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Multiscale modelling
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e Simulation with millions of atoms up to timescale of
microseconds - to bridge the length and time scales

e Multiscale modeling of magnetic materials

Content of the talk
e Combining electronic, atomistic and magnetic degrees of freedom

o Magnetostriction & Magneto-elasticity as the central quantities
for us - how do we get it from DFT...
e Why spin-lattice(SL) models in the first place?

o SL for ferromagnetic systems (e.g. bcc Fe, fcc Ni)
e SL for antiferromagnetic systems - prototype of NiO

o This leads to field of developing potentials...
o Temperature effects... not to be frozen by DFT T=0K results
e Outlook
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General derivation (mode 1) based on R. Wu, A. J. Freeman, J. of Appl. Phys., 79, 6209-6212 (1996).
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Elastic and Magnetoelastic contributions to energy
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Spin-lattice (SL) model in general - cubic symmetry

Hamiltonian
S R
Ha(r,p,s) = IZ:; 2—7m + ”Z:l V(rij) + Hmag(r,s)
Magnetic part
1 N N
H mag(r,8) = — 1]';# J(rij)sis; + H ysa(r,s) — po ; piHs;

The Néel interaction

1 & sis
H e = =5 > Aglry) +(ry) [(eijsz)(eijsj) - 3]}
i=1

+ailri) [(e,jsf,)Q _ Si;j] [(ei]‘S])Z B SiSS]]

+ lh("‘z]) [(eusz)(ezjsj)3 + (ezjsj) (61151)3]}

Lattice dynamics Spin dynamics

oo o
o[-0 O

o

Spatial dependence of
magnetic parameters

where e =rij/ri;

12
Li(rij) = U(ry) + Eq(r”),

9
q(ry) = glI(sz),

@lry) = S ary).
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Spatial dependence of magnetic parameters in SL model

N N Q.
Homag = 7% Z J(rij)sis; — % Z{ﬂw) + 14 () [(eijsi)(eijsj) _ 5135]]
Q=i ij=1
+q1(rij) {(eiysz)Z - %] [(eijsj)2 - %] + q2(r5) [(eijsi)(ei5s5)® + (es7) (eijs:)°]}

J(rj) — exchange parameter
(responsible for the correct characteristic
Curie or Néel temperature and the
spontaneous volume magnetostriction)

I(rj) — dipole term

(describe the anisotropic effects induced by
spin-orbit coupling like the anisotropic
magnetostriction)

The spatial dependences of J(r;), and /(r;) and
q(r;) are described using the Bethe-Slater curve
(i), as implemented in the SPIN package of
LAMMPS

Tij

A(rij) = 4%(5)2 [1 - "/A(%)2:| 67(%)29(&.(& — 7))

where O(R.,a —r;) is the Heaviside step function and
the Rea (A=J, 1, g) are the cut-off radii

q(rj) — quadrupole term
(describe magnetocrystalline anisotropy)

g(rj) — term used for shift ground state
energy of the exchange interaction

*J. Tranchida et al. J. Comp. Phys. 372 406 (2018)
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The idea of the approach is to determine the
parameters o, Ya, (A =J, I, ) in such a way that
J(ry), I(ri), g(r;) reproduce the correct magnetic
properties of crystal
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SL for ferromagnetic cubic materials

Hneel = —l {g(rz,)+ l(rz,)(cos Yij — %) +q(r,,)(cos Yij — 9COS >+ 35)},005 Vij = eij - Si.
tJ =Li#j
MCA: Bethe-Slater parameters in terms K; and %
SC: qO) = VoK;(,rw _ %,gkl(r(,) scindd| = %r&x.(aﬂ[l - %%]’ 8= ': N
BCC - gr0) = 9Vollé;ro) 7£r3Kl(rD)‘ BCC: YOE’ - 734£rgl<|(ro)|:l B KE%] %= g[zq(r:—rog :]
FCC : q(r) = —% = —%rﬁlﬁ(rn), FCC: r0£ = —%r&lmm[l - KE%],," Y= 'Uai‘ro: —42uq(r,,).
Magnetoelasticity: Bethe-Slater parameters in terms of b; and by
C: i) = -2, nl - _%, 8 =r, .
FCC: (ro) = 2‘%(% 7;,‘), ro% - %(}n - %) [
Exchange interaction: Bethe-Slater parameters in terms of wg
SC: Jro) = lﬂ. ¥ - deu +2elh ;NZC'Z)VO~ b= r: .
BCC: ) = ﬂ' % B _ ‘W oy = g[ZJ(r:,) P ’:’u],
FCC: J(rg) = l“"‘j, ’0% = W = #%
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SL for FM cubic materials - Néel energy and MCA
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Results: for FM BCC Fe and FCC Ni

Elastic SD-MD Expt. Magnetostrictive SD-MD  Expt.
Material constants (GPa) (GPa) coefficients  (x107%) (x1079)

BCCFe C11 230.0 230° Ago1 259 26°
ci2 134.1 135 A -303  —30°
Cas 1163 117
FCCNi ¢y 2639 2612 Moot 619  —60°
C12 1521 1508b )t.111 —354 —3SC
Ca 1328 131.7°
SD-MD  Expt. SD-MD  Expt.
Material MCA (KJ/m®) (KJ/m*) MCAvsP (GPa™') (GPa™)
BCCFe K, 54995 55 =5 —0.0727 —0.073°
FCCNi K, —125996 —126° 50  —0.0279 —0.028°
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SL for antiferromagnetic cubic materials - case of NiO

Bethe-Slater curve

da=r0
e oA
ay = 3 [ZA(TU) 7TUE|T ] N=J,1,q)
rodh
—
YA =
rn% —2A(rg)

Different types of neighbors require different parameterizations of
J(rij), I(ry) and q(r;) terms

(Si.Sj = 1) (Si.Sj = —1)
N N
I9) =5 3 fotr) +irg) [teus) — 5] N9 =5 D0 (o) 1) (@507 5]
i,j=Li#j ij=1i#j
+q(rij) [(eijsz)4 - %(ezjsi)z + %]} +q(rij) ?(ei]» O+ g(e”sl)2 + %}}
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SL: Cubic antiferromagnetic - case of NiO

A AL ~ only NNNs are considered
SC AFM:

_ kgTy aJ
J(ro) = — D) 77”05

Vob ol
fro) = 20n2’ e

_ ws(Cn + QClg)VO

T=Tg 3n

Vb

r=rg n

(ro) = SVOK1 . Oq _ 15WK, [1_361(1]
B0 =960 " 0r I T " 26m K, oP
Definition of the simple cubic (SC) Vo = a3 is the volume of the unit cell of NiO, n = 4 is

Ni2+ sublattices in NiO. Each of the 4 number of the magnetic interacting atoms in V4 that
SC sublattices, in turn, consists of two have been included in the model.

sublattices with spin up and spin down
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SL model parameters ap, Y, on (A = J, |, q) for NiO

SD-MD parameters| SD-MD 1 SD-MD 2
Rey (A) 45 45
oy (meV/atom) -26.97232 -27.07260
v 0.4322455 0.4343486
57 (A) 4.18969 425129
R.; (A) 4.5 45
oy (ueV/atom) 29.15117 30.45598
Y -1.502436 -1.502436
8 (A) 4.18969 425129
Req (A) 45 45
0, (ueV/atom) 3.812218 3.814495
Yq 0.5459437 0.5259032
8y (A) 4.18969 4.25129

SD-MD 1 - interionic Born potential model Cc
¢(r,-j) ZACXP (7Brij) — r?
ij

of ionic solids

SD-MD 2 - RF-MEAM potential that we Iemcion | AV | BAD]  cevA9
NiZ* — NiZ* 0 1 0

parametrized to Cj. Ni2t— 0% 754.92 3.05157 0
0¥ - 0> 22764.3 6.71141 27.89

1c Al Fisher, H. Matsubara, Philosophical Magazine 85, 1067-1088 (2005).
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Results of S r AF cubic NiO

@ Magnetoelastic constants b; and by

-80 . -
s Calculation of by through a linear fitting of the energy
£ versus strain data. Comparison of the
Sl results obtained with DFT and SD-MD.
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Results of SL(SD-MD) for AF NiO...

Parameters | SD-MD 1SD-MD 2 Calc. (present work)

Calc. Expt.

a™ (&)
a.gFM (A)
a§“ (A)

J; (meV)
I I (mev)
[ON
Cq1 (GPa)
C12 (GPa)
Cy4 (GPa)

B (GPa)
b1 (MPa)
by (MPa)
ll()() (X 10_4)
A1 (x107%)
K1 (kI m™3)
% (GPaT)

4.18969 4.25129
4.18769 4.24927
4.18969 4.25125
-22.5 -22.5
0 0
-0.00143 -0.00140
285 362
171 121
171 74
209 202
1.38 1.42
1.72 1.75
-0.080  -0.039
-0.033  -0.079
11542  115.42

0.00816 0.00811

4.20

358
109
86
192
1.12
1.87
-0.030
-0.072
115.42

0.00862

4.190%  4.1705%!
4.192%5
-14.00  -19.04%
1.2,-1.250 139, -1.35%!
-0.00143%
27431 3584
17031 134%
8331 9344
1942 180 —220°!

-1.4547
-0.79%7
113.5%
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Temperature depedent results of SD-MD for AF NiO

@ Temperature dependence of the lattice constant ag obtained from the interionic
potential modeled by Fisher and Matsubara only (NM) and with added magnetic part
(SL) for the AFM ordering, NVT simulations.

4.23 - ' 400 Pot.1
' 350 O*0g g mum Cyy, Cyp, Cag
4221 o AFM . -
* Mazlan et al. ' v * 300 o
4.21 *  Slack n kk.\.\'\'\.\_
. * 250
<3 u b x* T
=420 * * G
Z =, * G 200
] [] * =
- ° * 1% -
410l m " o . 1501 . N . . .
° * [ o o
. Ottt i o
18 L. 100 | . . . .
. 0% 20ttt e Gyt e 5
417 * x * * 50 exp. Pot.2
. T T T T T ** C11, C12, C. 000 Cyy, Crz, C.
0 200 400 600 800 T o e e
T 0 100 200 300 400 500 600
T (K)

C. A. J. Fisher, H. Matsubara, Philosophical Magazine 85, 1067-1088 (2005)

Exp. N. W. Mazlan, M. S. Murat et.al., Energies 15, 8520 (2022).

Exp. G. A. Slack, Journal of Applied Physics 31, 1571-1582 (1960).

Exp. M. Grimsditch, S. Kumar, and R. Goldman, J. of Magnetism and Magnetic Materials 129, 327 (1994).
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Conclusion

@ Bridge the length scales from DFT to atomistic simulations - SL models

@ Very good agreement on MAE, magneto-elastic (b’s), magnetostrictive
properties (\'s) between DFT and atomistic simulations

Obtaining one potential describing PM and FM/AFM behavior

Published at:
@ SL model for FM bcc Fe, fcc Ni P. Nieves, J. Tranchida, S. Arapan, D. Legut,

Phys. Rev B 103 094437 (2021)

@ SL model for AFM NiO |. Korrnienko, P. Nieves, J. Sebesta, R. Iglesias, D. Legut,
J. Chem. Phys. 165, 024701 (2026)

SL model for AFM FeRh, taken into account FM and AFM interactions, S. Arapan,
K. Padrén-Aleman, I. Korniienko, R. Iglesias, P. Alvarez-Alonso, J. A. Blanco, P.
Gorria, and D. Legut, Comm. Phys., https://doi.org/10.1038/s42005-026-02758-6)

Current usage of SL models:

@ Atomistic simulations of magnetoelastic effects on sound velocity, P. Nieves, J. Tranchida, S. Nikolov, A. Fraile, D.
Legut, Phys. Rev B 105, 134430 (2022)

@ Computational study of elastic waves generated by ultrafast demagnetization in fcc Ni, I. Korniienko, P. Nieves,
A. Fraile, R. Iglesias, D. Legut, Phyd. Rev. Res. 6, 023311 (2024).

@ Simon effect (speed of sound under magnetic field) in cubic FM materials, |. Korniienko, D. Legut, et al.,
Res. in Phys 73, 108264 (2025)

@ The effect of the magnon—phonon resonance on the sound wave propagation in bcc Fe, |. Kornienko, P. Nieves, D.
Legut (JMMM - accepted)
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Relation between various notations of

magnetostriction

Clark

[ PHYSICAL REVIEW ]

Hexagonal system VOLUME 138, NUMBER 1A

S APRIL 1965

\

PHYSICAL REVIEW
VOLUME 139, NUMBER 24

\

19 JULY 1965

Gauge Magnetization direction \
direction Initial Final Magnetostriction coefficients Callen
Be By 6 oy ow  a oy w e M@\ Eq @) Mason® Birss®
100 100 0 10 A(a,2)—A(b,0) NG Mz 0 A= 2N 0 Rg 04202
0 00 1 100 Ae,0)—Ma,0) Ag®2 —Ae —Q; Q‘
L0 0 L0 0 0.0 1 A@,a)=Nea) —nei A M (V3/2)hg= 2Ny 24 Ng:2
vz o vz vz o V2 vz o \ @D
— — — — - — A(d,d)—N(e,d) Ae2 —Ia—Ie+2) 3 A= = N * O N0
2 2 2 3 2 2 a—c+20p 306 2\a1 M&0N™0,
VBhgo= — A2 A2,
=« W. P, Mason, Phys. Rev. 96, 302 (1954).
b R.'R. Birss, Advances in Physics (Francis & Taylor, Ltd., London, 1959), Vol. 8, p. 252. \\ Ae= A?
\ AT= AT2
\
y

MAELAS notation

The calculated magnetostrictive coefficients are written in Clark, Mason, Birss and Callen notation in MAELAS code
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