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Abstract

This is the first DFT-based first-principles prdadia of the detailed optical and
thermodynamic properties, including Vickers hargnesd Fermi surface of 211 MAX
phase TiGeC for which superconductivityT{~ 9.5 K) was reported very recently. The
calculated structural properties are in excellgmeament with experiments. Our results on
elastic parameters indicate a slight elastic aropgtand brittieness of the compound. The
chemical bonding is seen to be a combination oflEmt, ionic and metallic nature. The
rather stronger covalent bonding is responsibletfohigh Vickers hardness of 11.6 GPa.
The investigated Fermi surface is formed mainlytheylow-dispersive bands, which should
be responsible for the presence of superconduciivifTi,GeC. All the optical properties
are evaluated and analyzed for two different ppédion directions of incident photon. The
temperature and pressure dependence of primitive vwdume, thermal expansion
coefficient, specific heats, bulk modulus, and Delymperature of JGeC are derived
from the quasi-harmonic Debye model with phonorifeot and the various implications
are discussed in details.
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1. Introduction

Very recently, through the electrical resistivitynda magnetization measurements,
Bortolozoet al. have shown that the bulk superconductivity isizet at 9.5 K in TGeC

[1], a compound belonging to the MAX phases. TheXVphases are a class of layered
ternary carbides and nitrides, which have the cbhehiormula: M.:AX,, where M is an
early transition metal, A is an A-group elementnfes from Columns 13-16 in the
periodic table), X is either C and/or N, amgaries from 1 to 3. These ternary compounds

" Corresponding author: hadipab@gmail.com
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attract more and more attention due to a uniquebamation of metallic and ceramics
properties [2].

To date, among more than 70 synthesized MAX phf3esulk superconductivity
was discovered for seven systems:,8aC [4], NBSC [5], NkSnC [6], NBAsC [7],
TioInC [8], Nk,InC [9], and TiInN [10]. Very recently, a superconducting tramsitatTc
~ 9.5 K was reported for the eighth MAX phase -GEC [1]. TpGeC was first
synthesized in 1963 by Jeitschétaal. with a = 3.079 A anat = 12.930 A [11]. TiGeC as
a member of 211 MAX phases has not received ade@itntion compared to the other
MAX phases. To the best of our knowledge, excepictiral properties [11-14], no
experimental work on other properties has been nfad€i,GeC. Theoretical studies on
structural [15-18], elastic [15, 16, 18], and elentc [15-17, 19, 20] properties of ;TeC
were carried out. A theoretical report [18] on sothermodynamic properties such as
temperature and pressure dependent linear therrmnsion coefficient as well as
pressure dependent bulk modulus and Debye temperiatavailable. On the other hand,
up to now, only optical conductivity [20] of J&eC is calculated. A complete study on
optical as well as thermodynamic properties is ab&s Ti,GeC. Today, knowledge of
optical properties of solids is especially impottéor the design and analysis of new
optoelectronic devices [21]. High dielectric maddgican be used in the next generation of
microelectronic devices in which the reduced dinmmsequires gate insulators with high
dielectric constants [22]. Further, the MAX phas$ese the potential to be used as a
coating on spacecrafts to avoid solar heating [A8Rin, the thermodynamic properties
are the basis of solid-state science and industpplications since they can extend our
knowledge on the specific behaviour of materialsdam high pressure and high
temperature environments [24]. Therefore, we amemaged to investigate the detailed
thermodynamic and optical properties 0§@&C for the first time along with the shape of
the Fermi surface and Vickers hardness. For jaatifin of the reliability of the present
study, we have also revisited the structural, Elasind electronic properties studied in
earlier theoretical works [15-17, 19, 20].

2. Computational details

The first-principles calculations have been perfedmby employing pseudopotential
plane-wave approach based on the density functitwealry (DFT) [25] implemented in
the CASTEP code [26]. The exchange-correlation i@k is evaluated by using the
generalized gradient approximation (GGA) with thadtional developed by Perdew-
Burke-Ernzerhof [27] known as the PBE scheme. Varilldype ultrasoft
pseudopotentials [28] with 345, 44p®, and 2&p” as the basis set of the valence
electron states for Ti, Ge, and C, respectivelg, enployed to describe the electron-ion
interactions. The energy cutoff of the plane-wawasid set is chosen as 500 eV to
determine the number of plane waves in the expan5ior the Brillouin zone integration,
the Monkhorst-Pack scheme [29] is used to produgsifarm grid of k-points along the
three axes in reciprocal space, and ax1P2 x 2 specialk-points are taken to achieve



M. A. Hadi et al. J. Sci. Res. 6 (1), 11-27 (2014) 13

geometry optimization. The Broyden-Fletcher-Goldf&hanno (BFGS) minimization
technique [30] is used to search for the grountk siicrystal and convergence tolerance
is set to energy change below %@.0° eV/atom, force less than 0.01 eV/A, stress less
than 0.02 GPa, and change in atomic displacemsstttan 5.0 10* A. To obtain the
smooth Fermi surface, 38 x 38 %-point mesh has been used.

The quasi-harmonic Debye model [31, 32] implemériethe Gibbs program [31] is
employed to determine the thermodynamic propestiesnbient and elevated temperatures
and pressures. In this investigation, we have esetgy-volume data calculated from the
third-order Birch-Murnahgan equation of state [88]ng the zero temperature and zero
pressure equilibrium values of energy, volume, laul modulus obtained through present
DFT calculations.

3. Resultsand Discussion
3.1. Structural properties

Like other MAX phases, TGeC crystallizes in the hexagonal structure withcgpgroup
P6/mmc (No. 194) and has eight atoms with two formurtés in each unit cell (Fig. 1).
The calculated values of the lattice parametersuaniticell volume as determined from
geometry at zero pressure are listed in Table hgalwith the values obtained in
experiments [11-14] and other first-principles cédtions [15-18]. Our computed lattice
constantsa andc deviate not more than 0.48% of the experimenthles whereas the
previous theoretical results deviate by 1.78%. dénd@ations of unit cell volume calculated
in present and previous study from the experimedddh are within 0.49% and 3.86%,
respectively. It is obvious that our calculatecustural properties are very close to the
existing experimental values, which shows the bdltg of the present first-principles
investigations.

P S

Fig. 1. Crystal structure of X6eC
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Table 1.Calculated lattice parametes ¢ in A), ratio ¢/a, internal parameter), and
cell volume ¥, in A®) for superconducting 3GeC in comparison with available data.

a c cla z Vo Ref.

3.079 12.930 4.199 0.0860 106'16  [11] Expt.
3.07 12.93 4.2117 - 10554 [12] Expt.
3.078 12.934 4.2021 - 106.13 [13] Expt.
3.081 12.929 4.197 0.0953 10 629 [14] Expt.
3.0848 12.9609 4.2015 0.0891 106.81 Present
3.0544 12.8914 4.2206 0.0903 104.16 [15]

3.0473 12.7763 4.1927 0.0915 102.75 [16]

3.09 13.04 4.2201 0.0885 107283 [17]

3.101 13.159 4.2435 109.61 [18]

calculated using published data of respective agtho
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Fig. 2. Pressure dependence of elastic cons@ras Ti,GeC

3.2. Elastic properties

In Table 2, we have listed the calculated elastostants along with the available
theoretical data for comparison. At present, noeerpental data are available. Our results
are consistent with the previous reported valués 16, 18]. The pressure dependence of
the elastic constant; is shown in Fig. 2 that reveals the monotonouseiase of the five
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independent elastic constai@g with pressure up to 50 GPa. Our calculaBzéand Cs;
increase more rapidly with pressure th@n, C;,, andCy4, which is consistent with the
theoretical results obtained by Gafial. [16], whereas according to the values calculated
by Fuet al. [18], C;, andCsz vary rapidly with the increase of pressure, followgy C;,

Ci3, andCya.

Table 2.The calculated elastic constaf@is(in GPa) and the shear anisotropic facfrk/k, of
superconducting MAX phase,BeC compared with other theoretical results.

Cy Ci Cia Caa Cu Cee A K/ka Ref.

301 72 94 307 131 115 1.2457 0.87 Present
279 99 95 283 125 90.0 1.3441 1.00 [15]
309.45 83.75 105.09 321.43 1425 112.85 1.3549 0.85 [16]
280.63 81.43 98.52 294.46 1215 99.6 1.2500 4 0.8 [18]

The calculated shear anisotropy factor, defined by4C,4/(C;; + Cs3 — 2Cy3), implies
that TbGeC possesses small anisotropy for the shear pinés1 0} between the
directions(0 11 1) and{0 11 0). This small anisotropy indicates that the in-pland out-
of-plane inter-atomic interactions in ,GeC differ slightly. We have also evaluated
another anisotropy parameter defined by the ratdween linear compressibility
coefficients along the ¢ and a axis for hexagongdtal: k/k, = (C11 + Cio — 2C13)/(Caz —
Ci9). Our result agrees well with other values [16] &8cept for Bouhemadou [15] and
reveals that the compressibility along the ¢ asislightly less than that along the a axis.
This factor also indicates that,GeC is characterized by a small anisotropy.

We have estimated the bulk modulBsand shear modulu§& of polycrystalline
aggregates from individual elastic constai@g,by the well-known Voigt [34] and the
Reuss [35] approximations combined with Hill [3&iggestion. We also calculated the
Young's modulusY and Poisson’s ratio. All these properties are presented in Table 3
together with other results. According to Pugh'decia [37] and the value of Poisson’s
ratio [38], ThGeC should behave in a brittle manner.

Table 3.The calculated Bulk modulBg, By, B in GPa), shear modulsg, Gy, G in GPa), Young's

modulus ¥ in GPa), Compressibility(in GPa'), G/B, and Poisson’s ratio’] in comparison with
available data.

Br By B Gk Gy G % GB v Ref.
158.48 158.77 158.62 117.63 118.73 118.18 284.0450.70.202 Present
157.60 157.60 157.60 102.30 104.80 103.60 254.9570.60.231 [15]
169.40 169.80 169.60 120.41 122.67 121.54 294.3170.70.211 [16]
156.58 156.96 156.77 105.62 107.00 106.31 260.1780.60.223 [18]
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3.3. Electronic and bonding properties

The investigated band structure for,GeC at equilibrium lattice parameters along the
high symmetry directions in the first Brillouin zeris shown in Fig. 3a in the energy
range from -15 to 5 eV. The band structure of supeducting phase J&eC reveals 2D-
like behaviour with small energy dispersion alohg t axis and in the K-H and L-M
directions. The Fermi level of XeC lies below the valence band maximum neadthe
point as found in literature [15, 16, 19]. The opied valence bands of ;GeC lie in
the energy range from -5.9 eV to Fermi letgl Moreover, many valence bands go
across the Fermi level and overlap with conducbands. As a result, there is no band
gap at the Fermi level and,GeC shows metallic behaviour.
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Fig. 3(a). Band structure and (b) total and pad@isity of states for J&eC at zero pressure.

The calculated total and partial density of st4@®S) for TbGeC are presented in
Fig. 3b. The total DOS at the Fermi level fopGéC is 3.04 states per unit cell per eV.
This value is similar to those found in literatfé-17] and slightly smaller than those
obtained in literature [19, 20]. At the Fermi leviile DOS mainly originates from the Ti
3d states for this phase. Thid 8ontribution is responsible for the conductiongmdies
of Ti,GeC. C does not contribute to the DOS at the Féenel and therefore is not
involved in the conduction properties. Ge has arpmmntribution at the Fermi level.
These results are consistent with previous rertMAX phases [40]. An intense peak
in the total DOS located between — 1.5 and — 5.9eldw the Fermi level arises from the
strong hybridization of Ti &C 2p states, which plays the role for the covalent Ti-C
bonding inside [TiC] blocks in 3GeC. The hybridization of TidBdand Ge B states is
also visible. Hence, a covalent interaction occugsveen [TiC] blocks and Ge sheets.
The p-d bonding of Ti-C stabilizes the structure of,GeC while the presence of Ge
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changes the Ti-C-Ti-C covalent bond chain into aCTTi-Ge bond chain through its
reaction with Ti. Also, due to having different eimnegativity in different constituent
atoms, some ionic character can be expected. Tdrerehe bonding nature in GeC
may be described as a mixture of covalent, iont, alue to thed resonance in the
vicinity of the Fermi level, metallic.

The total and partial density of states in Fig.sBiow that the lowest valence bands
from —12.0 to —6.7 eV below the Fermi level argyorted by the main contributions of C
2s, Ge 4, and Ti 3l states with a small mixture of Ts4nd 4 states. These valence
bands are separated by a narrow forbidden gap {(@b8eV) from the higher valence
bands, which are located in the energy range fror@ eV toEr. The higher valence
bands arise mainly from mixed Td34p, Ge 4 and C P states. Above the Fermi level,
antibonding Ti 8 states dominate with less contribution from @edAd C P states.

(b)

Fig. 4. (a) Fermi surface of J6eC and (b) sand-watch like first sheet centeredgdl-A direction.

3.4. Fermi surface

The investigated Fermi surface obGeC is presented in Fig. 4. The centre of the Fermi
surface consists of four hole-like sheets withat#ht topology centered along theA
direction. The first sheet is sand-watch shapedsamcbunded by very close cylindrical-
like second sheet. The remaining two sheets afadridal-like with hexagonal cross-
section. These two sheets are nearly closed but fipe the second sheet. There is also
additional electron and hole-like sheets alongHhi€ direction. Fermi surface is formed
mainly by the low-dispersive bands, which shoulddsponsible for the superconductivity in
the compound.

3.5. Mulliken bond population and Vickers hardness

Mulliken bond populations provide a deep understamdibout the bonding nature in
crystals and the first-key step of calculating ttheoretical Vickers hardness. To estimate
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accurately the values of Vickers hardness of metallystals, the already established
empirical formula is as follows [40, 41]:

u i 1/3n#
H, :[n[mo(Pﬂ —pH )(vé’)_m] } , 1)

whereP* is the Mulliken bond overlap population of tpeype bond,P# is the metallic
population,véj is the bond volume qf-type bond, and¥ is the number of+type bond.

Table 4 lists the results obtained from the calbutes. The Mulliken bond populations
may be described as a measure of the degree ofapvefr the electron clouds of two
bonding atoms in the crystal, and this result iaghs that the bond strength increases with
overlap population. Its highest and lowest valugsify the strength of covalency and
ionicity in the chemical bonds, respectively. Aatiagly, the Ti-C bonds possess stronger
covalent bonding than Ti-Ti bonds in superconductphase TiGeC. Our calculated
Vickers hardness for J&eC is 11.6 GPa. The measured value of Vickersneass for
Ti,GeC under a load of 10 kg is 5.5 GPa [42]. The ewxpmntal values depend on the
purity of the samples. For instance, Ivcheekal. [43, 44] reported experimental Vickers
hardness of 21 and 24 GPa fopAIC and TRAIN, respectively, whereas the respective
values measured by Barsowtnal. [42] are 5.5 and 3.5 GPa. In spite of this comimen
more work, especially theoretical work, is requitedbetter understand this intriguing
discrepancy.

Table 4.Calculated Mulliken bond overlap populati®¥, bond lengthd, bond volume

v (A% and Vickers hardneshl /' of s+type bond, metallic populatio®’, and Vickers
hardnes#, of Ti,GeC.

Bond A P P v (A HY (GPa) H,(GPa)
Ti-C 21227  1.06 0.0181 5.572 44.03 11.6
Ti-Ti 4.1706  0.58 0.0181 42.261 0.81

3.6. Optical properties

To extract all optical properties, the frequencyeteent dielectric function is a key
optical quantity,c () = (@ +i&(a), which keeps up a close relation to the electronic
band structureOn the basis of the momentum matrix elements leivlee occupied and
unoccupied electronic states, the imaginary gad) of the dielectric function can be
expressed as:

2% .
e ;m\<w|um|wz>

£2(0) = “S(EC-EY -E), @)
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where wis the frequency of lighk is the electronic chargej is the vector defining the
polarization of the incident electric field, angf andy, are the conduction and valence
band wave functions & respectively. The Kramers-Kronig relations pr@vitie real part
of the dielectric function through a transformatfomm the imaginary part. The remaining
optical properties, such as refractive index, gitsmn spectrum, loss-function, reflectivity
and photoconductivity (real part) are derived freffw) and &(a) [45]. Both inter-band
and intra-band transitions contribute to the digledunction of the metallic compounds.
Our calculated band structure ensures thgBdC behaves as a metallic compound. For
this reason, a Drude term [23, 46] with unscreguiadma frequency 3 eV and damping
0.05 eV has been used in the present calculatiorough this effect the low energy part
of the spectrum is enhanced significantly. Forcallculations, we have used a 0.5 eV
Gaussian smearing.

The calculated optical properties of the new supedtacting phases XseC for
phonon energies up to 20 eV for two different paketion directions [100] and [001] are
depicted in Fig. 5. Dielectric function is the magneral property of a solid, which
modifies the incident electromagnetic wave of lighthe real and imaginary parts of the
dielectric functions of LiGeC are displayed in Figs. 5a and 5b along withnteasured
values of TiG g [47] for comparison. In the range af < 0, the real part of the dielectric
function goes through zero from below, which reseiie metallic characteristic of
Ti,GeC. In the real part, it is seen that the doulglekpstructure centered at 1.7 eV for
TiC is replaced with a sharp peak at around 1.0aed 1.5 eV for TiGeC with
polarization directions [100] and [001], respedivén Fig. 5b, the imaginary part of the
dielectric function for both directions approachzeso from above, which also indicates
that ThGeC is metallic in nature. 18(a), the spectra differ at low energy, due to the
change of electronic structure near the Fermi |esalised by the addition of Ge layer in
TiC.

In optics, the index of refraction of an opticaédium is a dimensionless number that
describes how light, or any other radiation, praag through that medium. The real part
of the refractive index of TGeC is illustrated in Fig. 5¢c. The static refraetindices of
Ti,GeC for the polarization vectors [100] and [001¢ éwund to have the values 84.56
and 84.58, respectively. The nature of the vamatibthe refractive index of 7&eC for
two different polarization directions with incidelidht energy is almost same between 6.2
and 20 eV but differs slightly in the low energyien. The extinction coefficient i.e.
imaginary part of the refractive index indicates #imount of absorption loss when the
electromagnetic wave propagates through the méatdrige extinction coefficients of
Ti,GeC for two different propagation directions aregemted in Fig. 5d. For two different
polarization directions, the extinction coefficieraf TL,GeC show the same qualitative
features in entire energy range except 1-7 eV nsgio

The absorption coefficient provides informatiorgaeding optimum solar energy
conversion efficiency and it indicates how far tigif a specific energy (wavelength) can
penetrate into the material before being absorbig.5e shows the absorption spectra of
Ti,GeC for both polarization directions, which beginzaro photon energy due to its
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metallic nature. The absorption spectra for twaapnhtion directions arise sharply below
5.5 eV and the highest peaks for polarization dimes [100] and [001] appear at 6.28
and 5.99 eV, respectively and then decrease dalgtiop to 13.7 eV. Again, the
absorption spectra show a sharp dip from 13.7 t6 &¥. The highest peak is associated
with the transition from Ge/@ to Ti d states.

The energy loss function of a material is a keyap@ater in the dielectric formalism
used to describe the optical spectra and the éxcitaproduced by swift charges in solid.
The energy loss function of JBeC for both polarization directions is shown igy.Fsf.
The frequency associated with the highest peakiefgy loss spectrum is known as the
bulk plasma frequencyy of the material, which appears &t< 1 and& = 0 [46, 48].
From the energy loss spectra, it is seen that e frequency of JGeC is equal to
14.5 eV, which means that the superconducting phaszeC will be transparent if the
incident light has frequency greater than 14.5 ed will change from a metallic to a
dielectric response.
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Fig. 5. (a) Real and (b) imaginary part of dieliecfunction, (c) real and (d) imaginary part of
refractive index, (e) absorption coefficients, Ifss function, (g) reflectivity, and (h) real paft
photoconductivity of TiGeC in both [100] and [001] directions. Experiméntata shown for TiC
are from ref. [47].

Reflectivity is the ratio of the energy of a wawdlected from a surface to the energy
possessed by the wave striking the surface. THectigfty spectra of TiGeC as a
function of incident light energy are presentedrig. 5g. For comparison, the measured
spectra of TiGg; [47] are shown in the plot. The reflectance of glgds roughly constant
in the energy region from O to 8.5 eV. A graduatrdase starts at 8.5 eV and ends at 10.4
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eV. Again, the reflectivity of Tigy; increases to reach another almost constant value.
addition of Ge to TiC, the reflectivity increasegpidly in the moderate-infrared region as
well as in the ultraviolet region of the energygant.6 — 8.5 eV and decreases drastically
from 14.2 to 15.1 eV. In the visible light regicenergy range ~1.8-3.1 eV), it is observed
that for both polarization orientations there issignificant change in reflectivity spectra
for Ti,GeC and the amount of reflectivity is always ab@®. Due to this nearly
constant reflectivity in the visible light regiohe superconducting phase,GeC should
appear as metallic gray. Further, the reflectigiectra for the two different polarization
directions increase expeditiously to reach maximuatue of ~ 0.93 — 0.95 in the
ultraviolet region (between 8.46 and 8.53 eV). Adaug to Liet al. [23], the MAX phase
compound will be capable of reducing solar heatfniy has reflectivity ~ 44% in the
visible light region. Therefore, we may concludattfi,GeC is also a candidate material
for coating to reduce solar heating.

Photoconductivity is an optoelectrical phenomenorwhich a material increases its
electrical conductivity due to the absorption ofeadtomagnetic radiation. The
photoconductivity may be expected to be a good urea®f optical conductivity.
Absolutely, it was illustrated in NQuO, 5 [49] by synchronous measurements of both the
optical and photoconductivity. The real part of fifeotoconductivity of TiGeC for two
different polarization directions is shown in Figh. It is seen that photoconductivity
occurs at zero photon energy due to the overlappitige valence and conduction bands at
the Fermi level. Therefore, photocurrent can beeged within a wide range of photon
energies. The photoconductivity shows a sharp @di;mf0 to 0.3 eV and then inclines
upward to reach maximum value of ~ 6.9 — 8.3 fdapmation directions [100] and [001]
in the ultraviolet region (between ~ 4.0 and 5.0.eWherefore, TiGeC will be highly
electrically conductive when the incident radiatltas energy within the range of ~ 4.0 to
5.0 eV. The enhancement of electrical conductiditg to absorption of electromagnetic
radiation of photon energy within 8.5 to 16.2 e\é@ssmall. There is no photoconductivity
when the photon energy is higher than 16.2 eV.

3.7. Thermodynamic properties

The thermodynamic properties are evaluated ing¢hgerature range from 0 to 1200 K,
where the quasi-harmonic Debye model remains fidlid. The pressure effect is studied
in the 0-50 GPa range. The temperature and predspendence of primitive cell volume
V of Ti,GeC is shown in Figs. 6a and 6b. The volume inezatmost linearly with the
increase of temperature at constant pressure. l§orea temperature, the primitive cell
volume decreases with increasing pressure. Theymeesiependence of experimental [13]
and equilibrium theoretical [18] primitive cell wohes are also shown in Fig. 6b. Our
results are in reasonable agreement with experiméhin the pressure range from 0 to
12 GPa, whereas the theoretical values [18] diifem both present and experimental
results in entire pressure range.FAtE 0 GPa and = 0 K, the primitive cell volume is
53.41 K.
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In Fig. 7, we have represented the variations h&f volume thermal expansion
coefficient of TpGeC as a function of temperature and pressure tfidrenal expansion
coefficient is thought to be described as the atten in a frequency of the crystal lattice
vibration based on the lattice’s increase or desgréa volume as the temperature changes.
It is observed that, at a given pressure, the velthmrmal expansion coefficient increases
sharply with increasing temperature up to 300 K.ewkhe temperature exceeds 300 K,
the volume thermal expansion coefficient progredgiapproaches a linear increase with
increasing temperature and the tendency of increrhenomes very moderate, which
means that the temperature dependence of volummahexpansion coefficient is very
small at high temperature. As seen in Fig. 7atdorperature above 300 K and pressure
P = 50 GPa, TiGeC has a nearly constant volume thermal exparsiefficient oy =
1.75 x 10° K. At constant temperature, the volume thermal esjoan coefficient
decreases rapidly with increasing pressure (Fig. Ab 300 K and zero pressure, the
volume thermal expansion coefficient is 3.2650° K™.
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Fig. 6. (@) Temperature and (b) pressure  Fig- 7. (@) Temperature and (b) pressure
dependence of primitive cell volume of dependence of volume thermal expansion
Ti,Gec. coefficient of TpGeC.

The constant-volume specific he@t, and constant-pressure specific h&at of
Ti,GeC are calculated and shown in Fig. 8. We obsetheatcboth specific heats increase
with increasing temperature. These results indittzdé phonon thermal softening occurs
when the temperature is raised. In the low-tempegaimit, C, of Ti,GeC exhibits the
DebyeT ? power-law behavior, and from 0 to about 6000¢,increases exponentially. At
intermediate temperature, the dependend@,a$ governed by the details of vibrations of
atoms and then at high temperature the anharmdieict @n specific heat is restrained.
As a resultCy comes to be close to the classical asymptotid hCy = 3nNkg = 99.8
J/mol K. This result implies that the interactidretween ions in 3GeC have great effect
on specific heat particularly at low temperatuidse values oC; for Ti,GeC are slightly
larger than theC,, which can be explained by the relatiot; -C, = aZ(T)BVT , where
ay, B, V, andT are the volume thermal expansion coefficient, bndulus, volume, and
absolute temperature, respectively. At high tempees, theC, inclines to a nearly
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constant value while th&p increases very slowly with the temperature. Ansadig. 8,
it is clear that temperature and pressure havesifgpimfluences on the specific heat and
the effect of temperature on specific heat is npposmounced than that due to pressure.
We evaluated the electronic contribution to thecfeheat through the Sommerfeld
constanty within the free electron model. = (1/3)r®k2N(E;) . Using the calculated DOS,
N(Eg) at the Fermi level we obtaingt= 3.57 mJ/mol-K for Ti,GeC, whereas Loflanet
al. [7] extracted this value of 4.8 mJ/mof-Ky fitting the measured specific heat at low
temperature toCp = YT + BT°. We can also determine the electron-phonon cogplin
constant,A using the McMillan’s formula [50]. Taking the knawlc, and calculated
Debye temperaturé, with the Coulomb pseudopotential = 0.1, the estimated is
0.56, which indicates that J&eC is moderately coupled superconductor. For cosgpa
Lofland et al. [7] have determined for Ti,GeC from heat capacity and resistivity,
yielding values of 0.14 and 0.48, respectively.
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Fig. 8. Temperature dependence of Fig. 9. (a) Temperature and (b) pressure
specific heat of BGeC (a) at constant dependence of the bulk modulus ofGeC.

volume, and (b) at constant pressure.

The dependence of the isothermal bulk modulus iRGEC on temperature and
pressure is shown in Fig. 9. The isothermal bullduhas provides information about the
nature of chemical bonding in crystal and makegdssible to evaluate the Debye
temperature, the difference between the heat digsmeit constant pressure and volume,
and other thermal parameters. It is seen that ¢n @&, the bulk modulus is fairly a
constant between temperature 0 and 100 K at a givessure and when temperature
exceeds 100 K, it starts to decrease linearly wittreasing temperature. When the
applied pressure changes from 0 to 50 GPa, the molitulus increases by 132% and
149% at temperatures of 600 and 1200 K, respegtivieiy. 9b shows that the bulk
modulus of TiGeC increases linearly with the increase of pressar constant
temperature, which is consistent with the resuitsined by Fiet al. [18]. The effects of
temperature on the bulk modulus at different preessare almost same. At zero pressure
and 300 K temperature, the bulk modulus is equabth24 GPa.
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The Debye temperature as a function of temperandepressure is displayed in Fig.
10. We observe that at constant pressure, the Diglyperatured, remains unchanged
from 0 to 100 K and then decreases linearly witlréasing temperature as shown in Fig.
10a. Fig. 10b shows that the Debye temperatureasess non-linearly with the increase
of applied pressure at constant temperature. Thiatia of & with pressure and
temperature reflects the fact that the thermalatibn frequency of atoms in ;JGeC
changes with pressure and temperature. At tempestf 600 and 1200 K, the Debye
temperature increases by 47% and 52% if the extpraasure changes from 0 to 50 GPa.
Fuet al. [18] presented their pressure dependence Debygetature in normalized form
with which we have compared our results in Fig. 11.

4. Conclusions

First-principles calculations based on density fiomal theory have been carried out to
investigate the structural stability, elastic pnajgs, electronic structure, Fermi surface,
theoretical hardness, optical functions and thesmathic properties of the newly
discovered 9.5 K superconductor,GeC. The evaluated structural parameters at zero
pressure are in excellent agreement with the alailaxperimental data. The calculated
elastic parameters allow us to conclude that thgemonducting phase ;3eC is
mechanically stable compound. In addition,G&C is characterized as brittle material
and shows a slight elastic anisotropy.

The electronic structure of ;3eC reveals that it is a metal and exhibits coualen
nature. Moreover, the Ti-C bonds possessed stroogelent bonding than the Ti-Ti
bonds. The strong covalent bonding in,GeC is responsible for its high Vickers
hardness. At around the Fermi level, the DOS mainilyinates from the Ti@states. The
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Ti 3d-C 2p hybridization is the driving force in the struauand the presence of Ge
changes the Ti-C-Ti-C covalent bond chain into aCTTi-Ge bond chain, forming a
layered structure. The Fermi surface is formed diy the low-dispersive bands, which
should be responsible for the presence of supetmpivity in Ti,GeC. The optical
properties such as dielectric function, refractivéex, absorption spectrum, energy-loss
function, reflectivity, and photoconductivity aretdrmined and analyzed in detail. The
optical properties such as refractive index, réflitg, and photoconductivity are found to
be polarization dependent. The reflectivity spedtrply that TyGeC is a potential
candidate material for coating to reduce solar ihgatFinally, the temperature and
pressure dependence of primitive cell volume, vauhermal expansion coefficient, bulk
modulus, Debye temperature, and specific heatsngestigated successfully using the
quasi-harmonic Debye model and the results araustisel. The increase of specific heats
with temperature indicates that phonon thermalesirfig occurs when the temperature
increases. The estimated electron-phonon couplingstant signifies that J&eC is a
moderately coupled superconductor. The preseny gitalides us with clear indications
of small anisotropy in the elastic and optical mmdies of the newly discovered
superconducting phase,GeC.
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