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In this work, we leverage atomistic spin-lattice simulations to examine how magnetic interactions impact the
propagation of sound waves through a ferromagnetic material. To achieve this, we characterize the sound wave
velocity in BCC iron, a prototypical ferromagnetic material, using three different approaches that are based on
the oscillations of kinetic energy, finite-displacement derived forces, and corrections to the elastic constants,
respectively. Successfully applying these methods within the spin-lattice framework, we find good agreement
with the Simon effect including high order terms. In analogy to experiments, morphic coefficients associated
with the transverse and longitudinal waves propagating along the [001] direction are extracted from fits to the
fractional change in velocity data. The present efforts represent an advancement in magnetoelastic modelling
capabilities which can expedite the design of future magneto-acoustic devices.

I. INTRODUCTION

Magnetoelastic (MEL) interactions are responsible for
many interesting phenomena in magnetic materials' such as
Joule magnetostrictionz, the Wiedemann effect’, the Villari
effect!, the Matteucci effect?, anomalous thermal expansions,
and many others':%7. MEL coupling also leads to complex
effects on sound velocity that took about four decades, from
the first works by Fuchs® in 1936 and Mueller” in 1940 until
the comprehensive study by Rouchy et al.'® in 1979, to fully
understand">!!. Four main magnetic effects on sound veloc-
ity have been identified: (i) isotropic exchange effects®12, (ii)
anisotropic morphic effects!®1314 (iii) field dependent effects
(the Simon effect)!>"!7 and (iv) rotational-magnetostrictive
effects'®!!1. J. Rouchy and E. du Tremolet de Lacheisserie
provided a detailed theoretical derivation of these four effects
for cubic crystals by expanding the internal energy as a se-
ries of the Lagrangian tensor components, as well as symmet-
rical and antisymmetrical components of the homogeneous
strains'®. S. Rinaldi and G. Turilli showed that MEL effects
on sound velocity can be equivalently taken into account as
corrections to the elastic constants'®. These MEL effects can
be large, and have been experimentally observed in many ma-
terials through the dependency of ultrasonic sound wave ve-
locity on the intensity and direction of an applied magnetic
field"!117:1924 * Novel magneto-acoustic phenomena have
been discovered in recent years, like acoustic spin pumping?’
and magnetization switching induced by sound waves?®=3!,
with potential technological applications in spintronics and
magnetic recording®?.

Classical atomistic simulations lie between quantum me-
chanical calculations at microscopic scale and continuum me-
chanics at macroscopic scale, and bridge the gap between
these two scales within a multi-scale modeling approach3-3¢,
Atomistic methods are useful in the study of quasiparticle phe-
nomenology like phonon-magnon interactions®’, temperature
effects®®, dynamics and nonequilibrium phenomena’*, crystal

phase transformation®, grain boundaries*’, crystal defects*!
and nanostructures*’>. While continuum mechanics meth-
ods have been used to model magneto-acoustic phenomena
successfully’%*3, atomistic simulations of magnetic effects on
sound waves were quite challenging until recently. This phe-
nomenon involves a coupled dynamics of magnetic moments
and atoms, so that it is not possible to use only standard atom-
istic spin dynamics (SD) or molecular dynamics (MD) since
the motion of atoms or spins are neglected, respectively*+°.
An alternative approach could be to combine spin-polarized
ab-inito molecular dynamics and SD*. This strategy is very
accurate but unfortunately is quite demanding computation-
ally, so that it might not a be a convenient method due to
the large atomic supercells required to study sound waves.
To overcome this limitation, one could couple spin dynam-
ics with molecular dynamics (SD-MD)37#48-32  also referred
as spin-lattice dynamics, thus enabling the simulation of both
large system sizes and time scales’®2. Recent advances in
atomistic models based on spin-lattice simulations offer the
possibility of studying MEL phenomena computationally>2-3.
In our previous work, we presented a methodology based on
the Néel model to build a classical spin-lattice Hamiltonian
for cubic crystals capable of describing magnetic properties
induced by the spin-orbit coupling (SOC) like magnetocrys-
talline anisotropy (MCA) and anisotropic magnetostriction,
as well as exchange magnetostriction®*. Here, we probe the
range of applicability of these models by simulating the MEL
effects on sound velocity. Such kind of atomistic simulations
may be useful to clarify and further understand the physics of
this complex phenomenon, as well as speed-up the design of
possible novel technological applications based on these ef-
fects.



II. METHODOLOGY
A. Spin-Lattice Hamiltonian

For the atomistic spin-lattice simulations we consider the
following Hamiltonian

Z“+2Vm (1)
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where r;, p;, si, and m; stand for the position, momentum,
normalized magnetic moment and mass for each atom i in the
system, respectively, V/(r;;) = V(|r; —r;|) is the interatomic
potential energy and N is the total number of atoms in the
system with total volume V. Here, we include the following
interactions in the magnetic energy

N

Z J(l",’j)si ¥

N
%nag(ras) = —Ho Z,uiH'Si - =
i=1 i j=Litj (2)

+}6Véel(r’s)a

where y; is the atomic magnetic moment, uo is the vacuum
permeability, H is the external magnetic field, J(r;;) is the
exchange parameter. The term Hyg,; is the Néel interaction
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In the case of a collinear state (s; || §;), the Eq. 3 is reduced to
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where cos\;; = e;; - ;. The Néel energy reproduces the cor-
rect symmetry of MCA and MEL energy>. The quantity
g(rij) is set to

8(rij) = J(rij), (6)
in order to offset the exchange interaction, as detailed in Ma

et al.*®. This offset of the exchange energy does not affect the
precession dynamics of the spins. However, it allows to offset

the corresponding mechanical forces. Without this additional
term, the forces and the pressure generated by the magnetic
Hamiltonian are not zero at its energy ground state (corre-
sponding to the ferromagnetic state). By doing so, the func-
tion g(r;;) can also be related to the volume magnetostriction
o, induced by the exchange interactions®*>°. On the other
hand, the dipole (/(r;;)) and quadrupole (¢(r;;)) terms can de-
scribe the effects induced by SOC like the anisotropic magne-
tostriction and MCA, respectively>*>. In this work, the spa-
tial dependence of J(r;;), I(r;;) and g(r;;) is described using
the Bethe-Slater curve, as implemented in the SPIN package
of LAMMPS>?
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where @(R., —r;;) is the Heaviside step function and R, ,
(n=J,1,q) are the cut-off radii. The parameters o, Yy, and J,
(n=1J,1,q) must be determined in order to reproduce the Curie
temperature (7¢), magnetostriction and MCA, as described in
Section II B.

The dynamics of spins and atoms are achieved by integrat-

ing the following equations of motion:>’
dr’ = {ri, H},
% = (P, %), ®
ds' = {si, H },

where

{F,G} = Z ( ar
©)

In this work, we focus on MEL effects at zero-temperature, so
that Langevin thermostats are not included in Eqgs.82. In Ap-
pendix C, we provide some tests to verify the correct imple-
mentation of the applied magnetic field and anisotropy field in
spin-lattice simulations.
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B. Spin-Lattice model for BCC Fe

We study the MEL effects on sound velocity for BCC Fe
at zero-temperature. To build the spin-lattice model for this
material, we follow the procedure described in Ref.>*. For
the classical interatomic potential 9/(r;;), we use the spec-
tral neighbor analysis potential (SNAP)® for BCC Fe devel-
oped by Nikolov et al.3®, that yields very good agreement
with first-principles calculations. The magneto-elastic con-
tribution to this potential is modified in order to improve its



predictions of magnetostrictive properties. The calculated pa-
rameters of the Bethe-Slater curve for J(r;;) and the Néel
dipole and quadrupole terms are given in Table I. We use
an effective short range parameterization of the Bethe-Slater
curve>* for J(r;;) in order to reproduce experimental Curie
temperature T = 1043 K> and theoretical volume magne-
tostriction w; = (V5 — V() /Vjy (where Vj and V;j are the equi-
librium volumes at the collinear state and paramagnetic-like
state, respectively) calculated by Shimizu using the itinerant
electron model®, that is @, = 1.16 x 1072, The equilibrium
lattice parameter is obtained from the analysis of the equa-
tion of state (EOS) as in Ref.>*. Namely, we compute the
energy for a set of unit cells with different lattice parameter
(volume), and fit these data to the Murnaghan EOS®"-%% which
gives the equilibrium volume as a fitting parameter. From this
analysis we find that the equilibrium lattice parameter for the
collinear state without SOC of BCC Fe is a§ = 2.83023 A,
and for the state with randomly oriented magnetic moments
(paramagnetic-like state) is a; = 2.81937 A. Randomly ori-
ented (no short range order) magnetic moments, that are in-
dependent of one another, can be applied to examine para-
magnetic states past the Curie temperature, as is done in the
disordered local moment framework for example. This is par-
ticularly true for iron, where short range order of the spins
quickly deteriorates past the Curie temperature. The random
distribution of the spins is made with the implemented ran-
dom generator of the SPIN package’? of LAMMPS*® with
seed number 31.

The elastic constants (C;;), anisotropic magnetostrictive co-
efficients and MCA given by this model are shown in Ta-
ble II, which are calculated combining the AELAS®® and
MAELAS® packages, both interfaced with LAMMPS>*. The
elastic constants for the state with randomly oriented magnetic
moments are calculated using a supercell size of 30 x 30 x 30
unit cells (54000 atoms). For the magnetic moment we use
the experimental values at zero pressure and zero temperature
UFe = 2.2y359, while for the mass we use 55.85 g/mole.

TABLE I. Parameters of the SD-MD model for BCC Fe.

SD-MD model BCC Fe
parameters
oy (ueV/atom) 377.32
Y 0.78979
8 (A) 2.45105
R.; (A) 2.6
Oy (ueV/atom) 29.965
Yq 1.0496
8, A) 2.45105
Req (A) 2.6
oy (meV/atom) -14.2048
Y7 2.6125
57 (A) 2.45105
Rey () 2.6

C. Computational calculation of sound velocity

To calculate the sound velocity, we use three different ap-
proaches based on: i) the oscillation of the kinetic energy®’,
(ii) the finite displacement method’® (FDM) and (iii) correc-
tions to elastic constants'®. Below we provide some details
about these methods.

1. Oscillation of the kinetic energy

The first method makes use of the oscillation of the kinetic
energy to derive the sound velocity®. Namely, as initial con-
dition for spin-lattice dynamics, one displaces the atoms to
generate a standing plane wave with sufficiently large wave-
length (isolated phonon with low momentum k)

u(r,t) = ugcos(kpy - r) cos(2nfyut), (10)

where u is the displacement vector, ug is the displacement
amplitude, f, is the frequency of the phonon, r is the po-
sition and ¢ is the time. Here, periodic boundary conditions
are used, and k,, = 2nn/L, where n is an integer and L is
the length of the simulated system along k,;,. Next, one runs
spin-lattice dynamics (with initial velocities of atoms equal to
zero to simulate sound velocity at zero-temperature) using the
microcanonical ensemble NVE for at least few periods of the
kinetic energy. In our simulation we set the time step dt = 1
fs, and we verify that the total energy is preserved. Last, the
phonon frequency f, is extracted from the fitting of the ki-
netic energy (Ex) versus time®”

Ex(t) =A[1—cos(4nfyt)] . (11)

where A is a fitting parameter that does not depend on time
since no attenuation of the sound wave takes place due to the
lack of energy dissipation for these particular simulation con-
ditions. Here, in the limit of low momentum (k,;, — 0), the
phonon’s velocity (group velocity) v,;, approaches the sound
velocity v in the solid (continuum theory) that can be ex-
pressed in terms of the elastic constants. For example, in
the case of a sound wave propagating in the direction [001],
one can approximately compute the sound velocity in the solid
from the phonon’s frequency and momentum as

k||foo1] kpul[[001] kpnl[[001]

v = lim vy, (12)

u

In our calculations, we use a system size 10 x 10 x 120 unit
cells (24000 atoms, L = 120ap) with lattice parameter agy and
low phonon momentum n = 1 (kp;, = 21/(120a¢)) for BCC
Fe at collinear state, see Fig.1. In the case of paramagnetic-
like state, we increase the system size up to 30 x 30 x 120 unit
cells (216000 atoms) with lattice parameter ay, as discussed in
Section IV A. The simulations are performed using the SPIN
package>? of LAMMPS*®. As first benchmark of this method,
we study the influence of the displacement amplitude uy on
the calculated frequency for a transverse phonon propagating



TABLE II. Calculated and experimental elastic constants, MEL constants (b;), magnetostrictive coefficients (A), MCA (K), saturation magne-
tization (M) and density (p) for BCC Fe at zero-temperature. The elastic constants are calculated assuming collinear (Cl-"j) and randomly (Ci’j)
oriented atomic magnetic moments without SOC, as explained in the main text.

. C,'C‘ cr K K oM oM ¢ p
J i - -
cf;’;‘ts;;fts SD-MD SD-MD 2‘{,’;) b S&xl)) (ﬁ‘l‘,’;') A (sz évf]% (fl"(‘)’fg) SD-MD Expt. |SD-MD Expt.|SD-MD SD-MD
(GPa) (GPa) kJm?) kJm?)| (T) (1) [(gem?) (g/em?)

Cii 25256 25660 2437 b, -441 33 [Agp; 2608  26° | 55001 55¢ | 226 2.19¢| 8.18 8.8
Cia 13987 14384 138 by 973 105¢ |A;; -30.33  -30¢

Cu 10695 119.99 122

aRef.95, DRef.%0, cRef.>d

dRef.87  ¢Ref .08

in the direction k,, || [001] with polarization u || [100]. The
results are shown in Fig.2. We see that below up = 0.01ag
the frequency is not significantly affected by this parameter,
so we use this value for our calculations. The fitting to ex-
tract the frequency for this case (collinear state without SOC)
is shown in Fig.3. The calculated velocity using Eq.12 with
the fitted frequency f, and the value of k;, = 2m/(120af) is
v;h = 3602.2 m/s. Note that in this method to further reduce
the phonon’s momentum (k,, — 0) one needs to increase the
system size (L) making the simulations more demanding com-
putationally. On the other hand, one advantage of this method
is that could be used to study the MEL effects on the atten-
uation of sound waves!!>17-% through the time dependence
of the fitting parameter A(¢) in Eq.11 within a simulation that
allows energy dissipation. The study of MEL effects on the
attenuation of sound waves is not performed in the present
work.

k Il [001]
u |l [100]

BCC Fe
o OO' O
(&)
090

FIG. 1. Initial atomic displacement of a transverse phonon mode
propagating in the direction k, || [001] with polarization u || [100]
for BCC Fe. The system size is 10 x 10 x 120 unit cells, while the
displacement amplitude is ug = 0.01ag. The phonon momentum is
kph = 2%/(120510).
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FIG. 2. Calculated frequency versus the initial displacement ampli-
tude up of a phonon propagating in the direction k, || [001] with
polarization u || [100] for BCC Fe at the collinear state without SOC.

2. Finite displacement method

To overcome the size limitations of the method based on
the oscillation of the kinetic energy, one can use the FDM’°,
In the FDM, the phonon’s frequency is derived from the
forces associated with a systematic set of displacements.
Here, we use this method, as implemented in the program
PHONOPY’%7! also leveraging the PHONOLAMMPS'? in-
terface between PHONOPY and LAMMPS. The group veloc-
ity of the phonon is computed as’’

D(k

vk, ) = (el )| 2 ¥ Jetk ), a3

1

4nf, ph (k 2 J )
where j is the phonon’s band index, D is the dynamical ma-
trix and e is the phonon polarization vector. For the collinear
calculations we generate a supercell with size 4 x 4 x 4 with
lattice parameter afj, while for the paramagnetic states we
use 16 x 16 x 16 with lattice parameter ap. We find that
good convergence in group velocity is observed for these
cell sizes. The atomic displacement distance is set to its de-
fault value 0.01 A. Since in this method we do not have size
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FIG. 3. Fitting to extract the frequency from the oscillation of the ki-
netic energy of a transverse standing wave propagating in the direc-
tion k || [001] with polarization u || [100] for BCC Fe at the collinear
state without SOC. Blue points stand for the calculation with spin-
lattice simualtions, while the red line represents the fitting to Eq.11.

limitations for studying phonons with very low momentum
(kpn — 0), we compute the frequency and group velocity for a
phonon with momentum k,, = 271/(12000a¢). For example,
in the case of a transverse phonon at a collinear state prop-
agating in the direction k,;, || [001] with very low momen-
tum k = (0,0,2m/(120004)), the calculated group velocity
with the FDM is v;h = 3601.2 m/s, which is quite close to
the value obtained with the oscillation of the kinetic energy
(5, = 3602.2 m/s).

3. Corrections to elastic constants

As third method, we consider the MEL effects as correc-
tions to elastic constants. A detailed description of this ap-
proach is given in Appendix A. For example, in the case of a
transverse sound wave propagating in the direction K, || [001]
with polarization u || [100] at a collinear state without SOC,
we have

k||[o01]

£
N

vC

(14)

©
o

u||[100]

where p¢ is the density of the material at the collinear state.
Using the elastic constant Cj, and density p° (see Table II)
at the collinear state in Eq.14, we find v¢ = 3615.7 m/s. Al-
though slightly larger than the previously simulated phonon’s
velocity with the oscillation of the kinetic energy and FDM,
this remains within a close agreement.

III. THEORY OF MAGNETOELASTIC EFFECTS ON
SOUND VELOCITY

In this section we provide a brief overview of the main the-
oretical isotropic and anisotropic MEL effects on sound ve-
locity. To facilitate the analysis of the simulations, it is conve-
nient to decompose the isotropic and anisotropic MEL effects
on the fractional change in velocity as follows

vV 1% V.=V 1% A%
v v + v
Vc_vr+vS0C_Vc 1
- r c =
v v 1 ( v )

I
4

T {H—(VC_W)—F }
v Ve Ve
Ve — " vSOC —F VSOC . Ve — "
+0 . ,
v Ve Ve Ve

(15)
where v39C is the sound velocity at a collinear state includ-
ing isotropic exchange and SOC interactions, v" is the sound
velocity assuming randomly oriented atomic magnetic mo-
ments (paramagnetic-like state) including only isotropic ex-
change interaction, and v¢ is the sound velocity at a collinear
state including only isotropic exchange interaction. In the last
step, we assumed that the change in the sound velocity due
to MEL effects is small in comparison to the sound velocity
(|S9€ —ve| /¢ < 1, [y —Vv"|/v" < 1), which is a reasonable
approximation for the spin-lattice model used here (see Sec-
tion IV).

In experiment, the sound velocity is typically measured
through the pulse echo method’®. The measured frequency
with this technique F is related to the sound velocity v and
sample length / along the direction of the wave propagation
through the following equation®%-7374

12
+

SO

v(F,I) = 2FI. (16)

Performing a Taylor expansion of sound velocity yields

v(F,1) = v(Fo,lo) + (aa;) - (F—Fy)+ (3;) - (1 —1lo)

=vo+2l(F — Fy) +2F(l — ),
a7
where v(Fp, ly) = vo = 2Fply. If we subtract v from both sides
of Eq.17 and divide both sides by v, then we obtain'-'0

V—1Vo 7F7F()+lfl()

Vo F() l() (18)
The theoretical expressions for the fractional change in pulse
echo frequency F have been derived by Rouchy et al.-1%-11,
In addition to this contribution, in Eq.18 we see that the frac-
tional change in length along the direction of wave propaga-
tion must be also calculated in order to compute the fractional
change in velocity. This fractional change in length arises
from the magnetostriction induced by MEL interactions, and
its general form for an arbitrary measuring length direction B
is given by Eq.BS.



The first term in the right-hand side of Eq.15 corresponds
to the fractional change in sound velocity due to the isotropic
exchange interaction (isotropic MEL effects)!!°

VL‘_VI‘ k FL‘_FI‘ k lL‘_lr k
v | T Fr ol
u u
Fe¢ F’k ¢ "
— a,2
Fr =Y(m;")| ,
u u

where Y (m;x’z) is a function that depends on the isotropic mor-

phic coefficients m:“ The form of this function also depends
on the propagation direction of the wave k and polarization u
but not on the magnetization direction M, since this MEL ef-
fect is isotropic. In this isotropic case, the fractional change in
length depends only on the propagation direction of the wave.
The second term in the right hand side of Eq.15 gives the
anisotropic MEL effects due to the SOC, and may be split-
ted into the following terms'-1%!1

VSOC —C k.M FSOC _ F¢ k.M lSOC —e k.M
v T Fe M ’
u u
FSOC _pe k.M ) , k.M k.M
| =G| RO QO)
u u u
k.M
+S(H)|
u

where G(m?’z,mf’z) is a function that depends on anisotropic

morphic coefficients m:{Z and mf’z which are linear combina-
tions of second order in strain MEL constants and third order
in strain elastic constants, R(A%:2, 7»8’2) is a function that comes
from rotational and magnetostrictive effects'! and depends
on anisotropic magnetostrictive coefficients A%? and A%, and
S(H) is a field-dependent term derived by Simon'>. The form
of these functions also depends on k, u and M. The fractional
change in length depends on k and M but not on the polariza-
tion u. The relationship between the morphic coefficients and
higher order elastic and MEL constants are given in Eq.B10,
where we use the same definitions as in Ref.!!. Egs.19 and 20
are derived from the free energy by solving the coupled elas-
tic and magnetic equations of motion!1%11:15.75 " A theoretical
description of all these effects can also be provided by ex-
panding the internal energy as a series of the Lagrangian ten-
sor components, as well as symmetrical and antisymmetrical
components of the homogeneous strains!®. The explicit form
of these equations for the simulated cases is shown in Section
IV. Alternatively, one can also take into account MEL effects
on sound velocity as corrections to the elastic constants'-18
We describe this approach in Appendix A.

IV. RESULTS
A. Isotropic magnetoelastic effects

In the case of a transverse wave propagating along k || [001]
with polarization u || [100], Eq.19 reads'®

P k||[001] s k||[001] oy k[|[001]
v - r r ’
ul[100] u)|[100]
) k||[001] k|[[001] a2
f‘ﬂC — Fr 2 1’7’137
u/[100] u)|[100] 44
K||[001] .,
-1 _ay—a
Ir oay

where mg‘z is an isotropic morphic coefficient defined in
Eq.B10. The form of function Y is the same as in Ref.!°,
but note that it is not the same as in Ref.! due to a different
definition of morphic coeffcients and high order MEL con-
stants. The fractional change in length along [001] arises
from volume magnetostriction ®; due to the exchange in-
teraction. Here, to calculate v we consider two types of
paramagnetic-like state: (i) with randomly oriented magnetic
moments along 3D directions (noncolliner), and (ii) random
up-down (collinear) orientations’®. To simulate the purely
isotropic MEL effects, we do not include SOC interaction
(dipole and quadrupole Néel’s terms) in the spin-lattice model.
In Fig.4 we show the calculated EOS of BCC Fe at these
paramagnetic-like states using system sizes 10 x 10 x 120 and
30 x 30 x 120 unit cells. We observe that increasing the sys-
tem size up to 30 x 30 x 120 gives similar EOS for both
types of paramagnetic-like states, so that we use this size to
calculate v" through the method based on the oscillation of
the kinetic energy. Moreover, since this system size is suffi-
ciently large, we do not need to compute v" for several ran-
dom configurations and average them, or use special quasi-
random structure (SQS) method’®. Note that for the collinear
state we do not need such a large size, so that we use a sys-
tem size 10 x 10 x 120 unit cells to compute v¢. In Fig.5
we show the calculated kinetic energy versus time for BCC
Fe at these two considered paramagnetic-like states. Here,
we simulated three cases using an initial displacement am-
plitude up = 0.01ag, up = 0.05a¢ and uy = 0.1ag. We see
that the paramagnetic-like state with randomly oriented mag-
netic moments along 3D directions increases the kinetic en-
ergy rapidly, so that it is not possible to fit this behaviour to
Eq. 11. This is due to the fact that this spin configuration
corresponds to a thermal equilibrium state with spin temper-
ature Typi, above Tc = 1043K (Tpin > Tc), hence the spin
system interchanges energy with the phonon system, which
is initially at zero-temperature (7,;, = 0 K), trying to equi-
librate their temperatures®>. Consequently, the lattice tem-
perature increases rapidly, as seen in the dynamics of the ki-
netic energy. On the other hand, the configuration with ran-
dom up-down spins is a paramagnetic-like state in terms of



the total energy but it does not correspond to a thermally
equilibrated state above T¢. For example, the spin tempera-
ture for this state using the definition of Nurdin et al.>>7” is
Tspin = 0 K. Hence, it can mechanically stabilize the oscilla-
tion of the kinetic energy by introducing a small energy shift
(~ 65 eV = 0.3 meV/atom) on the kinetic energy (Eq.11). In
this case, we can extract the frequency of the sound wave f”
(do not confuse with the measured frequency F in the pulse
echo method) if the initial displacement amplitude ug is suf-
ficiently large (19 > 0.01ap) to overcome the noise fluctua-
tions of the kinetic energy. From the fitting we obtain the
frequency f" = 0.111619 THz. We can estimate the sound
velocity at the paramagnetic state by inserting the calculated
f"and k" = 21/(120ay) in Eq.12, finding v" = 3776.4 m/s.
At the collinear state, we obtain the frequency ¢ = 0.106063
THz. Hence, the estimated sound velocity using Eq.12 is
v¢ =3602.2 m/s. Consequently, using Eq.12 leads to a frac-
tional change in velocity (v¢ —v")/v" = —0.0435.
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FIG. 4. Calculated equation of state of BCC Fe assuming two types
of paramagnetic-like state: (green line) with randomly oriented mag-
netic moments along 3D directions, and (red line) random up-down
orientations. Vertical dash line stands for the equilibrium volume V.
The system size is (top) 10 x 10 x 120 and (bottom) 30 x 30 x 120
unit cells.

The FDM is a more rigorous and accurate approach to
compute V" than the oscillation of the kinetic energy since it
has no problems associated with the spin-phonon stability for
the paramagnetic-like states at zero-temperature. Applying
the methodology described in Section IIC2, the FDM gives
(v¢ —=v")/v" = —0.048 and —0.0408 for paramagnetic-like

state with randomly oriented magnetic moments in 3D and
randomly up-down orientations, respectively. Alternatively,
we can also estimate it by using the corrections to elastic con-
stants, as explained in Section IIC3 and Appendix A. For
example, using the elastic constant Cj, and density p” at the
paramagnetic state (see Table II) in Eq.14 gives v = 3807.9
m/s, while for the collinear state we get v = 3615.7 m/s. This
gives (v" —v") /v" = —0.0505. Therefore, we see that the frac-
tional change in velocity obtained with the three approaches
(from the oscillation of the kinetic energy, FDM and correc-
tions to elastic constants) are consistent with each other. Last,
we can also estimate the isotropic morphic coefficient mg’z by
inserting the calculated sound velocities (v and v¢), equilib-
rium lattice parameters (a and ag) and elastic constant Cj,

in Eq.21. This procedure gives m?z = —60.8 GPa using the
velocities derived from the oscillation of the kinetic energy,
and mg’z = —60.5 GPa and —57.4 GPa with the FDM for
paramagnetic-like state with randomly oriented magnetic mo-
ments in 3D and randomly up-down orientations, respectively,
while using the velocities given by the corrections to the elas-
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tic constants we find m;"~ = —69.7 GPa.
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FIG. 5. Kinetic energy versus time of a transverse standing wave
propagating in the direction k || [001] with polarization u || [100]
for BCC Fe at paramagnetic-like states: (a) with randomly oriented
magnetic moments along 3D directions and random up-down orien-
tations using an initial displacement amplitude (b) ug = 0.01ag, (c)
ug = 0.05ag and (d) ug = 0.1ag.

In the case of a longitudinal wave propagating along k ||
[001] with polarization u || [001], Eq.19 reads'”

k||[001 k||[oo1 k||[001
P [|[001] Fe_pr [|[001] _r [|[001]
v = T r Ir ’
ul|[001] ul|[001]
k||[001] k||[001] )
FC—F" ,
L =¥ (m*?) =2 (22)
F 3CY,
ul|[001] u||[001]
. k| [001] c s
-1 _ay—a
rr ay




where m(f"2 is an isotropic morphic coefficient defined in
Eq.B10. Following the same procedure as before and using
Eq.22, we find m* = —10.6 GPa and —8.0 GPa through
the FDM for paramagnetic-like state with randomly oriented
magnetic moments in 3D and randomly up-down orientations,
respectively, and m‘f’z = —4.6 GPa via the corrections to the
elastic constants. Unfortunately, for the simulated cases of
the longitudinal mode, the oscillation of the kinetic energy
was not sufficiently stable to extract the frequency at the
paramagnetic-like state (f”), so that we could not estimate
m(l)c’2 with this approach. In Table III, we present a summary of
the results obtained for the two isotropic morphic coefficients
of BCC Fe calculated in this work. We point out that the elas-
tic constants at the paramagnetic state (C7;) and the isotropic
morphic coefficients (m®) are sensitive to the volume magne-
tostriction g of the spin-lattice model.

TABLE III. Calculated isotropic morphic coefficients of a wave prop-
agating along k || [001] using the spin-lattice model of BCC Fe with-
out SOC.

Method u Paramagnetic = Morphic GPa
State coefficient
Kinetic energy u || [100] Random in 3D mg‘z -
Random up-down -60.8
FDM Random in 3D -66.5
Random up-down -574
Elastic constants Random in 3D -69.7
Kinetic energy u || [001] Random in 3D m(]X’2 -
Random up-down -
FDM Random in 3D -10.6
Random up-down -8.0
Elastic constants Random in 3D -4.6

B. Anisotropic magnetoelastic effects

For the analysis of anisotropic effects we follow the same
procedure, but now we switch on the SOC (dipole and
quadrupole Néel’s terms) in order to compute the veloc-
ity vS°C. We first consider a transverse wave propagating
along k || [001] with polarization u || [100] and magnetization

M 1[001]. In this case, the functions in Eq. 20 read'!

k[|[001] LM .2
G - (1 —cos2¢)
u]|[100] 8Ci \3
k[[[001] LM
K = S (A2 =252)[1 4 cos 29]
u||[100]
3
= 1(7“001 —A111) [1+cos2¢],
k[|[001] LM
¢ [|[001] B (38’2)2(1 +COSZ¢)
s St e S
H > ﬁ
ILIOMS’
k|| [001] LM
ZSOC _ lc 1 1
e = — 2% =~ oo,
It 3 5

(23)
where ¢ is the angle between M and crystallographic direction
[100] and Hp is the demagnetizing field. In our simulations
Hp = 0 since we do not include dipole-dipole interactions.
The MEL constant B&? = b, and magnetostrictive coefficients
A2 = 3hgo1 /2 and A&2 = 3)11 /2 are defined in Appendix B.
The form of function G is the same as in Ref.!?, but note that it
is not the same as in Ref.! due to a different definition of mor-
phic coeffcients and high order MEL constants. The fractional
change in length along [001] is obtained from the anisotropic
part of Eq.B8. The fractional change in velocity obtained from
the oscillation of the kinetic energy and the FDM for the spin-
lattice model of BCC Fe is shown in Fig.6. It is performed
at high applied magnetic field ypH = 40 T where H || M.
In analogy to experiment, we extract the morphic coeffcient
mg’z by fitting the results given by the spin-lattice simulations
to the summation of functions G, R, S and (159€ —[€)/I¢ in
Eq.23. Here, all materials parameters in these functions are
constrained to corresponding values of the spin-lattice model
(see Table II), except mzz which is a fitting parameter. This
procedure gives mi? = —14.3 MPa for method based on the

oscillation of the kinetic energy, and mg"z = —15.3 MPa using
the FDM. In Fig.6 we also calculated the fractional change
in velocity using the corrections to the elastic constants given
by Eq.A22. We see that this approach gives similar results to
the field-dependent function S(H), since the linear MEL the-
ory (which does not include high order MEL terms) was used
both by Simon'> to derive function S(H) and Rinaldi et al.'® to
obtain the SOC corrections (AC39C) to the elastic constants'.

The case of a transverse wave propagating along k || [001]
with polarization u || [100] and magnetization M || [100] is a
particular case of Eq.24 when ¢ = 0. This case is calculated
using the spin-lattice model for different values of the applied
field in Fig.7. Here, we also plot the case when the magneti-
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FIG. 6. Fractional change in velocity of BCC Fe versus the direction
of the applied magnetic field H = (H cos,H sin¢,0) on the plane
XY for transverse wave propagating along k || [001] with polarization
u || [100]. The magnitude of the applied field is ygH = 40 T. Black
stars represent the calculations with spin-lattice simulations obtained
from the FDM, while brown solid line is the fitting of these data
to the summation of functions G, R, S and (159€ — [€)/I¢ in Eq.23.
Blue circles stand for the calculations with spin-lattice simulations
obtained from the oscillation of the kinetic energy (Ex). Each func-
tion G, R, S and (159C —[€) /€ in Eq.23 is plotted with pink squares,
purple triangles, orange triangles and green dash line, respectively.
Red diamonds correspond to the calculations using the corrections to
the elastic constants given by Eq.A22.

zation is M || [001], where the functions in Eq. 20 now read'

KM o01] .
G __ "

u]|[100] 12C4

KM 001] .
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e =3V =Roor,

(24)

In Fig. 7, we see that both calculated cases (M || [100] and
M || [001]) are in good agreement with the theory at high ap-
plied magnetic fields (uoH > 5 T). In this figure, we used the
previously calculated value m3’2 = —14.3 MPa derived from
the oscillation of the kinetic energy in order to plot the the-
oretical function G, while for the other parameters in Eqs.23
and 24 we set the values of the spin-lattice model (see Table
II). We also see that the spin-lattice model can correctly re-
produce the rotational-magnetostrictive effect at high applied

magnetic fields predicted by Eqs.23 and 24, that is

_ ,S0C _ e k||[001] S0C _ ¢ k[ M]|[001]
lim - - :
H—o0 Ve C
u|M||[100] ul|[100]

k||[001] /S0C _je k||[001]
u| M||[100] M||[100] (25)
k| Mj|[o01] jS0C _je k||M||[001]

— |R +—
u||[100]

3 3
=2(A"2 —A%%) — 57»001 = 57&001 —3Mui-

The factor 2(AY? — A®2) arises from the rotational-
magnetostrictive effect in the fractional change in pulse echo
frequency F', as shown in Refs. 11011 while the additional fac-
tor —3Ago1 /2 comes from the fractional change in length. The
fractional change in velocity derived from the corrections to
elastic constants (Eq. A22) approaches the field-dependent
function S(H) at high fields along H || [001], but it does not
reproduce the high order effects since the used corrections to
the elastic constants are based on the linear MEL theory'®.
The results from the spin-lattice simulations exhibit a non-
monotonic behaviour at low applied magnetic fields (ugH < 5
T). Similar pattern has been experimentally observed in sin-
gle cubic crystals of disordered Co-Pt alloy!'!. In this low-
field regime, the anisotropy field (upHx = 2K; /M) is com-
parable to the applied magnetic field (H ~ Hg). Hence, this
behaviour comes from an interplay between these two fields.
More precisely, it is associated to the As-effect'!, where stress
anisotropy (Ks) can arise from the stress originated by the
propagation of ultrasonic pulses’8. This stress anisotropy ef-
fect naturally emerges in the spin-lattice model through the
quadrupole (¢(r;;)) and dipole (I(r;;)) terms of the Néel en-
ergy in Eq.2 due to the lattice deformation induced by the
sound wave. For example, in Appendix C2 we analyze the
anisotropy field induced by a static tetragonal deformation
coming from the dipole term (Eq.C8). The analysis of the
stress anisotropy created by the sound wave is more complex
than the static case since it becomes both time and spatial de-
pendent as the wave is propagating through the material. Such
analysis is not performed in the present work. Note that the
low-field regime can not be described by the current theory
since the field-dependent term S(H) was derived by Simon
only under the assumption of high applied magnetic fields'>
(H > 2K, /[uoM;)). Additionally, this regime is difficult to
characterize in experiment since depends strongly on the re-
manent state!!. Hence, we see that the spin-lattice simulations
could be a useful tool to explore and understand the physics
of MEL effects on sound velocity in this regime.

Let us now consider a longitudinal wave propagating along
k || [001] with polarization u || [001]. If the magnetization is
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FIG. 7. Fractional change in velocity of BCC Fe versus the mag-
nitude of the applied magnetic field along H || [100] and H || [001]
for a transverse wave propagating along k || [001] with polarization
u || [100]. Blue points and red squares stand for the calculations with
spin-lattice simulations obtained from the oscillation of the kinetic
energy for the cases H || [100] and H || [001], respectively. Brown tri-
angles and green diamonds correspond to the summation of functions
G, R, S and (159€ —[€)/I° in Egs.23 and 24 for the cases H || [100]
and H || [001], respectively. The function S(H) in Eq.24 is plotted
with pink triangles. Orange and cyan triangles represent the calcula-
tions using the corrections to the elastic constants given by Eq.A22.

along M || [001], then functions in Eq. 20 read'!
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while if the magnetization is along M || [100], then we have'!

k{|[001],M]|[100] k||| [001]

VSOC _ e 1 50C _ e o7

C C

u||[001] u||[001]

We simulated these two cases for different values of the ap-
plied magnetic field in Fig.8. The spin-lattice simulations
give a constant fractional change in velocity as a function of
the applied field, which is consistent with the lack of field
dependency (S(H) = 0) in Egs. 26 and 27. We also see
that it correctly reproduces the relationship provided by Eq.
27, which comes from a high order effect induced by the

anisotropic morphic coefficient ml’2 via the function G and
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fractional change in length. We can derive the morphic coeffi-
cient mT"z by fitting the summation of the functions in Eq. 26,
where the values for C{; and Ago; are taken from Table II, to
the fractional change in velocity given by the spin-lattice sim-
ulations in Fig.8. This procedure gives m¥’2 = 2.4 MPa using
both the FDM and the oscillation of the kinetic energy. The
fractional change in velocity derived from the corrections to
elastic constants (Eq. A24) is zero for both cases (M || [001]
and M || [100]) because AS5C(H) = 0, as expected from the
fact that S(H) = 0 in Eq.26.

TABLE IV. Calculated anisotropic morphic coefficients of the spin-
lattice model for BCC Fe.

Morphic

Method coefficient MPa

Kinetic energy ml? -14.3

FDM -15.3
Kinetic energy m}(’z 24
FDM 24

In Table IV, we present a summary of the two anisotropic
morphic coefficients derived for the spin-lattice model of BCC
Fe in this work. There are in total 9 morphic coefficients
mﬁ‘z (where u = o,,B,y and i = 1,2,3) up to second order in
the direction cosine of magnetization, see Appendix B!1%-11,
Although some of these morphic coefficients were not com-
puted in this study, they can be evaluated in a similar way by
choosing other propagating directions of the wave!!. In Ta-
bles IIT and IV we see that the isotropic morphic coefficient
mg"z (induced by the exchange interaction) is about four or-
ders of magnitude larger than the anisotropic ones. This result
is in good agreement with morphic coefficients reported for
FCC Ni, where similar differences were observed!'!°. Note
that the extrapolation of the calculated morphic coefficients
with this spin-lattice model to experiment is not obvious be-
cause they are linear combinations of third order in strain
elastic constants (C; k) and second order in strain MEL con-

stants (M**)110-11 " The SNAP interatomic potential used in
the model might describe, at least to some extent, experimen-
tal high order elastic constants thanks to its quantum mechan-
ical derivation and complex functional form>3-38, However, it
is not clear that the Néel model used in this work could be
sufficiently accurate to describe correctly experimental high
order MEL constants M 2 ince it was originally designed
to reproduce the experimental MEL constants B*? only up
to first order in strain®*. Possible deviations due to the Néel
model might not be relevant in the calculation of those mor-
phic coefficients where the contribution of high order elastic
constants is much greater than the high order MEL constants

(M? < G2, see Eq.B10)!.
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FIG. 8. Fractional change in velocity of BCC Fe versus the mag-
nitude of the applied magnetic field along H || [100] and H || [001]
for a longitudinal wave propagating along k || [001] with polariza-
tion u || [001]. Open green squares and purple circles stand for the
calculations with spin-lattice simulations obtained from the FDM for
the cases H || M || [100] and H || M || [001], respectively. Red points
and blue squares stand for the calculations with spin-lattice simula-
tions obtained from the oscillation of the kinetic energy for the cases
H || M || [100] and H || M || [001], respectively. Open orange and
pink triangles represent the calculations using the corrections to the
elastic constants given by Eq.A24 for the cases H || M || [100] and
H || M || [001], respectively.

C. Magnetoelastic effects on phonon dispersion

In previous sections, we studied the MEL effects on
phonons with low momentum (k,;, — 0) in order to compare
the atomistic simulations with the continuum theory of sound
velocity in a solid. Here, we extend our study by calculat-
ing the MEL effects on the frequency of phonons with larger
momentum. In particular, we compute the phonon dispersion
along the I'—H line of k-points, see Fig.9. In general, we
observe small changes in phonon’s frequency due to MEL
effects. For comparison, we also plot in Fig.9 the Density-
Functional Theory (DFT) calculations performed by Ikeda et
al.” using SQS with size 2 x 2 x 2. Close to the I'" point
(kpr, — 0), our calculations with the spin-lattice model are
very similar to the DFT results reported in Ref.”®. However,
at higher values of k, we obtain that the phonon frequencies
of the paramagnetic state are slightly larger than in the fer-
romagnetic state, while the opposite behaviour was found by
Tkeda et al.”® with also a higher shift in the frequencies. Simi-
lar results as in Ref.”® have been reported by Novikov et al.8
using DFT and magnetic moment tensor potentials. In Fig.10
we analyze how the fractional change in phonon group veloc-
ity is influenced by the magnitude of phonon momentum k.
We observe a significant modification of (v¢ —v")/v" as we
increase k,;, where the sign is changed in the middle of I'-H
line. This result suggests that the theoretical equation derived
for sound waves Eq.21 might only hold for phonon with low
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FIG. 9. Phonon dispersion of (top) transverse and (bottom) longitu-
dinal modes. Black stars correspond to calculations with the FDM
at paramagnetic (PM) state with randomly oriented magnetic mo-
ments in 3D. Dash orange and solid pink lines stand for the calcula-
tions with the elastic constants at the PM and ferromagnetic collinear
without SOC states (FM), respectively. Blue circles and violet trian-
gles show data from the oscillation of the kinetic energy and FDM
at a collinear state without SOC, respectively. Green squares rep-
resent calculations obtained from the oscillation of the kinetic en-
ergy at a collinear state with SOC under an applied magnetic field
uoH = (0,0,40) T. Cyan and grey triangles give DFT calculations
performed by Ikeda et al.”® using SQS for the PM and FM states,
respectively.

momentum (kp;, — 0). On the other hand, (VS9€ —v¢)/v¢ is
not so strongly affected by the magnitude of phonon momen-
tum, which means that in some cases the theoretical fractional
change in velocity derived for sound waves might still provide
at least a reasonable qualitative description for phonons with
larger momentum.

As shown in Appendix A, the continuum mechanics within

the infinitesimal strain theory (corrections to elastic constants)
gives a linear dependence of the frequency f on the wavevec-
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FIG. 10. Fractional change in group velocity of phonons versus
phonon’s momentum along k || [001] with polarization u || [100].
(Top) Fractional change in velocity of the collinear state (includ-
ing only exchange interaction) with respect to the paramagnetic state
with randomly oriented magnetic moments in 3D. (Bottom) Frac-
tional change in velocity of the collinear state (including both ex-
change interaction and SOC) with respect to collinear state including
only exchange interaction. The calculations are performed using the
FDM. Red dash line represents the calculation with the corrections
to the elastic constants given by Eqs.A21 and A22.

tor k (see, for example, Eq.A13). In Fig. 9 we see that
this description is correct for low values of the wavevector
(kag/2m < 0.1). At higher values of the wavevector (kao /27 >
0.1), quantum mechanics and classical atomistic simulations
provide a more realistic relationship between the frequency
f and wavevector k than continuum mechanics. Similarly,
in Fig.10 the continuum mechanics gives a fractional change
in sound velocity that does not depend on the wavevector k
(see Eqs.A21-A24), which again would be a good approxima-
tion for low values of the wavevector (kap/2m < 0.1). Note
that the deviation between atomistic and continuum mechan-
ics observed in (vS9€ —y¢) /1< at low values of the wavevector
(kao/2m < 0.1) is due to the used corrections to elastic con-
stants ACS?C, which only account for the field-dependent term
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S(H) (Simon effect). This deviation can be also observed in
Fig.7 at high applied magnetic fields. Concerning (v¢ —v") /v',
we point out that our atomsitic model could give significant
different results as DFT’? at high values of the wavevector
(kag/2m > 0.5) due to the deviation observed in phonon’s dis-
persion (Fig.9). This fact is illustrated in Fig.11, which should
be compared with the results given by the atomsitic model in
Fig.10. A better a agreement with DFT might be achieved
by using magnetic momentum tensor potentials in the atom-
istic spin-lattice models®’. Note also that the approximation
(v¢ =v")/v" <« 1 used in Eq.15 is fulfilled by our classical
spin-lattice model (see Fig.10) for all simulated k values, but
not by the DFT calculation® (see Fig.11).
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FIG. 11. (Top) Group velocity of phonons versus phonon’s momen-
tum along k || [001] with polarization u || [100] at ferromagnetic (FM,
v¢) and paramagnetic (PM, V") state calculated with (solid symbols)
DFT and (open symbols) SD-MD. (Bottom) Fractional change in
group velocity of the collinear state (including only exchange inter-
action) with respect to the PM state given by DFT calculation. In the
inset we zoom in the low phonon momentum regime (kag /21 < 0.4).
The DFT calculation was obtained by reproducing the work done by
Ikeda et al.”® using SQS within the FDM.



V.  CONCLUSIONS

In summary, we found that classical atomistic spin-lattice
simulations based on the Néel model can describe the main
four MEL effects on sound velocity (isotropic exchange ef-
fects, anisotropic morphic effects, field dependent effects and
rotational-magnetostrictive effects). We verified this capabil-
ity for a spin-lattice model of BCC Fe through three indepen-
dent approaches: (i) analysis of the kinetic energy, (ii) forces
and (iii) corrections to elastic constants.

In analogy to experiment, we showed that the morphic co-
efficients (which are linear combination of high order elastic
and MEL constants) of the spin-lattice models can be derived
from the analysis of the fractional change in velocity. The cal-
culated morphic coefficients for the model of BCC Fe exhibit
similar order of magnitude as in FCC Ni!!. In the low mag-
netic field regime, our simulations revealed an interesting non-
monotonic dependence on the applied field of the fractional
change in sound velocity associated with the As-effect!!-78,
which cannot be described by Simon’s theory since it is valid
only at high applied fields'>. Hence, the presented compu-
tational framework could be a useful tool to explore and un-
derstand the field regimes still uncovered by the theory. In
the analysis of MEL effects on phonon dispersion, we identi-
fied significant discrepancies between our spin-lattice model
and DFT calculations’ for high values of the wavevector k,
which might be improved by using magnetic momentum ten-
sor potentials in the atomistic models®’.

In the presented model, we restricted our analysis to zero-
temperature and fixed magnitude of magnetic moments®!,
which might be further extended in the future. As a
complementary tool to quantum and continuum mechanics
methods>%*3, we believe that classical spin-lattice simulations
could be helpful to study the combination of magnetic and
atomistic scale effects (e.g., vacancies, impurities, complex
defects or nanostructures) on sound velocity within a multi-
scale approach. Similarly, we envisage that these atomistic
models might also be exploited in the design of novel tech-
nological magneto-acoustic applications, such as acoustically
assisted magnetic recording’?, by using them to find the opti-
mal conditions for magnetization switching induced by acous-
tic waves.
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Appendix A: Magnetoelastic effects on sound velocity as
corrections to the elastic constants

MEL effects on sound velocity can be described in terms of
effective elastic constants. In this appendix, we present a brief
review of this approach. Let us start by deriving the general
expression of sound velocity in terms of the elastic constants.
The equation of motion of an elastic wave is given by®?

Pui _ y 90y
Pz = & o

i=x,),2 (A1)

J=xp.2

where p is the mass density, u is the displacement vector and
0;j is the stress tensor that is related to the fourth-order elas-
tic stiffness tensor c¢;j; and the second-order strain tensor €;;
through the generalized Hooke’s law

Gij = Z Cijklekla l;.] =XY2. (AZ)
k,l=x,y,z

Using the symmetry of the stress and strain tensors, the
Hooke’s law can be written in matrix notation as

Gixx Cxxxx Cxxyy Cxxzz Cxxyz Cxxzx Cxxxy Exx

Oyy Cyyxx Cyyyy Cyyzz Cyyyz Cyyzx Cyyxy Eyy

Oz _ | Czoxx Czzyy Crzzz Czzyz Crzax Czzxy €7

Gy Cyzxx Cyzyy Cyzzz Cyzyz Cyzzx Cyzxy ey,

Gzx Cooxx Czxyy Czxzz Caxyz Czxzx Coxxy 28

Oy Cxyxx Cxyyy Cxyzz Cxyyz Cxyzx Cayxy 2exy
(A3)

To facilitate the manipulation of this equation it is convenient
to define the following six-dimensional vectors (Voigt nota-
tion)

Gl Oxx €] Exx
02 Gyy & Eyy
6= 23 — Gz ; €= %3 — € , (A4)
4 Oy, €4 2¢y,
Gs O €s 2¢e,,
G Gy & 2€xy

and replace c;jx; by Cp, contracting a pair of cartesian indices
into a single integer: xx = 1, yy = 2,2z =3, yz—4,zx =5
and xy — 6. Using these conversion rules the Hooke’s law is
simplified to

6
6i=) Cj&, i=1,..,6
j=1

(AS5)



where in matrix form reads

(] Cn Ci2 Ci3 Gy Ci5 Cig €1

(7] G G Gz Gy G5 Cpp &

G3 | _[GCa1i G2 C33 G G35 Cse | | &3 (A6)
64 Cyt Cyp Cy3 Cyg Cys Cye & |’

o Cs1 Csp Cs3 Css4 Css Csg &s

Ge Co1 Co2 Co3 Cos Cos Cep &6

We additionally assume that our material is hyperelastic (there
exists an elastic energy function) what implies that C;; = Cj;.
Next, using Eqs.A4 and A5 in the equation of motion Eq.A1
gives

Pu, L d 0 9.

5 ;; (Cliarx +C6i87ry JFCSiarz> &,

Pu, L 0 0 9.

o2 l; (Céiarx +C2i87ry +C4i8rz> &, (A7)
Pu, O d 0 9.

oz l:Zl (CSiarx +C4"87y +C3iarz> &

For small deformations (infinitesimal strain theory), the strain

tensor can be expressed in terms of the displacement vector u
82

as

1 (8u,+E)L¢J

Hence, combining this equation with Eq.A4, the six-
dimensional vector € can be expressed in terms of the dis-
placement vector as

- ory
€ Exx Tu"
= T,
&2 Eyy o
~ 83 E 4 arz
e= 2= =] |- 9
~4 yVZ 87; W
Es 282”‘ Juy + Juz
&6 2€. or; ory
X) Juy + duy
ary ory

Last, replacing Eq.A9 in Eq.A7 and considering a monochro-
matic elastic wave u; = ug ;¢'®7 271 we find®

(A10)
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where

A = —p(21f)* + (kxCi1 + kyCo1 + k.Cs1 ke
+ (Ci5ky + Cesky + Cssk; )k + (kxCi6 + kyCe6 + k;Cs6 ) ky,
Ay = (Craky + Cosky + Csaky )k + (keC12 4 kyCe2 4k, Cs2 ) ky
+ (Ci6kyx + Cesky 4 Csek )k,
Ay; = (Craky + Cosky + Csak, )ky + (Ciskye + Cesky + Cssk; ) ky
+ (Ci3ky + Cezky + Cszk; )k,
Ayy = (keCo1 + kyCo1 + k;Ca1)ky + (Cosky + Casky + Cask, )k,
+ (kxCe6 + kyCas + k;Cae ) ky,
Ay = —p(21f)? + (Coskyr + Coaky + Cask, )k,
+ (kxCop + kyCoo + kZC42)ky + (Coskx + Cogky + Casky )y,
Ay, = (Coaky + Cosky + C44kz)ky + (Cesky + Cosky + Cysk; )k
+ (Ce3ky + C3ky + Ca3k; )k,
Az = (kCsy + kyCa1 + k,C31)ky + (Cssky + Cysky + Cssky )k,
+ (kxCs6 + kyCao + k:C36)ky,
Ay = (Csgky + Cysky + Caaky )k, + (kCsp + kyCar + kZC32)ky
+ (Cseky + Cagky 4 C36k; ) ky,
Aze = —p(21f)* + (Csaky + Caaky + Caake )k
+ (Cssky + Casky + Csk; )k + (Cssky + Cazky + C33kz)llczl.
From Eq.A10 one can straightforwardly derive the sourgd ve?
locity. For example, in the case of a transverse wave propa-
gating along k || [001] (k, = 0 and k, = 0) with polarization
u || [100] (uy = 0 and u, = 0) we obtain the following relation
from Eq.A10
[—p(2nf)* + Cssk?] ux =0, (A12)
hence in this case the frequency f is related to the wave vector
k as

k||[001]

ey [ S5 (A13)

2nf (k) ry

u/|[100]

The velocity of propagation of the wave (group velocity) v is
given by the derivative of the frequency 2nf with respect to
the wave vector k%2

_d@enf) _ (dexf) denf) aens)
VT ok _( ke Ok, ok )

(Al4)

Applying Eq.A14 to Eq. A13 yields

k||[001] C
- (o,o, \ /55> . (Al5)
u||[100] P

thus the magnitude of sound velocity is

HIO )

v

u||[100]

k||[001]

v = =2, (A16)

u/|[100]



Similarly, for the longitudinal mode u || [001] (u, =0 and uy, =
0) we obtain
k||[001]

33

= /=3 (A17)
p

v

u||[001]

Note that for these particular cases the sound velocity is paral-
lel to the wave vector (v || k), however this relationship do not
generally hold in crystals®?. It is generally true in an isotropic
body®?.

Next, for cubic crystals we may write the effective elastic
tensor that includes all MEL effects as

Cij = Cjj+ ACl; + ACPC, (A18)
where
Cil Ciz iz 0 0 0
C}2 C¥1 D 0 0 0
C = Cip € €y 00 0
0 0 0 Cy, 0 0|
0O 0 0 0 Cy O
0 0 0 0 0 Cj
AC], AC], ACL, 0 0 0
AC), AC{, AC, 0 0 0
AC — ACl, NCL, AC 0 0 0
0 0 0 ACj 0 o |’
0 0 0 0 ACj, 0
0 0 0 0 0 AcC
ACSOC _

ACHC ACHE ACKE ACKE ACKC ACIC
acthe ache acke acle acke ackbe
acte acke acke ache actbe ackhe
ACYOC ACIC ACSOC ACSC ACSOC ACSOC
SOC SOC SOC SOC SOC SOC
ACIOC ACSOC ACSOC NCSOC NCSOC ACEC
ACIC ACSDC ACC ACC ACSDC ACOC

(A19)
The term C” corresponds to elastic tensor at the paramagnetic-
like state (i.e. with randomly oriented atomic magnetic mo-
ments). The term AC’ gives the correction to the elastic ten-
sor when the isotropic exchange interaction is included and
the system is at the collinear state. Hence, we have

AC{1 =Ci; —Ciys
AC12 =Ci, —Ciy,
AC44 = Cyy — Cly,

(A20)

where C7. is the elastic tensor when the isotropic exchange in-
teraction is included and the system is at the collinear state.
Note that including the isotropic exchange interaction does
not change the cubic crystal symmetry, so that AC” has the
same symmetry as C’. The term ACSYC provides the correc-
tion to the elastic tensor when SOC is included'®, and depends
on the applied magnetic field ACS?C(H). The correction due
to SOC can lower the crystal symmetry, so that the symme-
tries of ACSPC could be different to C° and ACY.
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In the case of a transverse wave propagating along k || [001]
with polarization u || [100], combining Eqs.A16 and A18,
we find that the fractional change in velocity when the sys-
tem changes from a paramagnetic state (Css = Cj,) to a
collinear state including only the isotropic exchange (Cs5 =
Ciy+ ACY, = Cgy) is

o . [Kllfoo1] /C 4(4 /C 44
Yy _ve (A21)
v on
/| [100] s

Similarly, if we include both the isotropic exchange and SOC
(Css = Cly + ANCY, + ACS9C = €5, + ACEYC), then the frac-
tional change in velocity with respect to the collinear state
with only isotropic exchange reads

K[| [001] CotnCge C§4
C SOC
_ (A22)

/Cia
pe

In the case of the longitudinal mode, using Eq.A17, we obtain

»SOC

C

u||[100]

k||[001] Ch
Ve —y" \/ \/
(A23)
v o1
ul|[001] o
C§+0059¢ C§
SOC _ k{[o01] = soc%3 V5 =i
Ll . (A2)
Ve <
ul[oo1] S
In this work, we use the elements of the tensor ACiSJ-OC cal-

culated by Rinaldi and Turilli'® for cubic crystals based on the
linear MEL theory. Hence, these elements can not describe
the high order effect coming from morphic coefficients (func-
tion G(m) in Eq.20)). Similarly, they can not account for the
rotational-magnetostrictive effect (function R(A) in Eq.20))
because it requires the finite strain theory'®. Consequently,
the tensor AC;?C calculated by Rinaldi and Turilli'® can only

describe the Simon effect!?, that is, the field dependent term
S(H) in Eq.20'. The elements ACSC and AC59C in Egs.A22
and A24 calculated by Rinaldi and Turilli read'®

b2
ACSC = — 2 () ex + (00) %z + 20000%]

M2
(A25)
ncsoc — A
M
where
2 2 S22
cos“ 0 cos sin“ Qg sin
Yo = M§ o ) I 0 Do 7
Eee E(p(p
sin O cos 6y cos
Yo = —M3 02080, (A26)
Egg

zsm 90
N Eoo




.. 0 _ . 0 _ . .
0The quantities O] = sinBpcos Py, oy = sinBp sin@y and

o; = cosBg are the equilibrium direction cosine of magne-
tization that minimizes the magnetic energy E given by

E0,9) = Kb
AT e

+sin® @ cos? @ cos® -+ sin @sin® cos? 0)

— poM(Hy sin®cos ¢ + H, sin 0sin ¢ + H; cos0),
(A27)
where
10°E
Egp= = =
06 ) aez oo y
=00,9=9¢ (A28)
19°E
00 = 53 5
2 0¢?
? 0=00,9=@

Appendix B: Internal energy in the Lagrangian description

It is convenient to work out the internal energy including
high order terms to facilitate the interpretation of the morphic
coefficients calculated with atomistic simulations. In this ap-
pendix, we write the explicit form of the internal energy in the
Lagrangian description, as defined by Rouchy et al. in Ref.!°
The internal energy it is expanded in series of the Lagrangian
strain tensor 1);; which is defined as!0

1
ni,-:siﬁEZ(ek,-erki) (&kj + 00xj) (B1)
k

where ¢€;; is given by Eq.A8 and

o = & (O ij=xyz (B2
i=2\or; o) MY

The use of the Lagrangian tensor (finite strain theory) is re-
quired to theoretically describe some MEL effects on sound
velocity, like the rotational-magnetostrictive effect (function
R(A) in Eq.20)"1%!11. For the analysis of the results given
by the atomistic simulations in this work, it may be enough
to consider the following terms in the internal energy per
volume!'?

E=E,+E]+E,,+Ey,+Eq, (B3)

where EI and E” are the elastic energy terms up to second
and thlrd order in the Lagrangian strain, respectively, E! , and
E!l are the magentoelastic energy terms up to first and sec-
ond order in the Lagrangian strain, respectively, while E, is
the unstrained MCA energy. These terms are given by (cubic

) (sin® B cos? @sin® Osin” @ gl —
el —
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crystals, point groups 432, 43m, m3m)'°

% (nfx + Tl}zvy + ﬂfz) +Ci2 (nxxnyy +MNioMzz + nyynzz)
+2Cis(ME, + % +12),

c
Ell— 112(

el —

nxx[ny) + n72] + nyy [nxx + T.IZZ] + nzz [nyy + Tlxx])

+ Cio3NeeMyyNez + 2C1aa (MM + Ny M + NN
+2C155 (M3, My + Mz + M2 Mez A M) +105 Mo + 7))
+ 86456nxynyznzxa

E}, = B**U*K*? + B [U}R)? + UJR)?|
+ B USRS + USRS + USRS

1
= gBa’z(nxx +Myy +Nzz)

1 1
+BY72 <|:OC/% - 3:| Mxx + |:OL§ - 3:| ley + I:OC? -

1
g MNzz
+ 2B52 (04 0t My + 0L 0Ny + 0 Oy My ),
EII _MGZHQKOLz+Ma2HaK0(2+Ma2HOLK(X2
me
2y @2 Y Y2 2y @2 Y B2
+ M K+ 11, K7+ M, [H2,1K1 +11;,K, 7]
—I—MYz[Hg_IKY’ + H'Y KY’Z]
[H‘?, RS2 4T LR + I 5 R
[Ha,lKic“z + H2,2K§’2 + H2,3 Ky ]
+ Mg’z [H3,1I€1&'2 + H%,zl?i’z + H§’3[?§’2]7
E — K“vOIE“QW +I€a,0k(x,4‘74
a — )

) (B4)
where C;; and C;j; are the second and third order in the La-
grangian strain elastic constants, respectively, B* and Mf‘ )2
(u =, B,¢€) are the first and second order in the Lagrangian
strain MEL constants (up to second order in the direction co-
sine of magnetization @), respectively, while V* are the MCA
constants. The quantities K!' are the cubic harmonic polyno-
mials in terms of o, that is!?

o,0 _ o,2 L
K% (o) = \% (oc oy on4—§>,
2
i [} (a5 ) e - )
(@) = V20,00, K52 (@) = V2000, B3 (@) = V20,01
(BS)



The quantities U!' are linear strain operators for cubic
crystals!®

1
U*= % (Max +Myy +Mz2) s

2 Nee Ty 1
U;(: \/;(nzz_ 2”)a ng % (nxx_nyy)

Uf = \fznym U28 = ﬁnzxa U38 = \fznxya
(B6)

while H’i{ ; are quadratic strain operators for cubic crystals!®

nf = % (ME+m5, +12)

I3 = % (Macyy + My Mz + MerMzz)

15 = % (M3 + M2 +15)
o, = \g (nﬁz n“;n@) SRUPES % (n& )
Hg@ = \/z <T]xxﬂyy - W) )
I, = % (Myy Mz — NecMer)

2 Ny +n2 1
= () ),

H%,l = ﬁnxxnym H?g = ﬁnyynzxa Hi3 = ﬁnzznxyv
Hg,l = \ﬁ(nyy +MNez)Myzs Hg,z = ﬁ(nzz + M )M
Hgﬁ - \/E(nxx Jrnyy)nxy,

Hg,l = \fznzxnxya H§,2 = ﬁnxynym H§,3 = ﬁnyznzx-
(B7)
The fractional change in length can be obtained from the min-
imization of the elastic and MEL energy®®. It can also be
written as an expansion of cubic harmonic polynomials with
respect to o and measuring length direction B, that is'®

o
11l

_ 7L°c"2k(x’2 (a)kal (ﬁ)
lo

B
+ N2 [RY (@)K (B) + K (K} (B)
+ AR ()R (B) + RSP (K5 (B) + K57 (K3 (B))

| 1
+ 202 (00 BBy + 0y 1By B + B,
(B®)
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where
7\‘0(72 - B(X,Q
O 20’
Y,2

N (B9)
Cnh—Cn2

7\]82 - BS’Z
Cas

. . 2 . . . I
The morphic coefficients n7;"" are linear combinations of C;
~ 02 .
and M*"", and are given by!©

- | ~
m?’z = M?’z +3 (Ci11 +2C112)A%2,
m§? = M5? + (Cro3 +2C112)A*?,
mg’z = M?’z + 2(6144 + 26155)7»a’2,
2 eye 1o« ~
myT=M"+ 5 (€ —Ci)A'?,
5 evo - (B10)
my” =My~ + (Cia3 — Cr12) AT,
2 2 ~ ~
my” =My~ +2(Cras — C1s55)AY,
m(? = My + 26144052,
m? = M5 +2C155A°2,
m§’2 = M§,2 +4C4567\,€’2.
The definitions for m’ 2 and M 2 are the same as in Ref.', but
note that they are different to the expressions used in Ref.!.
The MEL constants B2, magnetostrictive coefficients AH2

and MCA constant V* are related to the corresponding prop-
erties of the spin-lattice model given in Table II through>*

3 3
A2 = hoot, ARE= A,

2 2 p (B11)
BY? =by, B*?=bh,, ‘74:_71'

One final remark about the definition of the MEL constants.
By restricting the following analysis to the infinitesimal strain
theory, where the Lagrangian tensor 1;; is replaced by the
strain tensor €;;, the MEL energy E!, in Eq.B4 becomes

1
El = gB“*z(sxx + &y +€)

1 1 1
+ BY? <[oc§ - 3] €+ [ocﬁ - 3] €y + [ocf - 3} SZZ)
+2B%2 (04 0, €y; + O OLExy + 0 OlyEy ).
(B12)
This term is typically rewritten using other definition of the
MEL constants as®3

E,]ne = bO(exx + Eyy + 8zz) +b (a)zcsxx + 0ngyy + chezz)

+ 255 (Ol Oty Exy + OOl E; + 0Ly OLEy2 ),
(B13)

where
B%? = 3by + by.

1
by = g(BO‘*Z —B"?), (B14)



From a mathematical point of view, both forms of the MEL
energy are equivalent. However, the definition of MEL con-
stants in Eq.B12 has the advantage that fully decouples the
isotropic and anisotropic magnetic interactions, which might
be helpful in a systematic theoretical analysis of the effects of
magnetic interactions on MEL phenomena. Namely, B*? con-
tains all contribution to the MEL energy from isotropic mag-
netic interactions like the isotropic exchange, while BY? and
B%? contain all contribution to the MEL energy provided by
anisotropic magnetic interactions like SOC and crystal field
interactions!. This means that by has contributions from both
the isotropic and anisotropic magnetic interactions, as shown
by Eq.B14. For example, we can also see this fact in the re-
lationship between volume magnetostriction (induced by the
isotropic exchange) and MEL constants

B 3by+b
Ci1+2C,  Ci+2C1’

0 ~ %% = (B15)
where by cannot account for the entire contribution of
isotropic exchange interaction to ®; by itself.

Appendix C: Numerical tests

During the production of this work we identified possible
issues in the implementation of the applied magnetic field
(H) and anisotropy field (Hg) in the SPIN package52 of
LAMMPS*. In this Appendix, we provide two numerical
tests that helped us to verify the correct implementation of
these quantities. We recommend to perform similar tests be-
fore running complex spin-lattice simulations involving H and
H in the spin dynamics.

1. Test for the applied magnetic field

As a general rule to verify the correct implementation of
any quantity in a simulation, it is convenient to design a simple
test that only involves this particular quantity in order to avoid
additional effects on the results coming from other possible is-
sues. Similarly, exact analytical solutions could be helpful in
these tests to identify possible missing factors in the program
implementation easily. For example, we can check the applied
magnetic field H through the analysis of the precession of the
atomic magnetic moments. To simplify the theoretical anal-
ysis, we only perform spin dynamics (frozen lattice) at zero
temperature without damping in the Landau-Lifshitz-Gilbert
(LLG) equation (Azz g = 0). Moreover, in the spin model we
set an initial collinear state and only include the Zeeman term
in the Heisenberg Hamiltonian (first term in the right-hand
side of Eq.2). Hence, under these conditions, the equation
of motion of each normalized magnetic moment s; = y;/u; is
reduced to

dSi

— = —Y(s; x yoH), C1
where ¥ = 1.76 x 10'! T-!s~! is the gyromagnetic ratio and
Uo is the vacuum permeability. The exact analytical solution
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of this differential equation for the x-component of each nor-
malized magnetic moment s, ; is

Sxi(t) = 8x,i(0) cOS(2T fprect ), (C2)

where the precession frequency is

H

Foree = B (C3)
Therefore, to check the correct implementation of H in the
program, one can compare the theoretical solution (Eq.C2)
with the numerical result given by the simulation. This test
is shown in Fig.12 using an initial direction of the normal-
ized magnetic moments s,(0) = 1/v/2, s,(0) = 0, and 5,(0) =
1/ V2, and applied magnetic field ygpH = 10 T. Here, we also
double checked the result with the atomistic spin dynamics
program VAMPIRE*,

%21 O LaMMPs
m>< 0.0{ ©  VAMPIRE
—0.2 1
—0.4
—0.6
0 2 4 6 8 10
time (ps)

FIG. 12. Test for the correct implementation of the applied mag-
netic field. Simulated dynamics of the x-component of the normal-
ized magnetic moment s, with (blue circles) the SPIN package®? of
LAMMPS* and (green squares) VAMPIRE code**. The red line
represents the theoretical solution given by Eq.C2. The initial direc-
tion of the normalized magnetic moment is 5,(0) = 1/v/2, sy(0) =0,
and 5,(0) = 1/+/2, while the applied magnetic field is ugH = 10 T.

2. Test for the anisotropy field

The following numerical test to verify the correct imple-
mentation of the anisotropy field (Hg) is inspired by the
Sucksmith-Thompson method®* that is typically used to mea-
sure the MCA constant of uniaxial magnets with easy axis
(Ky > 0) in experiment. Let us consider a single domain mag-
net with easy axis MCA, so that the magnetic energy per vol-
ume is given by the Stoner Wohlfarth model®*

E
v =K sin® 0 — upMgH cos(© — ), (C4)

where K, > 0 (easy axis), 0 and @ are the angles between the
magnetization M and applied field H with respect to the z-axis
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FIG. 13. Test for the correct implementation of the anisotropy

field. Simulated dynamics of the x-component of the normalized
magnetization M, /Mg with (blue circles) the SPIN package>? of
LAMMPS*6 for BCC Fe under a tetragonal deformation T = cp/ag =
1.02, where ag = 2.83023 A. The red line represents the theoretical
equilibrium x-component of the normalized magnetization M ., /Ms
given by Eq.C9. The initial direction of the normalized magnetiza-
tion is M, (0)/M; = 1/v/2, M,(0) /My = 0, and M,(0)/M,; = 1//2,
while the applied magnetic field is yopH = (0.05,0,0) T. In this test
we used the parameters given in Section II B, but we don’t include
the quadrupole term (g(r; j) = 0) in order to be consistent with the
theoretical derivation of Eq.C9. Moreover, we perform only spin
dynamics (frozen lattice) with high LLG damping to speed up the
convergence to the equilibrium state.

(easy axis), respectively. Now, we set the applied field along
the x-axis (H = (H,0,0), ® = ©t/2) and find the equilibrium
x-component of magnetization (M, .,) by minimizing the total
energy with respect to M, = Mysin®, that is

d E My H
Z -0 L G — C5
oM, V My H )
where
2K, 6
K poMs’

Therefore, to check the anisotropy field in the program, we
can compare the theoretical x-component of magnetization at
equilibrium (Eq.C5) with the numerical result obtained in the
simulation. To this end, we consider the spin-lattice model de-
scribed in Section II (two-ion anisotropy) for BCC Fe under a
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tetragonal deformation in order to induce an effective uniaxial
anisotropy (Kj,). To simplify the following theoretical anal-
ysis of the Néel model, we consider a collinear state at zero
temperature, only spin dynamics (frozen lattice) and we don’t
include the quadrupole term of the Néel model (g(r;;) = 0).
Using Eq.5, we find that the effective uniaxial MCA constant
(K,) can be written in terms of the dipole term (/(r;;)) of the
Néel model as

Nng
K= " [y (s = (1,0,0)) = Hyar(s = (0,0,1))]
g 17
- Vv o 241

(€7

where ng; is the number of atoms in the volume V, T =cg/aq is
the ratio between the lattice parameters ¢ and ag = by (tetrag-
onal deformation) and ry = (ag/2)v/2 +12. Note the selected
parameters in Eq.C7 for this test should lead to an easy axis
(Ky > 0). Replacing Eq.C7 in Eq.C6 yields the following
anisotropy field

8l(rg) 1-7°

—_— C8
pop 2+7% ©

Hg =

where p is the atomic magnetic moment. Here, we also
used the expression M = n,u/V. Hence, replacing Eq.C8
in Eq.C5 gives

H _ puoH 247 (C9)
— 8l(rg) 1712

This test is shown in Fig.13 using an initial direction of the
normalized magnetization M, (0)/M, = 1/v/2, My(0)/M, =
0, and M. (0) /M, = 1/+/2, and applied magnetic field uoH =
(0.05,0,0) T. The applied tetragonal deformation is T =
co/ap = 1.02, where ap = 2.83023 A. In this simulation we
used the parameters given in Section IIB, but we don’t in-
clude the quadrupole term (g(r; j) = 0) in order to be consis-
tent with the theoretical derivation of Eq.C9. Moreover, we
perform only spin dynamics (frozen lattice) with high LLG
damping to speed up the convergence to the equilibrium state.
Note that this test involves also the applied magnetic field, so
that it is convenient to verify it first through the test described
previously in Section C 1. A similar test as this one could also
be used to verify the correct implementation of the anisotropy
field in a spin model with other types of MCA like the one-ion
anisotropy>%>.
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