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A mechanism for electrically tunable P7 -symmetric magnonic lasing and antilasing is proposed along
with a device consisting of a current-biased region in a magnetically ordered planar waveguide. Within the
bias area, several heavy-metal wires carrying dc charge currents are periodically attached to the waveguide,
generating spatially periodic spin-orbit torques that produce electrically modulated magnon gain and loss.
We demonstrate that despite the nonlinear magnon dispersion, this decorated waveguide can emit a strong,
single frequency magnon mode at the Bragg point (lasing) and also absorb at the same frequency phase-
matched incoming coherent magnons (antilasing). In contrast to spin torque oscillators with multimode
excitations driven solely by gain, the P7 -symmetric gain-loss balance stabilizes a single magnon mode
operation. The underlying physics is captured by an analytical model and validated with full material and
device-specific numerical simulations. We further show that the magnonic laser absorber can be electrically
tuned and implemented in ring geometries and for antiferromagnetic ordering. These results establish an
experimentally realistic platform where a single element functions simultaneously as a magnon laser and
absorber, opening opportunities for reconfigurable non-Hermitian magnonics and integrated magnon signal

processing.
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Introduction—Magnons have been demonstrated to
function as carriers of information and to enable data
processing with several advantages related to their short
wavelength, controllability with various external stimuli,
and ready integration in (spin)electronic circuits [1-8]. A
prerequisite for magnonic functionality is the ability to
generate and amplify coherent magnons in magnetically
active nanostructures. Our focus here is on magnon lasing
and antilasing. To realize a magnon laser emitting coherent
magnons, numerous studies utilized spin torque oscillators
converting a dc current into coherent magnons [8—15]. In
spin torque oscillators, a dc current injects a spin current
into the magnetic layer exerting an antidamping torque
(gain) on the local magnetization oscillations to compen-
sate the natural oscillation loss and to amplify the magnon
amplitude [9-11,16-25]. For such scheme of electrical
magnon generators based on gain, the magnon coherence
and single-mode purity are usually limited by multimode
excitations. Electrically synchronized spin torque oscillator
arrays were adopted to achieve high purity single-mode
operation [26,27]. Generally, magnonic lasing, in contrast
to optics, is hampered by nonlinear dispersion due to
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intrinsic magnetic interactions and types of magnetic
ordering. Here, a qualitatively new concept is presented
for ferro- and antiferromagnets to purely amplify single
magnon modes in a narrow frequency range: This is
achieved by a setup involving spatially inhomogeneous
spin-orbit torques (SOTs) that cause periodic enhancement
(gain) and decrease (loss) of magnetization oscillations.
The gain and loss are balanced, resulting in a parity-time
(PT) symmetry similar to cases in optics [28-30], acous-
tics [31-33], electronics [34-36], and now magnonics
[37-44]. Tt is documented that involving P7 symmetry
in laser concepts leads to better performance. For example,
one can enhance the desired mode’s output while sup-
pressing others [45-47]. An interesting finding in this area
is that, with fine tuning in gain and loss, the P7 -symmetry-
assisted laser can both emit and absorb coherent waves,
meaning the ability for lasing and antilasing [48-53].
Recently, the cavity optomagnonic system was exploited
to combine P7 -symmetry laser and magnon excitation in a
yttrium iron garnet sphere [54-56].

The current proposal for P7 -symmetric magnonic las-
ing and antilasing is realizable in a single magnetic planar
waveguide (cf. Fig. 1). The system leverages the unique
magnonic features such as swift manipulation via dc
current or magnetic field and nonlinear magnon interaction.

© 2026 American Physical Society


https://orcid.org/0000-0002-4154-8115
https://orcid.org/0000-0001-8727-3981
https://ror.org/00f1zfq44
https://ror.org/02jf7e446
https://ror.org/05gqaka33
https://ror.org/05d2yfz11
https://ror.org/053w1zy07
https://crossmark.crossref.org/dialog/?doi=10.1103/21ts-5d39&domain=pdf&date_stamp=2026-07-06
https://doi.org/10.1103/21ts-5d39
https://doi.org/10.1103/21ts-5d39

PHYSICAL REVIEW LETTERS 137, 026701 (2026)

—~
o
N
—

(d)

_.
<

a=0 Lasing:Mp, = ()

0.5

— My
- = \M::\

Transfer matrix
Output ratio
=
2

Antilasing[:M; =0

o
—_
<

2 w0 (® 10" rgm

(2 v o =0.005 W4 7GHz) 5| Lasing
‘g . \ =}
= €4 \ = S}
g 0< \ & 10
5 | AL
£ =
= o Antilasing
0 v ot o = 0.005
0 1000 2000 3000 0 1000 2000 3000
¢, (A/m) c, (A/m)
FIG.1. (a) Schematic of a P7 -symmetry-based magnonic laser

absorber. A number of electrically separated heavy-metal stripes
carrying opposite charge-current densities J.(x) (flowing in y
direction) are attached to a magnonic planar waveguide, gen-
erating alternating gain and loss of magnetic oscillations.
(b) Spatial profiles of the sine and step functions of current
density J.(x) adopted in the model. The period length
A =100 nm, and the total SOT region length is L =
5000 nm. For (c¢), (d) a =0 and (e), (f) a = 0.005, transfer
matrix elements (M;;, My,) and output ratio U (logarithmic
scale) dependence on the electric current amplitude c, at the
Bragg point 9 [k,] = k,. The inset of (e) shows the a dependent
positions of M;; ~ 0 (antilasing condition) and M,, = 0 (lasing
condition). The inset of (f) is the frequency f dependent U under
the lasing and antilasing conditions. The lasing case responds to
the single input excitation [S(0) # 0, R(L) = 0], and antilasing
case means magnon excitation under two coherent inputs with
R(L)/S(0) = M,,. Results follow from Eq. (4).

By reaching a critical dc current density, the regions with
gain and loss emit only single-mode magnons at the Bragg
point. Notably, the prevalent nonlinear effects only slightly
shift the magnon frequency around the Bragg point without
amplifying other modes. The structure can absorb magnons
at the same frequency under two coherent inputs, achieving
magnon antilaser. Such functionality is in line with the
growing interest in magnetically tunable absorption
[57-59]. Based on an analytical model necessary

conditions are presented in this Letter for single magnon
mode laser, absorber, and their manipulation mechanisms,
and the influence of intrinsic Gilbert damping is analyzed.
Full-fledged numerical simulations confirm the analytical
prediction and enable application of the scheme to various
structures, including magnetic rings and antiferromagnets,
in a material- and device-specific manner. The results are
potentially useful for developing new highly tunable
magnonic devices merging single magnon mode oscillator
and absorber.

Theoretical model—To generate the P7 -symmetric
structure in a single magnonic ferromagnetic planar wave-
guide (along x axis), one attaches charge-current carrying
heavy-metal stripes that amount to spatially varying elec-
trical current density J.(x) flowing along the y axis, as
illustrated in Fig. 1. J.(x) is perceived in the waveguide
as a SOT T =ycym x e, xm with the strength ¢y =
Osu(hJ./2ugedM,). Here, M is the saturation magnetiza-
tion, fgy is the spin-Hall angle, d is the thickness of the
magnetic layer, and y is the gyromagnetic ratio. The
magnonic modes and nonlinearities are well captured by
the Landau-Lifshitz-Gilbert equation [17,18,20],

m
%:—ymxHeff—f—amxaa—t—i—T, (1)
where m is the unit vector of local magnetization, and « is
the intrinsic Gilbert damping of the magnetic waveguide.
The effective field Hoy = (2Ac,/poM,)V>m + He, con-
sists of the internal exchange field (with the exchange
constant A.,) and the external magnetic field H,. Under the
effective field, the equilibrium magnetization is in the e,
direction. In numerical calculations, we adopt following
parameters of yttrium iron garnet: M, = 1.4 x 10° A/m,
Ay =3x10712 J/m, Hy =1 x 10° A/m, and a = 0.005
[60-64].

Results and discussions—We start with a P7 -symmetric
magnonic laser absorber structure generated by the periodic
sine function c¢j(x) = cp sin(2k,x) with period length
A = n/ky, as shown in Fig. 1(b). The periodic region is
located within 0 < x < L, where L = nA is the integer
multiple of the period length. To set up an analytical model
for the magnon scattering in the periodic structure, we
introduce small transverse deviation mge ', m, =
(0, 6my, 6m,) from the equilibrium m, = e,. Substituting
the magnon function and defining y = ém, —iém,, the
linearized Landau-Lifshitz-Gilbert equation (1) is reformu-
lated in the Helmholtz equation,

W — Wy

w'(x) + { + i“’l(x)] w(x)=0.  (2)

Wy Wy

The following notions are introduced: @, = 2(1 —ia)

Aex/ oM (1 +a?)],  @y(x) = (1 —ia)yes(x)/(1 + o),
and wy = (1 —ia)yHy/(1 + a*). Around the nodes
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x = nA of the periodic potential, the electrical current term
cy(x) induced gain and loss is asymmetric. Thus, the
coefficient Oy = (0 — wy)/ @y + iw;/w in Eq. (2) satisfies
the P7 -symmetry condition (OL)* = O by neglecting a,
where O} and O} are the coefficients in the left and right
unit of the integer nodes.

In the periodic structure, we assume forward
(+x direction) and backward (—x direction) propagating
magnons to have the form y(x) = S(x)ele* + R(x)e e~
Substituting this expression into Eq. (2), one infers the
equation governing the magnons near the Bragg point
(ky ~ kyp),

—iR'(x) 4+ R (x) = ES(x),
iS"(x) + 8, S(x) = —ER(x). (3)

Solving the above equation, we extract the magnon solution

A

at x = L in the form of [S(L), R(L)]" = M[S(0), R(0)]%,
and the transfer matrix M is

cos(BL) + i%k sin(BL)

%sin(ﬂL)

%sin(ﬂL)
cos(fL) — ‘%“ sin(AL)

4)

Here, wjp = (1 —ia)yca/(1 +a?), &= wyp/4oiky, 6 =
kg —ky, p=+/6 + &, and the magnon wave vector

ky = \/(®w — wy)/w,. From the transfer matrix element,
the left and right (I/r) transmission and reflection coef-
ficients are determined as Hh=t=1/My,
n = _MQI/MZZ» and ry = M12/M22’ where the coeffi-
cients correspond to # = S(L)/S(0), t, = R(0)/R(L),
r=R(0)/S(0), and r. = S(L)/R(L).

To achieve a magnonic laser with strong outputs
[R(0), S(L)] under small inputs [R(L), S(0)], the element
My, = 0 is required. If we neglect a, the P7 -symmetric
scattering potential yields M|, = M}, = 0. Assuming two
coherent magnon inputs with amplitude and phase defined
by R(L) = M,;S(0), the output solution becomes
R(0) = S(L) = 0, representing a perfect absorber without
any reflection, i.e., antilasing. Such amplification and
absorption properties make the scattering potential behave
as both a magnonic laser and perfect absorber. Our
numerical results in Fig. 1(c) validate these features. The
lasing and antilasing conditions for M; 5, = 0 only can be
reached at the Bragg point [ks] = k, when magnon
frequency fg = w/(27) = 4.701 GHz and electric current
amplitude ¢, = 1346 A/m. Here, the corresponding
Bragg frequency fgy is obtained from the dispersion
o = wk? + wy. In Fig. 1(d). we also calculate the output
ratio U of total outgoing magnon intensity [R?(0) + S?(L)]
to the incoming magnon intensity [R*(L)+ S?(0)],

U = [R*(0) + S?(L)]/[R*(L) + S*(0)]. U > 1 represents
the magnon amplification, and U =0 means perfect
absorption. For the single input [S(0) #0, R(L) = 0],
the output U admits very large value as the laser condition
is approached. Injecting the second coherent signal
R(L) = M3, 5(0), the behavior of U is obviously changed
to perfect absorption at the same ¢, with a dip of U — 0.

In a realistic case, the influence of finite Gilbert damping
must be included. See Figs. 1(e) and 1(f) with @ = 0.005,
the damping-induced additional magnonic loss increases
the amplitude ¢, of the lasing condition My, — 0, while
antilasing condition M;; — O related c, becomes smaller.
The separation between the lasing and antilasing conditions
increases with a, as proved by the inset of Fig. 1(e). Still,
the output ratio U > 1 reaches large value at the lasing
condition ¢, = 2305 A/m under single input [red curve in
Fig. 1(f)]. The frequency dependent U further proves that
the laser is limited at the Bragg point with f = 4.701 GHz;
see the inset of Fig. 1(f). For the antilasing at
cy = 638 A/m, a very small dip in U is realized by two
coherent injected inputs R(L) = M,;S(0). Noteworthy,
although the antilasing condition is not satisfied at the
lasing c,, we find the ratio U = 0.67 is still a small value
under two inputs R(L) = M,;S(0). Such coherent injec-
tions can be realized by combining magnon power divider
and delay line or phase shifter. Thus, depending on the
injected magnon inputs and the current density c,, the
periodic structure can either amplify or absorb the input
magnons.

The above consideration of coupled modes of S(x)e»~
and R(x)e~* does not include the time varying compo-
nent. The laser-induced magnon amplification process
requires sufficient duration. To account for time effect,
we substitute [S(x, £)e>* + R(x, t)e **]e~" into Eq. (1).
Combining Eq. (4), we assume the solution profile
follows [S(¢) + R(7)]e’’*, and the magnon attenuation
time 1is extracted from the real component of

7 = Dioydik, + /@3 /4 — 403, Using the value of

p at the laser condition with the critical c,, the real
component N[z] =0 indicates unattenuated magnons,
and above the laser critical value there are positive
M[z] > 0 and amplifying magnons. Such features indicate
that, instead of requiring a specific ¢4, the predicated
magnon laser mechanism always works for ¢, above the
critical value. The conclusion is tested by the following full
wave numerical simulation with Eq. (1).

In the numerical simulations, we adopt the step
function of c¢j(x) [Fig. 1(b)] to generate the spatially
varying gain and loss. The setting is more close to the
realistic structure consisting several independent charge-
carrying stripes. Simulations are done fora2 nm x 1 pm X
20 nm unit cell covering the total waveguide size of
30 pm x 1 pm x 20 nm, and Eq. (1) is numerically solved
by a finite difference method. In a single period of
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FIG. 2. Top panel is the schematic for magnon lasing with
single input S(0) # 0. The magnon outputs are detected as time-
dependent M, (1) at left side x = —2000 nm [blue curve, related
to R(0)] and right side x = 7000 nm [red curve, related to S(L)].
The red curves are in the same range with blue curves, which are
intentionally offset for clarity. Under different c,, magnon
outputs are excited by a microwave field h = hgsin(2zf1)z
lasting 10 ns [(a) and (c)] and continuously [(b) and (e)—(g)],
where frequency f = 4.701 GHz and amplitude i, = 1000 A/m
is localized at left side x = —4000 nm. Frequency spectra are
obtained from the laser-induced long lasting oscillation. These
results are obtained from micromagnetic simulations with Eq. (1),
where the laser region realized by step-type function is limited in
0 < x <5000 nm with period A = 100 nm.

¢;(0 < x < A), the step function is ¢;(0 < x <2A/5) =
ca,c5(A/2 < x £9A/10) = —c,. When its amplitude is
0.825 times c, of sine function, the step function has the
same component with the sine function at k;, in the wave
vector space. As proved by Figs. 2(a) and 2(c), for the laser
condition ¢, = 0.825 x 2305 = 1902 A/m, the injected
magnon pulse (with frequency 4.701 GHz) is sustained for
a long time without decaying. Without SOT (¢, = 0), the
magnon pulse is swiftly damped. With continuous magnon
injection for a long enough duration (say 300 ns) a strong
magnon amplification is achieved; see Figs. 2(b) and 2(e).

Compared to optical laser absorbers [48-52], our mag-
nonic lasing scheme differs in several qualitative ways.
First, intrinsic Gilbert damping lifts the exact coincidence
between the lasing and antilasing conditions, allowing for

an electrically selectable magnon source or sink. Second,
once the drive exceeds the lasing threshold, the coherent
amplification persists over a broad range of current density,
whereas the optical laser absorber generally requires fine
tuning of gain and loss. Third, for the magnetic system, the
amplified magnons may well enter the nonlinear regime
with frequency shift, as discussed in what follows. For large
magnon amplitude one enters the magnonic nonlinear
regime where two very close frequencies (4.701 and
4.703 GHz) are simultaneously generated, and thus beating
with long period is observed; see Fig. 2(e). Adopting a
slightly smaller ¢, = 1860 A/m in Fig. 2(f), the SOT-
induced magnon enhancement becomes weaker, and the
nonlinear effect is suppressed, where only 4.701 GHz is
left. As for a larger ¢, = 1943 A/m above the critical
value, a further larger magnon amplitude is excited, and the
main peak appears at 4.718 GHz; see Fig. 2(g). In this case,
as M[z] > 0, the magnon amplitude is still continuously
amplified even under a short pulse excitation and one
obtains similar curves (not shown here). To explain the
frequency shift in the nonlinear lasing regime, we extend
the theoretical model to include the large amplitude
magnon nonlinearity; see Supplemental Material (SM)
[65]. In this regime, the longitudinal component m, is
reduced and spatially modulated, which is described by an
effective equilibrium my = I(x)e, with [(x) < 1.
Nonlinearity affects the transfer matrix coefficients so that
the lasing condition M,, — 0 is satisfied at the shifted
frequency. Two competing contributions control the fre-
quency shift: (i) the spatial variation of /(x) slightly shifts
the lasing wave vector above the Bragg point, %t [k,] > k,,
and increases the lasing frequency; (ii) the reduced m,
decreases @y and lowers the dispersion frequency. Their
combined effect causes the upward frequency shift.

The above P7 -symmetric magnon laser has the advan-
tage of selectively amplifying the magnon mode at the
Bragg point with quite narrow bandwidth (even in the
nonlinear regime), while other magnon modes remain
unamplified. If we introduce a pure gain (say
¢y > 668 A/m) on the whole sample to compensate the
intrinsic magnon damping at Bragg point, magnon modes
with smaller frequencies are all amplified, causing multi-
mode excitations. Also, the local magnetization is soon
reversed and the magnons are damped. To sustain the
magnetization oscillation and amplify magnons, a tilt angle
between the electric polarization and equilibrium magneti-
zation is usually required, while the mode selection is still
challenging [22-25]. Here, the P7-symmetric magnon
laser avoids such limitations.

Adding other coherent magnon injection to the same
structure, simulation results in Fig. 3 evidence antilasing
under a different c,. Without SOT (c, = 0), the interfer-
ence between two coherent magnon injections causes
amplitude fluctuation in Fig. 3(a), where its spatial profile
is affected by the magnon decaying. At the antilasing
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FIG. 3. Top panel is the schematic for magnon antilasing with

two coherent inputs R(L) = S(0)Ae#. In the micromagnetic
simulation with step-type electric current region in
0<x<5000 nm, we apply two microwave fields
h, = hysin(2zf1)z (at  x = —4000 nm) and h, =
Ahgsin(2zft+ ¢g)z (at x = 9000 nm) to realize the inputs.
Here, A=1 and ¢, = —1.26 rad are used to approach the
absorber condition, f =4.701 GHz and h, = 1000 A/m.
(a) The spatial profiles of M, oscillation amplitude under
different c,. (b),(c) At the critical value ¢, = 1902 A/m, the
time-dependent M, (r) profiles exited by (b) 10 ns pulsed and
(c) continuous microwave fields, where the red curves with
|M,| <50 A/m are intentionally offset for clarity.

condition ¢, = 0.825 x 638 = 526.4 A/m, the injected
magnons are absorbed in the region of
0 <x <5000 nm, and the amplitude fluctuation outside
the electric current region is completely erased. Notably,
since the step function differs from the sine function, the
phase ¢y = —1.26rad is different from analytical
estimation while the amplitude ratio A = 1.0 still
follows |M,;| = 1. Switching to the laser condition
ca = 1902 A/m, two persisting coherent magnon injec-
tions totally suppress the laser amplification, while there
are still clear reflections. Such observation agrees with
above theoretical estimations, where U = 0.67 is found. As
the analytical M,; here is identical to the antilasing
condition, A = 1 and ¢y = —1.26 rad are still applicable.
Furthermore, Figs. 3(b) and 3(c) show the time-dependent
results for the magnon amplitude under pulsed and con-
tinuous excitation, and indeed the magnon amplification is
completely suppressed. We also considered different A and
¢, and except for the above condition the magnon laser
function can be fully resumed.

To tune the magnon lasing and antilasing frequency, a
different periodic length A can be set to change the Bragg
point position. As an example, with A = 500 nm and
L = 1000 nm, the laser absorber for magnon frequency
3.56 GHz is achieved (for details, see SM [65]). For such
setting, only four separated charge-carrying stripes are
enough, validating the effectiveness of the simpler structure

2 \
— \
E Leftand
1} petd@ization \

N . Antilasing
0 107
0 100 200 300 400 0 100 200 300 400
¢, (A/m) ¢, (A/m)

FIG. 4. For the antiferromagnetic layer with periodic SOT
having A = 50 nm and L = 2000 nm, dependence of M, M»,,
and U (logarithmic scale) on the electric current amplitude c, for
right-hand [(a), (b) frequency R[w,]/27 = 0.296 THz] and left-
hand (c) and (d), frequency R[w_]/2x = —0.24 THz) polarized
magnons. Red and blue arrows represent the two sublattice
magnetizations m; and m,. Material parameters for MnF, are
used in the -calculations: wg =9.3 THz, w, = 0.15 THz,
wy =0.176 THz, a =2 x 107, and a = 4.1 A.

for the magnon laser absorber. Alternatively, we suggest to
change the Bragg period by rearranging the electric current
density profile in the charge-carrying stripes or adjusting
the external magnetic field, which highlights the electrical
or magnetic tunability of the magnon laser frequency.
Furthermore, we prove that the magnon laser mechanism
works for a ring geometry, and thermal magnons near the
Bragg point can be selectively amplified at finite temper-
ature, as detailed in SM [65].

The lasing and antilasing mechanism is operational for
antiferromagnets, enabling selective excitation of two circu-
larly polarized magnon modes (®..) in the THz range. Using
the antiferromagnetic (AFM) model detailed in SM [65], we
deduce the transfer matrix in the form of Eq. (4) with the

substitutions 8 — Papuy = \/6p + Eapy and & = Expy =
[Ando/2k, (k2 —K2)].  Here, A, = (wa/wp+ 1)k,
Jo = k2yca/(wg), wg is the exchange frequency, w, is
the anisotropy frequency with easy-axis along e,, wgy
represents the external magnetic field along x, k, = 2/a,
and a is the unit cell length. The AFM magnon wave vector k,
is determined from the dispersion relation w, —wy =
+{(wpk2k2 4+ wp — iaw)(2og + 0p — opkik? —iaw)} /2.
When wy =0, the two oppositely polarized magnon
branches are degenerate, and the corresponding transfer
matrices are identical, so opposite magnons are transmitted
equally. Applying a finite field (wy # 0) lifts the degeneracy,
and at the same Bragg point wave vector k,, opposite magnons
with unequal eigenfrequencies satisfy the lasing (M,, = 0)
and antilasing (M;; = 0) conditions at different current
densities. As demonstrated by Fig. 4 with a magnetic field
in the +e, direction, the left-hand magnon mode reaches
lasing at ¢, = 268 A/m, below the right-hand magnon
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threshold ¢, = 292 A/m. Thus, choosing ¢, in this window
enables selective amplification of the left-hand magnon at
frequency 0.24 THz. Furthermore, as the antilasing condition
also splits, it is possible to selectively absorb one of the two
opposite magnon modes.

Conclusions—A PT-symmetry-based mechanism for
magnon lasing and antilasing is proposed for ferro- and
antiferromagnets in different geometries and for the linear
and nonlinear regimes. The device is solely driven by dc
currents that generate a controlled, periodically modulated
gain-loss landscape implementing non-Hermitian magnon
dynamics. Analytical modeling uncovers the essential
physics complemented with full numerical simulations that
confirm single magnon mode amplification at the Bragg
point, absorption for coherent inputs at the lasing fre-
quency, and continuous electrical tunability of emission
frequency and output level. Systematic studies over current
density, geometric length, and damping provide practical
guidelines for device realization. The operating principle
naturally extends to planar waveguide and ring geometries,
where the waveguide enables on-chip integration and the
ring supports stable single-mode operation. The active
region also amplifies thermal magnons, pointing to low-
bias startup and potential noise-shaping strategy. These
results provide a clear pathway toward electrically pro-
grammable magnonic sources, sinks, and amplifiers within
a single, compact component.
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