arXiv:2009.01638v3 [cond-mat.mtrl-sci] 7 Feb 2021

MAELAS: MAgneto-ELAStic properties calculation
via computational high-throughput approach

P. Nieves®*, S. Arapan?, S. H. Zhang"¢, A. P. Kadzielawa?, R. F. Zhang®c,
D. Legut?

4IT4Innovations, VSB - Technical University of Ostrava, 17. listopadu 2172/15, 70800
Ostrava-Poruba, Czech Republic
bSchool of Materials Science and Engineering, Beihang University, Beijing 100191, PR China
¢Center for Integrated Computational Materials Engineering, International Research Institute
for Multidisciplinary Science, Beihang University, Beijing 100191, PR China

Abstract

In this work, we present the program MAELAS to calculate magnetocrys-
talline anisotropy energy, anisotropic magnetostrictive coefficients and magnetoe-
lastic constants in an automated way by Density Functional Theory calculations.
The program is based on the length optimization of the unit cell proposed by Wu
and Freeman to calculate the magnetostrictive coefficients for cubic crystals. In
addition to cubic crystals, this method is also implemented and generalized for
other types of crystals that may be of interest in the study of magnetostrictive ma-
terials. As a benchmark, some tests are shown for well-known magnetic materials.
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PROGRAM SUMMARY
Program Title: MAELAS
Developer’s respository link: https://github.com/pnieves2019/MAELAS
Licensing provisions: BSD 3-clause
Programming language: Python3
Nature of problem: To calculate anisotropic magnetostrictive coefficients and magnetoe-
lastic constants in an automated way based on Density Functional Theory methods.
Solution method: In the first stage, the unit cell is relaxed through a spin-polarized cal-
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culation without SOC. Next, after a crystal symmetry analysis, a set of deformed lat-
tice and spin configurations are generated using the pymatgen library [1]]. The energy of
these states is calculated by the first-principles code VASP [3], including the SOC. The
anisotropic magnetostrictive coefficients are derived from the fitting of these energies to a
quadratic polynomial [2]. Finally, if the elastic tensor is provided [4], then the magnetoe-
lastic constants are calculated too.

Additional comments including restrictions and unusual features: This version supports
the following crystal systems: Cubic (point groups 432, 43m, m3m), Hexagonal (6mm,
622, 62m, 6/mmm), Trigonal (32, 3m, 3m), Tetragonal (4mm, 422, 42m, 4/mmm) and
Orthorhombic (222, 2mm, mmm).

References

[1] S.P. Ong, W. D. Richards, A. Jain, G. Hautier, M. Kocher, S. Cholia, D. Gunter, V.
L. Chevrier, K. A. Persson, and G. Ceder, Comput. Mater. Sci. 68, 314 (2013).

[2] R. Wu, A.J. Freeman, Journal of Applied Physics 79, 6209-6212 (1996).
[3] G. Kresse, J. Furthmiiller, Phys. Rev. B 54 (1996) 11169.

[4] S.Zhang and R. Zhang, Comput. Phys. Commun. 220, 403 (2017).

1. Introduction

A magnetostrictive material is one which changes in size due to a change
of state of magnetization. These materials are characterized by magnetostrictive
coefficients (A). In many technical applications such as electric transformers, mo-
tor shielding, and magnetic recording, magnetic materials with extremely small
magnetostrictive coefficients are required. By contrast, materials with large mag-
netostrictive coefficients are needed for many applications in electromagnetic mi-
crodevices as actuators and sensors [[1-4]. Typically, elementary Rare-Earth (R)
metals (under low temperature and high magnetic field) and compounds with R
and transition metals exhibit a high magnetostriction (A > 1073). In particular,
the highest magnetostrictions were found in the RFe, compounds with Laves
phase C15 structure type (face centered cubic) [S)]. For instance, Terfenol-D
(Tbg27Dyg.73Fe>) is a widely used magnetostrictive material thanks to its giant
magnetostriction along [111] crystallographic direction (A;;; = 1.6 x 1073) un-
der moderate magnetic fields (< 2 kOe) at room temperature [6]. Beyond cubic
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systems, the research of magnetostrictive materials has been focused on hexagonal
crystals like RCos (space group 191), hexagonal and trigonal R,Co7 and R,Coy7
series, and tetragonal RoFe 4B [7, 8]. More recently, the problem of R avail-
ability [9] has also motivated the exploration of R-free magnetostrictive materials
like Galfenol (Fe-Ga), spinel ferrites (CoFe>Oy4), Nitinol (Ni-Ti alloys), Fe-based
Invars, and NioMnGa [10H12].

Concerning the theory of magnetostriction, the basic equations for cubic (I)
crystals were developed by Akulov [13] and Becker et al. [14] in the 1920s and
30s. In the next three decades, great advances took place due to the outstanding
works of Mason [15]], Clark et al. [16], and Callen and Callen [17], as well as
many others, where the theory was extended to other crystal symmetries. Over
the last decades, modern electronic structure theory based on Density Functional
Theory (DFT) has been successfully applied to describe magnetostriction of many
materials [1, [10} [11, [18H29]]. Nowadays, a common method to calculate magne-
tostrictive coefficients is based on the optimization of the unit cell length pro-
posed by Wu and Freeman for cubic crystals [18]19]. In this work, we present the
MAELAS program where this methodology is implemented and generalized for
the main crystal symmetries in the research field of magnetostriction. The paper
is organized as follows. In Section 2] we review some theoretical concepts and
equations of magnetostriction. In Section [3, we explain in detail the methodol-
ogy and workflow of the program, while some examples are shown in Section
The paper ends with a summary of the main conclusions and future perspectives
(Section[3)).

2. Theory of magnetostriction

The magnetostrictive response is mainly originated by two kind of sources: (1)
isotropic exchange interaction and (ii) strain dependence of magnetocrystalline
anisotropy [8]. The magnetostriction due to isotropic exchange leads to frac-
tional volume changes, and doesn’t depend on the magnetization direction [30].
On the other hand, the strain dependence of magnetocrystalline anisotropy is
responsible for the magnetostriction that depends on the magnetization orienta-
tion (anisotropic), and is originated by the spin-orbit coupling (SOC) and crystal
field interactions [8, 31]. The current version of the program MAELAS calcu-
lates the magnetostrictive coefficients and magnetoelastic constants related to the
anisotropic magnetostriction.

Let’s consider [y the initial length of a demagnetized material along the di-
rection B (|B| = 1), and [ the final length along the same direction B when the
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Figure 1: Magnetostriction of a single crystal under an external magnetic field (a||H) perpendicu-
lar to the measured length direction (B_LH). Symbols M and M; stand for macroscopic magnetiza-
tion and saturation magnetization, respectively. Dash line on the right represents the original size
of the demagnetized material. The magnetostriction effect has been magnified in order to help to
visualize it easily, in real materials it is smaller (Al /Iy ~ 1073 — 107°).

system is magnetized along the direction & (|at| = 1). The relative length change
(I—1y)/lp = Al /1y can be written as [§]]

o
Al
lo

= Y &l (a)BiB), (1)

S i

where Squ is the equilibrium strain tensor. This equation describes the Joule effect
[32]], once it is rewritten in terms of the magnetostrictive coefficients (A) conve-
niently. Fig[T|shows a sketch of magnetostriction.

The deformation of a solid can be described in terms of the displacement vec-
tor u(r) = r' — r that gives the displacement of a point at the initial position r
to its final position #/ after it is deformed. For small deformations (infinitesimal
strain theory), the strain tensor (€;;) can be expressed in terms of the displacement

vector as[33]] /s 5
o L(oui  ouj i
&j=5 <arj + ari), I, =X,)2 (2)

where du;/dr is called the displacement gradient (second-order tensor). The equi-
librium strain tensor is obtained through the minimization of both the elastic (E,;)



and magnetoelastic (E,.) energies [} 8]

a(Eel + Eme)
- .  — 07 i7 = X, 9,2 3

91, J=xy 3)
where the total energy must be invariant under the symmetry operations of the
crystal lattice [S)]. Let’s write general equations for E,; and E,,,.. The elastic energy
depends on the fourth-order elastic stiffness tensor ¢;j; that links the second-order
strain and stress (0;;) tensors through the generalized Hooke’s law

Gij = Z Cijki€kl l?.] =X “4)
kal:x%Z

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

Oxx Cxxxx  Cxxyy Cxxzz Cxxyz Cxxzx  Cxxxy Exx

Oyy Cyyxx  Cyyyy  Cyyzz  Cyyyz Cyyzx  Cyyxy Eyy

Oz _ | Czzxx Czzyy  Czzz Czzyz Czzax Czmvy €z (5)
Oy; Cyzxx  Cyzyy  Cyzzz  Cyzyz  Cyzzx  Cyzxy zsyz

Oxz Cooxx  Czxyy  Caxzz Czxyz Czxzx Coxxy 28y,

Oxy Cxyxx  Cxyyy Cxyzz Cxyyz  Cxyzx  Cxyxy 2eyy

To facilitate the manipulation of this equation it is convenient to define the follow-
ing six-dimensional vectors (Voigt notation)

(o} (o €1 Exx
62 Oyy & Eyy
- 03 O ~ €3 €2
e lo. " FT a7 2. | ©)
~4 vz ~4 vz
05 Oy €5 28xz
(67 Oxy € 28xy

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

6
6i=) Cij&, i=1,..6 (7)
j=1



where in matrix form reads

61 Cii Ci2 Ci3 Cis Ci5 Cig\ (&
62 G Cn Cy3 Gy G5 Cp | | &2
63 _ |G G2 C33 G G35 Cie | |83 )
G4 Cy Cyp Cyp Cag Cys Cup | | &4
Gs Cs1 Csp Cs3 Csqy Css Csg | | &s
Ge Co1 Co2 Co3 Coa Cos Cos) \Eo

where C;; = Cj;. Then the elastic energy up to second-order in the strain can be
written as
o & s =3
Eel:Eo—i—? Z Cij8i8j+0(8 ), 9)
ij=1
where Ey and V) are the equilibrium energy and volume, respectively. The magne-
toelastic energy E,,. comes from the strain dependence of the magnetocrystalline

anisotropy energy (MAE) Ex [34,35)]. Performing a Taylor expansion of Ex in
the strain we have

E :EO =X €+ = - §8.40 =3 10
‘ K+i—1(aéi>Osl+2i7;1(a§ia§j)oslej+ &), 10

where E[% corresponds to the MAE of the undeformed state that contains the mag-
netocrystalline anisotropy constants K. The third term in the right hand side of
Eq[I0 is the second-order magnetoelastic energy that leads to a very small ad-
ditional contribution to the second-order elastic energy given by Eq[9 so that is
usually neglected [34, 36]]. The first-order magnetoelastic energy

6
Epe — (aEK) :, (11)
j /0

is obtained by taking the direct product of the symmetry strains and direction co-
sine polynomial for each irreducible representation, multiplying by a constant,
called the magnetoelastic constant and finally summing over the different rep-
resentations [, |8, |16} [17]. Frequently, the first-order magnetoelastic energy is
considered up to second-order of the direction cosine polynomial o. In cartesian
coordinates, it may be written as

-

6
Epe =Y gi(a”)&+ Y fi(a®)&+0(ab), (12)
i=1

i=1
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Table 1: Number of independent second-order elastic constants of each crystal system. Number of
independent magnetoelastic and magnetostrictive coefficients up to second-order of the direction
cosine polynomial in the first-order magnetoelastic energy. In the last column we specify which
crystal systems are supported by the current version of MAELAS.

Elastic = Magnetoelastic Magnetostriction

Crystal system Point groups Srz?lces constants constants coefficients MAELAS
EOUP @y () )

Triclinic 1,1 1-2 21 36 36 No
Monoclinic 2,m,2/m 3—-15 13 20 20 No
Orthorhombic 222, 2mm,mmm 16-74 9 12 12 Yes
Tetragonal (II) 4,4.4/m 75—88 7 10 10 No
Tetragonal (I) ~ 4mm,422,42m,4/mmm 89 — 142 6 7 7 Yes
Trigonal (IT) 3,3 143 — 148 7 12 12 No
Trigonal (I) 32,3m,3m 149 — 167 6 8 8 Yes
Hexagonal(II) 6,6,6/m 168 — 176 5 8 8 No
Hexagonal (I)  6mm,622,62m,6/mmm 177 — 194 5 6 6 Yes
Cubic (II) 23,m3 195 —206 3 4 4 No
Cubic (I) 432,43m,m3m 207 —230 3 3 3 Yes

where functions g; and f; contain the magnetoelastic constants (b). In the fol-
lowing subsections, we show the form of Eqs]I] [9] and [12] for the main crystal
symmetries studied in magnetostriction, which are implemented in the program
MAELAS. The remaining crystal systems not discussed here might be included
in the new versions of the code. In Table I} we present a summary of the crystal
systems supported by MAELAS. Here, we use the notation of Wallace [37, 138]]
(I/10) to distinguish Laue classes within the same crystal system.

Before analyzing each crystal system, we must make an important remark
about the notation for the strain tensor €;;. In previous works discussing magne-
tostriction like Refs.[S, 8, 135]], the Voigt definition of the strain tensor was used
(81‘3" i,j =x,y2) [39], which is related to the one defined in the present work as

€i = 8};, 2¢;; = SZ‘G,i = j. Consequently, the following elastic and magnetoelastic
energies (in terms of the strain tensor with two cartesian indices) contain numeri-
cal factors different to those given in Kittel and Clark works [, 35]] for the terms
with non-diagonal elements of the strain tensor (€;;,i # j). The following expres-
sions for the relative length change (Al/ly) are the same as in Kittel and Clark
works [5, 35] because the sum in Eq[I| runs over all possible values of indices
i,j = x,y,z, while in Kittel and Clark works [5} 35] the sum runs up to i > j.
In the present work, the equations of magnetostrictive coefficients expressed in
terms of the elastic and magnetoelastic constants are also the same to those given

in Kittel and Clark works [15, 135]].



2.1. Cubic (I)

2.1.1. Single crystal
For cubic (I) systems (point groups 432, 43m, m3m) the elastic stiffness tensor

reads
Cii Co Ci2 O

0
Co Cii C2 0 O
Co Cp Cii 0 O
0 0 0 Cyq O
0 0 0 0 Cu O
0 0 0 0 0 Cyu

so there are three independent elastic constants Cy1, Cj2 and Cq4. Hence, the
elastic energy Eq[9 becomes

b = , (13)

[l el e i)

Ecub—E() Cit,.r n . f e e~
ezT = 7( %—1—8%—1—8%) +C12(€182 + €183 +82€3)
Cas

2

Cxxxx , 2 2 2
= > (Enc+ &yt gzz) + Cxxyy(gxxgyy T Exx€qr t 8yygzz)

2 2 2
+ 2yzy: (€ + &), €1,

+ 2 (E e (14)

where Ci1 = Cyxxr, C12 = Cxxyy and Caq = Cyzy;. On the other hand, the first-order
magnetoelastic energy up to second-order direction cosine polynomial contains 3
magnetoelastic constants [17]. From the symmetry strains and direction cosine
polynomial for each irreducible representation, it is possible to obtain the follow-
ing magnetoelastic energy in cartesian coordinates [, 8, [10]

Egubth)
Vo

= bo(&1 +8& +&3) + b1 (038 + 008 + 02E3)
+ b (04,00 €6 + 0L O E5 + 0Ly 0L E4) (15)
= bo(&xx +&yy +€2) + by (Ocjzchx + Ocieyy + chgzz)

+ 205 (0L OLyEry + Ol Oz Exy + 0Ly OLEy7 ),

where by is the volume magnetoelastic constant, and b; and b, are the anisotropic
magnetoelastic constants. Next, replacing Eqs[I4] and [T5]into Eq[3] we find the



following equilibrium strains

eq bZOCiOCj

& = 2 i # ], L, =X,),2 o
g = — biog b + b1 [ =X,,2
" Cii—Ci2 Cii+2Cia (C11—C12)(Cr1+2C12)’ 7
Inserting these equilibrium strains into Eq[I] gives
all” 3 1
Al oy ? o282 & 0282 + 02B2 — =
lO B + 2}\'001 ( xBx+ yBy+ ZBZ 3 (17)
+ 37“ 11 (axayBxBy + OCyOCZByBZ + axo‘szBz)’
where ]
o_ —bo — 3b1
Ci1+2Ci’
—2b
A (18)
001 3(Ci1 —C12)
—by
M= ——.
111 3Cus

The coefficient A% describes the volume magnetostriction, while Ayy; and A1 are
the anisotropic magnetostrictive coefficients that give the fractional length change
along the [001] and [111] directions when a demagnetized material is magnetized
in these directions, respectively. The superscript o in A* stands for one irreducible
representation of the group of transformations which take the crystal into itself [S,
8l], so it should not be confused with the direction of magnetization &. The MAE
in an unstrained cubic crystal up to sixth-order of direction cosine polynomial is

(35 40]
0

E
T =Ko+ Ki(ofog + afer + o) + Kooger, (19)
0

where Ky, K1 and K, are the magnetocrystalline anisotropy constants.

2.1.2. Polycrystal

The theory of magnetostriction for polycrystalline materials is more complex
than for single crystals. A widely used approximation is to assume that the stress
distribution is uniform through the material. In this case the relative change in



length may be put into the form [, [13} 34} 41]

" s [(a- B)? - —} , (20)

where 5 3
As = gkom + 57»111- (21)

This result is analogous to the Reuss approximation used in the elastic theory of
polycrystals to obtain a lower bound of bulk and shear modulus [8} 42-44]]. A
discussion about the limitations of this approximation can be found in Ref.[45].

2.2. Hexagonal (I)

2.2.1. Single crystal
The elastic stiffness tensor for hexagonal (I) system (point groups 6mm, 622,
62m, 6/mmm) reads

Ch Cp2 Ci3 0 O
C Cip Ci3 0 O
Cs Ci3 Gz 0 0
0 0 0 Cu O
0 0 0 0 Cu 0
0 0 0 0 0o St

0
0
0
0

Chex — , (22)

so that it has five independent elastic constants Cyy, Cy2, C13, C33 and Cy4. As a
result, the elastic energy Eq[9]is

EMY—Ey 1. o, - = s ave o Lo
T 5CH (E1 + &) +C12€1&2 +C13(E1 +&2)& + §C3383
| N &2
+ §C44(€4 +&5) + Z(Cll —C12)& (23)
1 2 2 1 2
2 Crxee(Exc +&5y) F CrupyBaur€yy T Cunzz (Exx + &y ) €22 + 2 (et

+ ZCyZyZ(ng + 8%1) + (Cxuxx — cxxyy)ejzcy

where C11 = Crxxx, C12 = Crxyys C13 = Cxnzzr C33 = €7, and Cyq = Cyzy,. The first
order magnetoelastic energy up to quadratic direction cosine polynomial contains

10



6 magnetoelastic constants [[17]]. In cartesian coordinates it can be written as [3]]

E%x(l) , 1 , 1
VO = bll (Exx + 8}’)’) + blZgZZ + b21 (XZ - § (Exx + Syy) + b22 (X'Z — § €7

1
+ b3 {— (0F — 00) (Exx — &yy) + Zocx(xysxy] + 254 (Ol 0z Exp + Oy 0Ly, ).

2
(24)
Once the equilibrium strains are calculated by minimizing Eqs[23] and [24] through
Eq[3|and inserted into Eq[T] one finds [5, 18] [16]

o
Al 1
| = AOB B 2 O0B 212 (o2 1) (B 4B
p
w22 WNa2 av2 |l 2 2vp2 a2 (25)
+ A% oz — 3 B; +A" E(a" —ocy)(Bx — By) + 206,04, B By
+27‘872((XXOCZBXB1+O(’yo{’ZByBZ)a
where
2010 _ b11C33 + b12C13
C33(C11+Cr2) — 2C%3,
3020 _ 2b11Ci3 —b12(C11 +C12)
C33(C11 +C12) —2C3
2002 —b21C33 +b22Cy3
C33(Ci1 +Crp) —2C% (26)

022 _ 2b31C13 — b (C11 +Cr2)
C33(C11 +C12) —2Cf;

)

A2 = _—h
Cii—Ci2’

A2 = b4
2Cu4

These magnetostrictive coefficients are related to the normal strain modes for a
cylinder [5, [8]. The equation of the relative length change in the form of Eq[25|
was proposed by Clark et al. [16]. In literature there are different arrangements of
the right hand side of Eq[25|that leads to other definitions of the magnetostrictive
coefficients, like those defined by Mason [[15]], Birss [34], and Callen and Callen
[17]. The conversion formulas between Eq[25|and all these other conventions can
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be found in These conversion formulas are implemented in the pro-
gram MAELAS, so that the magnetostrictive coefficients are also given according
to these definitions. Note that in some works [40, 45] the magnetostrictive coef-
ficients AY? and A%2 in Eq are named as A%2 and A2, respectively, which is
more consistent with the Bethe’s group-theoretical notation [45]. The MAE in an
unstrained hexagonal crystal up to fourth-order of o reads [40]

EX Ko+ Ki(1— o) + Kol — 2’ @7)
v, ~ KoKl —ag)+ Kol —og)”

2.2.2. Polycrystal
Under the assumption of uniform stress, the relative change in length for poly-
crystalline hexagonal (I) systems can be written as [34]

o
Al
. =E&+n(a-B)?, (28)
Olp

where 1 is, in both easy axis and easy plane MAE, given by

2 1 7
n= —EQ4+§Q6+EQ8- (29)

The quantity & is different for easy axis and easy plane. In the case of easy axis, §
is given by

2 4 1 1 )
E= §Q2 + 1—5Q4 - 1_5Q6 + BQS’ (easy axis) (30)

while for easy plane is

B 1 1 1 4 | 31
a——§Q2—5Q4—EQ6—EQ8- (easy plane) (31)

The quantities Q; (i = 2,4, 6, 8) are the anisotropic magnetostrictive coefficients in
Birss’s convention [34], and are related to the magnetostrictive coefficients defined
in Eq. through Eq. We have implemented these formulas in MAELAS,
so that it also calculates 1 and &.

2.3. Trigonal (1)
2.3.1. Single crystal

The elastic stiffness tensor for trigonal (I) system (point groups 32, 3m, 3m)
has 6 independent elastic constants Cy1, C12, C13, C33, C44 and C4, and it is given

12



by

Ch Cpp Cz Cy 0 0

Co Cn Cz —Cyg O 0

Csz Ciz G 0 0 0

Cs —Cy4 0 Cuua O 0
0 0 0 0 Cys Cis

0 0 0 0 ¢y G5

Hence, inserting this tensor into Eq[9 we have the following elastic energy

Ctrig(l) — (32)

Etrig(l) —Ep 1 1
elT = ECM (é% + é%) +C12€182 + C13(§1 + 52)53 + §C33§%

1 . 1 - o~~~
+ §C44(8§ —1-842;) + Z(Cu — Clz)aé +C14(€6Es5 + €184 — E2€4).

_ 1 2 2 1 2
= Ecmx(sxx +€5y) + Crayy€xx€yy + Cazz (Exx + €y )€z + 5 Caze
2 2 2
+2¢y7. (8 + syz) + (Cxonx — Cxxyy)gxy +4Cuys (ExyExz + Exx€y; — €)yEyz).
(33)
where C11 = Cyonx, Ci12 = Cxxyy» C13 = Cxxzzr Cla = Cxxyzs (33 = Cyzzz, and Cyq = Cyzyz-
On the other hand, the magnetoelastic energy contains 8 independent magnetoe-
lastic constants [[17]. In cartesian coordinates it can be written as [8]]
trig(l
Emeg( )
Vo

1 1
= b1 (& +&yy) + D128+ b2 (0@ - §) (Exx +8&yy) +bx (0(? - g) €,

1

1
+ b1 [(0F — 02 )eyz + 2000 | +b34 {Eocyocz(exx — &)+ 204,04Eyy | -
(34)
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Next, we obtain the equilibrium strains via Eq[3] Replacing them into Eq/[I]leads
to [1&]]

a
Al

lo

I
— ASO(B2 4 B2) + A2 02 42912 (ag - 5) (B2+B2)
B

(04 1 !

+ kyg(%c“zﬁxﬁz + OCyOCZByBZ> + 7\112 {%O@Oﬂz(ﬁi - Bi) + axazﬁxﬁy}

a1 | 506 - 0B onuBif.

where
2000 _ b11C33 + b12C13

 C3(Ci+Crp) —2CY]
2020 _ 2b11C13 — b12(C11 +C12)
C33(Ci1+Cip) —2C%
a2 _ —b21C33 + bCy3
C33(C11 +C12) — 2G5’
A022 _ 2b21C13 — by (Cr1 +Ci2)
C33(C11+Ci2) —2CF;
Ci4b14 — Cysb3 (36)

Arl _ |
1C44(C11 — Cp2) — C3,
}\’%2 _ %b4(C11 _CIZ) —b34C14
$Ca(Cri—Crp) = C3,
Ny — Ci4bg — Cyab3y
2= -
7Ca4(Ci — C12) — €y
A 1b14(C11 —C12) — b3Cra
21 =

$Cu(Ci—Cp) = C3,

The MAE in an unstrained trigonal crystal up to fourth-order in o is the same to
the hexagonal case (Eq[27).
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2.4. Tetragonal (I)
2.4.1. Single crystal

The tetragonal (I) crystal system (point groups 4mm, 422, 42m, 4 /mmm) has
the following elastic stiffness tensor

Cih Cno Ci3 0 O
Co Cy Cz3 0 O
Ciz C3 Gz 0 O
0 0 0 Cyq O
0 0 0 0 Cy4 O
0 0 0 0 0 Cge

Ctet(l ) —

[l el e i)

; (37)

Hence, it has six independent elastic constants Cy1, Cy2, C13, 33, Caq and Cgg.
The elastic energy is given by

tet(I)

Eel - EO

1 - . o 1 -
m = §C11(8%+8%) +C12€182 4+ Ci3(&; +82)€3+§C33€%

1 o~ I, .
+ 5 Caa (8 +8) + 5 CesEe
_ L (€2, +€2) + CrryyExx€yy + Crxzz(Exx + €1y )€ + e e
- ) xxxx\ Cxx yy xxyy€xxyy xxzz\©xx yy )€z 2 2222%77
+2¢yzy: (832 +er)+ zcxyxyejzcy
(38)
where C11 = Cypxr, Ci12 = Cxxyys C13 = Cxxzzs €33 = Cyzzz, Caa = Cyzy; and Ce = Cxyxy-
On the other hand, there are 7 independent magnetoelastic constants [17]. The
magnetoelastic energy can be written as [8, [10]
Epe”
Vo

1 1
= b1 (& + SW) + b12€;; + D21 (06 - 5) (Exx+ Eyy) + by (OC? — §> €

1
+ 5193 (0F — 00 ) (Exx — Eyy) + 2b3 000y €.y + 254 (0L 0L E,; + Oy OLE,).

(39)
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After the equilibrium strains are calculated by minimizing Eqs[38] and [39| through
Eq[3]and replaced into Eq[I] we have [8§]

o
Al 1
| = MOB By AT A (ag - 5) (B2+B2)
B
02,2 2 1 2 1 Y2 [ 2 2 2 2 ) (40)
+ A" Ocz_g Bz+§7‘7 (Otx_ocy)(ﬁx_By)‘f’2>L ’ axayBxBy
+ 27\'872(0‘)60516)661 + 0,0 3,B;),
where
2010 _ b11C33 +b12C13
C33(C11+Cr2) — 2G5
3020 _ 2b11Ci3 —b12(C11+C12)
C33(C11+Ci2) —2C35
a2 _ —b21C33 +bCi3
C33(C11+Cr2) — 2C%3 ’
2022 _ 2b21C13 — b (C11 +Cr2) 41)
C33(C11+Crp) —2C3;
_b3
A= 2
Ci1—Ci2
7\’572 _ _b/3
2C66’
—by
}\{8,2 — )
2C44

Mason derived an equivalent equation to EqM40| using a different arrangement of
the terms and definitions of the magnetostrictive coefficients [15]. The conversion
formulas between the magnetostrictive coefficients in Eq[40] and those defined by
Mason are shown in The MAE in an unstrained tetragonal crystal
up to fourth-order in a is the same to the hexagonal case (Eq[27).

2.5. Orthorhombic

2.5.1. Single crystal
The orthorhombic crystal system (point groups 222, 2mm, mmm) has 9 inde-
pendent elastic constants Cy1, C2, C13, Ca2, C23, C33, Ca4, Cs5 and Cgg, its elastic
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stiffness matrix reads[38), 144

Ci1 Cp C3 O 0 0
Cp C»n (Cs O 0 0
Cz Cy3 C 0 0 0
ortho __ 13 23 33
¢ I ) 0 0 Cu O 0 |’ (42)
0 0 0 0 Cs5 O
0 0 0 0 0 Ces

Hence, inserting it into Eq[9 leads to the following expression for the elastic en-
ergy

E:lrthO_EO 1 - 1 - o s s 1 2
————— = ZC11&] + ZC8& + C12€1€2 + 138183 + (38283 + - (3383
Vo 2 2 2
1 1 1
—Cpu82 + —Cs582 4+ —Cyp82
+2 444+2 555+2 66€6 43)
1

2 2
= Ecxxxxgxx + Ecyyyyeyy T Crxyy€xx€yy + Cxnzz€xx€2z + Cyyzz€yy€ez

1 2 2 2 2
+ ECZZZZSZZ + 20y2:€); + 2Cxzxz€x; + 2CxyxyExy-
where C11 = Cyur, C22 = Cyyyys C12 = Cxayy, C13 = Crxzzs C23 = Cyyzz, €33 = Czz,
Ca4 = Cyzyz, C55 = Cxzrz and Cg = Cryny. The magnetoelastic energy contains 12 in-
dependent magnetoelastic constants [17]]. Mason derived the following expression
of the relative length change [15]]

o
Al
N = xocl,OB)ZC + 7“0(27053 + 7»“3’0135 + A (%%B)zc — 040 BBy — 00 B;)
B
+ M2 (0B — 00y BiBy) + A3 (0 B5 — o0ty BuBy)
+ 7"4(0‘5[35 — 00 BBy — 0y 0By Be) +As (%%[5? — 0,033 )
+ 7»6(005[55 — 0ty 0 By B ) + 470604 BBy + 4R3O 0L BB, + 4ho 0ty 0By B
(44)
Note that we added the terms that describes the volume magnetostriction (7&“170,
A0 and A%3-9) which were not included in the original work of Mason [15]. The
expression of the magnetoelastic energy and the relations between magnetostric-
tive coefficients, elastic and magnetoelastic constants were not shown by Mason
either. For completeness, here we deduce it from Eqs. #3]and [44] To do so, we
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aim to find the unknown functions g; and f; in the general form of the magnetoe-
lastic energy in cartesian coordinates given by Eq. [I2] Firstly, we minimize Eqs.
M3land[12]via Eq. [3] This gives a set of equations that links the unknown functions
gi and f; with the equilibrium strains. Next, we extract the equilibrium strains by
direct comparison between Egs. |I{and Finally, we substitute the equilibrium
strains into the set of equations that relates g; and f; with the equilibrium strains,
from which we obtain g; and f;. Inserting the calculated g; and f; into Eq. [12] we
have

Eortho
”{/‘; = b01€xx + b02Eyy + b03E; + b loc)%exx + bzociexx + bs oc)%syy + b40c§8yy
+ b5z, + b0 €z -+ 27010 Exy + 2D 0Oy, + 2b90ly 0L E,
(45)
where
b()l — _Cllkal,o _ C127\‘OL270 _ C137\‘(X370
b02 — _Cn;\‘(xl,o _ C227\’(X.270 _ C237\’CX3,O
b03 — _C137\’G1,0 _ C23?\’(12,0 _ C33}\40L370
by = —Ci1 1M —Ci2A3 — Ci3)s
by = —C11hy — Ci12ha — C136
bz = —C1oM — C2h3 — Ca3s (46)

by = —Ci2ha — CooAy — C3hs

bs = —C13h — Co3k3 — C33)5

be = —Ci3ha — C23A4 — C33)6

b7 = Ce6(A1 + A2 + A3 +Ag —4A7)

bg = C55(7\,1 +As — 47»8)

b9 = Cya(Aa + A — 4Mh9).
Alternatively, one can deduce the magnetoelastic energy using the general ap-
proach based on the symmetry strains and direction cosine polynomial for each

irreducible representation [, 18, [17]. This approach may lead to different defi-
nitions of the magnetoelastic constants and magnetostrictive coefficients, as we

have discussed for the hexagonal (I) and tetragonal (I) systems in

and [Appendix Bl respectively. A generalization of the approach taken by Becker
and Doring [[14] for orthorhombic crystals can be found in Ref. [46]. The MAE
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in an unstrained orthorhombic crystal up to fourth-order in o is[15]
EI% 2 2
— =Ko+ K05 + Ko 47)
Vo Y

3. Methodology

3.1. Calculation of magnetostrictive coefficients and magnetoelastic constants

The methodology implemented in the program MAELAS to calculate the
anisotropic magnetostrictive coefficients is a generalization of the approach pro-
posed by Wu and Freeman for cubic crystals [[18,[19]. In this method, one measur-
ing length direction B and two magnetization directions (& and @) are chosen
for each magnetostrictive coefficient (A') in such a way that
A% o
I

Al

=p'\, (48)
lo

i

Bi

where p' is a real number. In Table [2| we show the selected set of B, ot and ot}
in MAELAS that fulfils Eq for each p'. Next, the left hand side of Eq is
written as

o o)
AN AT =l b1y 2(l — b)
ol bl 1 1y lLi+h-2]
0lgi o]y 0 0 (I + 1) [1_#] 49)
211 —1 L +1, —2] 2l —1
R TERY RS0 I8 0
Lh+Db h+1Dh L+

where in the last approximation we assume |/;(5) — lo|/lp < 1. This assumption
is reasonable for all known magnetostrictive materials. For instance, a very large
value of Al/l is about 4.5 x 1073 found in TbFe, (Laves phase C15) along direc-
tion [111] at T = OK [6], where this approximation is fine. This approximation
allows to get rid of Iy (length along B in the macroscopic demagnetized state)
which can’t be calculated with DFT methods easily. Combining Eqs4§| and
one can write the magnetostrictive coefficients as
i 2(hi—h)

AN=——= 50
NOETSk (50)
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where the value of p’ for each A is given in Table [2l The quantities /; and I, cor-
respond to the cell length along B when the magnetization points to &; and oL, re-
spectively, and are calculated through an optimization of the energy. Namely, a set
of deformed unit cells is firstly generated using the deformation modes described
in For each deformed cell, the energy is calculated constraining the
spins to the directions given by o and 0. Next, the energy versus the cell length
along B for each spin direction o (2) is fitted to a quadratic polynomial

E(aj,l)=A;?+Bjl+Cj, j=1,2 (51)

where A, B; and C; (j = 1,2) are fitting parameters. The minimum of this func-
tion for spin direction 0ty () corresponds to /13y = —Bj(2) / (2A1(2)). Once /1 and
I, are determined, one obtains the magnetostrictive coefficients using Eq[50] The
magnetostrictive coefficients can also be written in terms of the derivative of the
energy with respect [ evaluated at [ = [, as [20]

1 J[E(dp,l)— E(0,1)]

A %_T]iBl ol

(52)
1=l

where B is always negative. In Table [2, we see that our choice of B and 0 (2)
makes p depend on some magnetostrictive coefficients for A7, Ag and Ag in or-
thorhombic crystals. For instance, working out the coefficient A7 via Eq[50| we

have
A — (a2 + bz)(ll - lz) B (Cl — b) (a[kl + 7\,2] — b[?\g + 7\.4]) (53)
! ab(l, + 1) 4ab ’
where a and b are the relaxed (not distorted) lattice parameters of the unit cell.
Here, MAELAS makes use of the values of A, A, A3 and A4 calculated pre-

viously in order to compute A;. Note that a simpler expression for A; can be

achieved choosing the measuring length direction B = <%, %,O). However,

from a computational point of view, it is easy to extract the cell length / along
b . .

B= (ﬁ, W,O of each deformed cell generated with the deformation

gradients discussed in [Appendix C| Similarly, one can deduce the explicit equa-
tion for Ag and Ag.

Lastly, if the elastic tensor is provided in the format given by the program
AELAS [44]], then the magnetoelastic constants (by) are also calculated from the
relations by = bi(A',Cy,) given in Section
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Table 2: Selected cell length (B) and magnetization directions (01, &) in MAELAS to calculate
the anisotropic magnetostrictive coefficients according to Eq[48] The first column shows the crys-
tal system and the corresponding lattice convention set in MAELAS based on the IEEE format
[44]. The second column presents the equation of the relative length change that we used in Eq/4§]
for each crystal system. In the last column we show the values of the parameter p that is defined in
Eq/48] The symbols a,b,c correspond to the lattice parameters of the relaxed (not distorted) unit
cell.

Al Magnetostrictive

Crystal system N coefficient B o o p
Cubic (D) Eq|17] Moot (0,0,1) (0,0,1) (1,0,0) 3
a||x, b|)9, c|z At (5ss) (k) (503) 3
al2 Oy (L 1
e e By G i
ajx, c|(z ” Uy s Uy Uy
b= (~4.5,0) a2 (1,0,0) (1,0,0) (0,1,0) 1
a=b+#c Ae2 (20) (:0.5) (H05) Jac,
a?+c? \/T 7\5 ﬁ’ \/2 a’+c?
. al,2 11
iy C B T :
ajx, c|z ’ i) s Uy i)
b= (-4,%0) art (1,0,0) (1,0,0) (0,1,0) 1
_ 2 (a,0.c) 1 1 1 —1
a=bre M vime o) (503 o
N (a.0.c) 0L L 0.-L =L a
12 Va2+c? V2 V2 V2 V2 (a2 +c?)
}\121 (a.0) % %/’ 0 L\[ _71 0 zacz
a?+c? 2° V2’ 22’ a“+c
Tetragonal (T) Eq@ A%12 (1,0,0) (i € i) (L € 0) 1
TAsOna Ly o o 3'vava) \varve 3
al|x. bl|y. cl|z A (0,0,1) (0,0,1) (1,0,0) 1
a=b#c A¥2 (1,0,0) (1,0,0) (0,1,0) 1
AE2 (a,0,c) 1 L -1 L ac
a+c? V22 TV2 V2T V2 a+c?
52 1L 1 -1
M (539 (B0 (A50 !
Orthorhombic Eq M (1,0,0) (1,0,0) (0,0,1) 1
a||x, b||y, c|lz A2 (1,0,0) (0,1,0) (0,0,1) 1
c<a<b A (0,1,0) (1,0,0) (0,0,1) 1
A4 (0,1,0) (0,1,0) (0,0,1) 1
As (0,0,1) (1,0,0) (0,0,1) 1
s (0,0,1) (0,1,0) (0,0,1) 1
(a.b.0) 11 (a=b)(a[M+o] ~b[A3+]a])+4abhy
}\'7 1(/024,b)2 ﬁ’ \/§~0 (07071) ( )(2(;524,],72‘)?7 N
a0,c 1 1 a—c)(ak)—chs)+4ac
As o 70 (0,0,1) T P
(0,b.c) 11 (b—c) (bAg—chg) +4bck
7\9 \/bzﬁ O’ﬁ’iz (anwl) : 2(b42+(02§7u9 =0
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3.2. Program workflow

The program MAELAS has been designed to read and write files for the Vi-
enna Ab initio Simulation Package (VASP) code [47-49]. The workflow of MAE-
LAS can be splitted into 5 steps: (i) cell relaxation, (ii) test of MAE, (iii) genera-
tion of distorted cells and spin directions, (iv) calculation of the energy with VASP,
and (v) calculation of magnetostrictive coefficients and magnetoelastic constants.
In Fig[2) we show a diagram with a summary of the MAELAS workflow. In the
first step, it performs a full cell relaxation (ionic positions, cell volume, and cell
shape) of the input unit cell. If one wants to use non-relaxed lattice parameters
(like experimental ones), then this step can be skipped. In the next step, it is rec-
ommended to check if it is possible to obtain a realistic value of MAE for the
ground state (not distorted cell). To do so, MAELAS generates the VASP input
files to calculate MAE for two spin directions given by the user which should be
compared with available experimental data. In the third step, MAELAS performs
a symmetry analysis with pymatgen library [50] to determine the crystal system,
redefine the structure using the same IEEE lattice convention as in AELAS [44],
and lastly generates a set of volume-conserving deformed unit cells and spin di-
rections according to Table 2| Alternatively, the crystal symmetry of the system
can also be imposed by the user manually, which could be useful in some cases. In
the fourth step, one should run the VASP calculations using these inputs. In order
to help in this task, MAELAS generates some bash scripts to run all calculations
with VASP automatically. Lastly, MAELAS analyzes the calculated energies and
fits them to a quadratic function (see Section in order to obtain the magne-
tostrictive coefficients. If the elastic tensor is provided in the format given by the
program AELAS [44], then the magnetoelastic constants (by) are also calculated
from the relations by = by (A',Cy,) given in Section 2| The obtained magnetostric-
tive coefficients and MAE can be further analyzed through the online visualization
tool called MAELASviewer that we have also developed [S1-53].

Detecting possible calculation failures on fly is a very important feature of
an automated high-throughput code. For instance, MAELAS prints a warning
message when the R-squared of the quadratic curve fitting is lower than 0.98. It
also automatically generates figures showing the quadratic curve fitting and the
energy difference between states with spin directions 0, and o versus the cell
length along B, so that the users can check the results easily.

3.3. Computational details

The MAELAS code is written in Python3, and its source and documentation
files are available in GitHub repository [54)]. The DFT calculations are performed
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Figure 2: Workflow of the program MAELAS and its connection with the program AELAS [44].

with VASP code, which is an implementation of the projector augmented wave
(PAW) method [55]. We use the interaction potentials generated for the Perdew-
Burke-Ernzerhof (PBE) version [56] of the Generalized Gradient Approximation
(GGA). We follow the recommended procedure to determine MAE with SOC in-
cluded non-self-consistently. Namely, a first collinear spin-polarized job (without
SOC) is performed to calculate the wavefunction and charge density, and then
a second non-collinear spin-polarized job is performed in a non-self-consistent
manner, by switching on the SOC, reading the wavefunction and charge density
generated in the collinear job, and defining the spin orientation through the quanti-
sation axis (SAXIS-tag) [57]]. The number of bands included in the non-collinear
job is set twice as large as the number of bands in the collinear job. By de-
fault, the code sets the tetrahedron method with Blochl corrections for smearing
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in the calculation of MAE. The energy convergence criterion of the electronic
self-consistency was chosen as 10~2 eV/cell, while the force convergence crite-
rion of ionic relaxation was used, with all forces acting on atoms being lower than
1073 eV/A. MAELAS also generates the input file with the set of k-points in the
reciprocal space for VASP by using an automatic Monkhorst—Pack k-mesh [S8]
gamma-centered grid with length parameter Ry given by the user in the command
line. Note the default settings generated by MAELAS for VASP might not work
well for some materials, so that the user should check and tune them accordingly.
For instance, in Section 4] we show some specific VASP settings and tests for few
known materials. It is possible to use MAELAS with other codes instead of VASP,
after file conversion to VASP format files. Although, this process might require
some extra work for the user. For instance, we have recently made an interface
between MAELAS and LAMMPS (spin-lattice simulations) [S9-61]].

4. Examples

In this section, we present some examples of the calculation of MAE, anisotropic
magnetostrictive coefficients, elastic and magnetoelastic constants using MAE-
LAS combined with AELAS [44] for a set of well-known magnetic materials.
AELAS determines second-order elastic constants from the quadratic coefficients
of the polynomial fitting of the energies versus strain relationships efficiently. For
each material, we split the analysis into two parts. Firstly, we perform a cell relax-
ation, evaluate MAE and compute magnetostriction with MAELAS. In the second
stage, we calculate the elastic constants with AELAS, and we use them as inputs
to compute the magnetoelastic constants with MAELAS. To do so, we follow the
workflow discussed in Section[3.2](see Fig. [2)). A summary of the results obtained
in the following tests is shown in Tables and [5] All calculations correspond
to zero-temperature.
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Table 3: Anisotropic magnetostrictive coefficients and MAE calculated using the program MAE-
LAS and measured in experiment (7 = 0 K) for a set of magnetic materials. In parenthesis we
show the magnetostrictive coefficients with Mason’s definitions obtained using the relations given
by Eq.[A2] These data correspond to the simulations with the largest number of k-points discussed

in the main text.

. Magnetostriction ~MAELAS Expt. MAELAS Expt.
Material  Crystal system Method coefficient (x107%) (x107%) MAE (ueV/atom) (ueV/atom)
FCC Ni Cubic (I) DFT GGA Moot -78.4 -607 E(110) — E(001) 0.03 2.15P

SG 225 Mt -46.1 -35¢ E(111) — E(001) 0.34 -2.73b
SD-MD XMoot -61.9" E(110)—E(001)  -2.14"
M -35.4h E(111)—E(001)  -2.86"
BCC Fe Cubic (I) DFT GGA Moot 25.7 26¢ E(110) — E(001) 0.24 1.0°
SG 229 Mt 17.2 -30¢ E(111) — E(001) 0.32 1.340
SD-MD Moot 25.9" E(110) — E(001) 0.99"
Mii -30.3" E(111)— E(001) 1.33"
HCP Co Hexagonal (I)  DFT SCAN %2 (M) 85 (-78) 95 (-66)° | E(100) — E(001) 53 61°
SG 194 A922 (\p) S115(-92)  -126 (-123)¢
A2 (Ac) 15 (115) 57 (126)°
AE2 (Ap) S19(-1) 286 (-128)¢
DFT LSDA+U %2 (ha) 111 (-109) E(100) — E(001) 58
J=0.8eV A22 (Ag) 2251 (-114)
U =3eV A2 (Ac) 4(251)
222 (Ap) -51(10)
YCos  Hexagonal (I) DFT LSDA+U Ao12 -90 [A%2| <1007 | E(100) — E(001) 365 567¢
SG 191 2022 115 [A%22| <1004
A¥2 76
A2 141
Fe,Si Trigonal (I) DFT GGA pel2 -9 E(100) — E(001) -38
SG 164 2922 15
Ar 8
A¥2 28
7\]2 -3
Mt -13
LlgFePd Tetragonal ()  DFT GGA Aol 21 E(100) — E(001) 106 181/
SG 123 Ao2:2 79
AY2 31
A2 28
A82 106
ol,2 2
L 100¢
YCo  Orthorhombic DFT LSDA+U M -11 E(100) — E(001) 22
SG 63 o 32 E(010) — E(001) 23
A3 70
}\«4 -74
As -30
Ao 7
v 36
g -20
Ao 35

aRef.[40], ®Ref.[62]], ‘Ref.[63], “Ref.[7],
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Table 4: Elastic and magnetoelastic constants calculated using the interface between AELAS and
MAELAS codes. The third column shows the DFT method used to compute the elastic constants.
The experimental elastic constants of FCC Ni and BCC Fe were measured at 7 ~ 0 K, while
for HCP Co T ~ 300 K. The experimental magnetoelastic constants were estimated using the
experimental elastic constants (seventh column) and the experimental magnetostrictive coefficients
in Table[3]via the relations given in Section[2] The sixth column presents calculations of the elastic
constants available in the Materials Project database [67, 68].

Material Crystal system Method Elastic = AELAS Mat.Proj. Expt. | Magnetoelastic MAELAS  Expt.
constant  (GPa) (GPa) (GPa) constant (MPa) (MPa)
FCC Ni Cubic (I) DFT GGA Cii 298 2768 2617 b 15.5 9.9
SG 225 Ci» 166 159¢ 151" by 19.4 13.9
Cys 140 1328 1321
SD-MD Ci 264/ by 10.4
Ciz 152/ by 14.1
Cyy 133/
BCC Fe Cubic (I) DFT GGA Ci 288 2474 2430 b 5.2 4.1
SG 229 Crp 152 150¢ 138> by 5.3 10.9
Cuy 104 974 1220
SD-MD Ci 230/ by 3.7
Ci» 134/ by 10.6
Cus 116/
HCP Co Hexagonal () DFTLSDA+U| (i 327 3074 bay 213 -31.9
SG 194 J=0.8¢V Ci» 157 165¢ by 48.3 25.5
U =3eV Ci3 130 103¢ b3 -0.7 8.1
Cs3 308 358¢ by 7.1 429
Cus 69 754
DFT SCAN Ci 648 boy -51.3
Ci» 212 by 40.5
Ci3 189 b3 6.4
C33 633 I 8.9
Cus 239
DFT GGA Cii 358¢
Ciz 165¢
Ci3 114¢
C33 409¢
Cuy 95¢
YCos  Hexagonal (I)  DFT GGA Ci 208 192¢ ba 14.9
SG 191 Cpp 103 123¢ by -104
Ci3 114 113¢ b3 -8.0
Ci3 270 262¢ by -13.6
Cyy 49 48¢
DFTLSDA+U | Cy, -63 ba 13.9
Ci» 363 by 7.9
Ci3 115 b3 32.5
C33 249 by -12.4
Cyq 44

4Ref.[69], bRef.[70], ‘Ref.[71], “Ref.[72]], *Ref.[73], /Ref.[59], $Ref.[74], "Ref.[73]
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Table 5: FElastic and magnetoelastic constants calculated using the interface between AELAS and
MAELAS codes. The third column shows the DFT method used to compute the elastic constants.
The experimental elastic constants of L1y FePd were measured at 7 ~ 300 K. The sixth column
presents calculations of the elastic constants available in the Materials Project database [67} 68]].

Material ~ Crystal system Method Elastic AELAS Mat.Proj. Expt. | Magnetoelastic MAELAS  Expt.
constant  (GPa) (GPa) (GPa) constant (MPa) (MPa)
Fe,Si Trigonal (T) DFT GGA Cl 428 4154 bai 3.1
SG 164 Ci2 164 169¢ by 42
i3 133 1334 b3 -0.7
Cua 27 254 by 33
Cs3 434 4284 bia 14
Cus 118 107¢ b3y -0.4
L1lg FePd Tetragonal (I) DFT GGA C11 324 293 214¢ by 2.4
SG 123 Ci 67 620 143¢ by 152
Ci3 133 1250 143¢ b3 -7.9
Cs3 264 254> 227° b 7.9
Cuy 101 99b 92¢ by 5.6
Ces 37 38b 93¢
YCo Orthorhombic ~ DFT GGA Cl 76 944 by -0.9
SG 63 Cip 45 614 by 0.6
Ci3 48 444 b3 5.0
Cyn 102 934 by 5.7
Ca3 55 564 bs 0.9
Cs3 141 1214 be 1.5
Cus 40 384 by -5.0
Css 27 294 by 1.1
Ces 39 414 bo -8.2
DFTLSDA+U | Cyy 101 b -1.7
Ci2 65 by 1.2
Ci3 58 b3 3.8
Cxn 94 by 43
Cas 70 bs -0.1
Cs3 138 be 23
Cus 42 by 4.4
Css 29 bg 1.1
Ces 35 bo -8.7
aRef.[[76]], PRef.[T7]], “Ref.[78], “Ref.[79]
4.1. FCC Ni

In the first example, we consider FCC Ni, which is described by Eq[I7] since
it is a cubic (I) system.

4.1.1. Cell relaxation, MAE and magnetostrictive coefficients

Firstly, we perform a cell relaxation using an automatic k-point mesh with
length parameter Ry = 160 centered on the I'-point (46 x 46 x 46), 16 valence
states, and energy cut-off 520 eV with PAW method and GGA-PBE. The re-
laxed lattice parameter is a = 3.50419 A. Next, we analyze the dependence of
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MAE and magnetostrictive coefficients on the k-point mesh (R; = 80, 100, 120,
140 and 160) for this relaxed unit cell using the same VASP settings as in the
cell relaxation. The results are shown in Fig. We observe that E(1,1,1) —
E(0,0,1) > 0 for all calculations up to 93150 k-points, while the experimental
value is —2.7ueV/atom [80]. This deviation may be due to the fact that we have
not used a sufficiently large number of k-points, as Halilov et al. pointed out
[80L 81]. Our results are in good agreement with the calculations performed by
Trygg el at. where a similar number of k-points were used [82]. We also see
that £(1,1,1) — E(0,0,1) is approaching to negative values as the number of k-
points is increased. Interestingly, the calculated magnetostrictive coefficients are
in quite good agreement with the experimental ones [40] despite the deviation
of MAE for the unstrained unit cell. One possible reason for this result may be
that the calculation of the magnetostrictive coefficients involves larger energy dif-
ference between magnetization directions than the determination of MAE for the
unstrained unit cell (which might be close to the accuracy limit of VASP ~ ueV),
see Fig@ Consequently, a k-point mesh with about 10° k-points may be sufficient
to obtain reliable magnetostrictive coefficients for FCC Ni using GGA, although
a much more dense k-mesh would be needed to obtain a reliable MAE for the
unstrained unit cell [80, [81]]. Note that these two properties come from the SOC,
so that in general it would be highly desirable that the used method to calculate
the energies describes well both MAE and magnetostriction. Recently, we devel-
oped a spin-lattice model within the framework of coupled spin and molecular
dynamics (SD-MD) that reproduces accurately the experimental elastic and mag-
netoelastic energies at zero-temperature [S59]. We obtained very good results by
applying MAELAS to this coarse-grained model of SOC, see Tables [3]and [4]

4.1.2. Elastic and magnetoelastic constants

To compute the elastic constants we make use of AELAS code [44]]. As inputs,
we use the same relaxed cell and VASP settings as in the calculation of magne-
tostriction, but with lower number of k-points Ry = 60 (17 x 17 x 17 for the not
distorted cell) and not including SOC. Once we have the elastic constants, we
use them as inputs to derive the magnetoelastic constants with MAELAS. The re-
sults are shown in Table [, where we also include calculations of elastic constants
available in the Materials Project database [67, 68 and experimental data [75].
We observe that the value of C;; = 298 GPa obtained with GGA is higher than
the one in the Materials Project C;; = 276 GPa and in the experiment Cy; = 261
GPa. Concerning the magnetoelastic constants, we see that both b1 and b, are in
fairly good agreement with the experiment.
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4.2. BCCFe

In this example, we consider BCC Fe, which is described by Eq[I7]since it is
a cubic (I) system.

4.2.1. Cell relaxation, MAE and magnetostrictive coefficients

In the first stage, we we perform a cell relaxation for the conventional cubic
unit cell of the BCC (2 atoms/cell) using a 57 x 57 x 57 k-mesh with 185193
k-points in the Brillouin zone. The interactions were described by a PAW po-
tential with 14 valence electrons within the PBE approximation to the exchange-
correlation, and the PW basis was generated for an energy cut-off of 380 eV (30%
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larger than the default value). The relaxed lattice parameter is a = 2.82509 A.
In Fig. [5| we show the dependence of MAE and magnetostriction on the k-points
for this relaxed cell using the same exchange-correlation and energy cut-off as
in the cell relaxation. The calculated values of MAE with the largest number of
k-points (262144) are E(110) — E(001) = 0.32ueV/atom and E(111) — E(001) =
0.24ueV/atom which are a bit lower than the experimental values 1ueV/atom and
1.34ueV/atom, respectively [62]. Concerning the magnetostrictive coefficients,
we obtained Ago; = 25.7 x 1076 and A1; = 17.2 x 1075, while the experimental
values at T = 4.2K are Ago1 = 26 x 107 and Aj1; = —30 x 107¢ [40]. We see
that Agg; is quite close to the experimental result, while A1 is in good agreement
with previous DFT calculations [21}, 25| [83]] but it has the opposite sign as the
experimental value. The calculation of Ay is presented in Fig@ We observe

that the sign of the derivative of the energy difference between states with spin di-

rections Ol = (%,O, :—é) and 0l = (\%, \/Lg, \%) with respect to the cell length

along B = (\%, \%, \%) evaluated at [ = [, is equal to the sign of the calculated

A1 (> 0), as expected from Eq However, the experimental A1 is negative.
This deviation might be due to a possible failure of GGA related to the location of
the Fermi level in a region of majority band t2g density of states [84, 85]. Aim-
ing to clarify the influence of MAELAS in this result, we applied MAELAS to a
spin-lattice model for BCC Fe, that reproduces accurately the experimental elastic
and magnetoelastic energies, obtaining almost the same experimentally observed
magnetostriction [59], see Tables [3] and {]
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Figure 5: Calculation of (left) MAE of the unstrained unit cell and (right) magnetostrictive coeffi-
cients for BCC Fe as a function of k-points.
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4.2.2. Elastic and magnetoelastic constants

As inputs for AELAS code [44]], we use the same relaxed cell and VASP set-
tings as in the calculation of magnetostriction, but with lower number of k-points
Ry =60 (21 x 21 x 21 for the not distorted cell) and not including SOC. Once
we have the elastic constants, we use them as inputs to derive the magnetoelastic
constants with MAELAS. The results are shown in Table 4, where we also in-
clude calculations of elastic constants available in the Materials Project database
[67,168] and experimental data [[/0]. We observe that the value of C1; = 288 GPa
obtained with AELAS is significantly higher than the one in the Materials Project
C11 =247 GPa and in the experiment C1; = 243 GPa. Regarding the magnetoelas-
tic constants, we see that the value for b; = —5.2 MPa generated with MAELAS
is close to the estimated experimental value by = —4.1 MPa. However, we obtain
a negative sign for b, = —5.4 MPa, while in the experiment it is positive b, = 10.9
MPa. This deviation is due to the positive sign of A11; given by DFT that we have
mentioned above, see Eq[I8][25] 84] 85].

4.3. HCP Co

As a first example of hexagonal (I) system, we consider HCP Co.

4.3.1. Cell relaxation, MAE and magnetostrictive coefficients
For this material, we set the length parameter Ry = 160 for the generation
of the automatic k-point mesh, which for the relaxed (not distorted) cell, results
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in a 75x75x40 k-point grid with 250000 points in the Brillouin zone. All cal-
culations were done with an energy cut-off 406.563 eV (50% larger than the
default one), 15 electrons in the valence states, and the meta-GGA functional
SCAN [86l], with aspherical contributions to the PAW one-centre terms. The
relaxed lattice parameters are a = b = 2.4561 A and ¢ =3.9821 A. The calcu-
lated MAE for the relaxed cell is E(100) — E(001) = 53ueV/atom which is quite
close to the experimental value 61ueV/atom [62]. As it is shown in Table [3] the
calculated magnetostrictive coefficients are also close to the experimental ones,
except for A®2. Similarly, converting them into Mason’s definitions via the rela-
tions given by Eq we see that only Ap = —1 x 1070 is significantly deviated
from the experiment (—128 x 107%) [63]. Aiming to clarify this result, we per-

formed a direct calculation of Ap using f = <%,0, %), o = (\%,O, \%) and

o, = (0,0,1) finding Ap = —9 x 1075, which is consistent with the indirect cal-
culation through Clark’s definition but still far from the experimental value. Fig/[7]

shows the quadratic curve fit to the energy versus cell length along B = (1,0,0)

with o] = (L € %) to calculate A%1:2.
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Figure 7: Calculation of A*!?> for HCP Co using MAELAS with the meta-GGA functional
SCAN. (Left) Quadratic curve fit to the energy versus cell length along B = (1,0,0) with spin

direction o] = (%, %7 %) (Right) Energy difference between states with spin directions
o = (%, %,O) and o) = (%, %, %) against the cell length along B = (1,0,0).
We have also performed a second test using the rotationally invariant LSDA+U

approach introduced by Liechtenstein et al. [87] fixing J = 0.8eV and varying U
on the d-electrons [64]]. In all calculations we use the same pseudopotential and
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number of k-points as in the tests performed with SCAN. The energy cut-off is set
to 380 eV. In this case the relaxed lattice parameters are a = b = 2.48896 A and
¢ =4.02347 A. The analysis of MAE and magnetostriction for different values of
U is shown in Fig[8§] We see that MAE approximates the experimental value at
U = 3eV, so that we might expect a reliable description of SOC for this value of
U. Increasing U up to 3eV has a significant effect on A%"»? and A%>? making them
to approach the experimental values. On the other hand, A%:? and A% don’t change
too much within the range of values used for U. The sign of all magnetostrictive
coefficients are in good agreement to the experimental ones. However, as in the
case with SCAN, A®? is significantly underestimated. Possible reasons for this
systematic deviation might be a failure of DFT [85], the applied deformations
(we used the default value 0.01 for the tag —s that sets the maximum value of
parameter s in the generation of the deformed unit cells, see Eq|C.4), the used
VASP settings (k-point mesh, exchange-correlation functional, smearing method,
lattice parameters, ...) or higher order corrections in the equation of the relative
length change Eq[25] [88]]. This issue should be further investigated to clarify its
possible causes.
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Figure 8: Calculation of (left) MAE of the unstrained unit cell and (right) magnetostrictive coeffi-
cients for HCP Co using the LSDA+U approach with different values of parameter U.

4.3.2. Elastic and magnetoelastic constants

For the calculation of the elastic constants we use the same relaxed cell and
VASP settings as in the calculation of magnetostriction, but without SOC and
lower number of k-points Ry = 60 (28 x 28 x 15 for the not distorted cell). In
addition to SCAN, we also run calculations with LSDA+U setting J = 0.8¢V
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and U = 3eV. In Table 4 we see that LSDA+U and GGA (Materials Project
database [74]]) give better results than SCAN for both the elastic and magnetoe-
lastic constants. The magnetoelastic constants obtained with LSDA+U are mod-
erately good, except for b3 and by which are one order of magnitude lower than in
the experiment, mainly due to the deviations coming from A%? and A%? given by

MAELAS, see Table 3]

44. YC05

In this example we study the hexagonal (I) system Y Cos with prototype CaCus
structure (space group 191).

4.4.1. Cell relaxation, MAE and magnetostrictive coefficients

We use the simplified (rotationally invariant) approach to the LSDA+U intro-
duced by Dudarev et al. [89] with parameters U = 1.9 eV and J = 0.8 eV for
Co, and U =J =0 eV for Y given in Ref.[64]. For the calculation of the re-
laxed cell, MAE and magnetostrictive coefficients we used an automatic k-point
mesh with length parameter Ry = 100 centered on the I'-point (23 x 23 x 25 for
the not distorted cell), 11 and 9 valence states for Y and Co, respectively, and en-
ergy cut-off 375 eV. The cell relaxation leads to lattice parameters a = b = 4.9253
A and ¢ = 3.9269 A. The calculated MAE is E(100) — E(001) = 365ueV/atom
which is lower than the experimental value 567ueV/atom [64]]. Andreev measured
the magnetostriction along a and c axis, finding that the magnitude of [A%!?| and
|A%22| can not be greater than 10~* [7]. We obtained A*!> = —90 x 10~ and
A%22 = 115 x 10~ which are quite close to the experimental upper limit. In
Fig[9] we present the quadratic curve fit to the energy versus cell length along
B = (0,0,1) with a; = (0,0, 1) to calculate A%,

4.4.2. Elastic and magnetoelastic constants

The calculation of the elastic constants is performed using the same relaxed
cell and VASP settings as for magnetostriction, but without SOC and lower num-
ber of k-points Ry = 60 (14 x 14 x 15 for the not distorted cell). In addition
to LSDA+U, we also run calculations with GGA. In Table @4, we observe that
LSDA+U leads to an unstable phase (C;; — Ci2 < 0), while GGA gives better
results.

4.5. FeySi

To illustrate the application of MAELAS to trigonal (I) systems, we apply it
to Fe;Si (space group 164) [90].
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B=(0,0,1).

4.5.1. Cell relaxation, MAE and magnetostrictive coefficients

For the calculation of the cell relaxation, MAE and magnetostrictive coeffi-
cients we used an automatic k-point mesh with length parameter R; = 80 centered
on the I'-point (24 x 24 x 17 for the not distorted cell), 14 and 4 valence states for
Fe and Si, respectively, and energy cut-off 520 eV with PAW method and GGA-
PBE. The relaxed lattice parameters are a = 3.9249 A and ¢ = 4.8311 A. The
calculated MAE is E(100) — E(001) = —38ueV/atom (easy plane). Sun et al. re-
ported MAE values with the screened hybrid Heyd-Scuseria-Ernzerhof (HSE06)
functional smaller than with PBE for 2D Fe;Si [91}92]. Chi Pui Tang et al. calcu-
lated some electronic properties for bulk Fe,Si finding that the densities of states
in the vicinity of the Fermi level is mainly contributed from the d-electrons of Fe
[93]. In Table 3] we observe that the overall anisotropic magnetostriction given
by MAELAS is rather small, which makes this material interesting for high-flux
core applications because it can reduce hysteresis loss [94]].

4.5.2. Elastic and magnetoelastic constants

As inputs for AELAS, we use the same relaxed cell and VASP settings as in the
calculation of magnetostriction, but without SOC and lower number of k-points
R; = 60 (18 x 18 x 12 for the not distorted cell). In Table 5| we see that AELAS
gives similar elastic constants as in the Materials Project [[7/6]. The derived mag-
netoelastic constants are small which is consistent with the low magnetostrictive
coefficients that we obtained previously.
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4.6. L1y FePd

As an example of tetragonal (I) system, we calculate the anisotropic magne-
tostrictive coefficients of L1y FePd (space group 123).

4.6.1. Cell relaxation, MAE and magnetostrictive coefficients

For the calculation of the cell relaxation, MAE and magnetostrictive coeffi-
cients we used an automatic k-point mesh with length parameter R, = 100 cen-
tered on the I'-point (37 x 37 x 27 for the not distorted cell), 8 and 10 valence
states for Fe and Pd, respectively, and energy cut-off 375 eV with PAW method
and GGA-PBE. The relaxed lattice parameters are a = 2.6973 A and ¢ = 3.7593
A. We obtained a MAE E(100) — E(001) = 106ueV/atom which is lower than in
the experiment 181ueV/atom [65)]. The values of the obtained anisotropic mag-
netostrictive coefficients are shown in Table [3] Shima et al. reported a relative
length change equal to 100 x 107° along a-axis under a magnetic field in the same
direction (B = & = (1,0,0)) [66]. According to Eq this measurement corre-

1,2 2 . . . . .
sponds to A%10 — % + % For the anisotropic part of this quantity, we obtained
- 7\‘(1172

=5+ %2 =225%x107% In Fig we show the quadratic curve fit to the en-
ergy versus cell length along B = (1,0,0) with o; = (1,0,0) to calculate A2
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Figure 11: Calculation of A*? for L1y FePd using MAELAS. (Left) Quadratic curve fit to the
energy versus cell length along B = (1,0,0) with spin direction a; = (1,0,0). (Right) Energy
difference between states with spin directions o = (0,1,0) and o&; = (1,0,0) versus the cell
length along B = (1,0,0).

4.6.2. Elastic and magnetoelastic constants

The calculation of the elastic constants with AELAS is performed using the
same relaxed cell and VASP settings as for magnetostriction, but without SOC
and lower number of k-points Ry = 60 (22 x 22 x 16 for the not distorted cell). As
we see in Table [5] we obtain similar results as in the Materials Project database
[77].

4.7. YCo

For the case of orthorhombic systems, we study the compound YCo (space
group 63) [95].

4.7.1. Cell relaxation, MAE and magnetostrictive coefficients

In this case, we use the simplified (rotationally invariant) approach to the
LSDA+U [89] with parameters U = 1.9 eV and J = 0.8 eV for Co,and U =J =0
eV for Y in the same way as in YCos [64]. For the calculation of the relaxed cell,
MAE and magnetostrictive coefficients we used an automatic k-point mesh with
length parameter Ry = 90 centered on the I'-point (22 x 9 x 23 for the not distorted
cell), 11 and 9 valence states for Y and Co, respectively, and energy cut-off 375
eV. The cell relaxation leads to lattice parameters a = 4.0686 A, b = 10.3157 A
and ¢ = 3.8957 A. As we see in Table both MAE and magnetostriction are quite
small for this material.
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4.7.2. Elastic and magnetoelastic constants

The calculation of the elastic constants is performed using the same relaxed
cell and VASP settings as for magnetostriction, but without SOC and lower num-
ber of k-points Ry = 60 (15 x 6 x 15 for the not distorted cell). In addition to
LSDA+U, we also run calculations with GGA. In Table [5] we observe that both
LSDA+U and GGA lead to similar elastic and magnetoelastic constants.

5. Conclusions and future perspectives

In summary, the program MAELAS offers computational tools to tackle the
complex phenomenon of magnetostriction by automated first-principles calcula-
tions. It could potentially be used to discover and design novel magnetostric-
tive materials by a high-throughput screening approach. In particular, materials
with giant magnetostriction (beyond conventional cubic and hexagonal systems),
isotropic or very low magnetostriction (like FeNi alloys) might be of technological
importance.

The preliminary tests of the program show quite encouraging results, although
there is still room for improvement. First principle calculations are still quite chal-
lenging for materials with very low MAE or localized 4f-electrons [64]. In this
sense, MAELAS could also be a useful tool to understand, test and improve the
DFT methods to compute induced properties by SOC and crystal field interactions
like the MAE of unstrained systems and anisotropic magnetostriction.
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Presently, we are working on new features of MAELAS and online visual-
ization tools [51]. We are also considering to increase the number of supported
crystal systems, as well as to implement more computationally efficient methods
to calculate magnetoelastic constants and magnetostrictive coefficients. These ex-
tensions might be included in new versions of the code.
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Appendix A. Conversion between different definitions of magnetostrictive
coefficients for hexagonal (I)

The magnetostrictive coefficients for hexagonal (I) shown in Eq[25] were de-
fined by Clark et al. in 1965 [16]. However, one can find other definitions like
those given by Mason [15], Birss [34]], and Callen and Callen [17]. In this ap-
pendix, we show the conversion formulas between these definitions and those
provided by Clark et al. [16] (Eq[25).

Appendix A.l1. Mason’s form

In 1954, based on a general thermodynamic function with stresses and in-
tensity of magnetization as the fundamental variables [96], Mason derived the
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following form of the relative length change [15]]

%l = Moo (B2 4 B3) + Az B2 + hal(0B + 00By)? — (ouB + 0By )t
B
+ Ap[(1—02) (1= B2) — (0P + 0y By)?]

+Ac[(1— 0‘2)[33 — (0P + 04y By) 0z B ] + 4hp (0B + 0ty By ) 01 B AD

These magnetostrictive coefficients are related to those defined in Eq[25]as [16]
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Note in the original work of Mason [15] the terms that describes the volume mag-

netostriction were not included. Here we added these terms (7»,?416;?0”, 7»%426;?0”) in
order to fully recover the Eq[25]

Appendix A.2. Birss’s form

In 1959 Birss derived an equivalent equation of relative length change in this
form [34]
[0
Al

ol = Qo+ 0182+ 02(1 — 02) + Q4 (1 — 02)BZ + Q6 (0B + 0, By ) -
B

+ Og (0P + (XyBy)z-
(A.3)
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These magnetostrictive coefficients are related to those defined in Eq[25]as [16]
QO — )\’(11,0_'_ %}Locl,Z
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3

3
1
Q2 = —7\«0”’2 — 57»7’2 (A4)
Q4 — )\’OLI,Z 4 %7\.%2 . 7\’0(2,2
Q6 = 2A%?
Qg = AV2.

Appendix A.3. Callen and Callen’s form

In 1965 Callen and Callen obtained other equivalent form of the equation of
relative length change by including two-ion interactions into the theory of magne-
tostriction arising from single-ion crystal-field effects [[17]. It reads

o

Al
lo

1 1 1 1
iy [ I | 2_ - N 2 -
11+2\/§ 12 (az 3>+ 21 (Bz 3)

"3
VTS (ag _ %) (Bg _ %) Y B(oc;% — 02)(B2 — B2) + 200, B,

+2A° ((xx(szsz + OCyOCszBz)a

B

(A.S)
These magnetostrictive coefficients are related to those defined in Eq[25]as [17]
(lxl — 2}\1(1170 + 7\‘0(2,0 _|_27\’061,2 _}_7\’0(272

o ixal,2+ika2,2

12_\/§ \/g

1 1
o _ __}Locl,o _xocz,o
21 5 T3

(A.6)
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Appendix B. Conversion between different definitions of magnetostrictive
coefficients for tetragonal (I)

In 1994 Cullen et al. [8] derived the equation of relative length change given
by Eq40|for tetragonal (I) system. In 1954 Mason obtained an equivalent equation
that reads [[15]]

%l = K B2+ )+ N2 5 (0B — 00— (0B + 0
B

+ (1 - B?)(l - O‘?) - 2asz(axBx + OCyBy)] +47V20‘sz(axBx + OCyBy)

+ 4h3 000 BBy + 7\14“3?(1 - 0‘%) — 03 (0B + ayBy)]

+ %7&5 [(0tBy — 0y Br)? — (0B + 0y By)* + (1 — B2) (1 — 02)].
(B.1)
These magnetostrictive coefficients are related to those defined by EqH0] in the
following way

}Locl,O _ }Lotl,O_'_ 2)&1,2

'‘Mason 3
2,0 _ ~02,0 2 2,2
}\‘Mason =\ + 37\‘

}\’1 — _}LOLI,Z_'_E}LY,Z
2

Ay = %ks,z - %}Laz,z . %le,z + %}by,z (B.2)
Az = %7\’572 _ }\’al,Z
}\14 — _7\’0&,2

hs = —AU2 - 312,

Note in the original work of Mason [15] the terms that describes the volume mag-

netostriction were not included. Here we added these terms (kg,}(;gon, k%l’gon) in
order to fully recover the Eq/40]

Appendix C. Generation of the deformed unit cells

In this appendix we present the procedure to generate the deformed unit cells
for the calculation of each magnetostrictive coefficient. The deformed unit cells
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are generated by multiplying the lattice vectors of the initial unit cell @ = (ay, ay, a;),
b= (by,by,b;), ¢ = (cx,cy,c;) by the deformation gradient F;; [97]

a. b c. Fo Fy Fy ax by ¢
aiy b; ; =|Fx Fy F:|-|a b ¢ (C.1D
a, b, c F, F, F; a, b, c,

where a}, b} and ¢} (i = x,y,z) are the components of the lattice vectors of the
deformed cell. In the infinitesimal strain theory, the deformation gradient is re-
lated to the displacement gradient (Ju; /dr;) as F;; = &;;+ du; /drj, where §;; is the
Kronecker delta. Hence, according to Eqf5} the strain tensor €;; can be written in
terms of the deformation gradient as

Exx exy €xz 1 2(Fx _1) ny+Fyx sz+sz
€x &y € Fo+Fyx F;+F, 2(F;—1)

In MAELAS, we consider deformation gradients to optimize the unit cell in the
measuring directions B given by Table Additionally, we also constrain the
determinant of the deformation gradients to be equal to one (det(F) = 1) in order
to preserve the volume of the unit cells (isochoric deformation) [21} 98]. We point
out that there are other possible variants of the following deformation modes [835].

Appendix C.1. Cubic (1) system

For cubic (I) systems MAELAS generates two set of deformed unit cells with
tetragonal deformations along B = (0,0, 1) and trigonal deformations along B =
(1/4/3,1/4/3,1//3) to calculate Ao and A;y;, respectively (see Table . The
deformation gradients for these two deformation modes are

I 0 0

F}LOOI _ s 1 F?\,“l o 1 % é
B:(07071)(S) o 0 V1Its 0 ’ B:(%%i> (5)=¢ 2 2
0 0 1+s 333 5 3 1

(C.3)
where { = {/4/(4 — 3s2 +s3). The parameter s controls the applied deformation,
and its maximum value can be specified through the command line of the program
MAELAS using tag —s. The total number of deformed cells can be chosen with
tag —n.
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Appendix C.2. Hexagonal (I) system
In the case of hexagonal (I), MAELAS generates 4 sets of deformed cells using

the following deformation gradients

1
Jol.2 18’*‘ (1) 8 3022 J1ts (1) 0
F — F e
ﬁ=(1,0,0)(s) ik B:(o,o,l)(s> O im0
0 0 s 0 0 1+s
7\.772 1+S (l) O ;\'S,Z 1 O %
Floion®=| % V5 0 | F|p_ e )=0f0 10
(C4)

where ® = {/4/(4—s2), a and c are the lattice parameters of the relaxed (not
deformed) unit cell. The fractions ¢/a and a/c were introduced in the deformation

. 2 2 . . .
gradient elements F)f and Fg;f , respectively, in order to generate deformations

) i
atc — atc  where a’ and ¢’ are the lattice vectors

that meet the property B = late = laieT
of the distorted unit cell, see Fig. This deformation mode makes it easy

to compute the cell length / in the measuring direction P since it is just [ = |a’ +

c’|. Tt is inspired by the trigonal deformation for the cubic (I) case F Mit where
: _ atbtc _ ad+b+c

deformations meet the property p = latbic] — @b o]

z

Figure C.13: Sketch of the deformation generated by the deformation gradient F Ae2 given by
eqo calculate A%2. The purple line represents the relaxed cell with lattice parameters (a,b,c),
while the red line stands for the deformed cell with lattice parameters (a’,’,c’). This deformation

! J
meets the property B = ﬁ — r;’iiﬁ’\ .
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Appendix C.3. Trigonal (I) system

In the case of trigonal (I)) MAELAS generates 6 sets of deformed unit cells
using the following deformation gradients

1

xal,z 1 g— § (1) 8 kaz,z \/m (l) O
F = F —

B=(1.00) ® vie L =0 (5 0 7m ¥

0 0 1+s 0 0 1+
And 1+ (1) 0
B=(1,0,0) 0 0 )
V1+s

7\:‘{‘2 7\,12 7\,2] 1 O %

F B_ (a,0,¢) (S) = F B aOc (S) = F B_ (a,0,c) (S) = 0 l 0
Vi r V22 a0 1

(C.5)

Appendix C.4. Tetragonal (I) system

In the case of tetragonal (I), MAELAS generates 5 sets of deformed cells using
the following deformation gradients

anl,Z 13—‘5‘ (1) 8 022 \/7 (1) 0
p=(100) %) = 5 e 0w O
0 0 75 0 0 1+s
12 I+ (1) 0 12 10 %
F =19 A5 Y [F| 0 1 0
B=(1,00) 0 0 B= m % 0 1
[ (s) : % 8
Ss)= 5
B=(J572) 00 1
(C.6)
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Appendix C.5. Orthorhombic system

For orthorhombic crystals MAELAS generates 9 sets of deformed cells using
the following deformation gradients

N I+s O 0 N I+s 0 0
1 1 2 1
F = 9 s O |.F )= O s Y
3:(13070) 0 0 1 B:(laoao) 0 0 1
VIts Vs
1 1
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F (s) = 0 1+ 0 ,F (s) = 0 1+s 0
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1 1
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7‘/7 Sla E_a O }\.g 1 0 %
F B: (a,b.0) (S) =0 2b 1 0 ’F B: (a,0,0) (S) =0 0 1 0
) 0O 0 1 Vi ”2“2 0 1
1 0 O
}\’9 SC
F ﬁ— (0.b.0) (S) = O 1 35
TVl 0 2 1
(C.7)
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