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Mechanical and thermodynamic properties of cubic YH2 under
high pressure: Prediction from first-principles study∗
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First-principles calculations are used to investigate the mechanical and thermodynamic properties of cubic YH2 at
different pressures and temperatures. The generalized gradient approximation (GGA) with Perdew–Burke–Ernzerhof (PBE)
method is used to describe the exchange–correlation energy in the present work. The calculated equilibrium lattice constant
a and bulk modulus B are in good accordance with the available experimental values. According to the Born–Huang criteria
for mechanical stability, elastic constants are calculated from the strain-induced stress method in a pressure range from 0
to 67.1 GPa. Isotropic wave velocities and sound velocities are discussed in detail. It is found that the Debye temperature
decreases monotonically with the increase of pressure and that YH2 has low anisotropy in both longitudinal and shear-wave
velocities. The calculated elastic anisotropic factors indicate that YH2 has low anisotropy at zero pressure and that its
elastic anisotropy increases as pressure increases. Through the quasi-harmonic Debye model, in which phononic effects are
considered, the thermodynamic properties of YH2, such as the relations of (V –V0)/V0 to the temperature and the pressure,
the dependences of heat capacity Cv and thermal expansion coefficient α on temperature and pressure ranging from 0 to
2400 K and from 0 to 65 GPa, respectively, are also discussed.
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1. Introduction

Metal hydrides have been attracting attention for both

fundamental and application researches for decades due to

their important industrial applications. For example, metal hy-

drides are considered to be potential candidates for portable

fuel cell applications because the hydrogen density in metal

hydrides is larger than that in liquid hydrogen.[1,2] Granqvist

et al.[3] and Huiberts et al.[4] pointed out the relevance of rare-

earth (RE) hydrides for commercial energy saving windows,

which can reduce the energy consumption of buildings. Yt-

trium hydride (YHx), which is a metal hydride, is a very im-

portant material for ensuring the safety of the nuclear power

systems because of advantages such as low-induced activity,

low hydrogen desorption pressure, small neutron absorption

cross section, high hydrogen density, phase stability, and cost

reduction. Consequently, it is considered to be a good can-

didate for reflectors in fast breeder reactors.[5] In the 1970s,

Beattie[6] measured the longitudinal and shear velocities of

cubic polycrystalline YH1.93. However, these data were lim-

ited between 80 K and 300 K. Vajda and Daou[7,8] described a

study of YH2+x, and observed the metal–semiconductor (MS)

transition in a temperature range of 230 K–280 K for x∼ 0.10.

By using the pseudopotential method, Wang and Chou[9] per-

formed a systematic investigation of YH2+x and found that the

energy per H atom increases gradually as more and more ex-
cess hydrogen atoms (i.e., the value of x becomes bigger and
bigger) are added. More recently, Kanagaprabha et al.[10] have
analyzed the hydrogen storage capacity of Y–H system and
found that the storage capacity increases as the number of hy-
drogen atoms increases, they also found the maximum storage
capacity to be 3.28% in YH3. Chihi et al.[11] carried out a
study of the structure of YH2 using the density functional the-
ory and confirmed that YH2 is mechanically stable.

It is universally received that the metal hydrides as po-
tential hydrogen storage materials are susceptible to hydrogen
embrittlement.[12] An understanding of the thermodynamics
and stability of metal hydrides is, therefore, required to in-
vestigate and design potential hydrogen storage materials. In
particular, the thermodynamic property of a material is key
to its application in some modern technologies, in which the
material is subjected to ultrahigh pressures and high tempera-
tures. In this work, first-principles and quasi-harmonic Debye
model[13] are employed to study the structure, elastic proper-
ties, isotropic wave velocities, heat capacity, and thermal ex-
pansion of YH2 because some mechanical and thermodynamic
properties of YH2 must be studied and understood. The results
obtained in our work may be useful for other groups working
on this topic and may provide an important reference for the
practical applications of YH2.
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2. Method of calculation

The mechanical and thermodynamic properties of YH2

at different pressures and temperatures were investigated
by using the Cambridge Serial Total Energy Package
(CASTEP) code[14,15] combined with the quasi-harmonic
Debye model.[13] The generalized gradient approximation
(GGA) with Perdew–Burke–Ernzerhof (PBE)[16] scheme was
used to explore the electronic exchange and correlation energy.
The plane-wave cutoff energy was 500 eV and Brillouin zone
integration was carried out over the 10×10×10 grid points us-
ing the Monkorst–Pack method[17] for the structure optimiza-
tion. Y 4d15s2 and H 1s1 were treated as valence electrons.
The self-consistent convergence of the total energy was about
5.0×10−6 eV/atom and all forces on all of the atoms were con-
verged to less than 0.01 eV/Å. The set of parameters assured a
maximum atom displacement of 5.0×10−4 Å and a maximum

stress of 0.02 GPa.

3. Results and discussion
3.1. Elastic properties

The CaF2-type YH2 has space group Fm3̄m (No. 255)
with Y atom setting 4a (0, 0, 0) and H setting 8c (1/4, 1,4, 1/4).
The equilibrium lattice constant a determined from a struc-
tural optimization is 5.286 Å. Using Birch–Murnaghan[18,19]

fits for the total energy as a function of the lattice parame-
ters, the bulk moduli B and its pressure derivative B′ were
obtained. These values, together with some theoretical and
available experimental results, are given in Table 1. It is ob-
served that our results are in good agreement with numerous
experimental[5,7,20,21] and theoretical[10,11,22–24] data. It is in-
dicated that the calculated method performed in our work is
reasonable.

Table 1. Values of lattice constant a (Å), bulk modulus B (GPa), and the pressure derivative B′ of YH2 at zero pressure and zero temperature.

Present work Experiment Other theoretical works

a/Å 5.286 5.203a, 5.155b, 5.208c, 5.204d 5.298e, 5.129f, 5.200g, 5.195h, 5.204i

B/GPa 86.137 60.4b, 86.44c 77.67e, 108f, 101.1g, 84h

B′ 3.646 10.08b 3.562f, 5.5h

C11/GPa 127.295 72.13e, 230f

C12/GPa 65.558 80.45e, 48.3f

C44/GPa 59.050 56.81e, 90.8f

a,b,c,d(Experiment) Refs. [7], [20], [5], [21]; e(FP-GGA) Ref. [11]; f(VASP) Ref. [10];
g(FLAPW) Ref. [22]; h(LDA) Ref. [23]; i(KKR) Ref. [24]

A solid body changes its shape when being subjected to
a stress. Provided that the stress is below the elastic limit,
Hooke’s law for a crystal is written as[25]

σi j =Ci jklεkl (i, j,k, l = 1,2,3), (1)

where the fourth-rank tensor Ci jkl is the elastic stiffness tensor,
σi j is the stress tensor, and εkl is the strain tensor. Thus, the
elastic constants can be obtained directly from the calculation
of the stress generated by forcing small strains to the optimized
unit cell.[26,27] In general, there are 21 independent elastic con-
stants Ci j, but this number of cubic crystals is reduced to only
three when considering the symmetry of the crystal (C11, C12,
C44). The strained lattice vector 𝑎′ used to determine the elas-
tic constants is related to the unstrained lattice 𝑎 by the relation

𝑎′ = (𝐼+𝜀)𝑎,

where 𝐼 is the unit matrix. The strain tensor is

ε =

 e e/2 0
e/2 0 0
0 0 0

 . (2)

So that Hooke’s law gives

σxx =C11e, σyy = σzz =C12e,

σyz =C44e, σzx = σxy = 0. (3)

The ion positions are still fixed by the symmetry, so only
electrons should be relaxed in the strained lattice. We first ob-
tain the equilibrium primitive cell of YH2 by optimizing the
geometry and deformed the cell with the strain in equation (2)
at a given pressure. Then, the strain-induced stresses discussed
in the previous section are calculated and equation (3) is used
to determine the values of C11, C12, and C44 for YH2. The ra-
tio of stress to strain versus strain is shown in Fig. 1(a). In this
work, for all different strain magnitudes: e = 0.02, e = 0.04,
e = 0.06, e = 0.08, e = 0.10 are used to deform the equilib-
rium primitive crystal, respectively. We repeat this procedure
and calculate a series of values of C11, C12, and C44 at dif-
ferent pressures. As shown in Fig. 1(a), from the intercept of
the best-fit line: σxx/e = C11 +A(e), the values of C11, C12,
and C44 are in successful agreement with the results calculated
at zero pressure. The elastic constants completely specify the
elastic properties and acoustic velocities of a single crystal.
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Fig. 1. (a) Stress/strain ratios versus strain. The solid lines represent
linear fittings to the calculated values. (b) The elastic constants versus
pressure at T = 0 K.

The elastic stiffness coefficients Ci j of solid are fun-
damental and indispensable for describing the connections
between mechanical and dynamical behaviors of materials.
These constants, which can give information about the stabil-
ity and stiffness of a material, determine the response of the
crystal to an external force. The elastic stiffness constants un-
der hydrostatic pressure P, Ci j, are obtained by calculating the
total energy as a function of volume conserving strain. The
well-known Born–Huang criteria for the mechanical stability
of cubic crystals are as follows:[28]

C̃αα > 0, C̃11 >
∣∣C̃12

∣∣ , C̃11 +2C̃12 > 0, (4)

where
C̃αα =Cαα −P, (α = 1,4),

and C̃12 =C12 +P.
As for hydrostatic pressure P, the bulk modulus B and

shear modulus G are related to the elastic stiffness constants
Ci j by the following relations:[29,30]

G = (GV +GR)/2, (5)

B = (C11 +2C12)/3, (6)

GV =
2c′

5
+

3C44

5
, (7)

GR =
10c′C44

6c′+4C44
, (8)

where

c′ = (C11−C12)/2,

GV and GR are the averaged polycrystalline shear moduli ac-
cording to the Voigt and Reuss shear modulus. The calculated
results show that, when the pressure is less than 67.1 GPa, the
elastic constants of YH2 satisfy equation (4), indicating that
the crystal structure of YH2 is still fcc. Consequently, we in-
vestigate the elastic properties of YH2 under high pressures
ranging from 0 to 67.1 GPa.

The variations of elastic stiffness constants Ci j and bulk
modulus B are plotted in Fig. 1(b). It is noted that C11, C12, and
C44 increase linearly with the increase of pressure, while the
varying amplitude of C44 is most moderate with respect to C11

and C12. The change in c′ is inversely proportional to pressure,
and the amplitude of variation is obvious. The elastic constant
C11 corresponds to elasticity in length, and the elastic con-
stants C12 and C44 are related to elasticity in shape. This varia-
tion of C11 indicates that pressure will produce obvious change
lengthwise and that the small C44 means a low ability to resist
the shear distortion in the (100) plane. The elastic compliance
constants Si j have also been calculated from Ci j and tabulated
below. The compressibility coefficient K and Poisson’s ratio
ν are two important factors for technological and engineer-
ing applications. It is universally received that bulk modulus
or shear modulus is associated with hardness, and the com-
pressibility coefficient K can measure the hardness indirectly.
Our calculated results at different pressures summarized in Ta-
ble 2 demonstrate that YH2 is a highly compressible material.
Additionally, a high (low) B/G value suggests the ductility
(brittleness) of a material and that the critical value which sep-
arates ductile and brittle materials is approximately 1.75.[31]

Our calculated ratio B/G of YH2 is 1.89, which means that
YH2 belongs to ductile material. According to the Frantsevich
rule,[32] the Poisson’s ratio ν can distinguish the ductility and
brittleness of materials. The critical value that separates duc-
tile and brittle materials is 0.33.[32] If ν > 0.33, the material
behaves in a ductile manner; otherwise the material is expected
to be brittle. Here, the calculated values of ν are larger than
0.33, which highlights the ductile nature of YH2. The com-
pressibility coefficient K and Poisson’s ratio ν are defined by
the following expression:[33]

K =
1
B
=

3
(C11 +2C12)

, (9)

ν =
C12

(C11 +C12)
. (10)
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Table 2. Values of lattice constant (Å), density (g/cm3), elastic compliances (10−2 GPa−1), elastic moduli (GPa), compressibility coefficient K
(10−3 GPa−1), Possion’s ratio v, wave velocities (km/s), and Debye temperature (K) for YH2 from 0 to 67.1 GPa.

P/GPa a/Å ρ/g·cm−3 S11/10−2 GPa−1 S12/10−2 GPa−1 S44/10−2 GPa−1 B/GPa GV/GPa GR/GPa G/GPa c′/GPa K/10−3 GPa v VP/km·s−1 VS/km·s−1 θ D/K

0 5.286 4.088 1.21 –0.41 1.69 86.1 47.8 43.3 45.5 30.9 11.61 0.340 6.00 3.34 479.1
5 5.196 4.305 1.19 –0.44 1.57 106.7 50.6 44.7 47.7 30.8 9.37 0.368 6.29 3.33 487.9
10 5.122 4.494 1.19 –0.46 1.49 126.5 52.4 45.1 48.8 30.2 7.90 0.389 6.53 3.29 491.6
15 5.060 4.622 1.21 –0.49 1.50 146.0 51.7 44.2 47.9 29.4 6.85 0.406 6.71 3.21 485.8
20 5.006 4.814 1.25 –0.52 1.45 164.8 52.8 43.7 48.2 28.2 6.07 0.419 6.90 3.17 485.7
25 4.958 4.955 1.31 –0.56 1.41 183.2 53.2 42.7 48.0 26.8 5.46 0.430 7.06 3.11 482.8
30 4.916 5.083 1.41 –0.62 1.32 200.4 55.4 41.4 48.4 24.6 4.99 0.441 7.22 3.09 483.7
35 4.877 5.206 1.51 –0.68 1.32 218.0 54.5 39.4 46.9 22.9 4.59 0.449 7.34 3.00 475.0
40 4.841 5.322 1.63 –0.74 1.34 236.3 53.2 37.0 45.1 21.1 4.23 0.457 7.46 2.91 464.7
45 4.809 5.432 1.80 –0.83 1.36 254.6 51.8 34.3 43.0 19.0 3.93 0.464 7.58 2.81 452.9
50 4.778 5.536 2.04 –0.96 1.32 272.4 52.1 31.4 41.7 16.7 3.67 0.470 7.70 2.75 445.0
55 4.750 5.635 2.37 –1.13 1.37 289.9 49.5 27.6 38.5 14.3 3.45 0.476 7.78 2.61 426.9
60 4.723 5.731 2.91 –1.40 1.42 307.3 47.0 23.3 35.1 11.6 3.25 0.481 7.86 2.48 406.8
65 4.699 5.822 3.80 –1.85 1.44 324.6 45.3 18.6 32.0 8.9 3.08 0.486 7.94 2.34 387.5
67 4.689 5.858 4.35 –2.12 1.48 331.5 43.5 16.5 30.0 7.7 3.02 0.488 7.96 2.26 375.1

67.1 4.689 5.860 4.38 –2.14 1.50 331.8 43.1 16.4 29.7 7.7 3.01 0.489 7.96 2.25 373.5

3.2. Isotropic wave velocities

The Debye temperature, as an important fundamental
parameter, is closely related to many physical properties of
solids, such as elastic constants, melting temperature, and spe-
cific heat. One can calculate the Debye temperature Θ D from
elastic constant data, since Θ D is proportional to the averaged
sound velocity Vm, via the following equation[34]

ΘD =
h
k

[
3n
4π

(
NAρ

M

)]1/3

Vm, (11)

where h is the Planck’s constant, k the Boltzmann’s constant,
NA the Avogadro’s number, n the number of atoms in the
molecule, M the molecular weight and ρ the density. The av-
eraged sound velocity can be computed from[35]

Vm =

[
1
3

(
2

V 3
S
+

1
V 3

P

)]−1/3

, (12)

where VP and VS are the longitudinal and shear-wave veloci-
ties, respectively, which can be calculated for both cubic and
hexagonal crystals, are obtained from Navier’s equation as[36]

VP =

√
B+4G/3

ρ
and VS =

√
G
ρ
. (13)

Figure 2 shows the predicted pressure dependences of the
longitudinal wave velocity, shear-wave velocity, and average
velocity, VP, VS, and Vm. The longitudinal wave velocity in-
creases with an increase of pressure, while the shear-wave ve-
locity decreases with an increase of pressure. At 0 K, using
the present elastic constants, we obtain Θ D = 479.1 as listed
in Table 2.
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Fig. 2. Values of longitudinal wave VP, shear-wave VS, and average
velocities Vm versus pressure P.

3.3. Sound velocities

The acoustic vibrational modes of a solid in the
long wavelength limit are obtained from the Christoffel
equation,[37]

ρω
2ui = Milul , (14)

where ρ is the mass density, ω the vibrational angular fre-
quency, ui the displacement amplitudes, and summation con-
vention is used for repeated Cartesian indices. The matrix Mil

is given by

Mil = ci jklk jkk, (15)

where ci jkl is the elastic constant tensor elements, and k j the
wave vector components of the vibrational wave. Using Voigt
notation, in the case of a cubic crystal, the Mil matrix reduces
to

 C11k2
x +(k2

y + k2
z )C44 (C12 +C44)kxky (C12 +C44)kxkz

(C12 +C44)kxky C11k2
y +(k2

x + k2
z )C44 (C12 +C44)kykz

(C12 +C44)kxkz (C12 +C44)kykz C11k2
z +(k2

x + k2
y)C44

 . (16)
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For any direction, the eigenvectors will be a quadratic
function of k = |𝑘| and hence ω = Vn(k̂)k with Vn(k̂) being
the sound velocity for polarization n and direction k̂. For ex-
ample, for 𝑘 along [100], ky = kz = 0 and kx = 1, the sound
velocities become

VLA([100]) =
√

C11/ρ, (17)

VTA1([100]) =VTA2([100]) =
√

C44/ρ, (18)

where VLA denotes longitudinal velocity; and VTA1 and VTA2

denote the shear-wave velocities polarized in the (1̄10) plane
(s1) and (001) plane (s2) along the propagation direction [100],
respectively.

Similarly, for the [110] wave vector direction, the sound
velocities are defined by the results:

VLA([110]) =

√
1
2
(C11 +C12 +2C44)/ρ, (19)

VTA1([110]) =

√
1
2
(C11−C12)/ρ, (20)

VTA2([110]) =
√

C44/ρ. (21)

And for the [111] wave vector direction:

VLA([111]) =

√
1
3
(C11 +2C12 +4C44)/ρ, (22)

VTA1([111]) =VTA2([111])

√
1
3
(C11−C12 +C44)/ρ. (23)

For the face-centred cubic structure YH2, the anisotropies
of the wave polarized in the direction perpendicular to the
basal plane (s1) and the one polarized in the basal plane (s2)
have the anisotropies[38]

∆s1 =
1

∆s2
=

C11−C12

2C44
=

c′

C44
. (24)

It is required by equation (24) that ∆s1 must be unity for
isotropic crystals. The pressure dependences of ∆s1 at pres-
sures up to 65 GPa are shown in Fig. 5. It is seen that ∆s1

descends with the increase of pressure, which is attributed to
the fact that c′ is greatly affected by pressure.

Figure 3 shows the pressure dependences of the sound
velocities, the lines are the third-order polynomial fitting to
the results. It is found that YH2 has low anisotropy in both
longitudinal and shear-wave velocities. Both the longitudinal
velocities along the directions [110] and [111] monotonically
increase with the increase of pressure, starting from zero pres-
sure, while the shear-wave velocities along the directions [110]
and [111] move slightly downward instead of upward. How-
ever, the behaviors of sound velocities for the [100] propaga-
tion direction are just the reverse scenario.
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Fig. 3. Calculated pressure dependences of the sound velocities in YH2.

3.4. Elastic anisotropy factor

As is well known, a superhard material must preferably be
isotropic, otherwise it would deform preferentially in a given
direction.[39] In other words, microcracks are easily induced in
the material due to the significant elastic anisotropy.[40] Hence,
it is important to calculate elastic anisotropy in order to predict
new hard materials and improve their mechanical durability
values. The elastic anisotropy of a crystal is the orientation de-
pendences of the elastic moduli or sound velocities. A proper
description of an anisotropy behavior has important implica-
tions in engineering science as well as in crystal physics.[41]

For cubic crystals, the elastic anisotropy factor is expressed as

A =
2C44

C11−C12
= ∆s2, (25)

which is unity for an isotropic crystal and any value of A ei-
ther smaller or greater than unity corresponds to the degree
of elastic anisotropy possessed by the crystal. For an isotropic
crystal, GV given by equation (7) and GR given by equation (8)
from the Voigt and Reuss assumptions represent the theoreti-
cal maximum and minimum limits of the true shear modulus
for the isotropic polycrystalline aggregate, respectively.[42] In
the following, we extract the two limiting shear moduli GV

and GR and take the difference between them as a measure of
the elastic anisotropy. This difference in terms of Ci j is[42]

GV−GR =
3
5
(2c′−2C44)

2

6c′+4C44
. (26)

It is noted that the numerator is zero for isotropic materi-
als; namely, GV = GR. For highly anisotropic crystals, how-
ever, the difference (GV−GR) would be considerably propor-
tional to the magnitude of the elastic anisotropy possessed by
the crystal.

Then, a new dimensionless quantity A∗ is introduced such
that[42]

A∗ = (GV−GR)/(GV +GR), (27)
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or in terms of Ci j, A∗ is transformed as follows:

A∗ =
3(2c′−2C44)

2

12c′2 +76c′C44 +12C2
44
. (28)

Dividing each term of both denominator and numerator
by c′2 and rearranging the result, equation (28) turns into

A∗ =
3(A−1)2

3(A−1)2 +25A
. (29)

Equation (29) is an important result of the present analy-
sis and it describes the degree of elastic anisotropy for cubic
crystal. We can know that A∗ is always positive and a single-
valued measure of the elastic anisotropy presented in crystal.
Furthermore, A∗ (in percent) just gives the relative magnitude
of the elastic anisotropy presented in crystal. In our work, we
find the elastic anisotropy specified by equation (29) is 4.94%
for YH2 at zero pressure, and the degree of anisotropy in-
creases with rising pressure, as shown in Fig. 4. Taking the
crystal of NbN with rock-salt structure as an example, its elas-
tic anisotropy calculated from the elastic constants (at 0 GPa)
is 16.87%;[43], thus one may conclude form this that YH2 ex-
hibits lower anisotropy than NbN. This conclusion is in accor-
dance with the actual data on the orientation-dependent shear
moduli in these crystals.

The use of a normalized elastic constant C′i j that enables
us to investigate elasticity in more detail is another way to es-
timate elastic anisotropy. The C′i j is defined by dividing a spe-
cific elastic constant with the bulk modulus as[44]

C′i j =
Ci j

B
=

3Ci j

(C11 +2C12)
. (30)

In an elastically ideal cubic crystal (the isotropic Cauchy
solid), the conditions C′11 = 1.8, C′12 = 0.6, C′44 = 0.6 are sat-
isfied at zero pressure.[44] We find that our values of C′11, C′12,
and C′44 are 1.48, 0.76, and 0.69, respectively, which slightly
deviates from the ideal values. These small deviations clearly
highlight low elastic anisotropy.
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3.5. Thermodynamic properties

In order to investigate the thermodynamic properties of
YH2, we employ the quasi-harmonic Debye model,[13] in
which the non-equilibrium Gibbs function G∗(V ;P,T ) can be
written as follows:

G∗(V ;P,T ) = E(V )+PV +Avib(Θ(V );T ), (31)

where E(V ) is the total energy per unit cell, P is the constant
hydrostatic pressure condition, Θ(V ) is the Debye tempera-
ture, and Avib is the vibrational Helmholtz free energy, which
can be written using the quasi-harmonic approximation[11] and
Debye model of phonon density of states as[13,45–47]

Avib(Θ ;T ) = nKT
[

9
8

Θ

T
+3In

(
1− e−Θ/T

)
−D

(
Θ

T

)]
, (32)

where n is the number of atoms per formula unit, D(Θ/T ) is
the Debye integral. And, for an isotropic solid, Θ can be taken
as[46]

Θ =
h̄
K

[
6π

2V 1/2n
]1/3

f (σ)

√
BS

M
, (33)

where M is the molecular mass per unit cell, f (σ ) is given in
Refs. [48] and [49], Poisson σ is taken to be 0.25,[50] BS de-
notes the adiabatic bulk modulus, which is approximated by
the static compressibility and expressed by[13]

BS ≈ B(V ) =V
(

d2E(V )

dV 2

)
. (34)

Therefore, the non-equilibrium Gibbs function G∗(V ;P,T ) as
a function of V , P, and T can be minimized with respect to
volume V by taking[

∂G∗ (V ;P,T )
∂V

]
P,T

= 0. (35)

The heat capacity Cv and the thermal expansion coeffi-
cient α are given by[51]

Cv = 3nk
[

4D
(

Θ

T

)
− 3Θ/T

e(Θ/T )−1

]
, (36)

α =
γCV

BTV
, (37)

where γ is the Grüneisen parameter, which is defined as

γ =− dlnΘ (V )

dlnV
. (38)

Using the above methods, the thermodynamic properties
of various substances have been successfully predicted.[52–55]

In our work, the thermodynamic properties of a YH2 are deter-
mined in a temperature from 0 K to 2400 K, where the quasi-
harmonic model remains fully valid. The pressure effect is
investigated in a pressure range from 0 GPa to 65 GPa. Fig-
ure 5(a) shows the variations of (V –V0)/V0 with pressure at
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different temperatures, and figure 5(b) displays the relation-
ships between (V –V0)/V0 and temperature at different pres-
sures, where V0 is the cell volume at P = 0 and T = 0. It
is clearly seen that, when (V –V0)/V0 > 0, the cell volume is
expanded, while (V –V0)/V0 < 0 indicates that the cell is com-
pressed. The absolute value of (V –V0)/V0 is the volume vari-
ation of the crystal cell volume. As is well known, tempera-
ture can expand a cell and pressure can suppress this effect;
in other words, the effects of temperature and pressure on the
cell are opposite. From Fig. 5, we can see that (V –V0)/V0 de-
creases with the increase of pressure, and increases with the
rise of temperature at zero pressure. While at a given pres-
sure, a higher temperature will make the cell expansion eas-
ier. When the temperature is 2400 K, just 3.91 GPa of pres-
sure can restrain the volume expansion caused by temperature:
cell volume is still V0, which suggests that the volume varia-
tion is more sensitive to pressure. Figure 5(b) shows that the
crystal lattice expands evidently at high temperature with low
pressure. However, the expanding effect is suppressed and the
variation is restrained as the pressure increases. That is to say,
the thermal effect is suppressed at high pressure. The result is
consistent with that in Fig. 5(a).
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Fig. 5. Variations of (V –V0)/V0 with pressure P at different tempera-
tures (a) and temperature T at different pressures P (b), where V0 is the
cell volume at P = 0 and T = 0.

The variations of heat capacity and thermal expansion
with temperature at different pressures are depicted in Fig. 6.
The relevant investigation on heat capacity of crystals is an

old topic of condensed matter physics. Knowledge of the heat
capacity of a substance not only provides an essential insight
into the vibrational properties, but also possesses many ap-
plications. Two well-known limiting cases are correctly pre-
dicted by the standard elastic continuum theory.[56] At high
temperatures, the constant-volume heat capacity Cv tends to
the Petit and Dulong limit.[57] At sufficiently low tempera-
tures, Cv is proportional to T 3.[57] At intermediate tempera-
tures, however, the temperature dependence of Cv is governed
by the details of vibrations of the atoms. In Fig. 6(a), Cv in-
creases as temperature increases at a given pressure, and de-
creases as pressure rises at a given temperature. It is noted
that, when T < 400 K, Cv increases sharply with rising tem-
perature, which is due to the harmonic approximation of the
Debye model. However, when temperature goes up to 400 K,
the increase gradually slows down and Cv tends to the Dulong–
Petit limit (≈ 74.65 J·mol−1·K−1), which is common to all
solids at high temperatures.
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Fig. 6. (a) Plots of heat capacity versus temperature at different pres-
sures. (b) Plots of thermal expansion versus temperature at pressures in
a range of 0–65 GPa.

The curves of thermal expansion coefficient α–T are plot-
ted in Fig. 6(b), showing that when temperature T is below
400 K, α rises rapidly with the increase of temperature, espe-
cially at zero or low pressure, and then the ascending tendency
becomes weaker at high temperatures. At a certain tempera-
ture, the thermal expansion α decreases with the increase of
pressure, and α under higher pressure is smaller, which is ab-
solutely consistent with the scenario in Fig. 6(b). Moreover,
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when the pressure P = 65 GPa, T > 600 K, α hardly changes
any more, which means that under high pressure the effects of
temperature on the thermal expansion of YH2 are suppressed.
Finally, we predict that the expansion coefficient α of fcc YH2

is approximate to 1.71×10−5 K−1 at 400 K and 0 GPa.

4. Conclusions
In this paper we have investigated the mechanical and

thermodynamic properties at different pressures and temper-
atures by plane-wave pseudopotential density functional the-
ory (DFT) and the quasi-harmonic Debye model. The equi-
librium lattice parameters are consistent with a few available
experimental values and other theoretical data. According to
Born–Huang criteria for mechanical stability, it is found that
the crystal structure of YH2 is stable at pressures less than
67.1 GPa, and the elastic constants calculated from strain-
induced stresses method at pressures ranging from 0 GPa to
67.1 GPa are presented. The compressibility coefficient K and
ratio B/G of YH2 are 11.61×10−3 GPa−1 and 1.89 at 0 GPa,
respectively, which indicates that YH2 is a potentially com-
pressible and ductile material. The pressure dependences of
isotropic wave velocities and sound velocities are also dis-
cussed. The Debye temperature decreases monotonically with
the increase of pressure, and YH2 has low anisotropy in both
longitudinal and shear-wave velocities. The low dimension-
less quantity A∗ and small deviations from the ideal values of
normalized elastic constants C′i j at zero pressure suggest the
low elastic anisotropy of YH2. In addition, we carry out a
study of the thermodynamic properties by the quasi-harmonic
Debye model. The heat capacity Cv is proportional to T 3 at
sufficiently low temperatures, and it is close to the Dulong–
Petit limit (≈ 74.65 J·mol−1·K−1) at high temperatures. Fur-
thermore, the thermal expansion α rises as temperature in-
creases, and the ascending trend becomes weaker at high tem-
peratures. We predict that the thermal expansion coefficient α

of YH2 is 1.71×10−5 K−1 at 0 GPa and ambient temperature.
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