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First-principles calculation of higher-order elastic constants
using exact deformation-gradient tensors
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We propose a general and easy-to-use method of the ab initio calculation of the higher-order elastic constants,
which is based on the analytical formulas for the deformation-gradient tensors as functions of the Lagrangian
strain. The method allows for elimination of the truncation errors in the Taylor expansion series of the deforma-
tion gradients and is particularly useful to calculate the fourth-order elastic constants, where large strains have
to be applied. It also facilitates the calculation of the Lagrangian stress, which is helpful in determination of
the strain-stress relations. To demonstrate the application of our approach, we derive the analytic formulas for
the deformation gradients as functions of the Lagrangian strain tensors, which are used in calculations of the
third-order elastic constants in trigonal crystals and the fourth-order elastic constants in cubic crystals. Then,
we perform the ab initio calculations of the fourth-order elastic constants in face-centered-cubic aluminum.
We discuss the results obtained using the strain-energy and strain-stress relations and analyze the errors of
the fourth-order elastic constants which would be incurred when approximating the deformation gradients by
the Taylor polynomials. We show that the relatively small truncation errors in the Taylor expansion series
of the deformation gradients can cause significant deviations of the fourth-order elastic constants. This effect
is larger for the strain-energy method than for the strain-stress approach. We find that in both methods, the
deviations are particularly significant for the Cjss, Ci266, Caass, Ci2ss, and Ciyse elastic constants and are mainly
caused by the truncation errors in the nondiagonal elements of the Taylor expansion series of the deformation

gradients.
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I. INTRODUCTION

In the continuum elasticity theory, the elastic constants
provide a complete description of the elastic response of a
solid [1]. The second-order elastic constants (SOECs) deter-
mine harmonic properties of materials and are used in the
linear strain theory when the crystal energy can be accu-
rately expressed to the second order in the strain, leading
to the linear relationships between strains and stresses. As
the applied deformations increase, the higher-order terms
in the strain start to contribute significantly to the crys-
tal energy and the nonlinear elasticity theory should be
considered [1]. Anharmonicity of the crystal lattice is de-
scribed by the higher-order elastic constants (HOECs) and
is crucial for determination of many physical properties of
solids, including thermal expansion, thermal conductivity, and
electron-phonon and phonon-phonon interactions [1-3]. In
particular, the HOECs play an important role in estimation
of the generalized Griineisen parameters, the pressure de-
pendence of the SOECs, the intrinsic mechanical strength,
and ductility of materials [4—8]. Furthermore, the third-order
elastic constants (TOECs), which are the lowest order of
the HOECs, are often applied to describe the nonlinear
mechanical effects in nanoscale materials [9—14]. The fourth-
order elastic constants (FOECs) increase the accuracy of
the description of the nonlinear elasticity phenomena and
are particularly important in determination of the structural
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phase transitions at high pressures and finite deformations
[15-17].

The HOECs can be determined experimentally using
ultrasonic velocity measurements or theoretically from atom-
istic calculations. The experimental methods rely on the
measurements of the changes in acoustic velocities under
hydrostatic and uniaxial stresses [18,19]. These experiments
are difficult and usually generate large uncertainties in the
obtained results. The difficulties increase with the order of
the HOECs and for the FOECs, there are only few materi-
als for which some experimental values are available [15].
The computational methods based on first-principles calcula-
tions are a feasible alternative for predicting the HOECs in
crystalline solids. They combine the approach of the finite
homogeneous deformations of supercells with the quantum-
mechanical calculations of the total energy and the stresses
[20-28]. The Lagrangian strain formalism is usually used to
determine the HOECs from either the strain-energy or the
strain-stress dependencies. This approach was initially used
to obtain the TOECs and then was extended for the FOECs
[15,21].

In order to obtain the full set of the HOECs from the
first-principles calculations, one has to apply different types of
the Lagrangian strain [20-27]. For each type of strain, a series
of deformed supercells is constructed using the deformation-
gradient tensors. The deformation gradients have commonly
been obtained by truncating an infinite Taylor expansion series
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in the Lagrangian strain [22-26]. The approximating Taylor
polynomials have usually been taken of the third or fourth
order and the influence of the truncation errors on the HOECs
have never been discussed. A different approach has recently
been proposed in the work of Tanner et al. [28], where the par-
ticular types of the deformation gradients have been proposed
via determination of the suitable branches of the infinitesimal
strain tensors. This method leads the complex forms of the La-
grangian strain, which result in long equations for the stresses
and the free energy, even in the case of the TOECs in cubic
crystals [28].

In this work, we propose a general and easy-to-use
method of the ab initio calculation of the HOECs, which
is based on the analytical formulas for the deformation-
gradient tensors as functions of the Lagrangian strain. The
method allows for elimination of the truncation errors in
the Taylor expansion series of the deformation gradients
and is particularly useful to calculate the FOECs, where
large strains have to be applied. It also facilitates the
calculation of the Lagrangian stress, which is helpful in
determination of the strain-stress relations. To demonstrate
the application of our approach, we derive the analytic
formulas for the deformation gradients as functions of
the Lagrangian strain tensors, which are used in calcula-
tions of the TOECs in trigonal crystals and the FOECs
in cubic crystals. Then, we perform the ab initio cal-
culations of the FOECs in face-centered-cubic aluminum
(fcc Al). We discuss the results obtained using the strain-
energy and strain-stress methods and analyze the errors of
the FOECs which would be incurred when approximat-
ing the deformation gradients by the Taylor polynomials.
We show that the relatively small truncation errors in the
Taylor expansion series of the deformation gradients can
cause significant deviations of the FOECs, which makes
our exact analytical formulas for the deformation gradients
important.

II. THEORETICAL METHOD

In the theory of nonlinear elasticity, local deformation of a
solid body is described by the deformation-gradient tensor J,
which is defined by the Jacobian matrix

0,

Jup = ey

3dﬁ ’

where ag and x, are the coordinates of a point in the un-
deformed and deformed configurations, respectively [1]. The
deformation gradient is generally a nonsymmetric matrix
since it takes into account a rigid rotation of a deformed body.
Using J, we define Lagrangian strain tensor 5 as

n=1J"J-D, ()

where I is the 3x3 identity matrix. The Lagrangian strain is
a symmetric matrix and therefore, it is a rotation-independent
quantity. It is convenient to represent 3 in the Voigt convention
as a six-dimensional vector (n1; — 1, 122 = N2, N33 = 13,
M3 — n4/2, M3 = ns/2, n12 = ne/2). The elastic constants
are defined by expanding the free-energy density, poE, as a

Taylor series in strain,

6 6
1 1
PoE() = poE©0) + = Z Cijminj + 37 Z Cijknin i

ij=1 eyl
S8
+ﬂ Z Cijamninmens + -+ 3)
i, j.k,1=1

where E is the Helmholtz free energy per unit mass, pg is
the mass density of the unstrained material, and C;;, C;jx, and
C;ij; are the SOECs, the TOECs, and the FOECs, respectively.
The Lagrangian stress is defined as the first-order derivative of
poE, with respect to the Lagrangian strain,

E 1 I <
t = P0G = ZX:C,ﬂ]j 3 Z Cijin i

j=1 k=1
LS8

+ 4! Z Cijunjmen + -+, 4)
Tk l=1

where the Voight convention is used for the Lagrangian stress
tensor (t;; — t1, tyy — b, 133 —> 13, Iz —> 14, 13 —> 15, 12 —>
ts). The tensor of Lagrangian stress ¢ is related to the Cauchy
stress ¢ and the deformation gradient J via the following
formula:

t =detNJ eI (5)

In general, the first-principles calculations provide the free-
energy density and the Cauchy stress tensor for deformed
crystal supercells, which are used to determine the elastic
constants either from Eq. (3) or from Eqs. (4) and (5) [26-28].
Homogeneous deformations are applied using the matrices J,
which transform the crystal lattice vectors from the unstrained
configuration r; to the strained configurations 7 ;:

r/,~ =J,-_,~rj. (6)

In order to perform the ab initio calculations of the HOECs,

it is convenient to determine the deformation gradient J from
the Lagrangian strain », which can be obtained by inverting
Eq. (2) [22-26]. In general, for a given p, the matrix J is
not unique and the various solutions differ from one another
by a rigid rotation. The lack of a one-to-one transformation
between J and 7 is not a concern since the free energy and
stresses are invariant under rigid rotations and the deforma-
tion gradient for the system without rotation, J, is normally

considered. Since J = J, we get from Eq. (2) that
<2
n=3J —D. )

Note that expressing J in terms of the infinitesimal strain, J =
€ + 1, one obtains the well-known matrix relation n = & +
%32, which was used in Ref. [28] to obtain the strains 5 for
the given tensors &. As we have mentioned in the Introduction,
such an approach leads to complex forms of the strains y and
thus it is difficult to apply to the FOECs. Therefore, in the
case of the calculations of the FOECs, Eq. (7) is inverted, as
follows:

J=Cn+D">. ®)
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TABLE I. The types of the strain tensors and the corresponding deformation-gradient tensors for 14 types of strains used to calculate the
TOECS in trigonal crystals.

Strain Deformation gradient Strain-dependent elements
ER ay 0 O
n=,0 0 0 , =10 1 0 ay =+/14+2n
10 0 0] L0 0 1
[ 0 0] [0 0 O
=110 n 0 Jp=10 ap O op = au
10 0 0] L 0 0 1
[0 0 0] 1 0 o0
ne=10 n 0 f(; =0 a O Oc = 0y
10 0 0] 10 0 1
ERO [ap O 0
=0 0 17 Jbb=10 B w ap = ay
_0 n 0_ L 0 Yo Bo
Bp = 3(VT+2n+/T=2n)
vo = 2(JT+2n—T=2)
[0 0 0] 1 0 0
=10 0 0 =10 1 0 o = 0y
10 0 n] 10 0 o
[0 0 0] 1 0 0
=10 n O Jo=10 oaf 0 oF = Qp
10 0 7] 10 0 ar
[0 0 0 10 0
=10 0 7 Jo=10 oac Bc ac = fp
_0 n 0_ _0 ﬂc oG
Bc =vp
_0 n 0_ _OlH ,BH 0
ny=|(n 0 0 Ju=|Bu om 0 ay = Bp
10 0 n] L O 0
Bu = vp
YH = 04
0 1 0 O
=10 n n I=10 o B ar =581+ (1 = V5) + 2B/ 1+ 01 +V5)
0 n O 0 B n
Bi= 21400 +/5) = /1401 = V5)
=814 00 - V5 + 551400 +V5)
0 0 n a0 B
n,=(0 n O =10 v 0 a;r=fp
n 0 0 B 0 o
Bi=vp
Yi = &g
n 0 0 ok 0 0
k=110 n 0 Jk=10 g 0 oxg = ay
0 0 17 0 ok
0 0 n N v 0 B
n, = 0 0 0 JL = 0 1 0 o = oy
n 0 7 B 0 o
BL= P
YL=YI

134116-3



S. P. LEPKOWSKI

PHYSICAL REVIEW B 102, 134116 (2020)

TABLE 1. (Continued.)

Strain

Deformation gradient

Strain-dependent elements

[
= o
= I O
L 1

Su
Ju=10
0

o3
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1
= o 8
= =

=
oI O©
=

oo
| |

0

Ym
Bu

0
ﬁM Oy = o
(097
Bu = Br
Ym = VI
v = au
Bv
0 oy =g
YN
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YN =VI
61\/ = 0y

Then, the right-hand side of Eq. (8) can be expanded as a
Taylor series in strain,

o)
.7:1+77+2Cm77m’

m=2

&)

where the C,, coefficients are given by the following recur-

rence relation:
%Cm_1 s m> 2

—%, m=2

Cn = (10)

Commonly, the deformation gradient J has been approxi-
mated by truncating the Taylor series in Eqgs. (9) and (10)
to three or four terms [22-26]. In this work, we propose
to compute analytically the matrix square root occurring in
Eq. (8), which allows for elimination of the truncation error
while using a Taylor series given by Eqgs. (9) and (10). Since
n is a real and symmetric matrix, the matrix 29 +1 is a
diagonalizable and thus it can be represented as follows:

2p+1=VDV~', (11)

where D is a diagonal matrix with the eigenvalues as the
diagonal elements and V is an orthogonal matrix with the
eigenvectors as columns. Combing Eqgs. (8) and (11), we get

J=vD)'"*v1, (12)

which provides the exact deformation-gradient tensor for a
given 5. Having the analytic formula for J, it is convenient to
introduce a 6 x6 matrix S, which determines the relationship
between tensors ¢ and ¢ in the Voigt configuration, according
to Eq. (5),

t =So =det(Hi o7 ). (13)
Note that the matrix S is uniquely determined by the tensor
since there is a one-to-one transformation between J and 7.

III. APPLICATION

In order to demonstrate the application of the method pre-
sented above, we derive the analytic formulas for the tensors

J as functions of the tensors n, which are used in calculations
of the TOECs in trigonal crystals and the FOECs in cubic
crystals. Since the obtained tensors J are particularly useful
when large strains have to be applied, we then focus on the
FOECs and calculate their values for fcc Al

A. TOEC in trigonal crystals and FOEC in cubic crystals

In trigonal crystals, we have 14 independent TOECs and
thus 14 types of strains are applied to calculate the TOECs
using the strain-energy method [22]. In cubic crystals, the set
of FOECs consists of 11 elements and 11 types of strains
are sufficient to determine all the FOECs using the strain-
energy method [15]. In Tables I and II, we present the types
of strains and the corresponding tensors J, which are used
to calculate the TOECs in trigonal crystals and the FOECs
in cubic crystals, respectively [15,22]. In both cases, all the
tensors 1 depend on only one parameter 1. The obtained
tensors J are valid when the radicands occurring in the ex-
pressions for the elements of J are non-negative. Thus, we

find that n € [1%5, %] for the TOEC:s in trigonal crystals and

ne ['%ﬁ, %] for the FOECs in cubic crystals.

B. FOEC in fcc aluminum

To illustrate the utility of using the analytic formulas for
the J tensors, we focus on the FOECs in cubic crystals since in
determination of the FOECs, larger strains should be involved
than in the case of the TOECS and thus, the advantage of using
our method over the approach based on the Taylor expansion
series of the J tensors is more pronounced. The FOECs were
calculated for several cubic materials including fcc metals
(Cu, Al Au, Ag), body-centered-cubic W, and rocksalt MgO,
whereas there is no single set of the FOECs known experimen-
tally so far [15,16,25]. Here, we choose fcc Al, which was one
of four metals studied theoretically in Ref. [15].

We use 11 types of strains, which are listed in Table II. In
every case, the parameter 7 is varied between —npax and nmax
with step Anmax = 0.0025. The parameter 7y.x determines
the range of the applied strain to the unit cell and affects the
contribution of the FOECs to the free energy and the stresses.
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TABLE II. The types of the strain tensors and the corresponding deformation-gradient tensors for 11 types of strains used to calculate the
FOEC:s in cubic crystals.

Strain Deformation gradient Strain-dependent elements
[ 0 O ayr 0 O
nu=(0 0 O Jy=l0 1 0 as = +/1+2n
0 0 0 0 0 1
m 0 0 ag 0 O
Np = 0 n 0 jB = 0 [67:] 0 Op = Oy
|10 0 0 0 0o 1
K 0 0 ac 0 O
c=10 —-n 0 Je=10 B 0 Oc = 0y
10 0 0 0 0 1
- Bc=+1-12n
n 0 O ap O 0
=10 0 77:| jD: |:O Bp YD Op = 0y
_0 n 0 0 Yo Bp
Bp = 3(T+2n+/T=2n)
yo = 2(VT+2n—T=27)
n n 0 ap Br 0
ne=|n 0 0} Je=|p v O ap = 58T+ 001 = V5) + 5:5/14+ 901+ V5)
0O 0 O 0 0 1
Br = (14001 + V5 — 1400 = V)
ve = 514+ 01— V5 + 55 /1+ 51 +V5)
[0 n ] s B Br
n=1|n 0 7 Je=|Br ar PBr ar = 3(VT+4n+2/T=27)
Ln n 0] Br Br oar
- ) ) ) Br = L(WTH 7 - yT=27)
0O 0 0 1 0 0
=0 0 n Jo=10 ac fo ac = Bp
_0 n 0_ _0 Be ac
-~ _ - _ Bc=1vp
n n 0 . ag Pu 0
ng=|n n 0 Ju=|Bu am O aHZ%(V1+47)+1)
0 0 0] 0 0 1
i By = LT a—1)
n 0 O o 0 O
=10 n 7 =10 B w o) =y
0 »n O L0 v &
Br=ag
Y1 = Be
8 =y
non o o Br B
m=|n 0 n =B v & aj=%(\/1+2n(1+~/§)+\/1+2n(1—ﬁ))
n n O Bi 4 v
B = (14 200+ VD) = 14+ 2001 — v2))
v = 21+ 2001+ VD) + 1+ 201 = V2 + 29T )
8 = i(\/1+2n(1 +ﬁ)+\/1 +2n(1 = +/2) = 2/T=127)
n 0 O [*7 0 0
=10 n O Jg=]0 ax O ax = oy
0 0 17 0 0 kg

and strain-stress methods. Note that . < % and thus,

the formulas for the J tensors, listed in Table II, can be used.
For each 7, the free-energy density poE and the elements
of the tensor ¢ are polynomial functions of a single parameter

For small 5y, this contribution is small in comparison to
the contribution coming from the SOECs and the TOECs,
while for large nmax, the fifth- and sixth-order elastic constants
come into play [15,28]. We choose the optimal 7y.x = 0.11
for determination of the FOECs in fcc Al by the strain-energy
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TABLE III. The fourth-degree coefficients in the strain-energy relation [Eq. (3)] and the third-degree coefficients in the strain-stress
relations [Eq. (4)] for 11 types of the strain tensors (the Voight convention) used to calculate the FOECs in cubic crystals.

Strain types

Fourth-degree coefficients in the strain-energy relation

Third-degree coefficients in the strain-stress relations

n,=(,0,0,0,0,0) 3Cimn

ng = (,17,0,0,0,0) ﬁcml +%C1112+iC1122
nc = (n,—n,0,0,0,0)
np =(1,0,0,29,0,0)
ng =(,0,0,0,0,2n)

1 i 1
5Cn — 3Chn + ;Cnn
1 2
57C11 + Criaa + 5Cuaa
1 2
57C111 + Cuiss + 5Cuaa

nr = (0,0,0,2n, 2n, 2n) 2C4444 + 12Cuss5
g = (0,0,0,2n,0,0)
Ny = (1.1,0,0,0,2n)
n; = (n,n,0,29,0,0)
n;, = ®,0,0,2n,2n,2n)
ng = ®,1,7,0,0,0)

2
5Caa44

n(m): ¢Cun
n(n) : éCI]I2
n(n): écllll + %C1112+ 1Cin

1) : $Cniz+ Cizs
n(n): écml +2C1144
n(n): écllll + 2C1iss
H(M): £Ciiz + 2C1e6
() : +Ciinz + 2Cioss

f1(m) : 8Cuass

14(n) © $Casss + 8Cusss
t4(n): %C4444

SCii 4 1Ci2 + 1Ciia + 2C1iss + 2Cha66 + 2Caana
5Cin + %sz + $Ciiz + Cuias + Ciiss + 2C1oss + %C4444
zljcml 4+ Ci144 + 2C1155 4 8Cras6 + 2Caa44 + 12Cyys5

1Cin + Cip + 3Cin + 3Cin

n, according to Egs. (3) and (4). The values of the FOECs
are calculated from the coefficients of the third- and fourth-
degree terms in the case of the strain-stress method and the
strain-energy approach, respectively. These coefficients are
expressed by the linear combinations of the FOECs and we
present them in Table III. In Appendix A, we present the S
matrices for six types of deformations, i.e., §4, W5, Np> NE>
Nr, and ng, which are used in the strain-stress method. In
Appendix B, we show how the TOECs and the SOECs can
be obtained using the method of least squares.

The calculations of the total energy and the Cauchy
stress tensor have been carried out using the VASP pack-
age which is a plane-wave pseudopotential implementation
of the density functional theory [29,30]. For the exchange-
correlation functional, the generalized gradient approximation
with the Perdew-Burke-Ernzerhof approach has been used
[31]. The Brillouin-zone integrals have been calculated using
35x%35x35 Monkhorst-Pack mesh and a cutoft energy for the
plane-wave basis set has been chosen to be equal to 600 eV.
The values of the k-point mesh size and the cutoff energy are
slightly larger than those used in Ref. [15].

First, we discuss the results obtained using the analytic
formulas for the J tensors. In Fig. 1, we show the calculated
dependencies of the ppE on the parameter n which are used
to determine the FOECs in the strain-energy method (see
Table III). In Fig. 2, we present the changes in the selected
elements of the tensors ¢ as functions of n which are em-
ployed in the strain-stress method (see Table III). In these
figures, symbols correspond to the calculated ab initio data
while the solid lines represent the fourth- and third-order
polynomial fits. Note that for a clear illustration of the ab
initio results, we only show every fourth computed data point.

In Table IV(a), we present the calculated FOECs, while the
SOECs and the TOECS are show in Table IV(b). In Table IV,
we include the experimental results for the SOECs and the
TOECs taken from Refs. [32-34] and the theoretical results
for the SOECs, the TOECs, and the FOECs obtained in
Ref. [15] using the strain-energy method. We observe that
our SOECs agree very well with the experimental results
presented in the literature. The TOECs obtained using the
strain-stress method show also good agreement with the mea-
sured TOECs while some discrepancies are observed between
the calculated TOECsS using the strain-energy method and the
experimental results. A similar situation has recently been re-
ported for the TEOCs in diamond [26]. Finally, we notice that
our FOECs obtained using the strain-energy and strain-stress
methods are consistent with the theoretical results presented
in Ref. [15].

Now, we compare the results obtained using the exact the
J tensors and their Taylor series approximations. To this end,
we discuss the truncation errors 8J in the Taylor expansion
series of the deformation gradients. We calculate 8J 4 — 8J ¢
for the strain-dependent elements of the deformation gradients
Ja — Jk, using Egs. (9) and (10) and the exact formulas listed
in Table II. In Fig. 3, we show the elements of 8Jc — &7,
obtained for n = nmax, as a function of the degree of the
Taylor polynomial m. The results for the diagonal elements
of 8J 4, 8] 5, and 8J ¢ are the same as for the element 8.Jc
shown in Fig. 3(a). As expected, all strain-dependent elements
of 8J¢c — 8J; decrease with increasing m. Interestingly, for a
given m, the nondiagonal elements of 8Jc — 8J; are larger
than the diagonal ones. This applies particularly to 8Jg 12,
(Sjpy 125 (SjH 125 5.7]23, (Sj] 125 and 8.7]23 WhiCh, fora given m, are
approximately one order of magnitude larger than the other
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FIG. 1. The free-energy density poE as a function of the parameter n for the types of deformations used in the strain-energy method
(Table III). Symbols correspond to the calculated ab initio data while the solid lines represent the fourth-order polynomial fits. For a clear
illustration of the ab initio results, every fourth computed data point is shown.

TABLE IV. The FOECs (a), and the SOECs and TOECs (b), calculated for fcc Al using the strain-energy and strain-stress methods.
The SOECs and the TOECs are obtained by the approximation of least squares (Appendix B). Experimental results and other theoretical
calculations are also shown. The unit is in GPa.

Cin Ciinz Cin Ciiss Ciiss Ciaaa Cusss Ciass Ciass Class Cin
(@)
103272 2978 35892 —680° 4620° 3885° 1807 6465° 872 410° —1043?
8750° 2989° 3951° —585P 4683P 3918° 198" 4193P 95> 249P —1051°
9916¢ 2656° 3708¢ —578¢ 3554¢ 3329¢ 127¢ 4309¢ —91¢ 148° —1000¢
Cl 1 C12 C44 Cl 11 Cl 12 C144 Cl 55 C456 Cl 23
(b)
107.0° 59.0° 33.12 —9372 —618° 69° —738% —292 517
114.3 59.0° 33.4b —1344> —471° 20b —578P —40P —57°
110.4¢ 54.5¢ 31.3¢ —1253¢ —426° —12¢ —493¢ —21¢ 153¢
106.8¢ 60.44 28.34 —1076¢ —315¢ —23d —340¢ —30¢ 364
114.0f 62.0f 31.4f —1224¢ —373¢ —64¢ —368° —27¢ 25¢
—1427 —408" —85f —396" —42f 32f

#This work, the strain-energy method.

YThis work, the strain-stress method.

“Reference [15], the strain-energy method.
dReference [32], experimental results (at 298 K).
°Reference [33], experimental results (at 298 K).
Reference [34], experimental results (at 80 K).
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FIG. 2. The selected elements of the tensors ¢ as functions of the parameter 7 for the types of deformations used in the strain-stress method
(Table III). Symbols correspond to the calculated ab initio data while the solid lines represent the third-order polynomial fits. For a clear
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the dashed lines illustrate a tolerance of 1% error.

elements of 8Jc — 8J;. Note that for m = 6, all elements of
8J ¢ — 8J; are smaller than 0.1%.

In Fig. 4, we present the FOECs (squares) obtained us-
ing the strain-energy method with the deformation gradients
Ja — Jx approximated by their mth-degree Taylor polynomi-
als. The results obtained using the exact Ja — Jk tensors are
represented by the solid lines while the dashed lines illustrate
tolerance of 1% error. As expected, all FOECs obtained using
the Taylor polynomials converge to the results obtained using
the exact J tensors. We observe that Cy122, Ciya4, Ciaasa, and
C1123 are already within tolerance of 1% error for m = 3. For
Ci111 and Cyq12, one needs m = 4 to achieve the desired toler-
ance. The Cjs5 and Cy¢6 elastic constants are within relative
errors of 1% for m = 5, while Cyss and Cirss reach these
limits for m = 6. For Cj4s6, even m = 6 is not sufficient to get
the result within tolerance of 1% error. The requirement of
larger values of the m parameter for Ci;s5, Ci266, Caass, Cioss,
and C\456 originates from significant values of the nondiagonal
elements of 8J g, 8J p, 8J 1, 8J;, and 8 ;.

In Fig. 5, we show the FOECs obtained using the
strain-stress method with the deformation gradients J, —
Jx approximated by their mth-degree Taylor polynomials
(squares). Again, the results obtained using the exact J4, — J

tensors are represented by the solid lines while the dashed
lines illustrate tolerance of 1% error. Like in the case of the
strain-energy method, all FOECs obtained using the Taylor
polynomials converge to the results obtained using the exact .J
tensors, as expected. The deviations of the FOECs, caused by
the truncation of the Taylor expansion series of the deforma-
tion gradients, are smaller for the strain-stress method than the
strain-energy approach and thus, in the former case, smaller
values of the m parameter are needed to get the results within
relative errors of 1%. One can see that Ci111, Cii12, Ci122,
C1144, Cya44, and C 123 are already within tolerance of 1% error
for m = 3. To achieve the desired tolerance, one needs m = 4
for C1155 and C1266, m =5 for C4455 and C1255, and m = 6 for
Ciss6. The requirement of larger values of the m parameter
for Ciiss, Ciaes, Casss, Ciass, and Cluse originates again from
significant values of the nondiagonal elements of 8Jz, 8Jr,
S]H, 8]1, and 8]]

IV. CONCLUSIONS

We have presented a general and easy-to-use method of
the ab initio calculation of the HOECs, which is based on
the analytical formulas for the deformation-gradient tensors
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FIG. 5. The FOECs obtained using the strain-stress method with the deformation gradients J4 — Jx approximated by their mth-degree
Taylor polynomials (squares) as a function of m. The results obtained using the exact J, — Jx tensors are represented by the solid lines while

the dashed lines illustrate a tolerance of 1% error.

as functions of the Lagrangian strain. The method allows for
elimination of the truncation errors in the Taylor expansion
series of the deformation gradients and is particularly useful to
calculate the FOECs, where large strains have to be applied. It
also facilitates the calculation of the Lagrangian stress, which
is helpful in the implementation of the strain-stress method.
To demonstrate the application of our approach, we have
derived the analytic formulas for the deformation gradients
as functions of the Lagrangian strain tensors, which are used
in calculations of the TOECs in trigonal crystals and the
FOECs in cubic crystals. Then, we have performed the ab
initio calculations of the FOECs in fcc Al. We have discussed
the results obtained using the strain-energy and strain-stress
methods and analyzed the errors of the FOECs which would
be incurred when approximating the deformation gradients
by the Taylor polynomials. We have shown that the rela-
tively small truncation errors in the Taylor expansion series of
the deformation gradients can cause significant deviations of
the FOECs, which makes our exact analytical formulas for
the deformation gradients important. This effect is larger for
the strain-energy method than for the strain-stress approach.
In both methods, the deviations are particularly significant for

the Ci1s5, Ci266, Caass, Ciass, and Clase €elastic constants and
are mainly caused by the truncation errors in the nondiagonal
elements of the Taylor expansion series of the deformation
gradients.
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APPENDIX A

Below, we present the S matrices in terms of the elements
of the J tensors. They have been obtained for six types of
deformations, i.e., 4, Nz, Np. Ng. NF. and y; (see Tables 11
and IIT), which we have used to calculate the FOECs applying
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TABLE V. The third- and the second-degree coefficients in the strain-energy relation [Eq. (3)] for the types of the strain tensors, which
have been used in Sec. III to determine the FOECs in cubic crystals.

Strain types

Third-degree coefficients in the strain-energy relation

Second-degree coefficients in the strain-energy relation

’

Ny =(1,0,0,0,0,0) A:éCm A=%C11
n3=(1,1,0,0,0,0) B=1Cii +Cin B=Ci+Cn
e =®,-1n,0,0,0,0) C=0 C=C;—-Cp
np=(,0,0,2n,0,0) D= écm +2C144 D= %C]l 4 2Cyy
e = (1,0,0,0,0,2n) E = %Cm +2Ciss E = %Cu + 2Cyy
nr = (0,0,0,2n,2n,2n) F = 8Cysq F =6Cy
ng = (0,0,0,27,0,0) G=0 G =2Cu
Ny = (1,1,0,0,0,2n) H = {Cij1 + Ciiz +4Ciss H=C1+Cn+2Cy
1, =@®.1n,0,2n,0,0) I = %Cm + Ci12 + 2C144 + 2Cs5 I=C +Ci+2Cy
n;, =(,0,0,2n,2n,2n) J= éclll 4+ 2C144 + 4C)55 + 8Cise J= %C]l + 6Cyy
ng =(,1,1,0,0,0) K= %Cm +3Ci12 + Cins K= %Cu +3Ci»
the strain-stress approach: where  q — Ug) _ Uza1) =
, jE.lliE,zz—(jE,12)2 ’ jE,l]iE.22_(-iE,12)2 ’
0O 0 0 0 O Je 7 7 7 7
8 b 0 0 0 0 A ”fi ;fih 7 d =Je11Jg 2 — (Jp.12)% e=Jg 11,
e 11JE, :, o o o
0O 0 o 0 0 O = F =7 h = Je1JE2n+UE12) — —Je 12l
Sa = O 0 0 » 0 O ’ (A1) f E2.8 o E.12 jE.lle.ZZ_(-iE,IZ)Z ’ jE,]le,ZZ_(jE.12)2
000 0 1 0 and j = ——fealen
000 0 0 1 JenJE2—E 12)
where a = JL and b = Jy 11 a b b 2b 2¢ 2
A b a b 2c 2b 2c
b b 2 2 2b
1 000 0 0 Se=1, S : (AS)
01 0 0 0 O Z ¢ e ¢
0 0 a 000 ¢ ¢ e ¢
SB - 0 O O b 0 0 ) (A2) C C b e e d
0O 0 0 0 b O
0 0 0 0 0 1 (fF,|1+jF.12)2 Ur2)’ —Jr.oUrn+ri2)
where a = j§,11+2fr,122 ’ T Jn+2en’ c= Jr1+2Jr12
where a = (J, Zand b = Jp 11; _ Urntiei) +Urn) _ =Jrnden .
( B’H) B d= Jr+2Jr 12 and e = Jrn+2Jp12°
a 0 0 O 0 0
0 b ¢ 2 0 O a 0 0 0 0 O
S = 0 ¢ b 2 0 O (A3) 0 b ¢c 2 0 0
P10 e e d 0 0| 0 ¢c b 2 0 0
S = (A6)
0 0 0 0 f ¢ 710 e e 4 0 0 |
00 0 0 g f 0 0 0 0 f g
a s S, 0 0 0 0 g f
where a= Up.») =Up.23) — _JIpulUpx) ¢ =
. Jp.n ’ , , Up2) ~Up2s)” ’
Ip.11(Jp.23) d = Ip.11lUp.22) +Upa23)’] — —JIp.11Jp.22Jp23 h = (J 2 _ (J 2 b= (Jg.22) —
Uz ~Upz)’ Uy (b i —p” WRETe @ =(62)" = Uos)'s Uon) o)’
f=Jpxand g = —Jp1x3; o) _ Wem)+Uem)’] I

~ OO O N Q
~. o oo TN
[N el e Nl

: (A4)

o OO0
Sococow

(J-G,zz)z:(]c,ﬁ)z’ . (jG,ZZ)Z*(jG,QB)Z ’ o (fc,zz)zf(fc,zs)z’
f =Jg2, and g = —Jg23. 3
Note that using the analytical formulas for the tensors J 4,
Js.Jp, Je, Jr, and J, taken from Table II, one can express
the elements of the above § matrices as functions of one
parameter 1 € (—Nmax, Mmax)>» Which is convenient from the

computational point of view.
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TABLE VI. The second- and the first-degree coefficients in the strain-stress relations [Eq. (4)] for the types of the strain tensors, which
have been used in Sec. III to determine the FOECs in cubic crystals.

Strain types Second-degree coefficients in the strain-stress relation First-degree coefficients in the strain-stress relation
1y, =(1,0,0,0,0,0) t(n): AZ%Cm t(n): zé=C11

n(): B= 3Cin n(n): B=Cn
ng = (1,1,0,0,0,0) nm): C=1Cn+ iCin Hh(n): c:‘:CH+C12

() : D= 1Cin+ Cix (1) : ? =2Cp
np =(1,0,0,21,0,0) 1) : E=3Cn1 +2Ciu n(n): E=Cn
nz = (1,0,0,0,0,2n) n(m): F =1Ci +2Css H(n): F =Cy

nh(n): G= %Cuz + 2Cis5 nh(n): G/ =Cn

() H=35Cn2+2Ciu 13(n) : H =Cp
nr = (0,0,0,2n, 2n, 2n) ti(m) 1 I =2Cus +4Ciss ti(n): 1 =0

t4(m) 2 J =4Cys6 t4(n): J/= 2Cu4
1 = (0,0,0,2n,0,0) t4(n): K =0 13(n) 1 K =2Cy

APPENDIX B: the second-degree coefficients in the strain-energy relation

[Eq. (3)] for the types of the strain tensors which have been
used in Sec. III to determine the FOECs. These coefficients
are expressed by the linear combinations of the TOECs and
the SOECs, respectively. In Table VI we show the second-
and the first-degree coefficients in the strain-stress relations

In order to obtain the TOECs and the SOECs from the
strain-energy and strain-stress dependencies calculated for
determination of the FOECs (Figs. 1 and 2), we apply the
method of least squares. In Table V, we present the third- and

TABLE VII. The coefficients obtained using the method of least squares for the TOECs and the SOECs in the strain-energy and the
strain-stress approaches.

a b c d e f g h i j k
G () G 0* G @) (31)° 0 G G &) 0
GR)" @@ @) 0" )" @& &) (&) &) 0" 0"
G () G 0 ) G Gr 0 G & & 0
) (=) (&) 0" ()" (@) &) @ (&) 0" 0"
Cu (%) @) 0 G @ &®r 0 @ G e 0
@ ) @) 0" () (&) @ &) (@) 0" 0"
Gss  (z)  (Z) 0° (@) Ge) (&) 0* &' &) G 0
@ &) @) 0" )" G @) &) ) 0" 0"
Cso () () 0 ) @) G 0* ) & G 0
Ob Ob Ob Ob Ob Ob Ob Ob Ob (i)b Ob
Cos () () o () B G 0 G G @) I
we) (@) (@) 1° ) GR) &) &) (&) 0° 0°

o Gw) o G G Ge) o G G @) Ge)t Ge)t o G (SR
5 &) Go)° )" G & G &P 0" 0" 0"

G (@) G Gw) G &) G @)t @GR Ge)t o @) (G
)" G () G & G (1) (51)" 0" 0° 0"

o ) @) G G @) G Gt Ge) Ge) Ge) o ()
Ob Ob Ob Ob Ob Ob Ob Ob Ob (%)b (%)b

*The strain-energy method.
The strain-stress method.
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[Eq. (4)] for the types of the strain tensors which have been
used to determine the FOECs. Again, these coefficients are
expressed by the linear combinations of the TOECs and the
SOEC:s, respectively. Since we have 11 linear combinations of
the TOECsS and also 11 linear combinations of the SOECs, we
apply the method of least squares to obtain the approximated
values of six TOECs and three SOECs. As a result, we get

Cijx=aA+bB+cC+dD+eE + fF +gG+ hH

+il + jJ + kK, (B1)

Cij=aA +bB+cC+dD+ ¢E + fF + gG + hH

+il + jJ + kK, (B2)

where the coefficients denoted by uppercase letters are shown
in Tables V and VI while lowercase letters represent the coef-
ficients listed in Table VII.
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