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Route to minimally dissipative switching in magnets via terahertz phonon pumping
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Ultrafast switching of magnetic materials has been shown to be predominantly thermally driven, but excess
heating limits the energy efficiency of this process. By employing atomistic spin-lattice dynamics simulations,
we show that efficient coherent magnetization switching of an insulating magnet can be triggered by a THz
excitation of phonons. We find that switching is driven by excitation near the P point of the phonon spectrum
in conditions where spins typically cannot be excited and when manifold k£ phonon modes are accessible at
the same frequency. Our model determines the necessary ingredients for low-dissipative switching and provides
insight into THz-excited spin dynamics with a route to energy efficient ultrafast devices.

DOI: 10.1103/PhysRevB.109.224412

I. INTRODUCTION

The control of magnetic order on an ultrafast timescale in
an efficient and robust manner is crucial for the development
of next-generation magnetic devices [1]. The interaction of
magnetic materials with femtosecond laser pulses has shown
multiple fundamental effects that culminate in the ability to
switch the magnetization by means of purely optical excita-
tion [2,3]. However, in metallic systems this is accompanied
by a large rapid temperature increase, which is detrimental to
the long-term usage of device. The use of insulators can be
beneficial in this respect, however, the routes for energy effi-
cient switching, involving minimal energy losses, still needs
to be found.

A number of possibilities have been presented recently
using ultrafast excitations in the terahertz (THz) regime by
means of femtosecond lasers or THz sources [4]. One of the
fundamental questions in this research is understanding the
angular momentum transfer between spins and lattice, with
recent results demonstrating that angular momentum transfer
between both systems primarily takes place on an ultrashort
timescale (around 200fs) [5], in contrast with previously con-
sidered timescales in the range of 100 ps [6]. Therefore, at
the picosecond timescale and below, the dynamics of spin
and lattice occurs simultaneously and one system can excite
the other. First, excitation of the lattice can change magnetic
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parameters such as exchange [7-9] or anisotropy [10] and
therefore can excite magnetization dynamics. Reciprocally,
ultrafast excitation of the spin system can produce excitation
of the lattice at the same timescale. An example of that is the
ultrafast Einstein-de Haas effect [5] or localized spin-Peltier
effect in antiferromagnets [11].

The most exciting results, however, are related to the pos-
sibility of magnetization switching via THz phonon pumping.
Such a possibility was anticipated by theoretical investiga-
tions [12,13] based on a phenomenological model which
includes magnetoelastic anisotropy. Recent experiments by
Stupakiewicz et al. [14] demonstrated ultrafast magnetization
switching in the magnetic insulator YIG by means of resonant
pumping of specific longitudinal optical phonon modes. The
switching was explained by excitations of local stresses that
induce magnetoelastic anisotropy. The results also suggest a
universal ultrafast switching mechanism which may be ap-
plied to a wide range of materials.

Thus, energy-efficient magnetization switching is particu-
larly interesting to explore in insulators. This is due to the fact
that, first, the electronic system with its low specific heat can
have little participation in the energy uptake and, second, that
excitation of the spin-phonon system on the subpicosecond
timescale will have minimal interaction with the outside world
in terms of energy diffusion. Therefore, one can try to find
conditions for almost dissipationless (“cold”) switching.

In this paper, we employ a spin-lattice framework as
implemented in Ref. [15] able to treat both magnons and
phonons in a self consistent way. Spin-lattice dynamics
frameworks [6,16-21] have been used also to tackle other phe-
nomena that involve magnon-phonon interaction such as the
Einstein de-Haas effect that appears as a result of conserva-
tion of angular momentum [22,23]. Besides periodic systems,
spin-lattice dynamics frameworks can also investigate finite-
size systems such as magnetic nanoparticles [24,25] or ways

Published by the American Physical Society
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FIG. 1. Illustration of magnetization switching by THz pulses.
The THz pulse couples directly to the lattice creating a magnetoelas-
tic field that leads to low dissipation switching.

to parameterize more effectively the energy terms in such
models [26], including first-principles parametrization [19,27]
or machine-learning approaches [28].

Here we demonstrate the possibility of an energy-efficient
switching in conditions when phonons are excited with high
k values and THz frequencies, corresponding to a maximum
in the density of states with no available spin-wave modes. A
schematic representation of the process is provided in Fig. 1.
The mechanism of switching is via local magnetoelastic fields
created by atomic displacements due to the phonon pulse. The
mK spin temperature developed during the switching process
shows that the switching process can be considered nondis-
sipative. Within dissipationless switching, one can think that
the main mechanism behind it is angular momentum trans-
fer between phonons to spins. Our findings indicate that the
angular momentum pumped during excitation is not solely re-
sponsible for the observed switching. Instead, we demonstrate
that switching is triggered by the presence of magnetoelastic
fields. Furthermore, once the switching initiates, all generated
angular momentum dissipates back into the lattice.

II. METHODOLOGY

The computational model for this paper has been previ-
ously employed in the systematic investigation of equilibrium
and dynamic properties of of spins and phonons in BCC
Fe [15]. However, the aim of this paper is not to model bcc
Fe, the Fe parameters being chosen as they are well studied in
the literature and good parametrization exists from theory and
experiments, providing a reasonable spin-phonon spectrum.
For the sake of proof of concept, the system is effectively
treated as an insulator—no electronic damping is considered
on the spin system and the only thermostat is applied is acting
on the lattice. The system size used in the simulations is 10 x
10 x 10 bcc unit cells. For phonon interactions, we consider
a Harmonic Potential (HP) and Morse Potential (MP). The
HP is defined as U (ri;) = Vo(ri; — r?j)z, where V,, has been
parametrized for bec Fe in Ref. [18] (Vp = 0.150 eV/ Az)_ The
MP is defined as U (r;;) = D[e~24="0) — 2¢74(ii=0)] and is
parameterized in Ref. [29] for bcc Fe (D = 0.4174eV,a =
1.3885 A, and ro = 2.845 A). For both potentials, the interac-
tion range was restricted to 7, = 7.8A. The potentials we have
chosen are fundamentally phenomenological, however, for the
system and temperature range studied here, we have shown in
Ref. [15] that several equilibrium spin wave-based properties,

such as damping and equilibrium magnetization are not in-
fluenced by the choice of potential. Additionally, comparison
with experimental phonon spectra shown in Ref. [15] showed
good agreement for the Morse potential. Other works such
as Ref. [19] include full first-principles parametrization of the
mechanical potential and exchange interaction, so future work
can benefit from such models.

The total Hamiltonian used in the simulations consists of
the mechanical energy contributions [kinetic and potential
energy U (r;;)] and the spin (magnetic) Hamiltonian—Eq. (1).
The magnetic energy terms in our simulations [15] are the
exchange interaction, uniaxial anisotropy with the easy axis
e parallel to the z direction to mimic the switching experi-
ments and a spin-lattice coupling Hamiltonian, given by the
pseudodipolar coupling term (H.) [31,32], which we will de-
scribe later. The exchange interactions used in our simulations
depend on atomic separation J(r;;) = Jo(1 — %)3®(rc — 1ij),
where r, is the cutoff and ®(r. — r;;) is the Heaviside step
function. They were calculated from first-principles- methods
for bcc Fe by Ma et al. [16]. The magnitude of the spin-
lattice coupling is assumed to decay as f(r;;) = CJy /rlf‘j as
presented in Ref. [18] with C taken as a constant, for simplic-
ity, measured relative to the exchange interactions Jy (CJy =
0.452eV A*). The coupling strength C can be parameterized
via the strain-dependent magnetoelastic anisotropy or via the
value of the damping of the magnon (phonon) origin [15].
It is also possible to parametrize spin-lattice coupling terms
as shown in Ref. [26] that accurately describe magnetoelastic
phenomena, these methods being crucial for high-throughput
computation development [33].

ﬂll‘V-2 1 1
Hot ZZ TI + 3 ZU(I‘,']') 3 ZJ(rij)(S,» -S;)
LJ LJ

=) wi(Si-ey

1
—Zf(rij)[(si'f'ij)(sj'f'ij)— gsi'sji|v (D

ij

Since the total Hamiltonian depends on the coupled spin
and lattice degrees of freedom (v;, r;, S;), the following equa-
tions of motion (EOM) need to be solved concurrently to
obtain the dynamics of our coupled system:

5 =V b)
% =-—nvi+ ’% (3)
aa—sti = —yS; x H;, “4)
where F; and H; represent the effective force and field de-
fined as F; = — B;ir"“ +TI';and H; = —ﬁ% The term T;

represents the fluctuation term (thermal force) as expressed
within Langevin dynamics and 7 represents the friction term
that controls the dissipation of energy from the lattice into the
external thermal reservoir. The thermal force has the form of a

224412-2



ROUTE TO MINIMALLY DISSIPATIVE SWITCHING IN ...

PHYSICAL REVIEW B 109, 224412 (2024)

Frequency (THz)
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Frequency (THz)

FIG. 2. Phonon (black points) and magnon (blue line points)
spectra and density of states (right panel, continuous lines) of the
x component of velocities and spins, respectively at 7=10 K for a
Morse potential [(a): MP] and Harmonic potential [(b): HP]. The
continuous black lines in the left figure in (a) and (b) represent the
spectra calculated using all three components of velocities. The red
symbols in (a) show where we excite the system (close to I' and
in P point). The Fourier transform of spin (magnons) and position
(phonons) after excitation with THz pulse for (c) MP at 8.6THz
and (d) HP at 8.3THz. For completeness, we also show the Fourier
transform of the magnons and phonons for a THz pulse for MP
at 8.3THz and HP at 8.6THz in the Supplemental Material [30],
Fig. S6.

Gaussian noise with the strength of the fluctuation term being
expressed as 2”kBT

For the spin degrees of freedom, we solve only the preces-
sional Landau-Lifshitz equation: aa_z = —yS; x H; without
the Gilbert damping term, as this appears intrinsically in our
model via the direct coupling to the lattice. However, later,
to show the long-time scale behavior of the results, Fig. 4,
we have employed a Landau-Lifshitz-Gilbert equation in the
form: 2 o= (1+,\2 —L 8, x (H; + AgS; x H)).

To model the effect of THz phonon excitation, we ap-
ply a periodic external force to each atom Fp,(f,r) =
focosRnvt + Kk - r)O(t, —t), where O(t, — t) is the Heav-
iside step function, ¢, is the rectangular pulse duration, and
« stands for the x, y, z coordinates of the forces. The exci-
tation force Fjyy, is nonhomogeneous in space by choosing
different k& vectors and for simplicity is applied along the x
direction.

III. THZ SWITCHING

The complete magnon-phonon spectrum is presented in
Fig. 2. Note that for the HP, the phonon and magnon spectrum
intersect, however, the MP does not present this feature. The

power spectral density of the autocorrelation function in the
frequency domain [15] (see also Fig. S1 in Supplemental Ma-
terial) [30] reveals a peak for phonons at frequencies around
8.3 THz for the HP and a broad-band excitation for the MP
around the similar frequency (with no available spin-wave
modes), hence we first excite our systems around 8 THz. The
application of the THz force drives the atom displacement
to excite phonons within the system. Within the spin-lattice
framework, these phonons break the local symmetry of the
lattice which, through the pseudodipolar coupling term, gen-
erates an internal field capable of switching the magnetization.
The k vector corresponding to the P point (obelisk symbol
in Fig. 2) and the application of the force on the x direc-
tion was selected, as it gives rise to movement of the atoms
entirely out of phase along the x direction, with oscillations
of the atoms around their equilibrium position up to 7% of
the lattice spacing (for f = 0.05)—Supplemental Material,
Fig. S4. In the case of the HP [Fig 2(b)], forced excitation with
a THz pulse of 8.3 THz leads only to a response at the same
frequency for both magnons (spin S;) and phonons (position
ry) [Fig. 2(d)]. For the MP, although we excite the system
only on the x direction and at the P point in the Brillouin
zone, we observe multiple spin and phonon modes [Fig. 2(¢c)],
reflecting the decay of the forced excitation into other modes,
along the P — I'” path. This gives rise to displacements in
all three directions, (Fig. S4, Supplemental Material) and a
more complicated switching pattern and additional heating (as
observed later in Figs. 3 and 6). Note that the analysis of the
coupling fields (see Supplemental Material, Fig. S1) shows a
broadening of the spectra at the excitation frequency for the
MP, in contrast with the peak observed for the HP, suggesting
a much weaker coupling to the THz force (hence a lower peak
amplitude at the excitation frequency).

In spite of these differences in the excitation spectrum, we
have observed magnetization switching for both potentials.
Figure 3 shows examples of switching cases for HP [Fig. 3(a)]
and MP [Fig. 3(c)]. The origin of the switching can be un-
derstood analyzing the behavior of the coupling fields which
are responsible for magnetoelastic effects. We observe that the
parallel to the magnetization component of the coupling field
H/'is zero, and the THz excitation leads to the apparition of a
perpendicular component H*, which will drive the switching.
In the case of the HP [Fig. 3(a)], we observe that at around 40
ps there is an increase in the H, leading to the initiation of
switching. For the case shown in Fig. 3(b), the perpendicular
field developed is smaller and cannot lead to switching. For
MP, we observe that the perpendicular coupling field fluctu-
ates due to the wider range of excited phonons. The switching
is triggered when this field reaches a relatively constant, large
value, which is a random event. For the case of Fig. 3(d), no
switching is triggered since the in-plane component of the
perpendicular field is rotating (see Fig. S5 in Supplemental
Material). Importantly, after the THz excitation, the magne-
toelastic fields are almost zero, showing that all the energy
was transferred and used during the switching. After this
time, the only effective field that leads the magnetic system
back to saturation is a small uniaxial anisotropy, H; = 0.05T,
which defines a slow relaxation of the system at much longer
timescales (>30ns) than those presented here. We conclude
that the reason for magnetization switching is the generation
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FIG. 3. Evolution of magnetization (top row), coupling and anisotropy fields (middle row), and spin temperature (bottom row) under the
application of a THz pulse for the Harmonic [(a), (b)] and Morse potential [(c), (d)]. For each potential, two frequencies are shown; one where
switching does not occur [(a), (b)] and where switching did occur [(b), (d)]. The temporal region where the THz pulse is applied is emphasized
by the gray area; which for (a) and (b) is 115 ps and for (c) and (d) is 145 ps.

of sufficiently strong perpendicular to magnetization fields of
of magnetoelastic origin.

IV. EXTENDED TIMESCALE RESULTS

To characterize the spin system, we calculate the spin
temperature [34]; see Fig. 3, bottom panels. We observe that
the increase of temperature is in the mK range, proving the
lack of heating during this process. Moreover, the spin tem-
perature in the case of the HP is raised to several mK while
approximately 10 times larger temperatures (around 10 mK
and up to 28 mK) are created for the MP. In the case of the
HP, the very small temperature increase is due to the fact that
no magnons can be excited in the spin system and thus the
energy goes efficiently into the magnetoelastic fields created
by the spin-phonon coupling with the rest of the increase in
temperature coming from switching only, as shown in Fig. S3,
Supplemental Material. This underlines the main differences
between the HP and anharmonic MP. In the latter case, large
nonlinearities are present in the system. Since our excitations
are strong, these nonlinearities act as an efficient scattering
mechanism for phonons, which finally add a temperaturelike
effect.

Figures 4 and 5 highlight the extended timescales observed
in our simulations following the application of the THz pulse.
When the magnetic system does not contain any electronic
damping, the relaxation happens via the lattice only, which
for low temperature is a very slow process. Consequently,
during the timeframe depicted in Fig. 3(b), the magnetization
appears to remain constant after the laser pulse application.

Introducing an additional Gilbert damping A¢ after the ap-
plication of the THz pulse as shown in the Fig. 4(a), we
observe that the magnetization decays towards its equilibrium
value, which in this case is (0,0,—1) in ns timescales. A slow
dynamics can also be observed for the spin temperature in
Fig. 3(c). After the THz pulse is stopped, the energy deposited
in the system will slowly be washed out by the thermostat but
at large timescales (about 6 mK/ns) as shown in Fig. 5. It’s
important to note that the slow relaxation is particular to the
Morse potential, owing to its nonlinearities and the excitation
of numerous spin-phonon modes during the THz pulse.

"Mz, Ag=0.1 ——

L I |

| |
15 2 25 3 35 4 45 5
Time (ns)

-1 |
05 1

FIG. 4. Evolution of the z component of magnetization (M) for
up to 5 ns when the Gilbert spin damping Ag is turned on. The
results are for a harmonic potential (HP), and the applied THz pulse
properties are 8.3 THz and 115 ps.

224412-4



ROUTE TO MINIMALLY DISSIPATIVE SWITCHING IN ...

PHYSICAL REVIEW B 109, 224412 (2024)

70

T T
Tspin: Ag=0.0 ——

Time (ns)

FIG. 5. Evolution of the spin temperature for up to 5 ns (bottom
panel) in the case of Morse potential (MP). The applied THz pulse
properties are 8.4 THz and 145 ps.

V. SWITCHING PHASE DIAGRAM AND ANGULAR
MOMENTUM TRANSFER

Figure 6 shows the phase diagram for magnetization
switching at 7 = 0K for HP (a) and MP (b) in terms of
the excitation frequency and the pulse duration. An important
difference between the two potentials is a much larger switch-
ing region for the MP, however, with scattered points due to
phonon modes generation and finite-size (finite-time) effects
which we will discuss below. We note that the excitation at this
frequency produces a large phonon response, up to 5-7% of
the interatomic distance (see Supplemental Material, Fig. S4)
and many phonon modes are available at these frequencies.
We underline that magnons do not have modes at these fre-
quencies and the corresponding k point, hence the switching
is triggered by phonons. During the switching, the change in
the magnetization length is less than 0.04%, suggesting once
more a nonthermal switching. Figures 6(c) and 6(d) show the
final magnetization state for different pulse widths (points)
after the application of a THz laser pulse. For longer pulse
widths, there is an oscillatory behavior of the magnetization

Morse Potential

Harmonic Potential

(b)

O
® © ©
o N OO

Frequency (THz)
©
»

1 T = T
10 IR ) WA I I WY
= 1 (c) @ \7
100 200 0 100 200
ty (ps) to (ps)

FIG. 6. Switching phase diagrams, 7 = 0K as a function of THz
pulse frequency and duration of the pulse, Morse [MP: (a)] and Har-
monic [HP: (b)] potential. (c), (d) Final magnetization after each THz
pulse (points) and the magnetization during 295 ps pulse (continuous
line).

0 40 80 120 160
Time (ps)

FIG. 7. Evolution of magnetization (M /Ms), coupling fields par-
allel and perpendicular to the direction of magnetization (H)! and
H21), anisotropy field (H?) for an imposed harmonic variation of the
x displacement of the atoms with a frequency of 8.4 THz.

which corroborates the precessional and coherent nature of
the switching. The fluctuation of the in-plane coupling field
for MP is responsible for random switching events visible in
the phase diagram of Fig. 6, in contrast to the regular behavior
of HP. The random switching effects are especially visible in
small systems, as is the case of our simulations. Analyzing
Figs. 6(c) and 6(d), we confirm that in the case of the MP
[Fig. 6(c)], the scattering of the phonon modes and subse-
quent heating leads to a scattered final magnetic state with
each realisation, while for the HP, a similar magnetic state
is obtained with each realization. A similar randomization is
produced when we analyze the switching diagrams at nonzero
temperatures for the HP; see Supplemental Material, Fig. S2.
This random switching diagram has also been reported for a
macrospin nanoparticle with a magnetoelastic anisotropy term
at nonzero temperature [12].

One of the main characteristics of the switching is that a
minimum duration of the THz pulse around 50 ps is required,
as shown by the phase diagram. A detailed examination shows
that the switching is precessional due to the fact that the
application of the force on the x direction for the k vector
corresponding to the P point in the Brillouin zone generates a
coupling field that acts in plane on the x direction (see Fig. 3).
Additional proof is shown in Fig. 7, where we artificially
impose an x displacement on atoms of the same magnitude,
frequency, and phase as in the case of the direct numerical
simulations with a HP. This periodic motion creates a per-
pendicular coupling field to the magnetization and leads to
precessional switching.

To gain better understanding of the switching in terms
of the angular momentum transfer, we have computed the
phonon angular momentum defined as L = ) (r; x m;v;) and
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FIG. 8. Evolution of the z component of angular momentum, L?,
magnetization (M?), and magnetic torque y (M x H)* for the THz
switching with a Harmonic potential at a frequency of 8.3 THz and a
pulse width of 115 ps.

magnetic torque during a switching event—Fig. 8. During
the period in which the system is excited by the THz pulse
(highlighted in gray), there is a a minimal phonon angular mo-
mentum (L?). This arises from atomic-level spin precession,
driven by the in-plane pseudodipolar field, resulting in angular
momentum within the phonon system. However, this transfer
of angular momentum alone is insufficient to account for
switching, as it necessitates significantly larger magnitudes.
Moreover, all the angular momentum generated during the
switching dissipates back to the lattice, and we can clearly
observe that after we stop pumping, since the phonon angular
momentum decreases to zero.

VI. NEAR I'-POINT THz EXCITATION

Finally, Fig. 9 presents the results of lower frequency
THz-phonon excitation near the I" point (at the red asterix
symbol in Fig. 2) for the MP and for two excitation strengths.
This is a characteristic example of what typically occurs in
both systems. A small excitation, fj = 0.02, does not develop
any transverse coupling field and produces no effect except
small-amplitude spin waves. Large excitation (for fj = 0.03,
average H! = 1.5T) efficiently excites the spin system in a
random way, leading to a large increase of its temperature.
Hence, although excitation close to the I' point produces
random noncoherent switching events, for some particular
excitation strengths, the process is associated with subsequent
heating. The final spin temperature increases when the excita-
tion strength increases.

VII. CONCLUSIONS

Using a spin-phonon model that allows for angular mo-
mentum transfer, we investigated the effect of magnetization
switching driven by phonon excitations with minimal energy
dissipation. SLD models are crucial for the investigation of
magnetization switching via THz phonons, as we are able to
access the magnetization dynamics corresponding to the ex-
citation of individual or collective phonon modes. Our results
suggest that ferromagnetic materials that present a flat phonon

10 ' " (a) 1.0

0.5 4 o5
on wn
< 0.0 < 0.0
= M, =
05 | M {4 -05
My
A0b_. V¢ 4 -0

<

P <

2 1E 4 =

x 505 1
-go.s - -

’—

0 1 1 1 o 1 1 1
0 150 300 450 600 0 150 300 450 600

Time (ps) Time (ps)

FIG. 9. Example of dynamics excited near I" point at 0.4 THz for
Morse potential and two excitation strengths: fi = 0.02 (left) and
f§ = 0.03 (right).

spectral region where a large number of phonon modes can
be efficiently excited are good candidates for THz-assisted
cold switching. The key factor is excitation with THz phonons
with frequencies and k points at a maximum in the phonon
density of states and no spin excitations. The mechanism cor-
responds to the phonon-driven generation of magnetoelastic
fields with components perpendicular to the magnetization
producing precessional switching on the 100 ps timescale.
Importantly, we predict this possibility for the case of single
species materials unlike early experimental observations [14]
where the switching was due to optical phonon excitation. In
this regard, the important factor is related to the possibility of
experimental access to the excitation with k vectors close to
this flat phonon spectrum; in our case, the P point. Our pre-
diction may be of crucial importance for the next generation
of ecofriendly storage devices, since heat production is one of
the major problems for large data storage centers.
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