Physics— Uspekhi 58 (11) 1106—1114 (2015)

© 2015 Uspekhi Fizicheskikh Nauk, Russian Academy of Sciences

METHODOLOGICAL NOTES

PACS numbers: 61.50.Ks, 62.20.de, 62.50.—p, 64.30.Ef

Elastic properties of solids at high pressure

Yu Kh Vekilov, O M Krasilnikov, A V Lugovskoy

DOI: 10.3367/UFNe.0185.201511e.1215

Contents

Introduction

Basic definitions and relations
Methodology and details of calculations
Calculated results and discussion
Conclusion

Appendices

Appendix A; Appendix B; Appendix C
References

SNE LN~

Abstract. This review examines the elastic response of solids
under load. The definitions of isothermal and adiabatic elastic
constants of nth order (n > 2) for aloaded crystal are given. For
the case of hydrostatic pressure, two techniques are proposed
for calculating the second-, third-, and fourth-order elastic
constants from the energy—strain and stress—strain relations.
As an example, using the proposed approach within the frame-
work of the density functional theory, the second- to fourth-
order elastic constants of bcc tungsten are calculated for the
pressure range of 0-600 GPa.

Keywords: high pressure, metals, second- and higher-order elastic
constants, equation of state, elastic phase transitions

1. Introduction

The behavior of materials under high pressure (on the order
of the bulk modulus) has seen increasing interest in recent
years [1-4] for two reasons. First, advances in high-pressure
technology —in particular, the adoption of the diamond
anvil cell—have extended the accessible pressure range to
about 600 GPa [5]. Second, current computational methods
based on the density functional theory provide information
on the energy and other properties of any crystal structures
for different unit cell volumes, i.e., for different pressure
values. This is particularly true of the research field for
structural transformations caused by the loss of stability of a
crystal lattice under the influence of uniform strains. Such a
loss is due to the ‘softening’ of the corresponding second-
order elastic constants of a loaded crystal (elastic phase
transitions). Importantly, the stability of the high-pressure
phase during a transition depends on the nonlinear elasticity
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of the material, i.e., the higher (third, fourth, etc.)-order
elastic constants, because it is these which ensure the
minimum of the thermodynamic potential for the strain
corresponding to the structural transformation [6]. The
transition pressure and character (whether the transition is
first or second order) are determined by relations between the
second-, third-, and fourth-order elastic constants. In turn,
the jump in the order parameter and the potential barrier
height at the transition are directly related to the third- and
fourth-order elastic constants [6].

Because the elastic constants of solids at high pressure are
very difficult to study experimentally (which is especially true
of higher-order constants), the definition of various-order
elastic constants of loaded solids and how to calculate them
have become a focus of recent attention [4, 6-9]. While it was
as far back as the mid-20th century that the elastic constants
of crystalline solids under pressure first came to attention,
their definition is still the subject of discussion (see, for
example, Refs [4, 7, 10, 11]).

Among the first publications on the definition of the
elastic constants of a loaded crystal should be mentioned
paper [12], which considers the second-order constants of a
cubic crystal under hydrostatic pressure. It is shown that,
when under pressure, the elastic properties of a crystal, in
particular the relation between stress and infinitesimal strain,
are determined by elastic constants that depend on the
applied pressure. These clastic constants were given the
name ‘effective’ to stress the fact that they not only are
determined by the interatomic interaction (the second
derivative of the free energy with respect to the strain tensor
components) but also depend on the external load directly.

In Ref. [13], it was shown for an arbitrary symmetry that,
if a crystal is taken to be initially in equilibrium at pressure P,
then an additional term, proportional to pressure, arises in
the formulas for the adiabatic and isothermal second-order
elastic constants, for example:

¢ 1(a2p) P(8:64 + Sudy —S,,00) . (1)
ik = — | =—=—] — P(8idu + 0iudp — i;0k1) -
Vo \on on /) o ! g !

Here, C; jki are the (effective) isothermal second-order elastic
constants of a loaded crystal. The derivative of the free energy
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F with respect to the components of the Lagrangian finite
strain tensor #;; is calculated for the equilibrium state at a
given P, V) is the volume of the nonstrained state, and Jy is
the Kronecker symbol.

The definition issue was further addressed in Ref. [14],
which derived an expression for the second-order constants
for an arbitrary (not only hydrostatic compression) load and
also showed that these constants fully determine the elastic
properties of the crystal, i.e., the stress—strain relation and the
small-amplitude vibration equation. For the special case of
hydrostatic pressure, relations identical to those found in
Ref. [13] [see Eqn (1)] were obtained.

It also follows from Ref. [14] that if the strained state is
chosen such that the unit cell volume is constant to within
terms of order ¢ (where ¢ is an infinitesimal strain), then the
additional term proportional to P disappears. As a result, the
second-order shear constants under hydrostatic pressure are
simply equal to the second derivative of the free (internal)
energy with respect to ¢ [10]. There is much in the literature
[15-20] on the application of this method to calculating the
second-order constants of cubic and hexagonal lattice metals
under hydrostatic pressure.

Among the drawbacks of the method is its inability to
determine all independent elastic constants simultaneously
(only shear constants allow direct determination), so that the
bulk modulus, for example, has to be calculated from the
equation of state. For low-symmetry crystals, it is quite
difficult to choose a strained state which retains its volume
up to a second order in strain. And, of course, this
methodology is not suitable for finding the higher (third and
fourth)-order elastic constants.

The concept of effective elastic constants at hydrostatic
pressure was extended to higher (third and fourth) orders in
paper [21]. This is accomplished by taking into account that
during the small adiabatic (isothermal) strain of a loaded
crystal not only does the free (internal) energy undergo a
change but also some amount of work is put out against the
external pressure. Reference [21] presents general relations for
the second-, third-, and fourth-order effective elastic con-
stants of a cubic crystal under hydrostatic pressure, relations
which link the effective constants to the respective-order
derivatives of the energy with respect to the components of
the Lagrangian finite strain tensor, as well as to pressure. For
the second-order constants, the expressions obtained are
identical to those presented in formula (1).

Review [22] argues, when discussing crystal elastic proper-
ties under load, that the experimental relations between
infinitesimal strains and their inducing stresses, on the one
hand, and the measured sound speeds, on the other, not only
involve the derivatives of the thermodynamic potentials with
respect to strain components but also contain certain
combinations of the components of the applied external
load. This is especially important to bear in mind when the
load is comparable in magnitude to the material’s elastic
constants. The obtained stress—infinitesimal strain relations
and the expressions for the second-order elastic constants and
for the sound propagation coefficients (which determine the
velocity of elastic waves in the crystal) are identical to the
relations given in Ref. [14].

Thus, for a crystal strained isothermally under hydrostatic
pressure, one has

0ij = —Pdij + Cijer e (2)

where o;; are mechanical stresses, &, are the components of
the infinitesimal strain tensor, and the crystal constants éijkl
under hydrostatic pressure are given by Eqn (1). Here and
henceforth, summation over the twice repeating indices from
1 to 3 is assumed. The tensor of sound propagation
coefficients A;j; has the form

Ajjrr = =P + Cijp - 3)

Here,

1/ U )
Cing = — | ——2—
A <a'7ija’1/c/ 0

are the second-order adiabatic Brugger type elastic constants
(strains in this case are adiabatic), and U is the internal energy
at pressure P.

The specific cases addressed in Ref. [22] include a cubic
crystal under hydrostatic loading and a uniaxially com-
pressed tetragonal crystal.

Marcus and coworkers [23] proposed that the second-
order effective elastic constants under hydrostatic pressure be
defined in terms of the derivatives of the Gibbs (rather than
Helmholtz) energy with respect to the components of the
Euler finite strain tensor. Using the Gibbs potential, correct
relations involving the external pressure are derived for these
constants. The proposal came under criticism, though [10,
11], to which Marcus and coworkers responded by first
clarifying the points made [24] and then in papers [25, 26]
presenting the justification for their idea with a Gibbs
potential.

The effective n-order (n > 2) isothermal and adiabatic
elastic constants of a loaded crystal were constructed in
Ref. [27] as the corresponding derivatives of the Gibbs
potential and enthalpy with respects to the components of
the Lagrangian finite strain tensor. For a cubic crystal
under hydrostatic pressure, relations linking the effective
second-, third-, and fourth-order constants with conven-
tional (Brugger) elastic constants of respective orders and
pressure were made up and found to agree with their
counterparts obtained in Ref. [21]. Example calculations
using the obtained relations were performed within the
framework of the density functional theory for the second-
and third-order constants of body-centered cubic (bcc)
tantalum at 7=0 K over a wide pressure range (0-
600 GPa). The results for the second-order elastic constants
are found to be consistent with existing experimental data
and with the results obtained by other workers [16, 18] using
the constant volume method (see above). Data of other
authors on the third-order elastic constants are lacking in
the literature.

Similarly, the second- and third-order elastic constants of
bce molybdenum and hexagonal close-packed (hcp) ruthe-
nium were calculated in Refs [28, 29] over a wide range of
pressures (0—1400 GPa and 0-600 GPa for the former and the
latter, respectively). In each of these cases, there is good
agreement between the experimental and calculated values of
second-order elastic constants (at ambient pressure) and of
their pressure derivatives. For ruthenium, the experimental
behavior of the effective elastic constant Cyy is also known for
the pressure range of 0—-60 GPa, which is found to be virtually
identically fitted by the calculations.

The nth-order (n > 2) elastic constants in the absence of
an external load are thermodynamically defined in Ref. [30],
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and this definition is widely used in research on the elastic
properties of an unloaded solid. This work gives a detailed
analysis on the basis of which nth-order elastic constants of a
loaded crystal can be given similar definitions, and methods
for calculating such constants for the case of hydrostatic
pressure can be developed.

2. Basic definitions and relations

Let us consider a crystal with arbitrary symmetry initially in
equilibrium at a fixed temperature 7 and under a given
external load. The stressed state is described by the stress
tensor ¢;;. The second- and higher-order effective constants of
the loaded crystal describe its elastic properties at a finite
strain which is imposed on the initial state (g;;). A convenient
tool with which to describe such a strained state is the
Lagrangian finite strain tensor of the form [22]

—_

Mij = 5 (it = 9ij) 4)

Here, oy; = Ory/OR; is the strain gradient, and ry and R; are
the Cartesian coordinates of a chosen point in the body in the
strained and initial states, respectively. The tensor #,; can be

expressed in terms of the displacement gradients
u;j = Ou;/OR; (u; = r; — R;) because
%ij = 0ij + tij (5a)
1
mij =75 (uij + wji + g ug) - (5b)

Neglecting the quadratic terms in Eqn (5b) yields the
infinitesimal strain tensor

—_

&ij = 5 (uij + ). (6)

The standard definition of the nth-order elastic constants
(external forces are absent) is as follows [30]

cr :L a”iF
A o on---)

CS B L ( a)lU >
ijkl... VO anu ank[ ) .

Here, C/;, and C{;/czm are, respectively, the isothermal and
adiabatic nth-order (n > 2) Brugger elastic constants, F and
U are the crystal free and internal energies, and V) is the
volume in the nonstrained state. The derivatives are taken at
constant temperature 7 and constant entropy S.

The elastic constants (7) determine the elastic behavior of
an unloaded crystal. In the case of a loaded state, these
constants do not take into account the work which should
be done against the external load by the forces due to the
additional small strain ;. Therefore, the constants (7) cannot
fully characterize the elastic properties of a material under
load [21, 22].

Extending the results of the studies cited in Section 1, the
isothermal and adiabatic elastic constants of various orders
can be defined at a given external load as the corresponding
derivatives of the thermodynamic Gibbs potential G and the
enthalpy H with respect to the components of the finite strain

tensor #;;:

"G )
. ’I"7

~ 1
Ch, =— (7
jkl... Vo an[j ank/ B

es L (_TH
YT ;O ---) s

If the assumed initial state is stressed, with o;; as an external
parameter, G and H are the most convenient to use. If a
system changes isothermally (adiabatically) at fixed o;;, G(H)
has a minimum at equilibrium. The elastic constants can be
found in a unique way from Eqn (8) despite the fact that the
strain 17;; (volume V) is not a natural variable for these
thermodynamic potentials [31].

The quantities C; Jki... are determined not only by the
interatomic interaction but also directly by the applied load
and, unlike the elastic constants (7), have full Voigt index
permutation symmetry only for hydrostatic pressure (and not
otherwise) [14, 22]. Also, because these constants include the
external load, they cannot obey the Cauchy relations. When
using second-order elastic constants C;j;, the equations
determining the velocity of sound waves in the crystal under
load have the same form as in the unloaded state; the same is
true for stability conditions and for the stress—strain relation
(see Refs [14, 22]).

Thus, relations (7) and (8) represent a unified approach to
defining elastic constants: elastic constants are the nth-order
(n=2) derivatives of the characteristic functions which,
under given conditions, are thermodynamic potentials. The
use of formulas (8) in the definition of the elastic constants of
aloaded crystal results in the elasticity theory relations having
the same form for both hydrostatic pressure and P = 0. As a
result, while pressure does feature in the elasticity theory
formulation for arbitrary hydrostatic pressure as a parameter
of the state, it is not present in itself, unlike, for example,
Eqns (1) and (3). For the same reason, the elastic constants (8)
are essentially not effective but ordinary elastic constants that
fully characterize the properties of a loaded crystal under
given conditions.

We will now use formulas (8) to derive an expression for
the second-to-fourth-order isothermal elastic constants under
loading conditions. Of practical interest is the case of
hydrostatic pressure when the strain of a crystal lattice
remains elastic for any degree of compression. In this case,
the change in the Gibbs potential produced by the additional
strain 7;; (pressure P, temperature 7) per unit volume in a
nonstrained state takes the form

AG AF AV
— =4 P—. (9)
Vo Vo Vo

Here, AG=G(P,T,n)—G(P,T,0), AF=F(P,T,n)—
F(P,T,0),and AV = V — ¥V is the change in volume due to
strain determined by the components of the tensor #,;. The
volume in a strained state is given by the relation V = JV,
where J = det |«;;|, and then AV/V, = J — 1[22]. Because we
consider the case of pure strain (the crystal as a whole does not
rotate, u;; = u;), Eqn (5b) takes the form

(8)

1
Ny = uij + 5 Uki Uk -

Using Eqn (5a) and the relation

Uij = Njj — 7~ Uki Ul 5

2
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Table 1. Relations between C,5_ and Cop....

éx/f éx/ijz Ca/f;'é
- Ciit = Ciiy + 3P Cin = Ciny — 15P Ciass = Ciass + P
Ch=C,—-P — —~ =
Cin=Cn—-P Cin = Crp + 3P Cia66 = Cra66 — P
- Ciy=Ci3+P Ciim=Cin+P Cuass = Class — P
Cp=Cp+P — - -
Ciuag =Clys — P Cuoz =Crips — P Cyass = Caaa4 — 3P
~ Ciss = Ciss+ P Ciias = Ciiaa + P ~
Cyy=Cy— P - - Caass = Caass — P
Cuse = Case + P Ciiss = Criss — 3P

we can express ;; in terms of 17;,. As a result, keeping terms to
fourth-order in 7, we obtain

1 1 5
%ij = 5ij + ’711 - 5 Nki nkj + z My Mri rlk/ - g 7’/»7‘ Mok Moo M
(10)

Using relation (10), we find an expression for J [given in
Appendix A as a sum of terms in powers of #;;; see formulas
(AD—(A3)].

Expanding AF/ V) at pressure P up to fourth-order in the
components of the finite strain tensor #;,;, we get

AF_ ARy ARy AFs AP "
Vo Vo Vo Vo Vo
The expressions for the terms AF|_4/V) are presented in
Appendix B, formulas (B1)-(B4).

Using formulas (8), (9), (11), (B1)-(B4), and the relations
for AV/V, [see expressions (A1)~(A5)], we find relations
between the effective elastic constants Chg. and C,.. by
grouping in Eqn (9) the terms containing similar combina-
tions of the strain components. The results are presented in
Table. 1.

The relations presented in Table 1 are consistent with the
results obtained by a different approach in Ref. [21].

Thus, to calculate the elastic constants CN'xﬁ_A_, it 1s
necessary to find the quantities C,3 = and the pressure P by
expanding the free energy in a power series of the components
of the finite strain tensor #, [see Eqns (B1)-(B4)]. Then, one
can find respective quantities C,g . using relations listed in
Table 1.

Another possible approach to calculating the effective
elastic constants of different orders is based on the results of
Refs [32-34], whose authors use the stress—strain relations
rather than the energy-strain relation in calculating the
second-, third-, and fourth-order elastic constants at P = 0.
Because the strain is defined with respect to the initial,
nonstrained state of the body (n;; =0), and because the
stress is calculated per unit area of the strained body, finite
strain and stress are related in a complex way. Note here that
the differential of the work done by stress is not equal to the
product of the stress components ¢;; by the corresponding
strain components. The way to remedy the situation is to
introduce the quantities #;; (‘thermodynamic stresses’ [35]),
defined such that the sum ¢;dn; [35] is equal to the
differential of the work done by stress per unit of the initial
(nonstrained) volume. According to Ref. [35], one finds

1 /OF
i=—(=, 12
u Vo (a’?i_j) (12

i.e., they are related to strains through the corresponding
number of elastic constants Cyg . The quantities #;;, in turn,
are related to the total stress components oy; by the relation
[35]

tij = JOki Vi Vi s (13)
where the matrix y; is the inverse of a;. In the theory of finite
strains, the quantities #;; correspond, according to relation
(13), to the components of the second Piola—Kirchhoff stress
tensor, which determine the stress related to the nonstrained
configuration.

The authors of Ref. [33], using the density functional
theory, obtained an analytical expression for oy, [formula
(2)], making it possible to calculate the stress components
g;; directly without the necessity of calculating the total
energy. Following this, the thermodynamic stresses f;; can
be obtained from relation (13), which should then be used
to calculate the corresponding combinations of elastic
constants Cyg_ using relations (12) and (B1)~(B4). Then,
using the known C,4 ., the effective elastic constants c;(/}m at
pressure P can be calculated from the relations given in
Table 1.

The advantage of this methodology is that the calculation
of higher-order elastic constants from the stress—strain
relation requires an expansion to third (rather than fourth)
order in 7. References [32, 33] demonstrate the application of
this methodology to the calculation (at P = 0) of a number of
Brugger elastic constants [see Eqn (7)] of the second, third,
and fourth order for Si, Ge, and GaAs. In Ref. [36],
illustrative calculations are made for the second- and third-
order constants (P = 0) in Si, GaAs, AIN, GaN, and InN.

3. Methodology and details of calculations

To illustrate the use of the relations obtained, we calculated
the elastic constants of second, third, and fourth order of bec
tungsten in the pressure range of 0-600 GPa at T=0 K (no
difference between the isothermal and adiabatic constants).
The initial stressed state was specified by the magnitude of the
atomic volume V. For each such state, a number of variants
of unit cell deformation were considered, which are presented
in Appendix B (Table 4). The lattice vectors in the strained
state are determined by the relation r; = o;;R;, in which the
strain gradient «;; is expressed, using Eqn (10), in terms of the
components of the Lagrangian finite strain tensor.

The total energy of bce tungsten and mechanical stresses
o;; at different values of V), and strain n;; were calculated
using the implemented in VASP [37], density functional
theory, where VASP stands for the Vienna Ab initio
Simulation Package. The exchange—correlation contribution
was included in the generalized gradient approximation with
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Table 2. Second order elastic constants and their pressure derivatives at P = 0.

Quantity Ciy Ciy C’ Cys B Source
519.4 200.4 161.0 144.2 306.8 Present work
(energy-strain)
519.7 200.5 159.6 146.0 306.9 Present work
(stress—strain)
512.6 205.8 152.7 Experiment [45]
Cap, GPa
523 203 160 Experiment [46]
532.6 205.0 163.1 Experiment [47]
502.6 213.6 144.5 145.9 309.9 Calculation [48]
166.8 170.5 306.5 Calculation [15]
513 199 140 Calculation [19]
10.8 16.2 10.4 Present work
I dCy 103, GPa™!
Cyp dP 11.8 16.4 10.0 Experiment [46]
Table 3. Third- and fourth-order elastic constants (in GPa) of bce tungsten at P = 0 (7 = 0 K).
7C1]]><1071 7C]12><]071 7C]23><1071 7C|44><1071 7C]55><1071 7C456><1071 C]l]]><1072 C1112><]072 C4444><1072
1 523.0 93.23 74.21 78.64 92.46 93.47 407.5 115.7 52.47
2 528.3 93.88 66.71 83.02 96.88 100.4 411.2 122.7 59.73

the Purdue—Wang parameterization PW91 [38]. To describe
the ion—electron interaction, the method of projector-aug-
mented waves was employed [39]. The integration over the
Brillouin zone was performed by the tetrahedron method
using a 28 x 28 x 28 array of points obtained by the
Monkhorst—Pack method [40]. The plane wave cutoff energy
was 700 eV. The reason why the calculation parameters are
chosen so large is due to the small magnitude of the third- and
fourth-order effects in 7.

The pressure and the elastic constants of different orders
were obtained by the least-square method (21 points in the
interval £0.08 with a step of 0.008) from the polynomial
dependences AF (n)/Vy and t;;(n) (see Table 4).

4. Calculated results and discussion

The tungsten equation of state calculated in the present work
is shown in Fig. 1 together with available experimental P(V)
data. The equation of state was studied in sufficient detail at
pressures up to 300 GPa using the shock wave technique [41]
and static measurements [42—44]. The data shown in Fig. 1
suggest that the variation of P with ¥ calculated in the present
work agrees well with the experimental data (at
V/Vy = 0.664, the difference in pressure values does not
exceed 3%).

Experimental data on tungsten elastic constants are
available only for those of second order at atmospheric
pressure. Tables 2 and 3 and Figs 2—4 present our calculated
second-, third-, and fourth-order elastic constants of bcc
tungsten at pressures up to 600 GPa. The calculations were
performed using the energy—finite strain and stress—finite
strain relations.

In Table 2, the calculated second-order constants and
their pressure derivatives at P =0 are compared with the
experimental and theoretical results of other researchers. The
calculated results correspond to 7'= 0 K; the experimental
data were obtained at room temperature. It is seen that both

methods used give virtually the same values for C,s. Because
both the energy and mechanical stresses o;; are calculated
with VASP independently, the good agreement between the
results obtained by the two methods implies a high calcula-
tion precision.

The obtained values of Cy; and Cy, agree well (to within
2.5%) with the experimental data. For Cy4, the agreement is
worse: the calculation underestimates the data by about 8%.

In some studies [15, 19, 48] (see also Table 2), the elastic
constants were calculated from first principles using infinite-
simal strains ¢;; and keeping the unit cell volume fixed to first
and second order in ¢;;. The predicted value of Cu4 is again
much different from the experimental value. In Ref. [19], a
similar difference between the calculated and experimental
C44 was observed for vanadium and niobium.

300
P, GPa
250

200

150

100

50

0 | | | | | |
0.65 070 075 0.80 085 090 0.95

v/ Vo

1.00

Figure 1. Pressure versus volume for bcc tungsten. Dashed line is
calculated from the regression by the Birch—-Murnaghan equation of state
of the P(V') dependence obtained in the present paper (data are shown by
squares), and solid line is the experimental P(V) curve obtained from the
results of Refs [41-44]).
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Figure 2. Variation with pressure of the elastic constants Cyy (a) and C” (b) of bee tungsten. The results of this work are shown by circles and connected by
a solid line for viewing convenience; data from elsewhere are shown by diamonds [15] and pentagons [19]. The data of our work obtained using volume-
conserving infinitesimal strains are shown by crosses and connected by a dashed line.

Given in the last two rows of Table 2 are our calculated
results and available experimental data on the pressure
derivatives of the second-order constants corresponding to
P close to atmospheric pressure. It is seen that our results
agree perfectly with the data.

_ Figure 2 presents our calculated shear constants Cyy and
C’ as a function of pressure in the pressure range of 0—
600 GPa. Both calculation methods used in this work yield the
same dependences (to within 0.5% for Cy4, and 2% for C’ for
each specific value of P). Itis seen that for the elastic constant
Cy4 our results compare well with another calculation using
the first-principles pseudopotential of Ref. [19], but strongly
disagree with full potential calculations performed in
Ref. [15]. In the case of C’, our results and those of Refs [15,
19] are virtually the same up to =~ 200 GPa. At higher
pressures, however, considerable differences are observed
among the results of all the three papers.

It should be noted that the FP-LMTO (full potential
muffin-tin orbitals) method is (as the name suggests) a full-
potential one and is bound to be more accurate than a
combination of the PAW (projector augmented wave) and
GGA (generalized gradient approximation) methods used in
the present work. At the same time, Refs [15, 19] calculated
second-order elastic constants using the energy—infinitesimal
strain relation (when volume is conserved to second order in
¢). The resulting values of Cy and C’ implicitly contain
contributions from the higher-order expansion terms. Simi-
lar calculations by the present authors using a relation
between energy and volume—conserving infinitesimal strain
(dashed line in Fig. 2b) agree much better with those of
Refs [15, 19].

The calculated values of the third- and fourth-order elastic
constants at P = 0 are presented in Table 3. The first and
second rows represent the elastic constants obtained from the
energy—finite strain and stress—finite strain relations, respec-
tively. Shown are all six of the C,p,’s and the three most
characteristic of Cyg,5. As seen from Table 3, both methodol-
ogies produce similar results, although the difference between
the corresponding constants is somewhat larger than in the
case of Cyp. }

Figure 3 presents a plot of C,p, as a function of pressure in
the range of 0-600 GPa obtained from the stress—finite strain
relation (the other method yields essentially the same
behavior). It is seen that, over the entire pressure range
studied, the third-order elastic constants are negative and

—2000 -
—4000
—-6000
s —8000

[aW)

© —10,000

& —12,000
~14,000
~16,000
~18,000

20,000

0 100 200 300 400 500 600
P, GPa

—500
~1000
—1500
—2000

%’ —2500

< 3000

—3500
—4000
—4500

—5000

Capy

0 100 200 300 400 500 600

P, GPa
—2000

—1000
—1500
—2000
—2500
& —3000
—3500
—4000
—4500

—5000 | | | | |
0 100 200 300 400 500 600

P, GPa

Ca/; N GPa

Figure 3. Third-order elastic constants obtained from the small finite
strainfstress~ relation. Squares:~Cm, circles: C112~(a), triangles: Cias,
diamonds: Ci44 (b), pentagons: Ciss, and triangles: Cysq ().
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Figure 4. Variation with pressure of the fourth-order elastic constants for
bee tungsten (7= 0 K). Squares: Cy1y, circles: Cy2, and triangles: Cyqaq.

their absolute value increases monotonically with increasing
pressure.

The variation of the fourth-order constants with pressure
is shown in Fig. 4. It is seen that in the pressure range of 0—
600 GPa, the constants C’a/;,(s are positive. The constant Cin
reaches a maximum at P = 200 GPa and then decreases
monotonically. The elastic constants Ci112 and Caaus increase
nearly linearly with increasing pressure.

Because the literature offers no data on the third- and
fourth-order elastic constants of bcc tungsten and their
variation with pressure, the results obtained here are of
undoubted interest.

In our earlier work, similar calculations of second- and
higher-order elastic constants were performed over a wide
range of pressures for bce vanadium [9], bee tantalum [27], bee
molybdenum [28] and hep ruthenium [29]. To summarize the
results, we have found that in the megabar pressure range the
term containing P in the expression for elastic constants (see
Table 1) has a significant effect on the magnitude of the
constants. This is especially true of second-order constants,
leading sometimes to the ‘softening’ of Cw with pressure:
vanadium, Cys [9], molybdenum, C’ [28], and, to a lesser
degree, tungsten, C’ (present work). This softening is a
precursor of the elastic phase transition [6].

5. Conclusion

This paper has given definitions for the isothermal and
adiabatic elastic constants of nth order (n > 2) for a loaded
crystal. These constants fully characterize the elastic behavior
of a solid in a loaded state and are determined not only by the
interatomic interactions but also by the external load. For the
case of hydrostatic pressure, two methodologies are presented
for calculating second-, third-, and fourth-order elastic
constants in the framework of nonlinear elasticity theory,
one of which uses the energy—finite strain relation, while the
other works with the stress—finite strain relation. Both
methodologies were used to calculate the second-, third-,
and fourth-order elastic constants of bcc tungsten over the
pressure range of 0—-600 GPa (T'=0 K). Energy and
mechanical stress calculations for different deformations of
a loaded crystal are performed within the framework of the
density-functional theory using the VASP code.

Both methods yield similar values for the respective elastic
constants of different orders, the difference not exceeding a
few percent. As pressure increases, the second-, third-, and

fourth-order elastic constants of bcc tungsten increase
monotonically in absolute value. The results obtained agree
well with available experimental and calculated results on the
second-order elastic constants at P = 0, as well as with the
calculations on the pressure dependence of second-order
constants performed by others using the method of infinite-
simal volume-conserving strains. No literature data are
available on the values and pressure derivatives of the third-
and fourth-order elastic constants of tungsten.

Thus, the results of the present work make it possible to
foresee the high-pressure properties of metals. In particular,
information on the behavior of the second-to-fourth-order
elastic constants of solids is necessary when analyzing the
possibility of diffusionless phase transformations (marten-
site or elastic phase transitions) under pressure. Also,
because Caﬁ.,, and Qﬁy(s are determined by the third- and
fourth-order effects, their calculation provides a test for ab
initio computer codes based on the density functional
approximation.
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6. Appendices

Appendix A

The further analysis of relation (9) can be facilitated by using
formula (10) to represent the Jacobian J of the variables r;
with respect to the variables R; as a sum of terms up to the
fourth power of 17;;, giving

J-1=L+h+J5+Js, (Al)
Ji=n+n+n;, (A2)
Jo =y +min3 + a0
1
— (i 05 403+ i +n3 +n4), (A3)

2

1
T3 = Moty + st + 5 (07 403 + 03+ 33 —nn;

— s — Mg +mng +mng — nans +nang —nin,
—niny —n3ns —mong +nand g —nang), (A4

Ja = —nn4lste — MaNaliste — N3MalsNe

1
—g ni 4503+ 5ud + 0+ 03 +n)

1
+4 (ning = 3nind = 3ning = 3nind = 3ning
—3n3ni = 3nin +ning —nini —ning —ning
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Table 4. Deformation conditions for a cubic crystal (elastic constants and the components of the finite strain tensor are presented in Voigt’s notation).

Deformation Free energy and thermodynamic stress
AF 1 1 1
n = 11* 28 - 2 - 3 - 4
1 7 P'1+2C|111 +6C111'1 +24C11|1’1 )
1 2 1 3 1 2 1 3
thin)=—-P+ C1111+§ Cinn +6 Cunn’, tn)=—-P+ C1271+5 Cian +E Ciian
=p, = AF 1 1
M =m=1" 7o —2Pn+ (Cii + Cio)n* + <§ Cinn + C1|2>713 +E(CH” +4Ci2 +3CH)n*,
1
(1) = =P+ 2Cpan + (Cio3 + Crin)n* + <§ Ciinz + C1123>'13
=y, = AF 1
" = 7:(C|1—C12)1’]2+ﬁ(c|111—4C11|2+3C1122)7’I4-,
0
1 1
n(n)=—-P+(C—Ci)n +§(C111 - Cion? +€(C1111 —4Ci2 +3CHn)n?
=2 AF 2
flo = < — =2Cun*+5 Caaan®,
0 3
2 4 3
t1 = —=P+2Cissn”, te=2Cun +§ Cagaan
—n AF 1 | 1 2
= Voo —Pn+ (E Cp +2C44>712 + <g Cin +2C144>'13 + <ﬁ Cun + Cria +§ C4444>'147
Ny =21
4
ta = 2Caan + 2C1aan* + (C1144 +§ C4444>’13
0 AF 1 1 1 2
= Voo —Pn+ (E Cn +2C44>712 + (g Cin +2C155>'13 + (ﬁ Ciin + Cuss 3 C4444>'147
ns =2n
1 1
th=—-P+Cpn+ <E Cinz Jr2C144>'12 + <g Cin +2C1255>'13 ,
1 2 1 3
t3=—P+Cpn+ 5 Cia +2Cys5 |n* + I Ci12+2Chas |17,
2 4 3
ts = 2Ca4n + 2C155n~ + | Ci1ss +§ Caaaa |1
Ny =1s5="ns =21 t1 = —P+2(Cras + Ciss)n” +8Cuasen’
4
t6 = 2Caan + 4Cysen> +§(C4444 + 6Ca435)n°
* The remaining components of the finite strain components are zero.

|
+ning Hnins +nng +n3nd) 45 0mns +mn

3 0y + nins + n3ns + manane + ninsne
— NNaNg + MaNsng — mnsnd + nnani — nansng
F0nang + mnang — mmns — mnsny — ninns) . (AS)

Here, we used Voigt’s notation for the Lagrangian finite
strain tensor components: 11 — 1,22 — 2, 33 — 3,23 — 4,
13— 5,12 —6.

Appendix B

AF/ V) is directly found to be
AF
71:*1’(111 Tm+m). (BI)

0

Expressions for the remaining terms in formula (11) depend
on the crystal symmetry. Crystals with cubic symmetry [point
groups (432), (432), (4/m32/m)] have three independent

second order elastic constants C,g, six third-order constants
C,p,, and eleven fourth-order constants Cyg,5 [22]. The elastic
constants are presented in Voigt notation. As a result, using
relations from Ref. [49], the expressions for AF,_4/ V) for a
cubic crystal can be written out in the form

AF, 1

7 =3 Ciu(n +n3 +n3) + Cra(nimy + mns + mns)

1
+ §C44(’7:% +n+nd), (B2)

AF; 1

1
V=% Cun (1 +13 +13) +5 Croa[n? (02 +13)
+ 03 (ny +n3) +n3(m +12)] + Craznynans
C lC 2 2 2
+ Cys6ny4nste + 5 144 (M1 + 1am3 + n3ng)

1
+§ Ciss [’73(’12 +13) + 030 +m3) +ng(n + m)], (B3)
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ArFy 1 4, 4, 4
2 __ ¢
Ve ~ 24 (g +ny +n3y)

1
+¢ Crina[n7 (ny +n3) + 03 (ny +n13) + 13 () + )]

1
+ 3 Crm(ning +n3n3 +ning)

1
—1—5 Curismanz (1 + 12 +13)

1
+ 7 Cnaa(nind +n3n3 +ning)

!
4 Cuss [0 (ng +n3) +n3 (ng +n) +n3 (03 +n3)]

1
5 Cuass [ (03 + n3)+ons (03 + )+ s (3 + 1)

1
—1—5 Cass(nimang + manang + mnsns)

1
+ CuassNanshe(m + 12 +13) + 2 Casaa(ng +n3 +1n¢g)

1
+ 3 Casss(ning +n3ng +ngng) (B4)
Here, Cyp... are the Brugger type isothermal elastic constants

of the corresponding order [see formula (7)] under pressure P.

Appendix C

Using expressions (B1)—(B4) for the change in the free energy
of a cubic crystal under strain and also using the thermo-
dynamic stress relation (12), we find expressions for AF/ V)
and ¢; for different deformation conditions. Table 4 lists a
number of simple strained states and their corresponding
combinations of elastic constants. The relations listed in the
table allow the total set of second-to-fourth-order elastic
constants to be calculated for a cubic crystal at a given
pressure.

References

1. Kolobyanina T N Phys. Usp. 45 1203 (2002); Usp. Fiz. Nauk 172
1361 (2002)

2. Maksimov E G, Magnitskaya M V, Fortov V E Phys. Usp. 48 761

(2005); Usp. Fiz. Nauk 175 793 (2005)

Katzke H, Tolédano P Phys. Rev. B71 184101 (2005)

Grimvall G et al. Rev. Mod. Phys. 84 945 (2012)

Dubrovinsky L et al. Nature Commun. 3 1163 (2012)

Vekilov Yu Kh, Krasilnikov O M, Belov M P, Lugovskoy A V Phys.

Usp. 57 897 (2014); Usp. Fiz. Nauk 184 967 (2014)

Marcus P M, Qiu S L J. Phys. Condens. Matter 21 115401 (2009)

Sin’ko G V Phys. Rev. B77 104118 (2008)

Krasilnikov O M et al. J. Phys. Condens. Matter 24 195402 (2012)

Steinle-Neumann G, Cohen R E J. Phys. Condens. Matter 16 8783

(2004)

11.  Sin’ko GV, Smirnov N A J. Phys. Condens. Matter 16 8101 (2004)

12. Birch F Phys. Rev. 71 809 (1947)

13.  Leibfried G, Ludwig W Solid State Phys. 12 275 (1961); Translated
into Russian: Teoriya Angarmonicheskikh Effektov v Kristallakh
(Moscow: IL, 1963)

14.  Barron T H K, Klein M L Proc. Phys. Soc. 85 523 (1965)

15.  Ruoff A L, Rodriguez C O, Christensen N E Phys. Rev. B 58 2998
(1998)

16.  Giilseren O, Cohen R E Phys. Rev. B 65 064103 (2002)

17.  Landa A et al. J. Phys. Condens. Matter 18 5079 (2006)

18.  Foata-Prestavoine M et al. Phys. Rev. B76 104104 (2007)

19. KociLetal. Phys. Rev. B77 214101 (2008)

AN ol

-
S

20.

21.
22.
23.

24.
25.

26.
27.

28.
29.

30.
31

32.
33.
34.
35.

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

47.
48.
49.

Steinle-Neumann G, Stixrude L, Cohen R E Phys. Rev. B 60 791
(1999)

Barsch G R, Chang Z P J. Appl. Phys. 39 3276 (1968)

Wallace D C Solid State Phys. 25301 (1970)

Marcus P M, Ma H, Qiu S L J. Phys. Condens. Matter 14 L525
(2002)

Marcus P M, Qiu S L J. Phys. Condens. Matter 16 8787 (2004)
QiuS L, Apostol F, Marcus P M J. Phys. Condens. Matter 20 345233
(2008)

Marcus P M, Qiu S L J. Phys. Condens. Matter 21 115401 (2009)
Krasil'nikov O M, Vekilov Yu Kh, Mosyagin [ Yu JETP 115 237
(2012); Zh. Eksp. Teor. Fiz. 142 266 (2012)

Krasilnikov O M et al. Comput. Matter. Sci. 81 313 (2014)
Lugovskoy A V, Belov M P, Krasilnikov O M, Vekilov Yu Kh
J. Appl. Phys. 116 103507 (2014)

Brugger K Phys. Rev. 133 A1611 (1964)

Rumer Yu B, Ryvkin M Sh Thermodynamics, Statistical Physics,
and Kinetics (Moscow: Mir, 1980); Translated from Russian:
Termodinamika, Statisticheskaya Fizika i Kinetika (Moscow: Nau-
ka, 1977)

Nielsen O H, Martin R M Phys. Rev. Lett. 50 697 (1983)

Nielsen O H, Martin R M Phys. Rev. B 32 3792 (1985)

Nielsen O H Phys. Rev. B 34 5808 (1986)

Thurston R N, in Physical Acoustics Principles and Methods Vol. 1,
Pt. A (Ed. W P Mason) (New York: Academic Press, 1964) p. 1;
Translated into Russian: in Fizicheskaya Akustika Vol. 1 Metody i
Pribory Ul'trazvukovykh Issledovanii Pt. A (Ed. W P Mason)
(Moscow: Mir, 1966) p. 13

Lopuszyniski M, Majewski J A Phys. Rev. B 76 045202 (2007)
Kresse G, Furthmiiller J Phys. Rev. B54 11169 (1996)

Perdew J P et al. Phys. Rev. B 46 6671 (1992)

Kresse G, Joubert D Phys. Rev. B59 1758 (1999)

Monkhorst H J, Pack J D Phys. Rev. B13 5188 (1976)

Hixson R S, Fritz J N J. Appl. Phys. 71 1721 (1992)

MaY etal. J. Appl. Phys. 102 013525 (2007)

He D, Duffy T S Phys. Rev. B73 134106 (2006)

Dewaele A, Loubeyre P, Mezouar M Phys. Rev. B70 094112 (2004)
Drits M E (Ed.) Svoistva Elementov (The Elemental Properties)
Book 2 (Moscow: Ruda i Metally, 2003)

Kellwege K-H, Hellwege A M (Eds) Landolt-Bornstein. Numerical
Data and Functional Relationships in Science and Technology. New
Series. Group 111 Crystal and Solid State Physics Vol. 18 (Berlin:
Springer-Verlag, 1984)

Featherston F H, Neighbours J R Phys. Rev. 130 1324 (1963)
Bercegeay C, Bernard S Phys. Rev. B72 214101 (2005)

Liakos J K, Saunders G A Philos. Mag. A 46 217 (1982)



	1. Introduction
	2. Basic definitions and relations
	3. Methodology and details of calculations
	4. Calculated results and discussion
	5. Conclusion
	6. Appendices
	 Appendix A
	 Appendix B
	 Appendix C

	 References

