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Abstract

Structural and electronic properties of Ti3Si0.5Ge0.5C2 under pressure up to 80 GPa
are studied by means of first principles calculation based on density functional the-
ory (DFT). The total energy, lattice parameters and atomic positions are employed
to investigate the structural changes under pressure. Within the local density ap-
proximation (LDA) used in the calculation, the obtained equilibrium volume and
the bulk modulus are in good agreement with the experimental values. The com-
pression is almost isotropic up to 15 GPa, but above this pressure a certain degree
of anisotropy appears. The calculated electronic properties reveals that the band
structure and the density of states (DOS) do not present big changes under pressure.
However, it is noticeable a decrease of the DOS at the Fermi level under pressure,
which could result in a reduction of the electrical conductivity at high pressure.
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1 Introduction

The quaternary Ti3Si0.5Ge0.5C2 compound belongs to the thermodynamically
stable nanolaminates, so called MAX phases. These materials are made up
of an early transition metal M, an element (or a mixture of them) from the
A groups, usually IIIA and IVA, and a third element, X, which is either ni-
trogen or carbon, in the composition Mn+1AXn, where n is 1, 2 or 3. These
ternary carbides and nitrides combine unusual properties of both metals and
ceramics. Like metals, they are good thermal and electrical conductors as well
as relatively soft. Like ceramics, they are elastically stiff and some of them,
such as Ti3SiC2, Ti3AlC2 and Ti4AlN3, also exhibit excellent high tempera-
ture mechanical properties. They are resistant to thermal shock and unusually
damage tolerant, exhibiting excellent corrosion resistance. Above all, unlike
conventional carbides or nitrides, they can be machined by conventional tools
without lubricant, which is of great technological importance for the appli-
cation of the MAX phases. Up to now there are roughly fifty M2AX phases,
four M3AX2 and only one M4AX3 phases known [1]. Ti3Si1−xGexC2, being an
isoelectronic alloy, offers the possibility to probe the influence of the metallic
character of the A element on the physical properties. This has recently been
shown for the magnetoelectric, thermal and elastic properties at low temper-
ature [2].

For the application of MAX phases as structural materials it is essential to
deeply understand its properties and how they are related to the atomic
scale and the electronic structure. Several ab–initio calculations of the elec-
tronic structure of the representative material Ti3SiC2 have been reported
in the last five years [3–8] with applications to mechanical properties, struc-
tural stability, lattice dynamics, and polymorphism. The electronic structure
has been reported for other M3AX2 compounds, such as Ti3GeC2 [6,9,10],
Ti3AlC2 [6,11], and the solid solution Ti3Si0.75Al0.25C2 [12]. Elastic properties
of Ti3Si1−xGexC2 solid solutions are reported in Ref. [2]. It is also essential
to describe how these properties may change under pressure. In spite of its
importance, only a few studies about M3AX2 phases under pressure exist. In
particular, to the best of our knowledge, the only work on Ti3Si0.5Ge0.5C2 un-
der pressure is the experiment performed by Manoun et al. [13]. For the end
members of this compound there are some experimental [14–16] and theoret-
ical works [17,3].

Using synchrotron x–ray diffraction measurements, Onodera et al.[14] showed
that Ti3SiC2 is structurally stable up to 61 GPa. They found a bulk modulus
of 206 ± 6 GPa and that the decrease of the c–axis length is faster than that
of the a–axis length. A recent theoretical ab–initio calculation by Wang et
al. [3], in the framework of density functional theory (DFT) within the local
density approximation (LDA) complement this information. These authors
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Fig. 1. (Color online) Ti3Si0.5Ge0.5C2 unit cell used in this work.

found that Ti3SiC2 exhibits elastic anisotropy up to 110 GPa. Examining the
bond lengths contraction at different pressures and relating it with a Mulliken
population analysis, they concluded that the Ti–Si bond possesses the weakest
covalent bonding strength. The Ti–C bond is less weak, and finally the Ti–Ti
ionic bonding is the stiffest one. In addition, although the electronic structure
does not suffer a big change, it is clearly observable a decrease of the density
of states (DOS) at the Fermi level according the pressure increases. This fact
implies a decrease of the electrical conductivity in Ti3SiC2 under pressure. For
Ti3GeC2, the structural and chemical analog Ti3SiC2, a recent experimental
work report that this compound present a pressure–induced phase transfor-
mation at 26.6 GPa. However, in contrast to these results, new measurements
has not found evidence of phase transformation up to 51 GPa [16]. The dis-
crepancy may be due to a different stress state in the experiment.

In this paper we present a first principles study on the structural and electronic
properties of Ti3Si0.5Ge0.5C2 under pressure up to 80 GPa. The energy–volume
and pressure–volume as well as the cell parameters relation respect to pressure
are employed to study the changes of the structural properties under pressure.
Regarding the electronic properties, we analyze the band structure and the
changes in the electronic density of states induced by pressure. Bonding prop-
erties are analyzed by means of the charge density contour plots.

2 Calculation method

Ti3Si0.5Ge0.5C2, like Ti3SiC2 and Ti3GeC2, has an hexagonal structure with
space group P63/mmc. The experimental lattice constants[13] are a = 3.079 Å and
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Table 1
Experimental and calculated volume V0, bulk modulus B and B′

0 for
Ti3Si0.5Ge0.5C2. The letters in parenthesis, M and B-M, stands for Murnaghan
and Birch-Murnaghan fit, respectively.

V0 (Å3) B0 (GPa) B′
0

Experiment (M) 145.9 185± 5 3.0± 0.3

Experiment (B-M) 145.9± 0.1 183± 4 3.4± 0.2

DFT-LDA (M) 133.78± 0.06 208± 2 3.65± 0.05

DFT-LDA (B-M) 133.84± 0.05 204± 2 4.05± 0.05

c = 17.77 Å. Figure 1 shows a Ti3Si0.5Ge0.5C2 structure which contains 12
atoms per unit cell, that is, two formula units per unit cell. This arrangements
of atoms can be described as two layers of edge–sharing Ti6C octahedron in-
terleaved by a two dimensional close packed Si or Ge layer. Notice that this
is one out of several possible realizations of this compound. For example, it is
possible to enlarge the unit cell in order to distribute the Si and Ge in differ-
ent ways, but keeping the correct stoichiometry. In this work we calculate the
structural and electronic properties of Ti3Si0.5Ge0.5C2 under pressure using
two different supercells: a 12 atoms supercell, corresponding to Figure 1, and
a supercell of 24 atoms, where the Si and Ge atoms are mixed in the same
layer. Interestingly, the results of the calculation using these two models show
no significant differences. Therefore, here we report in detail only the results
corresponding to the supercell of 12 atoms.

The calculations were performed in the framework of the density functional
theory (DFT) [18], using a basis set of strictly–localized numerical pseu-
doatomic orbitals as implemented in the SIESTA code [19], The exchange-
correlation energy is calculated within the local density approximation (LDA)
[20]. Standard norm-conserving pseudopotentials [21] in their fully separa-
ble form [22] are used to describe the electron–ion interaction. We consider
a double-ζ singly-polarized (DZP) basis set. For the Brillouin zone sampling
we use a Monkhorst-Pack mesh of 7 × 7 × 2 special k points [23]. Hydro-
static pressure coupled with the variable cell approach were applied within
the Parrinello-Rahman method [24]. In this way, for each target pressure a
full optimization of the cell shape and atom positions is performed.

3 Results

Figure 2a) shows the energy as a function of the volume, together with the
corresponding fit to the Murnaghan equation [25]. In Figure 2b) pressure–
volume relation are displayed, both the theoretical calculations (Murnaghan
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Fig. 2. (Color online) Equation of state of Ti3Si0.5Ge0.5C2 under pressure. (a) En-
ergy versus volume. The solid line correspond to the fit of ab–initio results to the
Murnaghan equation. (b) Pressure versus volume.
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Fig. 3. (Color online) Cell parameters according pressure. a0 and c0 indicate the
equilibrium value at zero pressure.

fit) as well as the experimental results [13]. It can be seen that the calculated
equilibrium volume at ambient pressure is 8% smaller than the experimental
one, which is a well known trend of DFT–LDA calculation. From these curves
we determined the bulk modulus. By using the Murnaghan equation we obtain
a value of 208 ± 2 GPa for the bulk modulus with B′0 = 3.65 ± 0.05 and an
equilibrium volume of 133.78 ± 0.06 Å3. Fitting the same data to the Birch–
Murnaghan equation [26], the resulting bulk modulus is 204 ± 2 GPa. These
values are slightly greater than the experimental bulk modulus, 183± 4 GPa,
obtained by fitting the Birch–Murnaghan equation. Performing a Murnaghan
fit on the experimental data we obtained a value of 185 ± 5 GPa. Table 1
presents a summary with these results.

The variation of the normalized lattice constant a/a0 and c/c0 with pressure is
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Table 2
Interatomic distances and angles of Ti3Si0.5Ge0.5C2 at two different pressures.

0 GPa 80 Gpa

Distances (Å)

Ti–Ge 2.68 2.42

Ti–Si 2.63 2.38

Ti–C 2.11 1.93

Ti–Ti 2.88 2.72

Angles (◦)

Ti–Ge–Ti 99.4 98.8

Ti–Si–Ti 97.9 96.4

Ti–C–Ti 87.9 89.4

shown in Figure 3. Also, the values of the experimental lattice constant under
pressure are displayed. The calculated lattice constants at zero pressure are
a = 2.991 Å and c = 17.318 Å, slightly smaller than the experimental ones.
The relative ratio (c/a)/(c0/a0) of the calculated lattice constants is approx-
imately one for pressures below 15 GPa, but above this pressure that ratio
is greater than one. Thus, according to our findings, the compound compress
in an isotropic way when the external pressure is less than 15 GPa. However,
over this pressure, the compound is slightly stiffer in the perpendicular direc-
tion to the basal plane than that of the parallel direction to the basal plane.
This behavior contrast to the experiment, where (c/a)/(c0/a0) ≤ 1 up to 61
GPa. The observed difference between the theoretical and the experimental
results could be attributed to the fact that in the experiment the application
of pressure is not done in a fully hydrostatic way, as it is performed in the
calculation. Notice that for Ti3SiC2 there is also a discrepancy between the
ab–initio and the experimental results in this respect. Whereas in the exper-
iment [14] (c/a)/(c0/a0) ≤ 1 from 0 to 61 GPa, the calculated (c/a)/(c0/a0)
ratio is less than one only for pressures between 0–30 GPa, but is greater than
one for pressure above 40 GPa [3].

Further insight about the change of the structural properties under pressure
can be obtained by analyzing the bond lengths and bond angles, which are
shown in Table 2. It is known that in Ti3SiC2 and Ti3GeC2 the Ti atoms are
located in two non–equivalent position corresponding to Wyckoff positions 2a
and 4f, called Ti(1) and T(2) respectively. In Ti3SiC2 at zero pressure the
Ti(1)–C bond length is 2.181 Å and Ti(2)–C=2.085 Å. These values are
similar to the average value that we obtained for Ti3Si0.5Ge0.5C2, of 2.11 Å. In
the same way, the calculated Ti–Ge and Ti–Si bond lengths are also similar
to the Ti–Si value in Ti3SiC2, 2.693 Å [1].
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Fig. 4. Charge density contour plots for Ti3Si0.5Ge0.5C2 through planes passing by
the Ti-Ge-Ti and Ti-Si-Ti bonds. (a) and (c) are plots at zero pressure and (b) and
(d) are the corresponding plots at 80 GPa.

We can evaluate the relative bonding strength of Ti3Si0.5Ge0.5C2 by comparing
the contraction of the bond lengths according to pressure. The most compress-
ible bonds are the Ti–Ge and the Ti–Si, which decrease by 10% and 9.6%,
respectively, when the pressure reach 80 GPa. These bonds have a covalent
character. The Ti–C bond length decrease by 8% at 80 GPa with respect to
its length at zero pressure, whereas the Ti–Ti bond length, which has an ionic
character, is the stiffest one, shrinking only by 5% when the pressure changes
from 0 to 80 GPa.

The above description is consistent with an electronic level analysis. Figure 4
shows the charge density along the Ti–Ge and Ti–Si bond direction at pres-
sures of 0 and 80 GPa. It can be seen that the effect of pressure is to increase
the charge overlap between atoms, which tends to spread out through the
cell. This observation is in agreement with the results for Ti3SiC2 under pres-
sure [3].

Finally, we investigate the electronic properties of Ti3Si0.5Ge0.5C2 by means
of the band structure and the density of states (DOS). Figure 5 displays the
band structure and the DOS at the pressures of 0 GPa and 80 GPa. It can
be observed that there are not major changes either in the bands structure
or in the DOS at pressures up to 80 GPa. The conduction band and the
valence band are still overlapping, thus the metallic character remains in this
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Fig. 5. Electronic band structure along the high symmetry direction of the BZ and
total density of states (DOS) for Ti3Si0.5Ge0.5C2 at zero pressure (a), and at 80
GPa (b).

compounds. But in the DOS it should be noted that at 80 GPa there is a
decrease of the density of states at the Fermi level with respect to 0 GPa.
This trend, similar as the case of Ti3SiC2 under pressure, could result in a
reduction of the electrical conductivity of Ti3Si0.5Ge0.5C2 under pressure.

4 Concluding remarks

In summary, we have investigated the structural changes and the electronic
properties of the nanolaminate compound Ti3Si0.5Ge0.5C2 at eight different
pressures, from 0 to 80 GPa in a fully hydrostatic way. The calculated equi-
librium volume is 8% smaller than its experimental value, whereas the bulk
modulus is almost 10% greater than its experimental counterpart. Both facts
are a well-known trend of DFT-LDA calculation. By analyzing the effects of
compression on the interatomic distances, we were able to classify the different
bond strengths from the weakest to the stiffest ones, in the order Ti–Ge, Ti–Si,
Ti–C and Ti–Ti, respectively. This is analog to the case of Ti3SiC2. Interest-
ingly, according our findings, there is almost no anisotropy under compression
up to 15 GPa, but above this pressure the relative decrease of the c-axis is less
than the relative decrease of the basal axis, in contrast to the experimental
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results. Regarding to the electronic properties, the band structure and the den-
sity of states (DOS) do not present big changes under pressure. Nevertheless,
the physical properties which depend on the DOS at the Fermi level change
under pressure, because at 80 GPa the DOS at the Fermi level is smaller than
the DOS at the Fermi level at ambient pressure. In particular the electrical
conductivity could decrease.
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