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PT-Symmetry Enabled Spintronic Thermal Diodes and Logic
Gates

Xi-guang Wang, Guang-hua Guo, and Jamal Berakdar*

Devices for performing computation and logic operations with low-energy
consumption are of key importance for environmentally friendly data
processing and information technology. Here, a design for magnetic elements
that use excess heat to perform logic operations is presented. The basic
information channel is coupled non-conductive magnetic stripes with a
normal metal spacer. The thermal information signal is embodied in magnetic
excitations and it can be transported, locally enhanced, and controllably
steered by virtue of charge current pulses in the spacer. Functionality of
essential thermal logic gates is demonstrated by material-specific simulations.
The operation principle takes advantage of the special material architecture
with a balanced gain/loss mechanism for magnetic excitation which renders
the circuit parity-time symmetric with exceptional points tunable by the
current strength in the spacer. Heat flow at these points can be enhanced, be
non-reciprocal, or may oscillate between the information channels enabling
controlled thermal diode and thermal gate operations. The findings point to a
new route for exploiting heat for useful work on the nanoscale.

1. Introduction

The use of excess heat to perform useful operations is a de-
sirable step in developing environmentally friendly devices.
To this end, several concepts have been put forward. For in-
stance, phononic-based thermal rectifiers,[1] thermal diodes,[2]

and thermal logic gates[3] were proposed as well as thermal
transistors.[4] Furthermore, nano-thermo-mechanical logic gates,
three-terminal magnetic thermal transistors,[5] and flexible ther-
moelectric switches,[6] and further thermal-circuit elements[7–9]
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have been demonstrated experimentally.
Considering magnetic materials, the low-
energy (thermal) excitations that may
serve as information carriers are spin
waves (or magnons in reference to their
excitation quanta). Generally, the utility
of magnons for information transmis-
sion and processing is endorsed by sev-
eral experiments, for example, refs. [10–
14]. Coherent magnon flow and the
input/output signals[10–21] are control-
lable by several external parameters,
such as magnetic field or spin trans-
fer torques. Material compositions and
nano-structuring allow engineering the
magnon properties, including their am-
plitude, phase, dispersion, and signal
attenuation.[10–26]

Magnons can not only be thermally
excited, but they can also transport heat
as a signal to remote heat-receptive
element,[27–29] which points to the

possibility of magnonic-based thermal signal transfer. Such a
possibility is worth investigating in view of the long diffusion
length, negligible Joule losses (as opposed to charge current
pulses), high frequency, short wavelength (compared to optic-
based information processing), and integrability in spintronic
devices. Our research presented below indicates that a nonlin-
ear local amplification of magnonic thermal signal is however
necessary for realizing thermal logic gates with sufficient fi-
delity. For this, we exploit a relatively new mechanism for non-
linear signal amplification based on a magnonic realization[30–32]

of parity-time (PT) symmetry.[33–44] Typically, PT-symmetric sys-
tems are coupled to their surroundings and exhibit a transition
between the PT-symmetry preserved and broken phases upon
changing external parameters. Near the phase-transition (non-
Hermitian degeneracy) point, or the exceptional point (EP) the
dynamics are highly nonlinear with unique properties such as
excitation amplification, enhanced sensitivity to external probes,
and non-reciprocity. In our specific case, the magnonic sys-
tems are coupled to the surroundings in such a way that the
environment-induced magnonic gain and loss are balanced,
whilst still realizing a PT-symmetry setup with EPs. Tuning to
EPs is accomplished by varying the strength of the balanced
gain/loss. How this situation can be realized experimentally
is sketched in Figure 1: Two insulating magnonic waveguides
(WGs) that may exchange power via RKKY or dipolar interactions
serve as magnonic couplers[17–21] for steering signals rendering,
for instance, directional coupler or magnonic half-adder.[16–21]
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Figure 1. a) Magnetic excitation in two non-conductive magnetic layers serve as planar thermal waveguides (labeled WG1 and WG2) for transmitting
information stored in the temperature of local spin excitations. WG1 and WG2 are magnetically coupled with a coupling strength 𝜅. A metallic spacer
with a large spin Hall angle is sandwiched between the WGs. Injecting a charge current Je in the spacer results in opposite spin-Hall torques on the
magnetization in WG1 and WG2. The torques damp or antidamp the spin excitations in WG1 and WG2 providing so a balanced gain–loss mechanism
(with an effective coupling strength 𝜔J) and allowing control of the temperature in WG1 and WG2 by varying Je. Signals are launched locally at the left
side of WG1 or WG2 and propagate in both layers. b–d) For 𝜔J = 0. The signal in WG1 is generated by a local microwave field h0sin(𝜔ht) (h0 = 75 mT
and 𝜔h/(2𝜋) = 5 GHz) at x = 0. c) The spin excitation temperature after 100 ns. d) Time evolution of the local spin temperature T at x = 2400 nm.
Switching on Je such that 𝜔J = 𝜅 changes the (e–g) spatial profiles of the spin excitations amplitude and the induced temperature. g) At x = 3000 nm,
time evolution of T, and difference dT = T − T(h0 = 0) between temperatures with and without the microwave field. In all simulations Joule heating due
to Je is included.

Inserting between the WGs a charge-current carrying metallic
layer with strong spin orbit coupling results in PT-symmetric
magnonic coupler with spin-orbit-torque (SOT) magnonic damp-
ing of one WG and equally SOT-antidamping in the other WG.
The damping/antidamping is caused by SOT at the interface
between the magnetic WG and the normal metal spacer. This
structure possesses EPs tunable by the strength of the magnonic
gain/loss effect, which is linearly dependent on the charge cur-

rent density in the metal layer. At EPs, the spin dynamics is highly
nonlinear.[30]

So far, the heat associated with the spin-wave dynamics
and its possible functionalization in PT-symmetric systems
has not been considered. In fact, PT symmetry is usually re-
ported for wave systems and it is more delicate to realize
for heat diffusion.[45] We propose and simulate the heat flow
embodied in spin waves that are triggered and propagate in
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Figure 2. At x= 3000 nm, the𝜔J dependent spin-wave amplitude and tem-
perature difference dT = T − T(h0 = 0) between temperatures with and
without the microwave field. The spin-wave is excited by a local microwave
field h0sin(𝜔ht) (h0 = 75 mT and 𝜔h/(2𝜋) = 5 GHz) at x = 0.

magnetic WGs with sandwiched non-magnetic metallic spacers
with strong spin-orbit coupling. It is shown how an appropri-
ate design renders the whole structure PT-symmetric and allows
for long-distance heat diffusion and control with sufficient fi-
delity that enables functional thermal logic gates. The existence
of EP is important insofar as the spin waves amplitude and
the induced heat flow is both enhanced there, while the spin
waves can still propagate to a considerable distance and in a
non-reciprocal way, which is key to realizing magnonic thermal
diodes.

2. Theoretical Model

We study two coupled insulating ferromagnetic waveguides
(WG1 and WG2) separated by a charge-carrying spacer with
strong spin-orbit coupling; see Figure 1a. To be specific, we use
Pt as a spacer layer in the simulations and assume the WGs to be
interlayer-exchange coupled, but the conclusions are also valid
for other spacer materials and WGs coupling schemes. Yttrium
iron garnet (YIG) interfaced with Pt[46–48] is a prototypical exam-
ple. We are interested in magnons that transport heat over a re-
mote distance. The WGs magnetic order as well as the launch and
propagation of magnons are governed by the Landau–Lifshitz–
Gilbert (LLG) equation,[49,50]

𝜕mp

𝜕t
= −𝛾mp × (Heff,p + Hth) + 𝛼mp ×

𝜕mp

𝜕t
+ Op (1)

p = 1, 2 enumerates WG1 and WG2. Ms is the saturation mag-
netization, and mp is a unit magnetization vector field. 𝛾 is the
gyromagnetic ratio and 𝛼 is the intrinsic (Gilbert) damping con-
stant. The effective field Heff ,p =

2Aex

𝜇0Ms
∇2mp +

Jcoup

𝜇0Mstp
mp′ + HBy in-

cludes contributions from the internal exchange field (exchange
constant Aex), the interlayer coupling field (coupling constant
Jcoup), and an external magnetic bias field applied along the y-axis,
where p, p′ = 1, 2 and p ≠ p′. SOTs O1(2) = 𝛾cJm1(2) × (+(−)y) ×
m1(2) acting on the two magnetic layers are caused by the charge
current in the spacer Je, resulting in magnonic loss and gain in
WG1 and WG2, respectively. The effect of SOT is encapsulated

in cJ = 𝜃SH
ℏJe

2𝜇0etpMs
, which is proportional to Je and the spin Hall

angle 𝜃SH in the spacer layer.[49,50]

As for thermal effects, we note that it is possible to gen-
erate and measure magnons controllably even at sub-Kelvin
temperatures.[51,52] To capture the influence of the uncorrelated
thermal fluctuations on the spin wave dynamics, one may use
thermal random magnetic fields with a correlation function⟨Hth,q(r, t)Hth,q′ (r

′, t′)⟩ = 2𝛼kBT

𝛾𝜇0MsV
𝛿qq′𝛿(r − r′)𝛿(t − t′) . Here, q, q′ =

x, y, z, kB is the Boltzmann constant, T is the temperature, and
V is the volume of the sample. The magnetization-dynamics-
induced heating is described by the heat diffusion equation,[27]

dTp

dt
= 1

ch𝜌

[
kt∇2Tp + 𝛼𝜇0Ms(mp ×

dmp

dt
) ⋅ Heff,p + qext,p

]
(2)

where kt is the thermal conductivity, ch is the heat capacity, and
𝜌 is the mass density. The 𝛼-dependent term quantifies the heat
transfer between spin waves and the lattices in WGs due to the
damping of the collective spin precession in WGs. The Newton
term qext,p = ch𝜌(

T0−Tp

𝜏1
+ TPt−Tp

𝜏2
) describes the heat exchange be-

tween the sample at temperature Tp, the surroundings at temper-
ature T0, and the spacer material Pt at temperature TPt, where 𝜏1
and 𝜏2 are the characteristic thermal relaxation times. The change
of temperature TPt in the spacer Pt (with charge current density
Je leading to heating) is described by,

dTPt

dt
= 1

ch,Pt𝜌Pt

(
kt,Pt∇2TPt +

J2
e

𝜎Pt
+ ch,Pt𝜌Pt

T1 + T2 − 2TPt

𝜏2

)
, (3)

Here, 𝜎Pt is the electrical conductivity of Pt.
Solving the three coupled equations (Equations (1)–(3)) allows

insight into how heat and spin wave excitation are exchanged
between the WGs, spacer, and environment. Generally, experi-
ments with T0 in mK are possible. TPt depends on Je. As demon-
strated in ref. [53], the required Je in our setup can be far below
the Je for auto-oscillations. In the simulations below, we did not
optimize the structure to operate at the lowest Je that could be
achieved, such as by nanostructuring the WGs.[53]

For numerical demonstration, we interfaced Pt with a Yttrium-
Iron-Garnet (YIG), meaning Ms = 1.4 × 105 A m−1, Aex = 3 ×
10−12 J m−1, 𝛼 = 0.005, Jcoup = 2.1 × 10−6 J m−2. A sufficiently
large magnetic field HB = 1 × 105 A m−1 drives the system to the
remanent state m0,p = y. The thermal behavior was solved using

kt

ch𝜌
= 1.5 × 10−6m2 s−1, kt = 8 W m−1 K−1, 𝜏1 = 1 s, and 𝜏2 = 1 ×

10−5 s. For the Pt spacer, parameters kt,Pt

ch,Pt𝜌Pt
= 2.5 × 10−5m2 s−1,

kt, Pt = 71.6W m−1 K−1, and 𝜎Pt = 9.43 × 106 (Ωm)−1. The size of
WG1, spacer, and WG2 adopted in the simulation is 40 μm ×
4 nm × 5 μm for a 4 nm × 4 nm × 5 μm unit simulation cell.
Along the spin-wave and heat-diffusion direction (i.e., the x-axis),
the cell size is 4 nm, which is smaller than the exchange length

(
√

2Aex

𝜇0M2
s
= 15.6 nm), and hence it is found sufficient for captur-

ing correctly the spin-wave propagation and related heating ef-
fect. Along the y-direction (the width), the spin-wave is uniformly
excited and its propagation is totally suppressed, and thus a 5
μm cell size is adopted. For the numerical implementation, we
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Figure 3. a) The spacer with charge current Je is only partly attached to the two magnetic layers (x < 5000 nm) and the current is diverted out the circuit
beyond this region. For 𝜔J = 𝜅, b,c) spatial profiles of magnon amplitudes and induced temperature. Magnons are launched by the local microwave field
h0sin(𝜔ht) (h0 = 75 mT and 𝜔h/(2𝜋) = 5 GHz) at x = 0 in WG1. d) At x = 9300 nm, time evolution of temperature excited by h0 = 75 mT and h0 = 0.
e–g) Same curves when the external magnetic field is applied along x.

use the Dormand–Prince method (RK45) with a fixed time step
of 0.2 ps, for propagating Equations (1) and (2) self-consistently.
The temperature distribution enters as the amplitude of a ran-
dom field (uncorrelated noise). We checked that if we cut the time
step for the simulation by half (then 0.1 ps), no visible changes
to the results are found, which ensures the convergence of the
results.

3. Results and Discussion

3.1. Magnon Heating Effect in the PT-Symmetric Waveguide

We first analyze the eigen-dynamics of magnons and two eigen-
frequencies (optical and acoustic magnon modes) can be ob-

tained as𝜔± = (1 − i𝛼)(𝜔0 ±
√

𝜅2 − 𝜔2
J ). Here, we introduce𝜔J =

𝛾cJ

1+𝛼2
, 𝜔0 = 𝜔ex + 𝜅, 𝜔ex =

𝛾

1+𝛼2
(HB + 2Aex

𝜇0Ms
k2

x) and 𝜅 = 𝛾Jcoup

(1+𝛼2)𝜇0Mstp
.

The opposing spin-orbit torques acting on the adjacent mag-
netic stripes enhance the spin-wave damping (meaning more
loss in spin-wave amplitude) in one waveguide and decrease
the magnons in the other waveguide (which means less loss or
gain in spin-wave amplitude). Such a coupled gain/loss design
is found to lead to antisymmetric imaginary components of the
spin-wave potential function, and the whole structure becomes a
PT-symmetric system.[30] Below the gain/loss threshold (𝜔J < 𝜅),
the two optic and acoustic modes are separated. At 𝜔J = 𝜅, two
modes coalesce (meaning they become non-Hermitian degener-
ated), which is the hallmark of the occurrence of an exceptional
point (EP). Above the EP (𝜔J > 𝜅), the real components of 𝜔±
are still the same (with a small 𝛼), and the two imaginary com-
ponents are separated. Without SOT 𝜔J = 0, real parts of 𝜔± are
separated, and two imaginary parts are the same. Exciting two
magnon modes with different kx and the same frequency 𝜔, be-
cause of the interference between the two modes, the spin wave
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Figure 4. a) The spacer with charge current Je only acts on the WGs partially (x < 2530 nm). b,c) For 𝜔J = 0.7𝜅, spatial profiles of the magnon amplitudes
when the input lies in WG1 or WG2. d,e) Spatial profiles and time evolution (at x = 6000 nm) of temperatures heated by magnons in (b,c). f) Logic “OR”
operation table.

excited at one end of the waveguide (say WG1) oscillates between
WG1 and WG2, as demonstrated in Figure 1b. The induced tem-
perature profile is shown in Figure 1c, and a similar oscillating
feature is identified. With time, the magnetization dynamics in-
duced temperature is increases (Figure 1d), and the difference be-
tween the two guides originates from the different oscillation am-
plitudes.

A well-defined EP is identified at 𝜔J = 𝜅 (the corresponding
current density Je = 6.4 × 106A cm−2), where two eigenfrequen-
cies coalesce at 𝜔± = (1 − i𝛼)𝜔0.[30] The excited spin waves si-
multaneously propagate in the two WGs, as seen in Figure 1e.
Compared with the case for cJ = 0 (Figure 1b), the excited spin
wave amplitude becomes much larger and propagates through
a much longer distance. For the heating effect, the Joule heat-

ing in the spacer transfers a uniform temperature to neighbor-
ing guides. In addition to the uniform Joule heating tempera-
ture, the propagating spin waves induce an inhomogeneous T
(Figure 1f). Its value is directly determined by spin wave ampli-
tude. The time-dependent temperatures from Joule heating and
the magnetization dynamics (dT = T − T(h0 = 0)) are shown
in Figure 1g. We note that, due to limited computational re-
sources, our numerical demonstrations are performed for rela-
tively small values of the temperature, and hence, the predicted
signal is relatively low. In particular, our simulations are limited
to several hundred nanoseconds. Nevertheless, our analysis and
results indicate that the spin-wave induced temperature increase
is time sustainable. This is important insofar, as in an experimen-
tal realization with several milliseconds, a much larger detectable
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Figure 5. Applying the local microwave field h0sin(𝜔ht) (h0 = 75 mT and 𝜔h/(2𝜋) = 5 GHz) at x = 0 in WG2, spatial profiles of magnons for a) 𝜔J = 0
and b) 𝜔J = 𝜅. c) Logic “AND” operation table based on the results in (a,b). Here, the range with SOTs and interlayer coupling is x < 3620 nm.

temperature value is to be expected. On the other side, it
should be noted that the operation time of devices based on the
scheme presented here will be relatively slow (GHz) but energy-
consuming and efficient.

Another conceptual remark concerns the dynamics near the
EP: A slight variation in the charge current 𝜔J strongly changes
the spin-waves and related heating effect, that is, the existence
of EP leads to enhanced sensitivity, which is crucial for the con-
struction of thermal diodes and gates that operate with sufficient
fidelity. An example is seen in Figure 2 . With the increase in the
electric current term 𝜔J, the nonlinear enhancement in the spin-
wave amplitude and dT are evident, especially around the EP 𝜔J
= 𝜅. At 𝜔J = 0.6𝜅, the spin-wave amplitude in WG2 is suppressed
to zero. This is also related to the 𝜔J induced change in the su-
perposition of two magnon modes, and the spin-wave amplitude
minimum point is moved to x = 3000 nm in WG2 at 𝜔J = 0.6𝜅.

Although heating due to magnetization dynamics is much
weaker compared to Joule heating, it can transport heat over
a very long distance due to the long attenuation length of the
spin wave, while Joule heating is localized. To demonstrate this
feature, we consider a structure with the Pt spacer partially at-
tached (0 < x < 5000 nm) to two WGs (Figure 3a). As shown
in Figure 3b, in the range with Pt and SOTs, the excited spin

waves still propagate simultaneously in the two guides. Outside
this range, the oscillations of spin wave amplitudes are restored.
The temperature induced by Joule heating is strongly localized
near the Pt spacer, see Figure 3c, while the spin waves can carry
heat over a larger distance. Furthermore, we compare the time-
dependent temperatures at x = 9300 nm for the cases with and
without propagating spin waves (Figure 3d), thus proving this
point. We note that the damping constant 𝛼 = 0.005 is used in
the current simulation. In a realistic case, its value can be much
smaller (two orders of magnitude smaller) and the spin wave can
propagate over a much larger distance (several micrometers). We
note that the influence of the damping constant 𝛼 is multifold.
On the one hand, the energy transfer between the spin-wave and
heat is directly related to the damping term (Equation (2)), and
a smaller 𝛼 decreases the induced temperature amplitude. On
the other hand, the spin-wave amplitude can reach a larger dis-
tance, enhancing the remote heating effect. Furthermore, similar
effects can be achieved for significantly lower Joule heating by de-
signing the WGs such that EPs are reached at lower Je.

[53]

Changing the direction of the local magnetic field and thus the
equilibrium magnetization to x, SOT cannot damp or anti-damp
the magnons in this case, and the PT symmetry related phenom-
ena are shut off. This provides a way to manipulate the magnon
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Figure 6. Spatial profiles of magnons for a) 𝜔J = 0.7𝜅 and b) 𝜔J = 0. The
range with SOTs and interlayer coupling is x < 2530 nm. c) Logic “NO”
operation table.

induced heat flow using the external magnetic field, as demon-
strated by Figure 3e–g. Here, the excited magnon amplitude be-
comes smaller at 𝜔J = 𝜅, and the related heating effect becomes
obviously weaker.

3.2. Heat Diode Design

Our design for a thermal diode is based on non-reciprocal spin
wave transfer near the EP. The adopted structure is shown
in Figure 4a. In the PT symmetric coupled guides, the non-
reciprocal spin wave transfer is led by the superposition of two
magnon modes when the charge current cJ < 𝜅 is smaller than
EP. As demonstrated by Figure 4b,c, the magnon amplitudes
emitting from the coupling range with charge current (x < 2530
nm) become completely different by switching the input (mi-
crowave field) from WG1 to WG2. Especially for input in WG2,
the emitting magnons are mainly located in WG1, while the am-
plitude in WG2 approaches zero, which leads to a non-reciprocal
heat flow, that is, a realization of a thermal diode, as demon-
strated by Figure 4d,e. The time-dependent temperature T is
shown in the insets of Figure 4d,e, exhibiting the characteristic
features of the thermal diode.

Based on the thermal diode above, we designed several possi-
ble logic operations. The logic “OR” operation can be realized in
the heat diode structure, as demonstrated by Figure 4f. Here, the
input (magnon excited by a microwave field) in WG1 or WG2 is
treated as logic “1,” and the nonzero output magnon amplitude
in WG1 represents logic “1.” Only in the case without any input
in WG1 and WG2, the logic output in WG1 is “0.” Otherwise, the
output is always logic 1, meaning a logic “OR” operation between
the two inputs (WG1 and WG2).

The logic “AND” operation can be realized in a similar struc-
ture, as demonstrated in Figure 5a–c. Here, 𝜔J = 𝜅 and input in

Figure 7. The results of the simulations for the cases depicted in Figure 1a
including the dipolar interactions. a,b) For 𝜔J = 0 and c,d) 𝜔J = 𝜅, the spa-
tial profiles of spin-wave amplitude and induced temperature. The signal
in WG1 is generated by a local microwave field h0sin(𝜔ht) (h0 = 75 mT
and 𝜔h/(2𝜋) = 5 GHz) at x = 0. The spacer with charge current Je acts on
the whole WGs.

WG2 are treated as logic “1,” and the nonzero output magnon
amplitude in WG2 is logic “1.” Only for 𝜔J = 𝜅 with input in
WG2, the logic output in WG2 is “1,” meaning a logic “AND”
operation is realized. The logic “NO” operation is demonstrated
in Figure 6. Electric current input 𝜔J = 0.7𝜅 is logic “1.” Keep-
ing the magnon input in WG2, the output in WG2 is “0” when
𝜔J = 0.7𝜅. Switching off the electric current, the output be-
comes “1.” Noteworthy, for the above operations based on PT-
symmetric structure, by varying the amplitude of the charge cur-
rent, we can further dynamically switch between these logic
functions.

Figure 8. Simulation results for the case of Figure 4a while including the
dipolar interactions. When the input lines in a–c) WG1 or d–f) WG2,
the magnon amplitudes profile (a,d), temperature profile (b,e), and time-
dependent temperature at x = 6000 nm (c,f). The spacer with charge cur-
rent Je (𝜔J = 𝜅) acts on the WGs partially (x < 2440 nm).

Adv. Electron. Mater. 2023, 9, 2300325 2300325 (7 of 10) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 9. Driven by continuous electric current and pulsed electric current with 𝜔J = 𝜅, a) time dependent Mx detected at x = 9300 nm in WG1 and
WG2. b) At x = 9300 nm, time dependent temperature T. c) Temperature profile in the spacer between WG1 and WG2 at time t = 100 ns.

For an experimental realization, it is important to quantify the
influence of dipolar interactions. Including the dipolar interac-
tion fields Hdemag, we performed simulations for coupled nanos-
tripes. The size of the stripes is as before, namely 40 μm × 4 nm
× 5 μm. The dipolar interaction field Hdemag reads

Hdemag(r) = −
Ms

4𝜋 ∫V
∇∇′ 1|r − r′|m(r′)dr′ (4)

The results confirm the persistence of the oscillating behavior
for the case without electric current 𝜔J = 0 in Figure 7a,b. Due
to that, the dipolar interaction increases the coupling between
WG1 and WG2, at 𝜔J = 𝜅 (the exceptional point (EP) for the case
without dipolar interaction), there is still SW amplitude oscilla-
tion as the EP (𝜔J > 𝜅) is increased by the dipolar interaction
(Figure 7c,d). Here the spin-wave transfer is non-reciprocal, and
one can realize a similar design for the diode and the logic gates.
As an example, in Figure 8, when the charge current 𝜔J = 𝜅 is lo-
cally applied in the range of x < 2440 nm (same as the model of
Figure 4a), we obtain different spin-wave amplitudes outside this
range. We note that due to the dipolar interaction, the SW power
periodically transfers between the two WGs in the range without

interlayer coupling (Jcoup(x > 2440 nm) = 0). Switching the input
from WG1 to WG2, the temperature T near the position x = 6
μm (i.e., output) becomes completely different (Figure 8c,f), en-
abling the possibilities of thermal diode and logic “OR” operation
similar to the findings in Figure 4.

3.3. Electric Current Pulse and Local Temperature Gradient

To decrease the overall energy consumption of the logic opera-
tions, we apply a charge current pulse Je(t). For a sequence of
charge currents with a period of 50 ns (Figure 9), the Joule heat-
ing induced temperature is decreased by factor 2, compared to
DC Je. When the charge current is switched on, magnons at EP
are enhanced (Figure 9a), and the enhancement disappears soon
when the current is switched off. It also affects the magnon in-
duced heating in two guides. Under the pulsed current, the heat-
ing effect becomes obvious weaker compared to that for contin-
uous current (Figure 9b). The enhanced nonlinearity of the mag-
netization dynamics at EPs is favorable for speeding up the logic
gate operations. The degree of nonlinearity can be increased by

Adv. Electron. Mater. 2023, 9, 2300325 2300325 (8 of 10) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 10. With a) 𝜔J = 0 and b) 𝜔J = 𝜅, spatial profile of the magnon
density 𝜌 = M2

x + M2
z . Here, a local temperature 100 K is set at the left end

in WG1 (x < 40 nm).

having higher-order EPs which can be achievable through WGs
design, as demonstrated in ref. [32].

The propagating magnons can be excited via the temperature
gradient. Here, we set a local temperature, T = 100 K at the
left end, and thermally excited magnons propagate toward the
rest part of the sample. As demonstrated in Figure 10a, thermal
magnons can transmit into neighboring WGs via coupling. As
thermal magnon frequencies lie in a wide range and the magnon
beating length changes with frequency, we do not observe a clear
periodic energy transfer between the two guides. Applying 𝜔J =
𝜅, magnons with all frequencies reach EP simultaneously, and
there is still an obvious magnon enhancement in the two guides,
see Figure 10b.

3.4. Relaying Magnon Propagation

To relay the propagating magnons in the WGs, we apply a second
microwave field to both WGs. As shown in Figure 11, when 𝜔J =
0, in WG1 the magnon amplitude changes with the phase angle
𝜃 of the second microwave field, while in WG2 it remains unaf-
fected. Here, the range with interlayer coupling is x < 3620 nm,
and without the second microwave field, the emitting magnons
mainly distribute in WG1 (Figure 5a). At x = 14 000 nm, the am-
plitude in WG1 is 200 A m−1. With the magnons excited by the
second microwave field, the interference between two magnon
currents induces the 𝜃 dependence amplitude. For 𝜃 = 1.55𝜋,
the larger amplitude in WG1 is kept, and the absolute values of
magnon amplitudes in both WG1 and WG2 are increased. Fur-
thermore, when 𝜔J = 𝜅, the emitted magnons distribute over
the two WGs and the second microwave field can equally en-
hance the magnon amplitude in WG1 and WG2 for 𝜃 = 0.1𝜋.

Figure 11. Magnons are injected via applying the local microwave field
h0sin(𝜔ht) (h0 = 75 mT and 𝜔h/(2𝜋) = 5 GHz) at x = 0 in WG2. At x
= 12 000 nm, a second microwave field h1sin(𝜔ht + 𝜃) (h1 = 37.5 mT)
is applied to both guides to relay the injected magnons. a,c) The phase 𝜃

dependence of magnon amplitude at x = 14 000 nm when 𝜔J = 0 or 𝜅. b,d)
The spatial profiles of magnon amplitudes. Here, the range with SOTs and
interlayer coupling is x < 3620 nm.

Here, interference can affect the magnon amplitudes of the two
WGs.

4. Conclusion

The medium for the thermal information signals is magnons
in coupled PT-symmetric non-conductive magnetic stripes. PT-
symmetry is essential to have an EP (or non-Hermitian degen-
eracy point) at which the information signals can be amplified
or steered controllably. The PT-symmetry is brought out by a
balanced gain and loss of magnonic excitations due to SOTs
at the interface between the spacer and magnetic stripes. A
charge current pulse sets the value of the SOT. The current-
induced Joule heating is strongly localized. The heat flow as-
sociated with magnons can propagate through a long distance
(compared to phononic thermal flow), allowing for remote ther-
mal information exchange. The charge current strength tunes
the device to the non-reciprocal heat flow regime, which is nec-
essary for thermal diodes enabling several types of reconfig-
urable logic operations. The results demonstrate an example of
PT symmetry in heat diffusion and point to new designs of heat
devices.
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