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Applying the fields in this manner splits the operation into four stages,
and during any given stage, one of the fields is held fixed while the
other increased linearly from zero to its maximum value or vice versa,
as shown in Fig. 1B. In stage 1, Hx is applied to saturate the hard axis,
which removes the energy barrier and ensures that the energy dissi-
pation is independent of the barrier height.

As explained by Bennett (7), whether the Landauer erasure op-
eration is classified as reversible or irreversible depends on whether
the initial state of the nanomagnet is truly unknown (that is, random-
ized) or known. However, in both the reversible and irreversible cases,
the amount of energy transfer that occurs during the operation is kBT
ln(2). The distinction between reversible and irreversible lies in wheth-
er or not the operation can be undone by applying the fields de-
picted in Fig. 1B in reverse. A more complete discussion is contained
in Bennett’s work (7). Accordingly, for experimental purposes, there
is no need to randomize or otherwise specially prepare the initial
state of the nanomagnets to observe the kBT ln(2) limit. This can be
further justified by observing that the first stage of the reset oper-
ation depicted in Fig. 1B (applying a field along the x axis) is sym-
metric with respect to the initial orientation of the nanomagnets along
the y axis. After the first stage, there is no remaining y axis component
of the magnetization of the nanomagnets, so subsequent stages of the
operation are independent of the initial orientation of the nanomag-
nets along the y axis. As a result, the amount of energy dissipated dur-
ing the Landauer erasure operation does not depend on the initial
state of the nanomagnet.

Magneto-optic Kerr effect (MOKE) in the longitudinal geometry
was used to measure the in-plane magnetic moment, m, of a large
array of identical Permalloy nanomagnets, whereas the magnetic field,
H, was applied using a two-axis vector electromagnet. The experi-
mental setup is shown in Fig. 2A. The lateral dimensions of the nano-
magnets were less than 100 nm to ensure they were of single domain,
whereas the spacing between magnets was 400 nm to avoid dipolar

interactions between magnets yet provide sufficient MOKE signal.
Scanning electron microscopy (SEM) images of the sample are shown
in Fig. 2B. Magnetic force microscopy (MFM) was used to confirm that
the nanomagnets have a single-domain structure and have sufficient
anisotropy to retain state at room temperature, as shown in Fig. 2C.
Longitudinal MOKE is sensitive to magnetization along only one in-
plane direction (9), so the sample was mounted on a rotation stage, and
separate measurements were made with the sample oriented to mea-
surem along each of the easy and hard axes of the nanomagnets. For
each measurement along the two orientations, the magnetic field along
the axis ofMOKE sensitivity was slowly (time scale ofmany seconds)
ramped between positive and negative values, whereas the transverse
magnetic field (perpendicular to the axis of MOKE sensitivity) was
held at fixed values. The values of the transverse magnetic field were
selected to generatem-H curves corresponding to each of the four steps
of the reset protocol shown in Fig. 1B. The comprehensive hysteresis
loops during the complete erasure process are illustrated schematically
in video S1.

To quantitatively determine the net energy dissipation during the
reset operation from the MOKE data, it is necessary to calibrate both
the applied magnetic field and the absolute magnetization of the nano-
magnets. The applied field was measured using a three-axis Hall probe
sensor. To calibrate the MOKE signal, the total moment, MSVT, for
the full sample was measured using a vibrating sample magnetometer
(VSM). MS is the saturation magnetization for the full sample and VT

is the total volume of the magnetic layer on the sample. An example of
experimental results from one run is shown in Fig. 3. The volume of
each nanomagnet, V, and the number of nanomagnets on the sub-
strate were measured and calibrated using SEM for the lateral di-
mensions and count, and atomic force microscopy (AFM) was used
to determine the thickness (see the Supplementary Materials for de-
tails). In this way, the MSV value for an individual nanomagnet from
the MOKE data could be absolutely determined.

Fig. 1. Thermodynamics background. (A) Description of single-bit reset by time sequence. Before the erasure, thememory stores information in state 0 or
1; after the reset, thememory stores information in state 0 in accordancewith the unit probability. (B) Timing diagram for the externalmagnetic fields applied
during the restore-to-one process. Hx is applied along themagnetic hard axis to remove the uniaxial anisotropy barrier, whereas Hy is applied along the easy
axis to force the magnetization into the 1 state. Illustrations are provided of the magnetization of the nanomagnet at the beginning and end of each stage
and of the direction of the applied field in the x-y plane.
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Thermodynamics of computation

Landauer limit
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~ zJ = 10-21 Joule
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Energy–time dilemma
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Quantum speed limit

S. Rijmer, B.Sc. thesis (2019)
Margolus and Levitin, Phys D. 120, 188 (1998)
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Physical laws

Landauer, IBM J Res Dev (1961)
Quantum speed limit
Margolus and Levitin, Phys D. 120, 188 (1998)



Physical laws

𝑡 = ℎ/4𝐸L~40 fs



Physical laws

𝑡 = ℎ/4𝐸L~40 fs

𝐸ex = 𝐽ex𝑆1𝑆2 ~ 25 meV

𝐸L = 𝑘B𝑇 ln 2 = 3 zJ = 25 meV

Interaction range 𝑅𝑖𝑗 ~ nm

𝐽ex

𝑅𝑖𝑗

Landauer, IBM J Res Dev (1961)
Quantum speed limit
Margolus and Levitin, Phys D. 120, 188 (1998)

Magnetism at the shortest length and time scale



The smallest and fastest magnetic waves

ℏ𝜔 → 𝐸ex = 𝐽ex𝑆1𝑆2 ~ 25 meV
Wavelength λ → 𝑅𝑖𝑗 ~ 5Å𝐽ex

𝑅𝑖𝑗 Coherent: almost no dissipation



Excitation of the smallest and fastest magnons
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Spontaneous RS: Fleury and Loudon, Phys Rev. 1968
Ultrafast: Mentink et al., Nat. Commun. 2015

J. Zhao et al., PRL 93, 107203 (2004)
Bossini et al., Nat. Commun. 7, 10645 (2016) 

D. Bossini, .. ,O. Gomonay, …, J.H. Mentink, ..  et al., PRB 100, 024428 (2019)



Time-resolved dynamics of the smallest and fastest magnons

Coherent longitudinal dynamics
Magnon entanglement

Magnon squeezing

refractive-index modulation. Since both Eqs. (6) and (8)
are dominated by contributions from magnons near the M
point of the Brillouin zone, of frequency !M, we obtain
approximately

!m!t" # !0
m$1% "!"T=T"jmax sin!2!Mt"&; (9)

where " ' vCnRcL=!16#‘S!M"M". A graphic represen-
tation of a squeezed state is shown in Fig. 3. Instead of the
local magnetization itself, we use the angle $ defined as
cos$ ' (Sl;% ) Sl;&=S!S% 1" to represent the noise, not-
ing that

!m # g'B

!!!!!!!!!!!!!!!!!!

S!S% 1"
p

!!!!!!!!!

h$2i
q

: (10)

Thus, pictorially, the laser excited spin squeezing results
in a sinusoidal modulation of

!!!!!!!!!

h$2i
p

, which reflects the
laser-induced control over the local magnetization
fluctuations.

To provide a quantitative estimate of the squeezing, we
write Eq. (3) as V ' E2P

q#!q"S%!q" ) S&!(q" which
shows that, except for the weighting factors #!q", light
couples directly to fluctuations of the local magnetiza-
tion. Given that contributions near the Brillouin zone
boundary are dominant, V # E2 ~#N $h2$!!m=g'B"2=2(
S!S% 1"& where ~# denotes an average value at the zone
boundary. By evaluating Eq. (9) with the experimental
values, one can estimate the noise reduction. The thermal

noise at 4 K is approximately the product of !m!0" times
twice the Bose factor at $h!M [8]. Under our experimental
conditions, the term multiplying sin!2!Mt" in Eq. (9) is
*2+ 10(5 while the thermal contribution to the noise is
*3+ 10(8. Clearly, the noise level in the local magneti-
zation has been reduced below the quantum limit through
magnon squeezing.
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FIG. 3 (color). Schematic representation of magnon squeezing
in MnF2. The arrows and cones attached to the manganese ions
represent, respectively, the spins and their angular fluctuations
at zero temperature. The inset shows the time dependence of
the noise (represented by the angle $, which fluctuates about an
expectation value of zero) and the square root of the expecta-
tion value of $2, which is finite. The arrow indicates the time at
which the laser pulse impinges on the solid.
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macroscopic magnetic order of an ideal Heisenberg
antiferromagnet is conveniently described in terms of the
antiferromagnetic vector L, which is the order parameter18 and
is defined as

L¼
X

i

hŜ*i i"
X

j

hŜ+j i ¼ S*" S+ ð2Þ

where S* and S+ are the total spins of the two sublattices
(Fig. 1a). Our considerations about the dynamics of the spin
system triggered by the impulsive excitation of the 2M mode are
based on the approximation of non-interacting magnons. In
this framework it is straightforward to demonstrate that the
z-projection of L has the same time dependence as the spin-
correlation function, at the leading terms in the magnon
operators (equations (11) and (12)). Here z is the direction
parallel to the spins in equilibrium. The dynamics of Lz, at the
leading order in the excitation intensity, is given by

DLzðtÞpA sinðo2MtÞ ð3Þ
where o2M is the frequency of the 2M mode and A is the
amplitude. Equation (3) describes a purely longitudinal,
non-precessional, dynamics of the antiferromagnetic vector
(see Supplementary Note 2 for the complete derivation).
Therefore, by detecting the femtosecond dynamics of the ALD,
we access the time evolution of the macroscopic order parameter
via the spin-correlation function, which ultimately defines also
the dynamics of the exchange energy.

Femtosecond dynamics of the magnetic system. Figure 2a shows
the typical result of a time-resolved measurement of the laser-
induced spin dynamics. The transient rotation of the probe
polarization shows oscillations in time with a period of E45 fs
(that is, a frequency of E22 THz) that are damped on a 500-fs
timescale. The oscillatory dynamics is superimposed on an
incoherent increase of the background, as it is clear from the
difference between the time trace and the zero line at longer
delays (4500 fs). The spectrum of the oscillation measured in the
time-domain experiment closely matches the 2M mode as
measured by spontaneous Raman. To definitely assess the nature
of the 22 THz mode, we performed temperature-dependent
measurements (Fig. 3a) and we compared the temperature
dependence of the time-domain signal with that of the sponta-
neous Raman spectra of the 2M bound state (Fig. 3b,c). Figure 3
shows that the frequency and the lifetime of the pump-induced
oscillations decrease as the Néel point is approached, in qualita-
tive and quantitative agreement with spontaneous Raman
data6,14. Thus, Fig. 2a unambiguosly reveals the femtosecond spin
dynamics triggered by the impulsive excitation of the 2M mode in
KNiF3, which is not accessible with any other experimental
approach.
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Figure 1 | 2M mode and experimental configuration. (a) The 2M
excitation is equivalent to a spin-flip event per sublattice. Thus, the
magnetization of each sublattice (S* and S+ , represented by the two red
arrows with opposite orientation) and, therefore, the antiferromagnetic
vector (Lz, blue arrow) is decreased in the excited state. The sum of the
spins of the two sublattices, thus the total magnetization, vanishes both in
the ground and in the excited state. (b) Schematic representation of the
experimental geometry. The pump (green pulse) photon energy was tuned
to 2.2 eV in the transparency window of the material. This choice avoided
contributions of laser-heated electrons and phonons to the spin dynamics19.
The central photon energy of the probe beam (red pulse) was 1.3 eV. The
arrows indicates the direction of propagation of the two laser beams.
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Figure 2 | Laser-induced dynamics of the antiferromagnetic vector.
(a) The transient rotation of the probe polarization was measured with the
electric fields of the pump and the probe beams linearly polarized along the
z and x axes, respectively. The pump fluence was set to E8.6 mJ cm" 2.
The corresponding dynamics of Lz (blue arrows) is schematically
represented. When the pump pulses impinge on the sample (0 delay)
Lz decreases, due to the generation of magnons. At positive delays,
oscillations at the frequency of the 2M mode are visible (equation (3)). The
black line is a fit to the data (equation (13)). (b) The phase of the oscillation
is shifted by p when the orientation of the electric field of the probe (EProbe)
is rotated by 90!. The pump beam was linearly polarized along the z axis,
the fluence was set to E12 mJ cm" 2. The measurements reported in both
panels were performed at 80 K.
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Challenges at the Edge of the Brillouin Zone
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FIG. 1. Two spectra obtained in yy (Brewster) geometry in
La2Cu04, excited by 1aser wavelengths of 5145 A (upper trace)
and 4880 A (lower trace). Laser power was 150mW, focused to
a line 0.2&3 mm, with the sample cooled by Bowing He gas.
The sample was etched to remove Aux and annealed at 346 C.
Traces are oN'set 90 cps for clarity.
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where cr;J. is the unit vector connecting nearest-neighbor

is in fact due to an inelastic scattering process.
Figure 2 shows the polarization selection rules for the

3000-cm ' peak. The yy and xy components are similar
in size, and are far larger than the sz. Figure 3 compares
spectra obtained at 40 and 300 K, showing a slight
broadening and downward shift in the peak at higher tem-
peratures. As we now discuss, all of these attributes sup-
port our interpretation of the 3000 cm ' feature as aris-
ing from magnon pairs.
In principle, magnon-pair light scattering can provide a

quantitative determination of the entire magnon disper-
sion curve, since pair excitation spectra include contribu-
tions from the entire Brillouin zone. In particular,
K2NiF4 (a prototypical 2D Heisenberg antiferromagnet)
has been thoroughly understood on these grounds and pro-
vides a useful framework for a quantitative interpretation
of our La2Cu04 results. The zero-temperature magnon
energies are"

E) -(SJZ+gi H, )'—(SJzyk)', (I)
where yk & (cos(k„a)+cos(k„a)l, Z 4 is the number
of nearest neighbors, S y, and J is the exchange in-
teraction constant. For both K2NiF4 and La2Cu04 the
anisotropy Seld H~ is negligible. We can also ignore the
departure from tetragonality (i.e., a~c 3.79 A) in
LaqCu04.
The scattering of an incident Seld E~ into a scattered

ffeld E2 by magnon pairs is described" by

l-
M
4J

M 50—
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FIG. 2. Polarization selection rules for Raman scattering in
LaqCu04. (a) Two spectra obtained on an as-grown etched
facet in yy and xy geometries. Temperature is 12 K. Upper
trace is off'set 60 cps. (b) Two spectra obtained on a smooth
broken etched face parallel to z in xx and zs (Brewster)
geometries. Sample is at room temperature.

spin sites i and j.
Since for La2Cu04 the vectors cr;J. lie in the xy plane,

Eq. (2) predicts that the nonzero Raman tensor ele-
ments are a», a~~, and a,~. The components a», a»,
and a„should be forbidden. On the other hand, scatter-
ing from longitudinal ffuctuations such as plasmons, '
which might have similar energies, should exhibit
a»-a~~-a»&&a», a», a», contrary to our observa-
tions. The polarization selection we observe is thus con-
sistent with that expected for magnon-pair scattering.
Equation (I) predicts that the energy of a pair of zone-

boundary magnons is 2SJZ. Magnon-magnon interaction

Lyons et al., PRB 37, 2353 (1988)

parent compounds
cuprates
(high-Tc, Nobelprize 1987)
La2CuO4 
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Figure 1 | Overview of the magnetic excitation spectrum of CFTD and its interpretation in terms of spin waves or spatially extended fractional
excitations. a, Momentum and energy dependence of the (total) dynamic structure factor S(q,!) measured by time-of-flight inelastic neutron scattering.
Square boxes (black dashed) highlight the (⇡ ,0) and (⇡/2,⇡/2) wavevectors. a.u., arbitrary units. b,d, Corresponding distributions of real-space fractional
quasiparticle-pair separations, as calculated in the |SFi variational state (equation (3)), evidencing, respectively, the unbound and bound nature of the pair
excitations. c,e, Pictorial representation of a quasiparticle-pair excitation and a spin-wave excitation (magnon), respectively.

using bosonic21 or fermionic22,23 fractional quasiparticles have
long been proposed, and it has been shown that the presence
of conventional classical long-range order does not hinder the
possibility of fractional excitations24,25. By analogy with the 1D case,
these are referred to as spinons.

The magnetic excitation spectrum of various realizations of the
QSLHAF have been investigated using neutron spectroscopy,
including the parent compounds of the high-Tc cuprate
superconductors Sr2CuO2Cl2 (refs 26,27) and La2CuO4 (refs 28,29),
Sr2Cu3O4Cl2 (ref. 30) and the metal-organic compounds
Cu(pz)2(ClO4)2 (refs 31,32) and Cu(DCOO)2·4D2O (CFTD;
refs 33,34) considered here. These experiments have established
that, although SWT gives an excellent account of the low-
energy spectrum, a glaring anomaly is present at high energy
for wavevectors q in the vicinity of (⇡ , 0), where q= (qx , qy) is
expressed in the square-lattice Brillouin zone of unit length 2⇡ .
The anomaly is evident as a complete wipe out of intensity (Fig. 1a)
of the otherwise sharp excitations27,29,32,34 and as a 7% downward
dispersion along the magnetic zone boundary connecting the
(⇡/2, ⇡/2) and (⇡ , 0) wavevectors for Sr2Cu3O4Cl2 (refs 30,33)
and CFTD. Unambiguously identifying the origin of this e�ect
is complicated by the presence, in some of these materials, of
further small exchange terms such as electronic ring-exchange27,29,
further neighbour exchange31,32 or interpenetrating sublattices30. In
contrast, the deviations observed in CFTD agree with numerical
results obtained by series expansion35,36, quantum Monte Carlo37,38
and exact diagonalization39 methods for the model of equation (1),
proving that the anomaly is in this case intrinsic34. Owing to
the similarities of the measured anomaly to some aspects of the
predicted fermionic RVB excitations treated in the random phase
approximation23, it has been speculated that the anomaly might
be related to fractionalized spin excitations29,34. Given the greatly
enlarged family of experimentally accessible physical realizations of
QSLHAF owing to the advent of high-resolution resonant inelastic

X-ray scattering40–43 and the fundamental nature of the QSLHAF, it
is clearly desirable to develop a microscopic understanding of the
origin of the anomaly.

Here we present polarized neutron scattering results on CFTD
which establish the existence of a spin-isotropic continuum at
(⇡ , 0), which contrasts sharply with the dominantly longitudinal
continuum at (⇡/2,⇡/2) and with the broken spin symmetry of the
ground state. Using a fermionic description of the spin dynamics
based on a Gutzwiller-projected variational approach, we argue that
the continuum at (⇡ , 0) is a signature of spatially extended pairs of
fractional S= 1/2 quasiparticles (Fig. 1b,c). At other wavevectors,
including (⇡/2, ⇡/2) (Fig. 1d), our approach yields bound pairs
of these fractional quasiparticles and so recovers a conventional
magnon spectrum, in agreement with SWT (Fig. 1e).

Neutron scattering experiments were performed on single crys-
tals of CFTD using unpolarized time-of-flight spectroscopy (Fig. 1)
and triple-axis spectroscopy with longitudinal polarization analysis
(see Supplementary Methods). The results of our polarized exper-
iment are presented in Fig. 2 through the energy dependence ! of
the diagonal components of the dynamic structure factor S(q,!).
By combiningwavevectors fromdi�erent equivalent Brillouin zones
(see SupplementaryMethods), we can reconstruct the total dynamic
structure factor (Fig. 2a,e), and separate contributions from spin
fluctuations that are transverse to and along (Fig. 2b,c,f,g) the or-
dered moment. Within SWT, the resulting transverse and longi-
tudinal spectra are dominated by one-magnon and two-magnon
excitations, respectively. At (⇡/2,⇡/2), and at an excitation energy
of ! = 2.38(2) J , we observe a sharp, energy resolution-limited
peak (1! = 1.47(5)meV = 0.24(1) J , FWHM) which is the sig-
nature of a long-lived, single-particle excitation (Fig. 2e). Most of
the observed spectral weight is in the resolution-limited peak of
the transverse channel S?(q,!)⌘S

xx(q,!)+S
yy(q,!) (Fig. 2f),

while a weak continuum extends from !/J ⇡ 2.3 to 3.4, with a
maximum around !/J ⇡2.6 in the longitudinal channel, Szz(q,!)
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The many-body wavefunction

All possible quantum states | ⟩𝑆> …| $𝑆?"

am
pl

itu
de

𝜓
(𝑆
)

| ⟩𝑆 = | ⟩↑↓↑ ⋯ ↑

𝑁 spins

2# states

4x4 Heisenberg model



All possible quantum states | ⟩𝑆) …| 0𝑆*!

Wave function as artificial neural network

| ⟩𝑆 = | ⟩↑↓↑ ⋯ ↑

G. Carleo, M. Troyer
Science 355, 602 (2017)

§ Universal function approximation theorem
§ Reduction from 2+ to 𝛼𝑁 parameters
§ Much reduced limits on simulation time / system size



Wave function as artificial neural network
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Neural-network quantum states (NQS)

G. Carleo, M. Troyer
Science 355, 602 (2017)

Optimization 

Ground state: minimize ( !ℋ − 𝐸)𝜓𝒲

Dynamics: minimize i𝜕-𝜓𝒲 𝑡 − !ℋ(𝑡) 𝜓𝒲(𝑡)

“unsupervised” learning from samples

Restricted Boltzmann Machine



Ground state NQS vs Exact Diagonalization (ED)

Ground state N=4x4 Heisenberg model G. Fabiani, JHM, SciPost. Phys. 7, 004 (2019)

Network with 𝑀 = 𝛼𝑁 = 64 parameters already gives accurate results



Propagation of fastest magnetic waves

𝐶 𝑹, 𝑡 = 𝑺# ( 𝑺. − 𝑺# 𝑺. , 𝑹 = 𝒓# − 𝒓.

Anisotropy of propagation determined by symmetry of light-matter interaction

∆𝐽ex𝑓(𝑡)

G. Fabiani, M.D. Bouman, JHM, Phys. Rev. Lett. 127, 097202 (2021)
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Supermagnonic propagation

For small 𝑅/ faster

𝑣 NQS ≈ 4.71 𝑎𝐽!" 40% higher  than  𝑣 LSWT ≈ 3.28 𝑎𝐽!"

≈ 20 km/s for 𝐽!" ≈ 6 meV, 𝑎 ≈ 5Å

G. Fabiani, M.D. Bouman, JHM, Phys. Rev. Lett. 127, 097202 (2021)

Supermagnonic propagation in 2D antiferromagnets
M.D. Bouman1, J.H. Mentink1

1 Radboud University, Institute for Molecules and Materials, Nijmegen, The Netherlands. email: m.bouman@science.ru.nl

Microscopic model
Light-matterStatic Heisenberg AFM Method

Motivation
• Laser-induced perturbations of the exchange interactions trigger 

ultrafast two-magnon dynamics. [1]

• Numerical calculations revealed magnons can propagate faster 
than expected → supermagnonic effect. [2]

• Many-body effect → interactions are essential.
• A deeper understanding of the origin of the effect is needed.
• What is the effect of the spin value S and the lattice geometry?

Schwinger boson mean-field theory (SBMFT) [2,3]

• Spins → bosons
• Magnon-magnon interactions on a mean-field level
• Provides a qualitative description
• Spin dynamics in the linear response regime
• Analytical expression for the spin correlation function:

Benchmark against:
Linear spin-wave theory (LSWT)
• Large-S expansion
• Mapping to non-interacting magnons

Results [4]

The spin correlations                                                                                             provide a 
fingerprint of magnon propagation. We observe light-cone spreading of correlations.
Propagation velocity is given by the slope of the light-cone.

References:
[1] D. Bossini et al., Phys. Rev. B, 100, 024428, (2019)
[2] G. Fabiani, M.D. Bouman, J.H. Mentink, Phys. Rev. Lett. 127, 097202 (2021)
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Conclusions and outlook
• Supermagnonic propagation is a result of magnon-magnon interactions. 
• Determined by competition between propagating magnons and the quasi-bound state.
• Next: Dynamical control of the supermagnonic effect. Study non-linear effects and periodic driving.
• Potential use in faster, smaller and more energy-efficient IT.

Square Honeycomb

Fit arrival times of first maxima t* :

• SBMFT qualitatively confirms supermagnonic velocities
• Higher spin → lower velocity (quantum effect!)
• Square lattice: supermagnonic velocity (isotropic)
• Honeycomb lattice: x/y asymmetry

supermagnonic velocity along y-axis, not along x-axis

Spectral representation:

• Competition between (non-interacting) propagating magnon modes, and a 
localised quasi-bound state (due to magnon-magnon interactions)

• Supermagnonic effect if:  - dominating propagating magnons at low q
- dominating quasi-bound state at high (zone-edge) q
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time (ℏ/Jex)Consequence of exceptionally strong magnon-magnon interactions

spins move faster 
than the fastest 
magnons!
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Magnon-pair operator algebra
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Quantum to semi-classical
Iℋ =C
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Pseudo-spin vector

Dynamics on pseudo-sphere

G. Fabian and JHM Appl. Phys. Lett. 120, 152402 (2022)



𝑑𝓙𝒌
𝑑𝑡 = −𝓙𝒌×𝑩𝒌

𝑑𝑺
𝑑𝑡

= −𝛾𝑺×𝑩

𝐵
𝐵

𝐵𝑩 ×

+
𝜂
𝑆
𝑺×

𝑑𝑺
𝑑𝑡

+
𝜂
𝒥"
𝓙𝒌×

𝑑𝓙𝒌
𝑑𝑡

Semi-classical magnon pair dynamics

<latexit sha1_base64="s80ZJDHe1B7CiH+RDmbh0K68WLI=">AAACFXicbVDLSgMxFM3UV62vqks3g0WooGVGiroRim5cVrAPaDvlJs20oZkHSUacDv0JN/6KGxeKuBXc+TemD0FbDwROzrmXe+/BIWdSWdaXkVpYXFpeSa9m1tY3Nrey2ztVGUSC0AoJeCDqGCTlzKcVxRSn9VBQ8DCnNdy/Gvm1OyokC/xbFYe05UHXZy4joLTUzh7lmx6oHnYTGDYV86j8+ePhoXN/AU6MncExOAPsxO1szipYY5jzxJ6SHJqi3M5+NjsBiTzqK8JByoZthaqVgFCMcDrMNCNJQyB96NKGpj7o+a1kfNXQPNBKx3QDoZ+vzLH6uyMBT8rYw7pytLKc9Ubif14jUu55K2F+GCnqk8kgN+KmCsxRRGaHCUoUjzUBIpje1SQ9EECUDjKjQ7BnT54n1ZOCfVoo3hRzpctpHGm0h/ZRHtnoDJXQNSqjCiLoAT2hF/RqPBrPxpvxPilNGdOeXfQHxsc3hZ2frg==</latexit>

(a⇥ b)x = aybz � azby
<latexit sha1_base64="dfN2D0UBukzgyv1CdTNwuKWX9UU=">AAACFXicbVDLSgMxFM34rPU16tLNYBEqaJmRom6EohuXFewD2k65STNtaOZBkpG2Q3/Cjb/ixoUibgV3/o3pQ9DWA4GTc+7l3ntwxJlUtv1lLCwuLa+sptbS6xubW9vmzm5ZhrEgtERCHooqBkk5C2hJMcVpNRIUfMxpBXevR37lngrJwuBO9SPa8KEdMI8RUFpqmsfZug+qg70EhnXFfCp//nh45PYvwR1gt3cCbg+7g6aZsXP2GNY8caYkg6YoNs3PeisksU8DRThIWXPsSDUSEIoRTofpeixpBKQLbVrTNAA9v5GMrxpah1ppWV4o9AuUNVZ/dyTgS9n3sa4crSxnvZH4n1eLlXfRSFgQxYoGZDLIi7mlQmsUkdVighLF+5oAEUzvapEOCCBKB5nWITizJ8+T8mnOOcvlb/OZwtU0jhTaRwcoixx0jgroBhVRCRH0gJ7QC3o1Ho1n4814n5QuGNOePfQHxsc3hB2frQ==</latexit>

(a⇥ b)y = azbx � axbz
<latexit sha1_base64="6+lUQKrWdF+BXw6zpVu7ktkp2FM=">AAACFXicbVDLSgMxFM3UV62vqks3g0WooGVGiroRim5cVrAPaDvlJs20oZkHSUY6Dv0JN/6KGxeKuBXc+TemD0FbDwROzrmXe+/BIWdSWdaXkVpYXFpeSa9m1tY3Nrey2ztVGUSC0AoJeCDqGCTlzKcVxRSn9VBQ8DCnNdy/Gvm1OyokC/xbFYe05UHXZy4joLTUzh7lmx6oHnYTGDYV86j8+ePhoXN/Ac4AO/ExODF2Bu1szipYY5jzxJ6SHJqi3M5+NjsBiTzqK8JByoZthaqVgFCMcDrMNCNJQyB96NKGpj7o+a1kfNXQPNBKx3QDoZ+vzLH6uyMBT8rYw7pytLKc9Ubif14jUu55K2F+GCnqk8kgN+KmCsxRRGaHCUoUjzUBIpje1SQ9EECUDjKjQ7BnT54n1ZOCfVoo3hRzpctpHGm0h/ZRHtnoDJXQNSqjCiLoAT2hF/RqPBrPxpvxPilNGdOeXfQHxsc3gp2frA==</latexit>

(a⇥ b)z = axby � aybx

(𝒂 × 𝒃)/= 𝑎1𝑏0 − 𝑎0𝑏1

(𝒂 × 𝒃)1= 𝑎0𝑏/ − 𝑎/𝑏0

(𝒂 × 𝒃)0= −(𝑎/𝑏1 − 𝑎1𝑏/)

LLG equation on sphere “LLG” equation on pseudo-sphere

G. Fabiani and JHM, Appl. Phys. Lett. 120, 152402 (2022)



𝑑*

𝑑𝑡*
+ 𝜂𝜔+

𝑑
𝑑𝑡
+ 𝜔+* 1 + 𝛼 + 𝛽𝑥* − 2Γ sin 2𝜔+𝑡 𝑥(𝑡) = 0

Ansatz: (𝛼 = 𝛽 = 0)

𝑥 𝑡 = 𝑥!(𝑡) cos𝜔"𝑡 + 𝑥#(𝑡) sin𝜔"𝑡

Parametric oscillations

𝑥! = 𝑥!(0)𝑒$%! &'( )
𝑥# = 𝑥#(0)𝑒%! &$( )

Pictures adapted from I. Mahboob and H. Yamaguchi, Nature Nanotech 3, 275 (2008)



𝑑𝓙𝒌
𝑑𝑡

= −𝓙𝒌×𝑩𝒌+
𝜂
𝒥2
𝓙𝒌×

𝑑𝓙𝒌
𝑑𝑡

Parametric excitation of magnon pairs
Excitation of parametric resonance by periodic modulation

𝑩𝒌 = −2 𝑉𝒌 cos 2𝜔𝑴𝑡 , 0, −𝜔𝒌

𝐶 𝑡 = &𝑺# ( &𝑺#&%/ =%
𝒌
𝜣𝒌 ( 𝓙𝒌

𝜂 = 0 𝜂 = 0.1

𝑓 𝑡 = cos(2𝜔𝑴𝑡)

E. Goto, The Parametron, a Digital Computing Element Which Utilizes Parametric Oscillation Proc. IRE, 47, 1304 (1959)

Bits as oscillation states



Bits as phases of magnon pair oscillations

Φ(𝑡) = B
,

,$-

𝑑𝑡′𝐶(𝑡′) E cos 2𝜔𝒌𝑡 ′

G. Fabiani and JHM, Appl. Phys. Lett. 120, 152402 (2022)

𝜂 = 0.01

𝐽34 = 10%*𝑒𝑉 ⟹ 𝑡 = 100/𝐽34~ 6 ps



Approaching the fundamental limits

• Strong damping 𝜂~1 approaches “ultimate” physical limits
• Up to 5 orders of magnitude better than best magnets so far

𝐅𝐞𝟖MM: R. Gaudenzi, et al., Nature Phys. 14,565–568 (2018)

MnRuGa: C. Banerjee, et al., Nature communications 11, 4444 (2020)GdFeCo: K. Vahaplar Phys. Rev. Lett. 103, 117201(2009)

YIG:Co: A. Stupakiewicz, Nature 542, 71–74 (2017).
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Summary
• Supermagnonic propagation

magnons at the edge can propagate up to 40% faster
extraordinary strong magnon-magnon interactions in 2D

• Parametric excitation of magnon-pairs
Semi-classical dynamics reveals switching near fundamental limits

SciPost. Phys. 7, 004 (2019) Phys. Rev. Lett. 127, 097202 (2021) Appl. Phys. Lett. 120, 152402 (2022)




