By considering a hybrid system
comprising an AM(UM) coupled to a ferromagnetic lead
which acts as a dissipative environment, we have demon-
strated that the dissipative landscape, introduced via complex
self-energies, acts as a symmetry-selective filter for spin-
charge conversion. Our results reveal that while the transversal
in-plane components of the spin susceptibility undergo sig-
nificant damping due to the NH terms in both d-wave and
p-wave symmetries, this dissipation facilitates a nontrivial
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FIG. 5. Momentum-resolved spin texture differences (AS; = S} — S;7) for d,,-wave AM (a)—(c) and p,-wave UM (d)—(f) models with the
Néel vector along the z direction. From left to right, the columns represent AS, (a),(d), AS, (b),(e), and AS, (c),(f), respectively. The white
regions highlight the nodal lines and the positions of non-Hermitian exceptional structures

redistribution of the spin accumulation. Specifically, in the
d-wave AM, we find the emergence of finite longitudinal
and out-of-plane susceptibility components that are otherwise
suppressed in the Hermitian case. Moreover, these compo-
nents arise for specific Néel vector orientations; in particular,
the emergence of the diagonal component x,, for the d,,-
wave AM requires a finite altermagnetic parameter o, which
underscores the fundamental difference between this system
and a conventional Rashba semiconductor. This phenomenon
suggests that non-Hermiticity can be exploited to manipulate
the spin-texture orientation in AMs, offering new knobs for
realizing chiral spin-orbitronic features in dissipative quantum
regimes such as in spin-orbit torque measurements and THz
spintronics emitters. Physically, this entire NH system leading
to emergence or dissipative behavior is structurally rooted in
the modification of the momentum parity selection rules under
dissipative perturbations; the interplay between the parameter
y and the magnetic order parameters dynamically lifts the
standard geometric cancellations by transforming previously
asymmetric channels into even-parity configurations under
spatial inversion.

Our findings reveal that NH physics remarkably change the
behavior of dynamical quantum properties in magnetic sys-
tems, as also pointed out in Ref. [68]. The effective coupling
between the ferromagnetic lead and the AM/UM, character-
ized by I', y, is theoretically controlled by manipulating the
spin-dependent density of states. From an experimental stand-
point, the strength of these couplings corresponds to physical
setups where a thin potential tunneling barrier is inserted

between both systems [69], including an oxygen gradient
[70] or where an auxiliary electron reservoir is implemented
to modulate the nonconservative particle exchange [41,71].
In our theoretical framework, following the open-quantum-
system approach detailed by [41], we model these AM (UM) /
FM lead junctions by explicitly integrating out the degrees of
freedom of the reservoir. This procedure yields the NH effec-
tive Hamiltonian through the frequency-independent retarded
self-energy evaluated at the Fermi level, consistent with the
transport models discussed in Ref. [72]. Within this frame-
work, the damping of the physical signals arises naturally
from the nonconservative exchange with the environment,
in a manner analogous to the dissipative regimes reported
in Josephson junctions [71]. Regarding our choice for pa-
rameters, phenomenologically, y ~ 0.05¢ (corresponding to
~50 meV for a typical metallic hopping # ~ 1 eV) would be
related to lifetime broadening usually encountered in metallic
magnetic heterostructures due to interface disorder, electron-
phonon scattering, spin fluctuations, and hybridization across
the interface, even at room temperature [73]. In altermag-
net/ferromagnet interfaces (e.g., RuO, /Co or MnTe/Fe), this
broadening remains significantly smaller than the character-
istic altermagnetic spin splitting (o ~ 0.1 — 1 eV), placing
the system in the experimentally relevant regime y /o < 1,
where non-Hermitian effects can coexist with well-resolved
spin-split bands. Given the recent experimental confirmation
of the large altermagnetic spin-splitting in materials such as
MnTe [3] or LuFeOs, which was reported to present a trans-
verse spin susceptibility as large as 0.5% A/V without NH
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features [24], clearly, based on our study, we provide a real-
istic pathway for the experimental realization of spin-charge
conversion devices where dissipation acts as a functional tun-
ing parameter, and this value is expected to decrease in an
open environment. Similarly, CeNiAsO serves as a material
that shows a p-wave order capable of reaching large REE
efficiencies in the absence of SOC where the theoretically
estimated xy, ~ 137 A/V might be reduced to 70% of its
value after considering NH effects, and at the same time, a
parallel component of the spin susceptibility should also be
expected.

ACKNOWLEDGMENTS

The authors thank A. Manchon for helpful discussions
and suggestions. This work was supported by the Japan
Science and Technology Agency (JST) ASPIRE Program
No. JPMJAP2410, the ANR ‘ORION’ project, Grant No.
ANR-20-CE30-0022-01 of the French Agence Nationale de
la Recherche, ANR-22-CE30-0026 ‘DYNTOP’ project, by
a France 2030 government grant managed by the French
National Research Agency PEPR SPIN ANR-22-EXSP0009
‘SPINTHEORY’, and by the program “Excellence Initiative -
research university” for AGH University of Krakow.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further information
or data should be sent to the authors.

APPENDIX A: EXPANSION IN TAYLOR SERIES
AND PARITY SELECTION RULES FOR d,,- WAVE AM

To evaluate the emergence of the spin accumulation
given by the integral of Eq. (9), we expand the analytical
traces as a Taylor series. For the dy,-wave AM with Néel
vector n || z, the expression from Eq. (9) can be decom-
posed by isolating the even parity of the denominator, i.e.,
Dyar = —160°k;kJE® + y*B + Q 4 E®, from the odd-parity
altermagnetic term Dimpar = 3201y kikyE>. By applying a ge-
ometric series expansion to the denominator, D~ = (Dpar +

Dimpar) ~ Dp‘ar Dlmpaerar, the full trace expands to
lowest order as
M M impar
Tl ~ y —y—" 4 0(y*, k), (A1)
Dar Dpar
where Ny = —192anklk;\yE — 64ank; AgE>. An inspection

of Eq. (Al) justifies the physical responses discussed in
Sec. IIIC 1.

(1) Firstterm (y 5+ Don M ) Since Dy, is symmetric under indi-
vidual axial reflections (k — —k;), the parity of this channel
is determined solely by the numerator. The monomials within
N are proportional to kfk}z, and k2 rendering them strictly
even in momentum space. Therefore this baseline channel
bypasses the full-zone cancellation and leads to the finite yx,,
response.

(2) Second term (— y p‘"“’“') This cross-coupling com-

bines the even numerator with the odd altermagnetic denom-
inator contribution (Dippar X kiky). The resulting product is

proportional to k;k; and k,k?, which are strictly odd functions
that integrate identically to zero over the Brillouin zone.

This systematic analysis ensures that the macroscopic
spin accumulation is governed by the even-parity chan-
nels unlocked by the competition between the altermagnetic
parameter « and the NH parameter y, confirming that higher-
order expansion terms do not restore the vanishing behavior.
On the other hand, inspecting the numerator for the d>_y.-
wave AM in Eq. (11) gives an odd function of momentum.
A similar parity analysis demonstrates that the full-zone in-
tegration vanishes identically, rendering the macroscopic .
response null in this case.

APPENDIX B: VERTEX CORRECTION AND IMPACT
OF DISORDER

Since disorder is ubiquitous in materials, we comment
briefly on its impact by considering the standard expression
V(r) = Vp )_;a(r — r;) accounting for a nonmagnetic poten-
tial distributed in random points r;. In this sense, we restrict
our analysis to the correction of the spin operator §,, appearing
in the velocity operator (de,x/0dky), by solving the Bethe-
Salpeter equation in the ladder approximation [74],

8 =38, +nVo Y Gk, E)5,G"(k, E), (B1)
k
where n; is the density of impurities and V} is the potential

strength taken as a constant through the whole sample. The
low-energy dressed Hermitian GF is evaluated at the energy

04

0.3 .
o o
:/ 01 02 03 04 05
o2 T .

Rashba gas
0.1 i ! i | ; ! A ] )
0.1 0.2 0.3 0.4 0.5
E (1)

FIG. 6. Correction to the parameter Az denoted as A’ obtained
from the vertex corrections when considering an impurity potential
of 0.01t as a function of the Fermi level. Each of them was obtained
by considering the full altermagnet Hamiltonian having o = 0.15¢
and Ag = 0.2t (black) and the pure Rashba Hamiltonian (o« = 0)
(red), where interesting features are displayed as the monotonic
behavior of the black curve directly related to the existence of a
Rashba effect in an altermagnet. In contrast, the red curve shows
an almost constant behavior accounting for the exact cancellation
of the velocity operator in the case of the Rashba case. The inset
displays the band structure of the full model along the &, direction
(left) and the modification of the correction A’ as the value of the
Rashba parameter is modified on the right-hand side.
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E corresponding to the long-wavelength limit (|k| — 0) of the
Hamiltonian [Hy,(k)] derived from Eq. (2) with ' =y = 0.
For solving such a system, we assume a recursive procedure
where the spin operators are written on the same basis of
the Hamiltonian considered above, arriving at the following
expression:

1

GMA Kk, Ep) = :
) = —H, 0 i

(B2)

Then by plugging it into Eq. (B1), we calculate the correc-
tions to the coefficient Ag, labeled as A/, which is displayed in
Fig. 6 for an energy window surrounding band crossing.

Unlike the k-independent velocity o o, of the ferro-
magnetic Rashba gas, our system exhibits an out-of-plane
velocity component due to the helicity of the altermagnet with

anisotropic spin-split bands. As shown in Fig. 6, this modi-
fies the spin operator o,. The black curve (for AM coupling
0.15¢) shows a correction that depends on Ag, reaching a
maximum near 0.47 and then decreasing toward zero as Ag
increases. This contrasts with the usual Rashba gas, where
cancellation in dHg/dk, ~ oy,(Ag —A') = 0 yields the stan-
dard result [75,76]. On the other hand, by considering the
effective d-wave AM Hamiltonian Eq. (2) with 6 = 0, the
velocity operator dHyys/0k, includes a term o akyo,, pre-
venting this cancellation, and then leading to a qualitatively
different behavior. This analysis has been reported already
in the context of the anomalous and spin Hall effect in AMs
[77]. In such a case, however, the correction diminishes away
from the band-crossing point (the so called Dirac point),
suggesting only a moderate or small effect on the full NH
response as such corrections enter into Eq. (3) modifying the
velocity operator.
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