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Abstract

Spin currents can be generated through various mechanisms, including the
piezospintronic effect, which arises when strain or lattice distortions induce a
change in the dipolar spin moment, causing a pure spin current without necessar-
ily being accompanied by net charge transport. This opens new possibilities for
low-power information processing and novel device architectures. In this work, we
propose a novel effect, the spintronic-magneto-impedictive effect, as the theoret-
ical basis for a pure spin-current memory-like device based on antiferromagnetic
components. We focus on materials that can be modeled by the so-called spin-
Rice-Mele Hamiltonian, incorporating a magnetic field gradient that explicitly
breaks inversion symmetry. Our results shed light on how spin currents are gen-
erated and controlled, providing new insights into the potential of these materials
for next-generation spintronic technologies.
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1 Introduction

Spin-currents are a central concept in spintronics [1-3], describing the transport of
spin angular momentum through a material. In contrast to conventional charge cur-
rents, spin-currents are even under time reversal [4] and can propagate without an
accompanying flow of net charge, thereby enabling fundamentally new paradigms for
low-power information processing and spin-based device architectures. Spin-currents
can be generated via spin polarized charge injection from ferromagnets [5], spin Hall
and inverse spin Hall effects in materials with strong spin-orbit coupling [6], and
dynamical processes such as spin-pumping [7] and the spin Seebeck effect [8]. They
can be manipulated and detected through spin-orbit torques [9], nonlocal spin-valve
geometries [10], and optical probes [11]. Beyond applications, spin-currents provide a
versatile platform for exploring fundamental condensed-matter phenomena [12]. Their
coupling to magnetization dynamics, quantum coherence, and topological electronic
states continues to drive progress across a wide range of material systems, including
transition-metal ferromagnets [13], heavy metals [14], topological insulators [15], and
antiferromagnets [16].

Antiferromagnets are excellent platforms for spin transport because they combine
zero net magnetization with strong spin dynamics [17-19]. Their compensated order
suppresses stray fields and supports terahertz-speed dynamics, unlike ferromagnets.
Spin currents in antiferromagnets (AFs) can be carried by itinerant electrons via
spin-dependent scattering or by magnons. Their symmetry enables efficient spin—orbit-
driven generation and detection of spin currents, while mitigating ferromagnetic
drawbacks such as cross-talk and magnetic-field sensitivity. Moreover, AFs feature
long spin diffusion lengths [20, 21] and support spin transport in both collinear and
noncollinear textures, positioning antiferromagnetic spintronics as a fast-growing field
for high-speed memory, logic, and low-power spin-based interconnects.

Fig. 1 Schematic setup for AF Rice-Mele spin chain subjected to a magnetic field gradient. Black
and gray bonds represent the short and long links, respectively.

Recent studies show that certain AFs display a spin-dependent piezospintronic
effect [22-27], where mechanical deformation in systems with coupled spin, lattice, and
electronic degrees of freedom generates and controls spin currents. Analogous to the
piezoelectric effect—where strain modifies electric polarization—the piezospintronic
effect occurs when strain or lattice distortions induce a dipolar spin moment, producing
a pure spin current without charge flow. This direct coupling allows mechanical control



of spin transport and accumulation, offering an alternative to electrical or thermal
spin-current generation. The effect is especially strong in low-dimensional magnetic
insulators, where nanoscale elastic deformations can be engineered, enabling flexible,
low-power, multifunctional spintronic devices [25].

In this Letter, we propose a theoretical framework for a pure spin-current, memory-
like device based on antiferromagnetic components [28-32]. The central prediction is
the spintronic-magneto-impedictive effect, an impedance-like relation between spin-
current and an external magnetic-field gradient, as illustrated schematically in Fig. 1.
Our results advance the understanding of spin-current generation and control, shed
light on the piezospintronic effect, and reveal new opportunities for harnessing spin-
currents in next-generation spintronic technologies [33, 34].

2 Spintronic magneto-memimpedance

We consider a basic setup involving a P7T -invariant piezospintronic antiferromagnet,
as in Ref. [22]. We show that, under a magnetic field gradient, the system emits a spin
current that follows the linear-response relation

Js(w) = Zs(a,w)VB(w), (1)

in frequency space, where Zg is a pure spin-current magneto-memimpedance [35,
36], and « denotes parameters characterizing the system state (e.g., the Néel vector
or elastic strain). The parameters evolve in time according to de/dt = F(a, VB),
with known F, making these two equations analogous to those of a memristor [29].
Magnetic field—gradient control of magnetic excitations has previously been studied in
the framework of magnetic straintronics [37-40].

The coupling to a field gradient produces three main effects: (i) a direct Zeeman
action of VB on the dynamics of n; (ii) a modification of the electronic spectrum
that explicitly breaks inversion symmetry; and (iii) opposite forces on the two antifer-
romagnetic sublattices, causing a lattice distortion that reinforces dimerization. The
memory in this device is stored in the time-dependent state of its Néel vector n and in
the lattice distortion u. In this analogy, the read aspects of the memory are provided
by the generated spin current. In a generic system, there are three contributions to
Zg(o,w): the piezospintronic response Ap,sp = OPg/0u [22], the Néel-vector modula-
tion A, = 0P g/0n, and the magnetization-gradient contribution Ay = 0Ps/9(VB).
They can be cast in the equation,

dPg du dn dVB
= — = o —— _— _ 2
JS dt Apsz dt + An dt + AVB dt ( )

Modeling the mechanical degrees of freedom as an overdamped particle subjected to
the force gupVB [41-43], we obtain:

Zs(m,u,w) = (1 Apzsp + V An) +iw  Ava, (3)



where the parameters p, v, and ¢, depend on the mechanical and magnetic states of
the system.

3 Microscopic model

We now focus on certain materials that can be modeled by the so-called spin-Rice-
Mele Hamiltonian [25, 44, 45]. Within this class of materials, we can find systems such
as one-dimensional MoX3 (X = Cl, Br, I) [46] and FeOOH [26]. The Hamiltonian for
the system can be written:

Ho = — Z [tn(u) CL_H’UCH,[, + h.c.

n

—l—(—l)"cj%g (An - T447) cnﬁg/] , (4)

where n stands for the Néel vector of the antiferromagnetic chain. The dimerized
hopping amplitude is ¢, (u) = t + (—1)"dt(u), being the parameter §¢(u) dependent on
the lattice deformation. Here w is the deviation of the dimerization from its equilibrium
value ug, i.e., the change in bond-length alternation within the unit cell; it is a scalar
describing the relative shift of the two sublattice atoms along the chain. In line with
standard Rice-Mele treatments with electron-phonon coupling, we set 6t(u) = aep u,
with aep, the electron—phonon coupling constant; this leading linear term for small u
drives the Peierls instability. The spin polarization depends on time through u and n.
These, in turn, behave according to the classical overdamped equations [17, 47, 48],

d
Vdi;—&-k(u—uo)—l—guB n.VB =0, (5)
d’*n dn .
n x <mdt2 + an gy~ n (hn + g,uB(VB)z)> =0, (6)

where k is the elastic constant of the material, v is the damping coefficient of the lattice
displacement, ugy represents the dimerization at equilibrium, a,, is the homogeneous
exchange coefficient, and h,, is the uniaxial anisotropy constant. The parameter m =
anhn /Wi pyr TEPresents the effective inertia associated with the Néel order parameter,
determined by a,, h,, and the antiferromagnetic resonance frequency wapmgr, while
apn, = Vaphy,/Q is the Néel damping parameter, characterizing the dissipation of the
staggered order dynamics, with Q = 10 the quality factor of the antiferromagnetic
resonance, and h, the uniaxial anisotropy field. A magnetic-field gradient enters as
a perturbation directed along the z-axis, VB z, where VB = 0,B, and contributes
through a position-dependent Zeeman coupling. This term can be decomposed into
(i) a contribution proportional to the spatial variation of the eigenstates and (ii) a
sublattice-resolved coupling to the local spin moments. The resulting perturbation
reads,

Hyp = —gup(VB) Z [@naSia+2nBSEE], (7)

n
where gup is the effective magnetic moment, and the intra-unit-cell displacement (3
defines the sublattice positions x,4 = na — 8 and x,,5 = na + 5. The spin operator



is given by SZ, = (¢, ,07cn,s)/2, with s € A, B and o7 the z-component of the Pauli
matrix vector. Equation (7) captures contribution (ii) explicitly; contribution (i) is
implicitly accounted for through the first-order correction to the eigenstates, |1p(f7)g>,
which enters the spin polarization Pg and governs the Ayp coefficient in Eq. (10).
The z axis is chosen along the direction of the applied magnetic-field gradient, which
also coincides with the easy axis of the antiferromagnet. This perturbation provides a
controlled, adiabatic modulation of the dimerization.
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Fig. 2 Simulated spin-current curves as a function of the magnitude of the magnetic-field gradient
applied to FeOOH chains, for driving frequencies of 450, 500, 650, and 800 [GHz] in panels (a)—(d),
respectively. The magnetic-field gradient is of the order of VB = 108 [T/m], which is within the
experimentally relevant range [49].

4 Results

By analyzing the perturbative contribution Hy g, it is necessary to treat the system
response within the framework of degenerate perturbation theory, thereby obtaining
the eigenvectors associated with this effect. The perturbation theory used to obtain
the corrected eigenstates [tp_ ) is static (time-independent), applied at each instant
to the instantaneous Hamiltonian parametrized by u(t) and n(t), following standard
adiabatic treatments [50, 51]. The time dependence of Jg then enters entirely through
the classical equations of motion for u and n, Egs. (5)—(6). One way to verify the
existence of a significant effect arising from the inclusion of this term is to compute
the spin polarization within linear response; for this purpose, we use:

a . .
PS - ;277/]32 dk7’<w7,a‘7|ak'€/}7,a>

where [¢)_ ;) = |¢9{,>+VB|¢97)U>, o € {1,1} denotes the electron spin, and 7 = & QW
is the sublattice operator with eigenvalues +1 corresponding to sublattices A and B.
The subscript “—” labels the lower (valence) band of the Rice-Mele spectrum, which
is fully occupied in the ground state; the upper (conduction) band carries the “+”
label. Since only the valence band contributes to the ground-state spin polarization,
only |¢_ ,) appears in the expression for Ps. In the antiferromagnetic ground state,



the Néel order couples spin to sublattice occupation, such that the contributions from
spin-T and spin-| channels to Pg are finite and of opposite sign, yielding a net spin-
resolved polarization. To first order in the gradient VB, we obtain the modification
of the spin polarization, Pg = Pg)) + VB P(Sl). Here, Pgo) denotes the intrinsic spin
polarization of the Rice—Mele lattice, while Pg) arises from the first-order correction
to the eigenstates |1)_ ). It is worth noting that, Pg depends on w, n, and VB.
Consequently, the polarization current in Eq. 2 can be expanded to first order in
VB, with coefficients A quantifying the contribution of each system variable to the
polarization current. Their explicit form reads,

a(5t) a .
Apasp = —5 ~ 5 S| 9% dk (8)

o —T

a T -
/\n:%zaz/_ﬂﬂn)kdk; (9)
a T
Avs = o Z/ vB,kdk (10)

where Q;zk = i ((Op¥— o| T2 |0k — o) — (Ok¥— o| T |Oxth— ) is a generalized Berry
curvature with respect to parameter x and crystal momentum k.

From Eq. (6), the magnetic-field gradient VB z exerts a torque on n with two
components: one lying in the plane spanned by n and z, which couples directly to
the anisotropy field h,, and governs the dominant dynamics, and one perpendicular to
this plane, which is of higher order in the oscillation amplitude and can therefore be
neglected. This reduces the problem to an effective one-dimensional dynamics within
the plane containing n and z.

To clarify the behavior of the spin current Jg, we analyze its separate contribu-
tions, each controlled by a specific A-parameter. This separation makes it possible to
isolate the impact of VB on u, on n, and the intrinsic effect of the gradient. Once
these contributions are identified and computed, their combined influence is exam-
ined together with the classical overdamped equations of motion for u and n, yielding
the full dependence of Jg on the external magnetic-field gradient. This dependence
is shown in Fig. 2, where curves for different driving frequencies w of the oscillating
magnetic-field gradient are plotted for regimes below and above the antiferromagnetic
resonance frequency of FeOOH, wapmr ~ 570 GHz [52]. In this way, it becomes evi-
dent that the spin-current response exhibits hysteretic cycles, thereby giving rise to
purely magnetic memristors governed by the effect of the magnetic-field gradient on
the spins. To achieve a more complete understanding of these memristive effects, the
memristive response, A = ¢ JgdVB, was studied as a function of different control
parameters of the system under consideration, leading to the results shown in Fig. 3.

5 Discussion

We now present the results of our analysis of the spintronic-magneto-impedictive
effect in antiferromagnetic spin chains described by the spin-Rice-Mele Hamiltonian.
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Fig. 3 Plots of the system’s memristive effect A as a function of different control parameters: (a)
A versus the driving frequency wp associated with the magnetic-field gradient; (b) A versus the
dimerization 6t; (c) A versus the magnitude of the magnetic-field gradient VB; and (d) A versus the
anisotropy parameter h,. Fixed parameters in each panel: (a) §t = 50 meV, VB = 5 x 108 T/m,
and hy = 2 meV; (b) wp = waArMR, VB = 5 x 108 T/m, and hy,, = 2 meV; (c) wp = WAFMR,
5t = 50 meV, and h, =2 meV; (d) wp = WAFMR, 6t = 50 meV, and VB = 5 x 108 T/m.

The central quantity of interest is the spin current Jg as a function of the applied
magnetic-field gradient V B, which enters the system through three distinct channels:
the piezospintronic coupling Ap,sp, the Néel vector coupling A,,, and the intrinsic gra-
dient coupling Ay p. Together, these three contributions govern the full memristive
response of the system.

Figure 2 displays the simulated spin-current curves as a function of the magnitude
of VB for FeOOH chains, computed at driving frequencies of 450, 500, 650, and
800 GHz, spanning regimes both below and above the antiferromagnetic resonance
frequency warmr = 570 GHz of FeOOH [52]. The most salient feature of these curves
is the appearance of hysteretic loops in all frequency regimes, directly establishing the
memristive character of the spin-current response. These loops are a direct consequence
of the time-dependent state variables—the Néel vector n and the lattice distortion u—
which evolve according to their respective overdamped equations of motion [Egs. (5)
and (6)] and retain information about the history of the applied field gradient. The



system therefore satisfies the defining characteristic of a memristor: its instantaneous
response depends not only on the present drive, but on the integrated past dynamics
of the internal state.

The shape and area of the hysteretic loops depend sensitively on the driving fre-
quency w. Below resonance [panels (a)—(b), w = 450 and 500 GHz], the loops are wide
and display a pronounced asymmetry, reflecting the dominant role of the piezospin-
tronic and Néel-vector contributions to the spin current. As the frequency crosses
warMr and enters the above-resonance regime [panels (¢)—(d), w = 650 and 800 GHz|,
the loop morphology changes qualitatively: the curves narrow and the overall magni-
tude of Jg is reduced, consistent with the overdamped dynamics of n becoming less
responsive to the oscillating gradient at high frequencies. At 800 GHz the loop recov-
ers a larger amplitude, which we attribute to an interplay between the inertial term in
the Néel-vector equation of motion and the intrinsic Ay g contribution, which becomes
dominant when the mechanical degree of freedom u can no longer adiabatically follow
the drive. These results confirm that the resonance frequency of the antiferromagnet
serves as a natural threshold separating qualitatively different memristive regimes.

To quantify the strength of the memory effect, we compute the memristive response
A = ¢ JsdVB, defined as the area enclosed by the hysteretic loop in the Js—VB
plane. A nonzero A is the direct signature of memristive behavior, and its dependence
on system parameters is presented in Fig. 3. Panel (a) shows that A peaks sharply
near warMmR, demonstrating that the memory effect is resonantly enhanced and that
the antiferromagnetic resonance frequency constitutes an optimal operating point for
the device. The peak is relatively narrow in frequency, suggesting that these devices
could additionally function as frequency-selective spin-current switches.

Panel (b) of Fig. 3 examines the dependence of A on the dimerization parameter
0t. The memristive response exhibits a strong jump at intermediate values of dt before
reaching a saturation regime at large dimerization. This behavior is consistent with
the analytical expression for Ap,sp in Eq. (8): a larger bond alternation amplifies the
Berry-phase-like integral over the Brillouin zone, yielding a stronger piezospintronic
coupling and thus a larger spin polarization response to lattice deformation. This
result confirms that dimerization is a key tuning parameter for optimizing device
performance, and that materials with a pronounced Peierls-type distortion are the
most promising candidates.

Panel (c) shows the dependence of .4 on the magnitude of the applied field gradient
VB. For small gradients the response grows approximately quadratically, as expected
from a perturbative treatment in which the leading correction to the loop area is second
order in the driving amplitude. At larger VB the response saturates and eventually
decreases, signaling the onset of nonlinear effects beyond the linear-response regime
assumed in the derivation of Eq. (2). The characteristic gradient scale at which this
crossover occurs is of order 108 T/m. Although large on macroscopic scales, such
gradients can be realized at the nanoscale: Zablotskii et al. [49] have measured them
near magnetic nanoparticles and sharp scanning-probe tips. For device applications,
magnetic force microscopy tips and patterned magnetic nanostructures can already
produce highly localized gradients of this magnitude over tens of nanometers. Since our
model depends on the gradient integrated along the device, using shorter chains lowers



the total field difference needed. Thus, 108 T/m should be viewed as a realistic near-
term engineering goal—supported by current trends in nanomagnetics and quantum
device fabrication—rather than as a routinely available capability today. This validates
the physical relevance of the parameter range used throughout our simulations.

Panel (d) shows how the magnetic anisotropy h,, shapes the memristive response.
As h,, increases, the Néel vector stiffens, large fluctuations are suppressed, and the
hysteresis loop area shrinks. For very strong anisotropy, n is effectively pinned to
the easy axis, erasing memory. At low anisotropy, freer precession of the Néel vector
enriches the dynamics and boosts 4. This reveals a trade-off between magnetic stabil-
ity—meeded for state retention—and the spin-current response amplitude, mirroring
the stability-plasticity dilemma in neuromorphic systems.

6 Conclusion

The picture that emerges from these results is the following. The applied magnetic-
field gradient V B simultaneously perturbs the Néel vector, distorts the lattice through
the differential Zeeman force on the two sublattices, and directly modifies the elec-
tronic eigenstates via the symmetry-breaking term Hyp in Eq. (7). Each channel
contributes to the spin polarization through the corresponding A coefficient computed
in Egs. (8)—(10). Because n and u evolve on their own timescales governed by Egs. (5)—
(6), the system retains a phase lag with respect to the drive, and the combined state
(n,u) traces a closed orbit in state space that does not coincide on the forward and
return sweeps—the hallmark of memristive behavior. The spin-current memimpedance
Zs(a, w) therefore encodes both the instantaneous electronic response and the cumu-
lative history of the magnetic and mechanical state, realizing a purely spin-based
analogue of the memristor originally conceived by Chua [28].

It is worth contrasting the present device with conventional charge-current mem-
ristors. In the latter, hysteresis originates from resistive switching driven by ionic
migration, phase transitions, or conducting-filament formation, all of which involve
substantial Joule dissipation and electromigration damage over repeated cycles [30]. In
our antiferromagnetic spin-current memdevice, no net charge flows. To quantify this
advantage, we estimate the dissipated power from the two damping channels present
in the system: the lattice damping v in Eq. (5) and the Néel-vector damping «,, in
Eq. (6). Evaluating numerically the equations of motion with the material parameters
of FeOOH (warpmr = 27 x 570 GHz, Q = 10, and VB = 5 x 108 T/m), we obtain
Piat = 12 aW and Pneel = 2 pW per unit cell. The total dissipation is dominated by
Néel damping at ~2 pW per unit cell, many orders of magnitude below the power typi-
cally consumed by conventional charge-based memristive devices (~ mW per switching
event [53]). The absence of stray fields, characteristic of antiferromagnets, further sup-
presses cross-talk between neighboring devices, a critical advantage for high-density
integration [18]. These features position the proposed memdevice as a compelling
building block for neuromorphic and unconventional computing architectures that seek
to exploit spin degrees of freedom.

We now consider collective excitations in the presence of the magnetic-field gradi-
ent. The gradient appears as a field-like torque [Eq. (6)] that can shift the magnon



precession center or resonantly excite magnons. Sustaining large magnon currents,
however, would require an anti-damping-like torque—missing in our system—as found
in heavy-metal /magnetic-insulator bilayers [54] or spin-Seebeck setups. In our device,
there is no electrical current and negligible power dissipation (see above), so thermal
fluctuations are minimal and magnonic or phononic effects are not expected to be
important. Instead, we focus on adiabatic changes of the global spin-polarized elec-
tronic structure, in the spirit of the modern theory of polarization, where the spin
current follows from Berry-curvature terms given in Egs. (8)—(10).

Although our analysis focused on FeOOH as a concrete example, the theoretical
framework applies to any P7T-invariant piezospintronic antiferromagnet described by
the spin-Rice-Mele Hamiltonian, including the one-dimensional MoXs (X = Cl, Br,
I) family [46]. The tunability of the resonance frequency, dimerization strength, and
magnetic anisotropy across these materials class offers broad flexibility for targeting
specific operational frequency windows and for optimizing memory performance to
meet given device requirements. We anticipate that recent progress in the fabrica-
tion and characterization of low-dimensional magnetic insulators [25, 26] will enable
experimental realization and testing of these predictions in the near term.
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