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Abstract

The electronic structure and elastic properties of the ternary layered carbide V3GeC2 were investigated by
the first-principle plane-wave pseudopotential total energy calculation method based on density functional
theory. It is found that the computed P63/mmc lattice constants and internal coordinates are a = 2.9636 Å, c =
17.2256 Å and zV2 = 0.1325, zC = 0.5712, respectively. The predictable cohesive energy of V3GeC2 reflects that
it could be a stable Mn+1AXn phase like Ti3GeC2 and V2GeC, while the band structure shows that the V3GeC2
has anisotropic electrical conductivity, with a high density of states at the Fermi energy. The V3GeC2 exhibits
potential anisotropic elastic properties, as well as self-lubricating and ductile behaviour, related to the V–Ge
bonds being relatively weaker than the V–C bonds.
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I. Introduction

Recently, much attention has been devoted to the
Mn+1AXn phases (M = early transition metal, A = IIIA
or IVA element, X = C and/or N) due to their promising
combination of the merits of both metals and ceram-
ics [1–7]. Experimental and theoretical studies on the
synthesis and properties of Mn+1AXn phases, both bulk
materials and films, attracted great interest [8–10]. Sub-
sequently, many new phases have recently been exper-
imentally and theoretically studied, e.g. Ti3GeC2 [10],
Ti4SiC3 [11], Ti4GaC3 [12–14], V4AlC3 [15], Ta2AlC
[16,17], Nb4AlC3 [18], Ta4AlC3 [18,19] and so on.

To our knowledge, the Mn+1AXn phases contain-
ing the transition metal vanadium were confirmed ex-
perimentally or theoretically as V2GeC [4,8,20,21],
V2AlC [16,22–24] and V4AlC3 [15,24]. Kerdsongpa-
nya et al. [25] proved the existence of (Ti,V)3GeC2
and (Ti,V)4GeC3 phases using experimental results on
the nucleation and growth of (Ti,V)n+1GeCn thin films.
It was also reported that previously unknown V3GeC2
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phase can be partially stabilized through alloying with
Ti. However, experimental report and more detailed the-
oretical studies on V3GeC2 are lacking. Thus, in this
work we present a prediction study on the crystal struc-
ture, electronic and elastic properties of V3GeC2 by us-
ing the first-principle calculations, as well as the V2GeC
phase for comparison. The obtained optimized lattice
constants and internal coordinate are in good agree-
ment with the trend of experimental and calculated val-
ues of related Mn+1AXn phases. It is also predicted that
V3GeC2 could be a stable Mn+1AXn phase under a cer-
tain condition and exhibits a potential self-lubricating
and ductile properties and anisotropic conductivity.

II. Computational details

The lattice parameters optimization and ground states
electronic structure of V3GeC2 were calculated by us-
ing the standard CASTEP code [26], which is a plane-
wave pseudopotential total energy calculation method
based on density functional theory (DFT) [27]. The
plane wave energy cut off and the Brillouin zone sam-
pling were fixed at 450 eV and 10×10×2 special k-
point meshes, respectively. Interactions of electrons
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with ion cores were presented by the Vanderbilit-
type ultrasoft pseudopotential [28]. The electronic
exchange-correlation energy was performed accord-
ing to Perdew-Wang generalized-gradient approxima-
tion (GGA-PW91) [29]. Broyden-Fletcher-Goldfarb-
Shanno (BFGS) [30] minimization scheme was used
to minimize the total energy and internal forces. For
the geometry optimization, the tolerances of the dif-
ference in total energy, the maximum ionic Hellmann-
Feynman force, the maximum ionic displacement and
the maximum stress were set to within 5×10-6 eV/atom,
0.01 eV/Å, 5×10-4 Å and 0.02 GPa, respectively. The
elastic coefficients, as reported by Milamn et al. [31],
were determined by applying a set of given homoge-
neous deformations with a finite value and calculating
the resulting stress with respect to optimizing the in-
ternal atomic freedom, with a maximum strain value of
0.3%. Then the elastic stiffness was determined by a lin-
ear fit of the calculated stress as a function of strain.
The criteria for convergences of optimization on atomic
freedom was set as the difference in total energy, the
maximum ionic Hellmann-Feynman force, and the max-
imum ionic displacement being within 1×10-6 eV/atom,
0.002 eV/Å, and 1×10-4 Å.

III. Results

3.1. Crystal structure

Crystal structures of V3GeC2 and V2GeC with hexag-
onal P63/mmc space group are shown in Fig. 1. The
calculated lattice constants, internal coordinates, den-
sity of states (DOS) at the Fermi energy, cohesive en-
ergy and density of states for V3GeC2 and V2GeC are
listed in Table 1. The values for the lattice constants
and internal coordinates for V3GeC2 are a = 2.9636 Å,
c = 17.2256 Å and zV2 = 0.1325, zC = 0.5712, re-
spectively, which is only slightly smaller than the val-
ues for Ti3GeC2 [10]. In addition, it is consistent with
the trend observed for (TiV)3GeC2 (experimental data)
[25], Ti3GeC2 (calculated values) [10] and V2GeC [20].
The lattice constants of the related comparable V2GeC
phase are a = 2.9939 Å, c = 12.2415 Å, where c/a
value (4.0888, 4.1070 or 4.0465 [20]) is lower than that
5.8124 for V3GeC2 (Table 1). The total DOS (TDOS) at
the Fermi level (E f ) for V3GeC2 is 9.094 states/eV/unit
cell and for V2GeC is 5.140 states/eV/unit cell, which
suggests that V3GeC2 and V2GeC would be conductive.

The cohesive energy was a measure of the strength of
the forces that bind atoms together in the solid state,
and was very descriptive in studying the phase equilib-
rium. Here, the cohesive energies E

V3GeC2

coh and E
V2GeC
coh

are defined as the total energy of the constituent atoms at
infinite separation minus the total energies of the com-
pounds V3GeC2 and V2GeC respectively:

E
V3GeC2

coh =
6EV

atom + 2EGe
atom + 4EC

atom − E
V3GeC2

total

12
(1)

E
V2GeC
coh =

4EV
atom + 2EGe

atom + 2EC
atom − E

V2GeC
total

8
(2)

where E
V3GeC2

total is the total energy of a V3GeC2 cell

at equilibrium configuration, E
V2GeC
total is the total en-

ergy of a V2GeC cell at equilibrium configuration and
EV

atom, EGe
atom and EC

atom are the pseudo-atomic energies of
the pure constituents, which are calculated in the same
CASTEP code by using the plane-wave basis. Consid-
ering that the cell contains two formulae, six V, two

Figure 1. Crystal structures of V3GeC2 and V2GeC

Table 1. The calculated lattice parameters a (Å), c (Å), internal coordinates zM , zM2 and zc, density of states at the Fermi
energy NE f

(states/eV/unit cell), cohesive energy Ecoh (eV/atm) and density ρ (g/cm3) of V3GeC2, V2GeC [20] and
Ti3GeC2 [10], including the experimental data of (TiV)3GeC2 [25] for comparison

a c c/a zM zM2 zc ρ NE f Ecoh

V3GeC2 2.9636 17.2256 5.8124 - 0.1325 0.5712 6.324 9.094 9.24
(TiV)3GeC2, exp. [25] - 17.4 - - - - - - -
Ti3GeC2, cal. [10] 3.0741 17.697 5.7568 - 0.1338 0.5723 - 4.323 8.778
V2GeC 2.9939 12.2415 4.0888 0.0877 - - 6.519 5.140 8.31
V2GeC, exp. [20] 2.99 12.28 4.1070 - - - - - -
V2GeC, cal. 3.01 12.18 4.0465
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Ge and four C atoms were used in the V3GeC2 cal-
culation and four V, two Ge and two C atoms were
used in the V2GeC calculation. The calculated cohesive
energies of V3GeC2 and V2GeC are 9.24 eV/atom and
8.31 eV/atom, respectively. In order to explore the sta-
bility of the V3GeC2 phase, stability calculations vs. rel-
evant competing phases for the MAX phases are some-

Figure 2. Band structure along the principal high-symmetry
directions in the Brillouin zone of V3GeC2 (the Fermi energy

E f is set to be 0 eV, and is marked by
a horizontal dashed line)

times required, which was reported by Dahlqvist et al.
[32,33]. Herein, compared with the Ecoh of Ti3GeC2
[10] and V2GeC, it is reflected that V3GeC2 could be
a stable Mn+1AXn phase under a certain condition as
shown by the cohesive energy results. This is also in
agreement with the reported experimental data showing
that V3GeC2 can be partially stabilized through alloying
with Ti [25].

3.2. Electronic properties

The band structure of the V3GeC2 within the first
Brillouin zone of the hexagonal lattice is shown in Fig.
2. The valence and conduction bands overlap consider-
ably and there is no band gap at the Fermi level E f , indi-
cating that V3GeC2 exhibit metallic properties. There is
strongly anisotropic character with lower c-axis energy
dispersion, which can be seen from the reduced disper-
sion along the H-K and M-L directions, suggesting it
to be an anisotropic conductivity. The total density of
states (TDOS) and partial density of states (PDOS) of
V3GeC2 are shown in Fig. 3a. It is observed that car-
bon does not contribute to the DOS at the Fermi level
and therefore is not involved in the conduction proper-
ties. The states near and above Fermi energy are mainly
attributed to V-d to V-d interactions and antibonding
states. It can be observed that the lowest valence bands
from -12.5 to -10.1 eV of the TDOS are formed by
the C-s states with a small mixture of V-p,d hybridized

Figure 3. The total density of states (TDOS) and partial density of states (PDOS) for: a) V3GeC2 and b) V2GeC
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Table 2. The calculated second-order elastic constants ci j (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s
modulus E (GPa), Poisson’s ratio ν and shear-modulus-to bulk-modulus ratios G/B

c11 c12 c13 c33 c44 c66 B G E ν G/B
V3GeC2 344 140 137 345 130 103 207 113 266 0.28 0.55
V2GeC 314 108 137 312 147 103 189 114 244 0.36 0.60
Ti3GeC2, cal. [10] 357 94 97 333 143 132 180 134 322 0.20 0.74
(TiV)-Ge-C film, exp. [25] - - - - - - - - 241±15 - -
V2GeC film, exp. [21] - - - - - - - - 189±13 - -

states. The higher valence bands in the range from -9.9
to -7.0 eV are almost entirely formed from Ge-s,p states.
The energy states from -7.0 to -3.2 eV are dominated
by the strong covalent bonding of V-d and C-p states.
There is the band related to weak hybridized V-d and
Ge-p states at the top valence bands, which indicates
the covalent interaction between V-d and Ge-p states.
The total density of states (TDOS) and partial density
of states (PDOS) of V2GeC exhibit the same trend of
electric behaviour and details could be found elsewhere.
The carbon is also not involved in the conduction prop-
erties of V2GeC. V-d to V-d interactions and antibond-
ing states contribute to the states near and above Fermi
energy. The C-s states with a small mixture of V-p,d hy-
bridized states and weak hybridized V-d and Ge-p states
could be found in the V2GeC.

3.3. Elastic properties

The elastic properties of V3GeC2 as well as V2GeC
[21], Ti3GeC2 [10] and (TiV)-Ge-C [25] were predicted
for comparison from the calculated second-order elas-
tic constants ci j, as listed in Table 2. The bulk mod-
ulus B, shear modulus G, Young’s modulus E, Pois-
son’s ratio ν and shear-modulus-to-bulk-modulus ratio
G/B for V3GeC2 are calculated to be 207 GPa, 113 GPa,
266 GPa, 0.28 and 0.55, respectively. It is found that
Ti3GeC2 has higher elastic moduli than V3GeC2, which
indicates that the elastic moduli increase with the Ti–
C slabs. The elastic modulus E of V3GeC2 is related
with that experimental result of (TiV)-Ge-C film [25]
while the small difference may be due to the elastic
recovery of the smaller film indent after indentation.
Anisotropy factor A = c33/c11 suggests that the V3GeC2
is an anisotropic material, related to the V–Ge bonds be-
ing relatively weaker than the V–C bonds. Typical Pois-
son’s ratio ν is used to be 0.1 for covalent materials, 0.25
for ionic materials and 0.33 for metallic materials [34].
The calculated value of ν for V3GeC2 is 0.28 at 0 GPa,
which indicates a higher metallic and ionic (or weaker
covalent) character, whereas the calculated Poisson’s ra-
tio ν for V2GeC is 0.36, which exhibits a higher metal-
lic (or weaker ionic and covalent) character. Compared
with the typical relations between bulk and shear mod-
uli G ≈ 1.1B for covalent material and G ≈ 0.6B for
ionic material [35], it is indicated that the ionic bond-
ing is more suitable for V3GeC2 (G = 0.55B) at ambi-
ent conditions. According to the G/B ratio introduced
by Pugh [36], the material is brittle if the ratio is less
than the critical value (1.75) or ductile if the ratio G/B

is below 0.57. It is found that our calculated V3GeC2 is
ductile (G/B = 0.55) at zero pressure, which indicates
that the M-site metal affects the ductility of Mn+1AXn
phases (Ti3GeC2, G/B = 0.74).

IV. Conclusions

In this paper, we have studied the crystal structure,
electronic properties and elastic properties of V3GeC2
using a plane-wave pseudopotential total energy calcu-
lation method. The calculated predicted results for the
lattice constants are in good agreement with the trend of
the experimental and calculated results. The bulk mod-
ulus, shear modulus, Young’s modulus, Poisson’s ratio
and shear-modulus-to-bulk-modulus ratio are predicted
to be 207 GPa, 113 GPa, 266 GPa, 0.28 and 0.55, respec-
tively. The band structure shows that the V3GeC2 has
anisotropic electrical conductivity with a high density
of states at the Fermi energy. The weaker V–Ge bond
in V3GeC2 results in the lower shear-modulus-to-bulk-
modulus ratio, which indicates the self-lubricating, duc-
tile and anisotropic elastic properties.
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