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We investigate the elastic and the thermodynamic properties of nanolaminate VoGeC by using the ab initio

pseudopotential total energy method. The axial compressibility shows that the c¢ axis is always stiffer than the a axis.

The elastic constant calculations demonstrate that the structural stability is within 0-800 GPa. The calculations of

Young’s and shear moduli reveal the softening behaviour at about 300 GPa. The Possion ratio makes a higher ionic

or a weaker covalent contribution to intra-atomic bonding and the degree of ionicity increases with pressure. The

relationship between brittleness and ductility shows that VoGeC is brittle in ambient conditions and the brittleness

decreases and ductility increases with pressure. Moveover, we find that V2GeC is largely isotropic in compression and

in shear, and the degree of isotropy decreases with pressure. The Griineisen parameter, the Debye temperature and the

thermal expansion coefficient are also successfully obtained for the first time.
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1. Introduction

The M, +1AX,, phases, where M is an early tran-
sition metal, A is an A-group element (mostly ITTA
or IVA elements), X is either C or N, and n varies
from 1 to 3, have attracted more and more atten-
tion in recent years due to the fundamental properties
usually associated with metals and ceramics.[!] Gener-
ally, the M,,;1AX,, phases are machinable, exhibiting
good damage tolerance, have excellent thermal shock
resistance and good corrosion resistance. In addition,
they are usually good thermal and electrical conduc-
tors. Their excellent electronic properties are com-
parable or even superior to those of the constituent
transition metals. The unique combination of metal-
lic and ceramic properties, including high strength and
stiffness at high temperatures, resistance to oxidation
and thermal shock, as well as high Young’s modulus,
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low hardness and ultra-low solid friction coefficient,
is promising for high-temperature and high-pressure
applications.!!

Under pressure, elements become denser as the
atoms and molecules get closer together and the oc-
cupied volume decreases: non-metals turn into met-
als and even superconductors./?) Under high pressure,
the light alkali elements Li®! and Nal¥ experience un-

usual metal-to-semiconductor transition.
(4]

Moreover,
the transparent dense sodium!® is particularly striking
as it challenges traditional theory. As is well known,
the structural parameter of a M atom (M,;+1AX,)
shifts with pressure and thus presents a different vari-
ation mechanism from that of the other hexagonal lat-
tice with a similar structure. The shift of the M atom
along the ¢ axis might also contribute to the stiffness
of the ¢ axis.

Despite the numerous theoretical and experimen-
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tal studies devoted to Mo A X phases,®! only a few have
been fully studied. It is worthwhile to know the effects
of high temperature and high pressure on physical

properties. Experimentally, Manoun et al.l%

recently
measured the compression behaviour of VoGeC under
50 GPa.

devoted to the electronic and the elastic properties
[7,8]

Theoretically, there were only two studies
of VoGeC using ab initio. In order to fully take
advantage of the properties of VoGeC for technologi-
cal applications, a more detailed theoretical investiga-
tion of the structural, electronic and elastic properties
under high temperature and high pressure is neces-
sary. First-principles calculations offer one of the most
powerful tools for carrying out theoretical studies of
these properties.[39~18] Therefore, we here give a more
detailed elastic and thermodynamic prediction under
high temperature and high pressure for the first time.

2. Computational method

In the electronic structure calculations, we use the
Vanderbilt-type'? ultrasoft pseudopotential density
functional theory with a generalized gradient approxi-
mation (GGA)2%21 for the PerdewBurkeErnzerhof
(PBE) exchange-correlation functionals. Consider-
ing the computational cost, a plane-wave basis set

with an energy cut-off of 310.0 eV is adopted,

and the 10x10x2 Monkhorst—Pack mesh is used
for the Brillouin-zone k-point sampling.??/ Pseudo
atomic calculations are performed for V 3s? 3p% 3d°
4s?, Ge 4s? 4p? and C 2s% 2p?, where the self-
consistent convergence of the total energy is set to
be 5.0x10~7 eV per atom. All the electronic calcula-

tions are performed using the Cambridge Serial Total
Energy Package (CASTEP).[?3:24]

3. Results and discussion

3.1. Lattice parameter

VoGeC crystallizes into the P63/mmc (194) space
group and there are 8 atoms in one unit cell, the V
atoms are located at (1/3, 2/3, z), the Ge atoms (1/3,
2/3, 3/4) and the C atoms (0, 0, 0). Thus, the stable
geometry can be uniquely determined by the lattice
constants a (b = a) and ¢, as well as the structural
parameter z. The optimized stable geometry has lat-
tice parameters a = b = 2.9985 A and ¢ = 12.2582 A,
which are consistent with the experimental data and
theoretical values. The optimized structural parame-
ter z of V atom is also in agreement with the experi-
mental data and theoretical results, as shown in Table
1. The excellent agreement further validate the se-
lected theoretical methods, thereby ensuring the cor-
rectness of the present first-principles computations.

Table 1. The values of lattice parameter, elastic properties C;, bulk modulus B, shear modulus G, Young’s

modulus F, Possion’s ratio o and density p.

Present Exp. Ref. [25] Ref. [8] Ref. [7]
3.038+0.005[6]
a/A 2.9985 3.0[1,26] 2.999 3.0028 2.9834
3.001[27]
12.1124-0.009(¢!
c/A 12.2582 12.25[1,26] 12.255 12.2252 12.0169
12.2601[27]
z 0.0876 0.0899(27] 0.0889 0.0899
165+216]
Bo/GPa 183(163) 201.9127] 185
202.2[27]
4l6]
B’ 4.37(4.12) 4.02127] 4.59
4[27]
C11/GPa 302 279.8 282
C33/GPa 308 258.4 259
C14/CGPa 145 162.5 160
C12/GPa 99 120.3 121
C13/GPa 132 140.2 144
B/GPa 181 179.8 182.3
G/GPa 112 100.5 99.5
E/GPa 278 254.1 252.6
o 0.244 0.265 0.269
p/g-cm™3 6.49 6.88[1,26] 6.67

Note: the values of bulk modulus By and its first-order derivative B’ are fitted to the third-order Birch-Murnaghan equation
of statel?8] in the pressure ranges of 0-60 GPa (183, 4.37) and 0-1000 GPa (163, 4.12), respectively.
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By fitting the pressure (P)-volume (V) data
to the third-order Birch-Murnaghan equation of
state,[?®] we obtain the bulk modulus and its pres-
sure derivative at 0 K (see Table 1). Note that the
fitted results depend on the selected pressure—volume
range, for example, our fitted bulk modulus and its
first-order deviate are 183 and 4.37 within 0-60 GPa,
whereas the values change to 163 and 4.12 within 0-
1000 GPa with all correlation coefficients being larger
than 0.999. The fitted results together with the struc-
tural parameter variations with pressure are plotted
in Fig. 1. From Fig. 1, we see that our calculated
volume compressibility agrees with the experimental
data.l8! For better understanding the volume varia-
tions with pressure, we extend the compression range
to 1000 GPa and obtain the least square fit as follows:

V/Vy = 0.99842 — 0.00496 P 4 4.45974 x 1075 P?
—2.94568 x 1077 P3 +1.22427 x 1072 P4,
R? = 0.99996,

z = 0.08766 + 1.70272 x 10~*P
—1.90923 x 107°P% +1.36149 x 10°8P3
—5.82638 x 10~ P4,
R? = 0.9996,

where Vj is the lattice volume at zero temperature and
pressure, and R is the correlation coefficient.
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Fig. 1. (colour online) Equation of state of VoGeC and
the variation of structural parameter z of the V atom (the
insert small figure) with pressure, with the experimental
data cited from Ref. [6].

Over the last few years, much effort has been
made to try to understand the axial compressibility
to reveal the interatomic bonding along the a and ¢
axes. For the most part, the relative shrinkage along
the c-direction with pressure is greater than that along

the a-direction. Our detailed calculations over a wide
pressure range show that c axis is always stiffer than
a axis, which is shown in Fig. 2. For a better under-
standing of the axial variations with pressure we ex-
tend the compression range to 1000 GPa and obtain
the least square fit as follows:

a/ag = 0.99947 — 0.00177P + 1.27385 x 10~ P?
—8.20008 x 1078 P3 +3.45505 x 1010 P*,
R? = 0.9996,
c/co = 0.99951 — 0.00141P + 1.29785 x 10~° P?

—7.04042 x 1078 P? + 2.169221 x 107104,
R? = 0.9996,

where ag and ¢y are the lattice parameters at zero
temperature and pressure.
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Fig. 2. (colour online) Axial compressibilities of V2GeC
varying with pressure. Insert shows the axial compresibil-
ities of V2GeC in the pressure range of 1000 GPa.

3.2. Elastic properties

For deep understanding of the stiffness of the ¢
axis we need to study its elastic properties extensively.
Elastic constants determine the response of the crystal
to applied forces and play an important role in describ-
ing the mechanical properties of solid material. The
elastic properties of a solid are closely related to many
fundamental solid-state properties, such as the equa-
tion of state, specific heat thermal expansion, Debye
temperature, and the Griineisen parameter. From the
elastic constants, one can obtain important informa-
tion about the binding characteristics, the anisotropic
feature, and the structural stability. Our calculated
elastic constants are listed in Table 1 and Fig. 3, from
which we can see that the five independent elastic con-
stants agree well with other theoretical results. To
reveal the high-pressure response of the elastic con-
stants, we investigate the elastic constants under the
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pressure of 800 GPa and the relevant results are shown
in Fig. 3. According to the well-known elastic stability

criteria,?? i.e.,

Cig > 0, 033 >0, (011 — 012)/2 > 0, Cya > 0,
(C11 4 C12)C33 — 2CT5 > 0, (1)

it is found that V,GeC is mechanically stable up to
800 GPa. From the detailed analysis we find that
the stability decreases, because the value of C11—-C1s
gradually approaches zero at about 550 GPa. More-
over, the five elastic constants present almost linear
dependence on applied pressure. However, C33 varies
rapidly but Cy4 changes slowly with pressure com-
pared with Cy1, C12 and Ci3.
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Fig. 3. (colour online) The elastic constants of V2GeC
varying with pressure. The insert shows the elastic con-
stants of V2GeC in the pressure range of 150 GPa.

The mechanical anisotropy of VoGeC can be eval-
uated from the bulk moduli along the a and ¢ axes (B,

and B,), respectively[3"]

dp A

B, =a— = 2

a ada 2+ a’ ()
dp B,

B.=c— = —, 3
cdc o (3)

A=2(C11 + Cr2) +4C130+ C30?,  (4)
oy Ci+ Ci2 —2Ch3
Cs3 —Chg

The calculated B, and B, values against pressure are
presented in Fig. 4, which clearly show that B, is al-
ways larger than B,, and B, increases linearly over
a large pressure range, whereas B, increases linearly
only at low pressure and has some evident peaks at dif-
ferent pressures. Moreover, the discrepancy increases

with pressure, the larger B, at high pressure is con-

sistent with the stiffness of ¢ axis.
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Fig. 4. (colour online) Anisotropic axial bulk moduli of
V2GeC varying with pressure.

To evaluate the elastic anisotropy of VoGeC, we
calculate its anisotropies in compression and shear,3!]

respectively, as

By — Br

Aoy = =Y 2R
comp BV n BR, (6)
Gv — Ggr
As ear — ) 7
: Gv + Gr (™)

where B and G are the bulk modulus and the shear
modulus, respectively, and the subscripts V and R
denote the Voigt approximation and the Reuss ap-
proximation respectively. The value 1 means that the
crystal shows the maximal anisotropy and the value
0 represents isotropic properties. The calculated val-
ues of Acomp and Agpear for VoGeC are 0.275% and
2.679%, respectively. Obviously, VoGeC is greatly
isotropic in compression and in shear, but the degree
of isotropy decreases with pressure, particularly for
the shear property, as shown in Fig. 5.

0.8
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Fig. 5. (colour online) Elastic anisotropy of VoGeC ver-
sus pressure.

According to the obtained elastic constants, we
further study the Young’s modulus, bulk modulus,
Léame coefficient and shear modulus, and the relevant

036301-4



Chin. Phys. B Vol. 21, No. 3 (2012) 036301

results are shown in Fig. 6. It is found that the bulk
modulus and Lame coefficient increase linearly with
pressure, whereas the Young and shear moduli present
the same tendency with pressure. Moreover, they dis-
play a certain softening behaviour under certain pres-
sures, particularly at 300 GPa. Generally, these phe-
nomena imply the possibility of the structural insta-
bility, and we attribute this softening behaviour to
the elastic variation. Importantly, we find that the
shear moduli obtained using different methods (Voigt,
Reuss and Hill estimations) present significant differ-
ences under high pressure, differing from the case of
the bulk modulus. Despite the different responses to
the external pressure, they show a similar variation
tendency, implying little difference in describing the
stress—strain relationship.
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Fig. 6. (colour online) Young’s moduli (a), bulk moduli,
Lame coefficients (Y') (b) and shear moduli (c¢) varying
with pressure.

For covalent and ionic materials, the typical re-
lations between bulk modulus and shear modulus are
G = 1.1B and G = 0.6B, respectively. For our case
the calculated values of G/B are in a range from
0.6165 at 0 GPa to 0.1565 at 800 GPa as shown in
Fig. 7, indicating that the ionic bonding is more suit-
able for VoGeC in ambient conditions and the degree
of ionicity rises with pressure. To evaluate material
ductility or brittleness, Pugh et al.[?®] introduced the
B/G ratio,®? stating that the material is brittle if
the ratio is less than the critical value (1.75) or the
material is ductile if the ratio G/B is below 0.57. Tt
is evident from Fig. 7 that our calculated samples are
brittle (B/G = 1.62) at zero pressure, whereas they
will turn ductile under lower pressure and the degree
of ductility rises under high pressure. Moreover, the
present B/Cy4 is 1.2528, within the typical members

of MAX phases 1.2-1.7, and the value of B/Cy44 will
be increased to 2.3817 at 800 GPa.
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Fig. 7. (colour online) Brittleness and ductileness of

V2GeC versus pressure.

3.3. Thermodynamic properties

The thermodynamic properties of VoGeC can
be obtained by the quasi-harmonic Debye model, in
which the phonon effects are considered, and the cal-
culated details can be seen elsewhere.!33] The Debye
temperature is a fundamental parameter of a mate-
rial, related to many physical properties such as spe-
cific heat, elastic constants, and melting point.[** The
Debye temperatures under various temperatures and
pressures are presented in Fig. 8. Our calculated De-
bye temperature at T' = 0 K is 671 K, which is slightly
larger than the theoretical result 565 K.I”) Consider-
ing the better agreement of the present lattice param-
eters with the experimental data, we thus rationally
conclude that our results are more accurate. From
Fig. 8, we can obtain the following results. (i) When
the temperature keeps constant (0, 300, 600, 1100 K),
the Debye temperature almost increases linearly with
pressure. Moreover, the Debye temperature at 1100 K
is slightly lower than that at 0 K, and the discrep-
ancy seems to be ignorable. (ii) When the pressure
keeps constant (0, 30, 60, 180 GPa), the Debye tem-
perature almost decreases linearly with temperature.
Moreover, the Debye temperature increases with pres-
sure and the increment is weakened in the same pres-
sure range. Again, it is found that the Debye temper-
ature decreases very slowly with temperature under
high pressure. The present investigations demonstrate
that the Debye temperature shows a strong pressure

dependence but a weak temperature dependence.
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Fig. 8.
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(colour online) Debye temperatures of VoGeC

From the analysis of the Griineisen parameter -y
shown in Fig. 9, we can obtain the following results. (i)
When the temperature keeps constant, the Griineisen
parameter almost decreases linearly with pressure,
and the discrepancy between different temperatures
under the same pressure is very small, particularly un-
der high pressure, which is consistent with the case of
the Debye temperature. (ii) When the pressure keeps
constant, the Griineisen parameter almost increases
linearly with temperature, and the Griineisen param-
eter exhibits a weak temperature dependence under

high pressure.

2.2F (2) (b) 122
—=—0K 0 GPa
—o—300 K 1

2.0 —A— 600 K 420
—v— 1100 K

30 GPal
b-o-o-0-0-00000090 {3
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—41.6
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Fig. 9. (colour online) Griineisen parameter of VoGeC
versus (a) pressure and (b) temperature separately.

From the investigations of the thermal expansion
coefficient o shown in Fig. 10, we can obtain the fol-
lowing results. (i) When the temperature keeps con-
stant (0, 300, 600, 1100 K), the thermal expansion
coeflicient decreases rapidly and the pressure depen-
dence decreases. Moreover, the discrepancy between
the results obtained at 600 K and 1100 K is small and
the high temperature response is rapidly reduced. (ii)
When the pressure keeps constant, the thermal expan-
sion coefficient « increases rapidly at low temperature
and the increasing trend becomes gentler. The effect
of pressure on thermal expansion coefficient is larger

at low temperature than that at high temperature.
Further analysis of Fig. 10 indicates that the thermal
expansion coefficient is subjected to a rapid change un-
der low temperature (below 600 K) and pressure (be-
low 30 GPa), and the lower the temperature/pressure,
the faster the variation of thermal expansion coeffi-
cient. It can be found that the thermal expansion
coefficient converges to a constant value under high
temperature and pressure. Figure 10 shows its tem-

perature and pressure dependences.
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—e— 300 K
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1. 41.0
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0.5 180 GPado.5

0 1 1 1 1 O
0 200 400 200 600 1000

Pressure/ GPa Temperature/K

Fig. 10. (colour online) Thermal expansion coefficients
of VoGeC versus (a) pressure and (b) temperature sepa-

rately.

Poisson’s ratio is generally used to quantify the
stability of the crystal against shear and provides more
information about the characteristics of the bonding
forces than elastic constant. Usually it ranges from
—1 to 0.5, and the value of Poisson’s ratio for covalent
material is small (o = 0.1), whereas for ionic material
a typical value of o is 0.25.13%] In our cases the values
of o for VoGeC vary from about 0.2443, which is con-
sistent with the theoretical value 0.2650 or 0.269,7)
to 0.4256 within 0-800 GPa, which is shown in Fig. 11.
Thus, a higher ionic or weaker covalent contribution to
intra-atomic bonding for VoGeC should be assumed.

0.34

0.32

0.30

0.28

0.26

0. 24 1 1 1 1 1 1 1 1 1 1 1 1 1 1
60 80 100 120 140
Pressure/GPa

Fig. 11. Possion’s ratio of VoGeC as a function of pres-
sure.
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4. Conclusion

The V,GeC is comprehensively investigated for
the first time in this paper. From the investigations
we obtain the following conclusions.

1) Our calculations show that the ¢ axis is al-
ways stiffer than a axis over a wide pressure range
of 0-1000 GPa, which is confirmed by the axial bulk
modulus.

2) Study on elastic constants demonstrates that
the VoGeC is stable under pressure up to 800 GPa
and no phase transition is observed.

3) Study of elastic modulus indicates that the
bulk modulus and Lame coefficient increase linearly
with pressure, where the Young and shear moduli dis-
play certain softening behaviours at about 300 GPa,
implying a structural change.

4) Study of Possion’s ratio shows that a higher
ionic or weaker covalent contribution to intra-atomic
bonding for VoGeC should be assumed and the ionic
nature increases with pressure increasing. Moreover,
the B/G, G/B and B/Cy4 also reveal that VoGeC is
brittle in ambient conditions, whereas the brittleness
decreases and ductility increases with pressure.

5) The analyses of Debye temperature, Griineisen
parameter, and thermal expansion coefficient indicate
that the former two have a strong pressure dependence
but a weak temperature dependence; the latter shows
a strong pressure and temperature response.
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