applied nano

Article

Bessel-Controlled Topological Switching in Altermagnet-
Topological-Insulator Interfaces

Carlos Caro *

W) Check for updates

Academic Editor: Antonio Maffucci

Received: 3 May 2026

Revised: 28 June 2026

Accepted: 20 July 2026

Published: 3 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Francisco Gamez

2,%

1 Independent Researcher, C/Castilla, 41010 Seville, Spain

Departamento de Quimica Fisica, Facultad Ciencias Quimicas, Universidad Complutense de Madrid,
28040 Madrid, Spain

Correspondence: cacarsal@gmail.com (C.C.); frgamez@ucm.es (F.G.)

Abstract

Altermagnets combine compensated magnetic order with momentum-dependent spin
splitting, enabling Berry-curvature control without net magnetization. Here we investi-
gate mechanically driven altermagnet—topological-insulator (AM/TI) interfaces in which
periodic modulation of the crystalline phase selectively renormalizes the cycle-averaged
interfacial exchange harmonics through exact Bessel-function averaging. The resulting
harmonic-selective control introduces a new tuning parameter—the drive amplitude—that
continuously reshapes the angular mass texture and enables re-entrant transitions be-
tween distinct topological sectors. Using continuum Berry-curvature calculations, we show
that amplitude-controlled modulation of the twofold and fourfold exchange harmonics
produces topological switching, Hall-conductivity suppression near Bessel zeros, and
enhanced thermoelectric responses. Cyclic driving protocols further generate nontrivial
winding trajectories in the experimentally accessible two-mass control plane, providing
a geometric characterization of adiabatic modulation cycles through a winding invari-
ant. To establish the topological character of the predicted phases, the continuum results
are independently validated using compact Brillouin-zone lattice regularization, gauge-
invariant Fukui-Hatsugai-Suzuki Chern-number calculations, and open-boundary ribbon
spectra. The proposed mechanism operates in the adiabatic regime accessible to piezo-
electric and surface-acoustic-wave actuation at MHz frequencies and is compatible with
strain-tunable AM/TI heterostructures at cryogenic temperatures. These results iden-
tify mechanically driven AM/TI interfaces as a platform for programmable topological
transport and harmonic-selective Berry-curvature engineering.

Keywords: altermagnets; topological insulators; Berry curvature; Chern phases; mechanical
control; topological transport

1. Introduction

Altermagnets (AMs)—collinear antiferromagnets with momentum-dependent spin
splitting but zero net magnetization [1,2]—have recently emerged as a platform for un-
conventional topological phenomena, including higher-order topological states [3]. Their
strong coupling between crystal symmetry and Berry curvature also enables mechanical
control of topological transport at MHz frequencies via piezoelectric actuators. Materials
such as RuO,, MnTe, and a-Fe,O; display Berry-curvature multipoles locked to lattice
symmetry, producing anomalous Hall signals that rotate with crystal axes [4-6]. Elastic

Appl. Nano 2026, 7, 23

https://doi.org/10.3390/applnano7030023


https://crossmark.crossref.org/dialog?doi=10.3390/applnano7030023&domain=pdf&date_stamp=2026-08-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applnano
https://www.mdpi.com
https://orcid.org/0000-0003-4758-3816
https://orcid.org/0000-0001-6937-9950
https://doi.org/10.3390/applnano7030023

Appl. Nano 2026, 7, 23

20f11

deformation of ~1% can reorient these multipoles reversibly without hysteresis [7,8], over-
coming the limitations of topological control strategies requiring strong THz optical fields,
magnetic doping with hysteresis and dissipation, or large external fields. This mechanical
pathway therefore provides a low-frequency, low-dissipation route to topological transport
modulation without optical pumping or global magnetization reversal.

An altermagnet-topological-insulator (TI) heterostructure forms a Chern valve: chi-
ral edge channels nucleate when the left (L) and right (R) altermagnetic phases satisfy
mp(0) mg(0) < 0, where m(6) is an angular-dependent Dirac mass parametrized by
the polar angle 6 = atan2(ky, ky) in momentum space, with harmonic decomposition
m(6) =Y, my cos(nb) [9,10]. Here, my and mg denote the masses induced by the left and
right altermagnetic electrodes, respectively, and m, values are the harmonic amplitudes.
Periodically modulating the crystalline phase—¢(t) = ¢o + A cos(Qt), with static phase
@0, drive amplitude A, and angular frequency ()—via piezoelectric or surface acoustic
wave (SAW) actuators [11,12] extends this mechanism to the time domain. In the experi-
mentally relevant slow-driving regime 7() < AE, where AE is the minimum instantaneous
gap, the angular mass harmonics admit an exact cycle average over one mechanical period,
yielding the Bessel renormalization m,, — m,Jo(n.A) through the exact cycle average of
the angular harmonics under the modulation ¢(t). The Bessel factors therefore enter as
exact cycle-averaged renormalizations of the angular harmonics rather than through a
Floquet-Magnus effective Hamiltonian. Accordingly, all phase diagrams and transport
responses presented in this work are obtained from the corresponding cycle-averaged
effective Hamiltonian. The full time-dependent adiabatic evolution may, in general, contain
additional geometric contributions beyond the scope of the present study.

Experimentally, the drive amplitude A is determined by the peak lattice rotation induced
by shear or torsional strain. For SAW modulation with peak strain €peqx ~ 10~3, magneto-elastic
coupling yields A ~ 0.1-1.0 at O/ (27r) = 1-100 MHz [11,12]. Strain-tunable RuO, and MnTe
already demonstrate non-hysteretic rotation of magnetic textures [7,8,13,14]. Proximity gaps in
RuO,-Bi,Se; are ~2meV [15], so we target T ~ 15K, ensuring kT < my ~ 2meV.

Beyond the amplitude-controlled topological switching enabled by harmonic-selective
Bessel renormalization, cyclic modulation of the relative phase Ap = ¢r — ¢ defines
a winding number )V in the experimentally accessible two-mass control plane associated
with the left and right interfacial masses. This winding provides a geometric topological
invariant of the cyclic driving protocol. The primary experimental observables considered
below are the Hall conductivity oy, and its thermoelectric counterpart ayy, which directly
probe the strain-controlled topological response of the device.

2. Theory and Methods
2.1. Theory

The device (Figure la) comprises a topological insulator (TI) film contacted by
two altermagnetic electrodes with crystalline phases ¢; and ¢r. Each electrode induces
a momentum-dependent exchange gap on the TI surface states, generating an angular
Dirac mass [2,5]

m(6, p) = my + my cos(20 — 2¢) + my cos(46 — 4¢), (1)

where mg, my, and my are the isotropic, twofold, and fourfold harmonic amplitudes,
respectively. These coefficients characterize the leading symmetry components of the
interfacial exchange texture rather than a bulk spin-group classification [16,17]. In contrast
to conventional ferromagnets, whose leading contribution is predominantly isotropic,
altermagnets naturally generate even angular harmonics associated with the underlying
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crystal symmetry. The coexistence of twofold and fourfold harmonics therefore provides
the microscopic origin of the multiple angular mass inversions that underlie the topological
switching discussed below.
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Figure 1. Bessel-tuned Chern valve: mechanically driven topological switching. (a) Device
schematic: TI film contacted by altermagnetic electrodes with independent phases ¢ and ¢,
driven periodically at angular frequency Q). (b) Angular mass profile (normalized by coupling J;) for
three drive amplitudes A = 0 (black), 0.6 (red), 1.2 (blue) at two phase offsets Ap = 0 (co-phase, solid)
and Ag = 71/6 (phase-offset, dashed). Increasing A progressively suppresses harmonics via Bessel
renormalization, flattening the mass landscape. (c) The locations of the topological transitions evolve
systematically as A approaches successive Bessel zeros. The corresponding transition boundaries
are consistent with those obtained from the compact Brillouin-zone FHS calculation, although
the latter provides the rigorous integer Chern invariant of the lattice-regularized model. (d) Full
two-parameter phase diagram C (A, A@) spanning drive amplitude A € [0, 1.4] and relative phase
A¢ € [—m/2,71/2]. White regions (high .A) indicate trivial phases (C = 0); regions show topological
sectors (C = =£1,£2). Black contours separate sector boundaries, revealing characteristic phase-
amplitude structure. (e) Winding number W(A) per cycle: co-rotating phases (Ap = 0, gray)
remain trivial with W = 0; mixed-phase rotation (Ap = 7t/3, blue) exhibits a quantized W = 2
plateau for A € [0.35,1.1]. Inside the plateau, the control-plane trajectory z(t) = my (t) + img(t)
encircles the critical point twice, producing a net phase accumulation of 47t. Outside the plateau, the
trajectory does not enclose the critical point and the winding collapses to zero. Right subpanels: time
evolution of arg[(my (t) +img(t))/]1] for a co-rotating case (top) and a mixed-phase case (middle),
and complex-plane trajectories of z(t) = [mp(t) + img(t)]/]J1 (bottom) illustrating the winding
mechanism. Trajectories outside the plateau (e.g., A = 0.3, gray) do not encircle the origin (marked
with “x”) and yield W = 0, whereas trajectories inside the plateau (e.g., A = 0.4, blue and A = 1.0,
red) form closed loops that encircle the origin twice, giving W = 2. (f) (Left): Anomalous Hall
conductance &y, (A@) (dimensionless) at A = 0 (gray, robust plateau) and A = 1.2 (blue, suppressed
by Bessel-zero tuning). (Right): Thermoelectric Hall coefficient &y, (Ag) at A = 1.2 comparing fixed
Ho/J1 = 1.5 (gray) and gate-tracked p(A¢) (blue), showing 80% peak enhancement via chemical
potential optimization.

The TI surface states are described by the Dirac Hamiltonian

H(k) = hop (kyoy — kyoy) + m(6,¢)o, )
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with Pauli matrices 0y, and Fermi velocity vg. The angular mass controls the momentum-
dependent gap of the surface spectrum; whenever m(6) = 0 at some angle 6, the local
Dirac gap closes. We define the relative phase A¢ = ¢r — ¢, which controls the relative
alignment of the left and right mass textures. The occupied bands carry a Berry curvature
. (k) and are characterized by the Chern sector, obtained by the following integral over the
Brillouin zone as C = 5 [, d%k Q) (k), which determines the quantized Hall conductance
G = (¢2/h)C [18-20]. The sign structure of my (8)mg(0) provides a useful domain-wall
diagnostic for identifying angular regions where mass inversions occur. It is used through-
out as an intuitive indicator of topological transitions, but not as a topological invariant.
The corresponding topological sectors are established independently through compact
Brillouin-zone Chern-number calculations and open-boundary ribbon spectra described
below. Topological phase transitions are associated with changes in the corresponding
Chern sector, producing the appearance or disappearance of chiral edge channels. Inde-
pendent control of ¢; and ¢g therefore enables topological switching without reversing a
global magnetization.

Periodic modulation of the crystalline phase, ¢(t) = ¢o + A cos(Qt), can be imple-
mented using piezoelectric or surface-acoustic-wave (SAW) actuators operating at MHz
frequencies [11,12]. In the experimentally relevant slow-driving regime () < AE, where
AE is the minimum instantaneous spectral gap, the angular harmonics can be averaged
exactly over one modulation cycle. Using

T
% /0 dt codn(6 — ¢ — Acos O1)] = Jo(n.A) cos[n(6 — @), 3)
the cycle-averaged mass texture becomes
m(0) = mo+ myJo(2A) cos(20 — 2¢) + myJo(4.A) cos(46 — 4¢), 4)

where | is the zeroth-order Bessel function. The Bessel-renormalized mass should therefore
be understood as defining an exact cycle-averaged effective Hamiltonian for the periodically
modulated system. All phase diagrams and transport calculations presented below are ob-
tained within this cycle-averaged effective description. By contrast, the full time-dependent
adiabatic response is, in general, determined by the evolution through the corresponding
instantaneous Hamiltonians and may include additional geometric contributions that are
not captured by the present cycle-averaged treatment. For the representative parameters
considered here, AE ~ 0.2-3meV, whereas a mechanical drive at )/ (27) ~ 10MHz
corresponds to Q) ~ 0.04 peV, yielding #Q/AE ~ 1074-10~5. Tuning A to the zeros of the
corresponding Bessel functions selectively suppresses individual angular harmonics and
reorganizes the cycle-averaged mass texture.

To characterize cyclic driving protocols, we introduce the control-plane variable
z(t) = mp(t) +impg(t), where mp (t) and mg(t) are the instantaneous masses induced by
the left and right electrodes in the selected angular channel. The coordinates (mp, mg)
define the experimentally controllable parameter space generated by the two independently
driven altermagnetic interfaces. The winding of the trajectory around the critical point
myp, = mg = 0 defines

T
W= %/O dt%arg[mL(t) +img(t)], 5)

which counts how many times the trajectory (mp(t), mg(t)) encircles the origin during
one modulation cycle. The winding number therefore provides a geometric topologi-
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cal invariant of the cyclic driving protocol in the experimentally accessible two-mass
control plane.

2.2. Methods
2.2.1. Continuum Calculations

The Dirac surface Hamiltonian Equation (2) was discretized on a polar momentum-
space grid with N} = 300 radial points extending up to kmax = 10° m~! and Ny = 601 angu-
lar points, yielding approximately 1.8 x 10° momentum states for numerical integration[18].
All momentum-space integrals were evaluated using composite trapezoidal quadrature.

For the two-band Hamiltonian H (k) = d(k) - o, with d = (—hvrky, fivpky, m(6, )),
the Berry curvature of the occupied band was computed from

1d(%@xa%®

QZ(k) = _E |d|3 ’

(6)

which is the standard expression for two-band Dirac systems [19,20]. The continuum
Chern-sector diagnostic was evaluated as

_ 1 2
c_EE/deAm, @)

whereas the quantized topological invariant reported in the manuscript was verified
independently using the compact Brillouin-zone regularization.
The anomalous Hall conductivity was obtained from

2 d%k
Oxy = 7 / WﬂEk — 1) Qz(k), 8)

where f(E — p) denotes the Fermi-Dirac distribution. The thermoelectric Hall coefficient
was computed through the Mott relation

212
fy = — k3T 0oy
Y 3¢ ou’
with the chemical-potential derivative evaluated numerically using central finite differences

with Ay = 0.5meV.
Phase diagrams Figure 1d were generated using Nj, = 241 phase offsets spanning

©)

[—71/2,7/2] and N4 = 151 modulation amplitudes spanning [0, 1.4], requiring approxi-
mately 3.6 x 10* independent Hamiltonian evaluations.

The winding number W was computed from Equation (5) using Ny = 2001 time
points per modulation cycle, the phase ®(t) = arg[z(t)] was unwrapped, and the
winding was obtained from the net accumulated phase over one cycle divided by 27t.
Unless otherwise stated, calculations employed vr = 5.0 X 10°m/s, mp = 0.2meV,
my = 8.0meV, my =3.0meV, T = 15K, and y = 1.5meV, consistent with RuO,-Bi,Se;
heterostructures [5,15]. Convergence tests verified that doubling Ni, Ny, or N; changed C,
Oxy, &xy, and VW by less than 5 x 10—4.

2.2.2. Topological Validation

To verify the topological character of the continuum results on a compact momentum
manifold, we constructed a lattice regularization of the same Hamiltonian by replacing
ky — sink, and ky — sin ky, with (ky, ky) € [-mn, 71)2. The angular harmonics entering the
altermagnetic mass texture were evaluated from s, = sinky, and s, = sink,, through the
regularized angular functions
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2-
cos(20) = 5——5———,
sz +5; + €ang
and
2548
sin(20) = aan

Sch + S; + Sang’

together with the corresponding fourth-order harmonics. The regularization parameter
was fixed to €ang = 10—°, which is sufficient to remove the singularity at sy = Sy = 0 while
preserving the original twofold and fourfold altermagnetic mass structure.

The occupied-band Chern number was independently computed on the compact
Brillouin zone using the gauge-invariant Fukui-Hatsugai-Suzuki (FHS) discretization [21],
which yields an exactly quantized integer invariant on the discretized Brillouin-zone
mesh. All reported topological sectors were confirmed to be integer-valued within
numerical precision.

Bulk-boundary correspondence was verified using open-boundary ribbon geome-
tries constructed directly from the same compactified Bloch Hamiltonian [22]. For each
conserved momentum k,,, the compactified Bloch Hamiltonian was expanded in Fourier
components along the open direction,

where R denotes the lattice displacement. The ribbon Hamiltonian was then assembled as
the corresponding Toeplitz matrix

Hij(ky) = T;_j(ky),

with i and j labeling sites along the open direction. This construction preserves exactly
the same compactified bulk Hamiltonian used in the FHS calculations, allowing a direct
bulk-boundary comparison without introducing an independent ribbon model. Edge
states were identified from their boundary-localized spectral weight and compared with
the corresponding bulk Chern sectors.

3. Results

Figure 1b shows 71(6) (scaled by the magneto-elastic coupling J; ~ 0.3 meV [15]) for
A = 0 (black), 0.6 (red), and 1.2 (blue), at phase offsets A = 0 (solid) and 7r/6 (dashed).
For Ap = 0 the mass exhibits a symmetric double-well angular structure. A finite phase
offset shifts the extrema but preserves the overall nodal pattern. Increasing A suppresses
the C; and C4 harmonics through the Bessel renormalization, progressively flattening the
angular mass profile and reducing the number of sign-change sectors. Figure 1c displays
the continuum Chern-sector diagnostic C(Ag) for the same amplitudes. In the undriven
case (A = 0), a broad plateau with |C| = 2 extends over A¢ € [—m/3, /3], with sharp
transitions at the phase boundaries. At A = 0.6, close to the first zero of Jy(4.A), the
|C| = 2 region narrows significantly. For A = 1.2, near the first zero of Jy(2.A), the response
becomes predominantly trivial (C = 0), consistent with the suppression of the leading
harmonic. The sequence illustrates re-entrant topological switching controlled by the drive
amplitude at fixed phase offset. The global structure is summarized in Figure 1d, which
maps C(A, Ap) over A € [0,1.4] and Ap € [—7/2, t/2]. Topological sectors with C = £2
dominate at small A, while intermediate amplitudes stabilize C = =+1 regions. As A
approaches the Bessel zeros, these sectors contract and eventually give way to an extended
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trivial phase. The resulting “eye”-shaped structure reflects the coexistence of symmetry-
inequivalent C; and C4 harmonics: tuning A renormalizes each component differently and
enables transitions such as C =2 — 1 — 0 within the same device. To verify that these
transitions are not artifacts of the continuum representation, we independently analyzed
a compact Brillouin-zone lattice regularization using the gauge-invariant Fukui-Hatsugai—
Suzuki (FHS) construction. The compact Brillouin-zone calculation provides the rigorous
integer Chern invariant of the lattice-regularized model, whereas the continuum Chern-
sector quantity employed throughout this work serves as a diagnostic of the angular mass
topology. Accordingly, the integer values obtained in the two descriptions do not coincide
identically. Nevertheless, both approaches consistently identify the same topological
transition boundaries and reproduce the same overall organization of the phase diagram.
A representative compact Brillouin-zone FHS phase diagram is shown in Figure 2, while
the complete set of FHS calculations, together with the corresponding ribbon spectra, is
provided in the Supplementary Information.

1.4
1.2
1.0
0.8

&
0.6

0.4

0.2

0.0 -2

-n/2 -m/3 -m/6 0 /6 /3 /2

Ao (rad)

Figure 2. Compact Brillouin-zone phase diagram obtained from the gauge-invariant Fukui-
Hatsugai—Suzuki (FHS) construction. The continuum angular description was regularized on
a compact momentum manifold through the substitutions ky — sinky and k;, — sink,. The an-
gular harmonics were reconstructed using the regularized variables sy = sinky and s, = sink,
with eang = 107%. The resulting lattice model exhibits well-defined integer topological sectors
C = —2,-1,0,1,2 separated by sharp transition boundaries. The FHS calculation provides the
rigorous integer Chern invariant of the lattice-regularized model, whereas the continuum Chern-
sector quantity used in the main text serves as a diagnostic of the angular mass topology. Although
the integer values obtained in the two descriptions do not coincide identically, both approaches
consistently reproduce the same topological transition boundaries and the overall organization of the
phase diagram.

Panel (e) shows the winding number W (.A) for two representative driving protocols.
For co-rotating phases (Ap = 0), W = 0 throughout the explored amplitude range. For
mixed-phase driving (A = 71/3), W develops a quantized plateau at YW = 2 over a finite
interval of A, returning to zero outside this window. The right subpanels provide com-
plementary diagnostics of the winding transition. Inside the plateau, the control-plane
trajectory z(t) = my (t) + img(t) encircles the critical point twice, producing a net phase
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accumulation of 471 and a quantized winding WV = 2. Outside the plateau the trajectory
does not enclose the critical point and the winding collapses to zero. The topological
character of these driving protocols is independently confirmed by compact Brillouin-zone
Chern-number calculations and open-boundary ribbon spectra. The compact Brillouin-
zone calculations yield integer Chern sectors consistent with the continuum topological
phase boundaries, while the ribbon spectra exhibit boundary-localized states in the corre-
sponding nontrivial regions. Representative examples are provided in the Supplementary
Information, supplying an explicit bulk-boundary validation of the mechanically induced
topological transitions. Figure 1f presents the anomalous Hall conductance &y, (A¢) and
the thermoelectric Hall coefficient &y, (A¢). The suppression of 7y, at large A follows the
collapse of the corresponding Chern sectors near Bessel zeros. The thermoelectric response,
obtained from the Mott relation ay, « d,0yy, is enhanced when the chemical potential is
gate-tracked to remain near energies where |0,,0y,| is maximal. This optimization sharpens
the response without altering the underlying topological structure. The locations of the Hall-
conductivity suppression and thermoelectric sign changes coincide with the boundaries of
the topological sectors identified independently through the continuum, compact-Brillouin-
zone, and ribbon calculations [23]. The parameter range used in Figure 1b—f is compatible
with strained AM/TI nanoscale heterostructures. A realistic implementation could consist
of a few-quintuple-layer BiySes or BiTez channel (~5-10 QL) contacted by thin RuO, or
MnTe altermagnetic electrodes with thicknesses in the ~5-30 nm range [15,24]. The layer
thicknesses play distinct physical roles. The TI should be thick enough to suppress hy-
bridization between the top and bottom surface states while remaining sufficiently thin for
electrostatic gating and interfacial transport to dominate over bulk leakage channels; this
motivates the few-quintuple-layer regime. If the TI becomes too thin, hybridization opens
an additional finite-size gap competing with the altermagnet-induced Dirac mass, whereas
excessively thick or bulk-conducting films progressively shunt the surface Hall response
through trivial bulk transport. The altermagnetic layer, in turn, must be thick enough to
stabilize the compensated ordered phase and maintain a robust exchange coupling at the
interface, while remaining thin enough for strain to be transferred coherently from the
piezoelectric or surface-acoustic-wave actuator. In this sense, the effective mass m(6, ¢)
should be understood primarily as an interfacial exchange mass controlled by the first few
atomic layers adjacent to the TI rather than as a bulk volume-averaged magnetic parameter.
Independent strain control of Ag has been demonstrated in RuO,-based and MnTe-based
platforms [7,8,13], while integrated piezoelectric or surface-acoustic-wave (SAW) actua-
tors can generate the angular excursions required to reach A ~ 0.1-1.0 [11,12,25]. Such
actuation can be implemented on chip using thin-film AIN, ScAIN, or LiNbOj3 platforms
compatible with nanoscale Hall-bar geometries and MHz operation [26-29]. Operating at
MHz frequencies places the system deep in the adiabatic regime (#Q)/AE ~ 1074-107?),
which is particularly advantageous for thin-film nanoscale devices because it minimizes
heating, reduces photon-assisted interband processes, and avoids the strong dissipation
typically associated with THz Floquet platforms [25,30,31]. Experimentally, the proposed
mechanism could be identified through the strain-amplitude dependence of the anomalous
Hall plateau structure, the collapse of topological sectors near Bessel zeros, and the gate
dependence of the thermoelectric Hall response. Since the effect originates from interfacial
Berry-curvature engineering, the signal is also expected to scale with TI-film thickness and
to weaken as bulk transport progressively dominates.

4. Conclusions

These results demonstrate that mechanically driven AM/TI interfaces provide a route
toward programmable topological transport through the controlled renormalization of
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interfacial altermagnetic mass textures. The phase boundaries and topological sectors are
consistently reproduced by continuum Berry-curvature calculations, compact Brillouin-
zone Chern-number evaluations, and open-boundary ribbon spectra, establishing the
robustness of the proposed topological mechanism across complementary theoretical de-
scriptions.  The present bilayer geometry enables programmable topological control
through independent tuning of the two altermagnetic phases (¢, g) combined with
Bessel-function amplitude renormalization. From a device-engineering perspective, this
mechanism offers a pathway toward electrically programmable topological functionalities
based on integrated strain actuators operating in the MHz regime. Because the control
parameter is the mechanical modulation amplitude rather than an external magnetic field,
and because the mechanism relies on interfacial Berry-curvature engineering instead of
global magnetization reversal or optical pumping, the proposed platform is naturally
compatible with low-power, low-dissipation, and scalable nano-spintronic architectures
operating in the adiabatic regime. The coexistence of twofold and fourfold exchange
harmonics provides an additional control knob through selective Bessel renormalization,
allowing topological sectors to be created, suppressed, and re-entered within a single
device architecture. Several extensions of the present framework remain open. Multilayer
AM-TI heterostructures with repeated interfaces could enable spatially selective Berry-
curvature engineering and coupled chiral transport channels. Likewise, multifrequency
or noncircular driving protocols may provide a route toward synthetic topological band
structures controlled entirely by mechanical phase modulation [32]. Finally, combining the
present mechanism with proximitized superconducting interfaces could offer a platform for
studying strain-controlled topological superconducting boundaries and related emergent
edge states [33,34].
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