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Thermodynamic properties of 3C—SiC
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In the present paper, we report on the results of various thermodynamic properties of 3C—SiC at high pressure and
temperature using first principles calculations. We use the plane-wave pseudopotential density functional theory as im-
plemented in Quantum ESPRESSO code for calculating various cohesive properties in ambient condition. Further, ionic
motion at a finite temperature is taken into account using the quasiharmonic Debye model. The calculated thermody-
namic properties, phonon dispersion curves, and phonon densities of states at different temperatures and structural phase
transitions at high pressures are found to be in good agreement with experimental and other theoretical results.
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1. Introduction

Potential applications of ceramic materials at high tem-
peratures and pressures require understanding of their vi-
brational and thereby thermodynamic properties.!!! Such a
study is also helpful in understanding the bonding mecha-
nism and effects of temperature and/or pressure on various
physical properties, which are sensitive to these external in-
Large thermal resistance, high thermal conduc-
tivity and strength yet light in weight, high Hugoniot elas-
tic limit, etc. make ceramics, e.g. silicon carbide (SiC),
suitable for many technological applications. Gang et al.!)
have studied 4H-SiC metal-oxide—semiconductor field-effect

fluences.

transistors (MOSFETs) with high purity semi-insulating sub-
strates and Wang et al.l¥ have fabricated the Schottky bar-
rier diodes by chemical vapor deposition using epitaxial lay-
ers of SiC. Previously, many researchers have carried out stud-
ies of various physical properties including the detailed study
of intrinsic defects and polytypic transition of zincblende
(3C, ZB) SiC and its polytypes using different experimen-
tal techniques.!*'!l Theoretically, various ground state and
high pressure and temperature properties for different poly-
types of SiC have also been studied.!'>>*! For instance, Var-
dachari er al."’! have studied some thermodynamic proper-
ties of SiC using full-potential linearized augmented plane-
wave (FP-LAPW) method within the harmonic approximation
(HA). They have used PHONON program to calculate phonon
dispersion relation, and thereby the free energies at elevated
temperatures. Although the harmonic approximation works
well at low temperatures (7 < 6p; the Debye temperature),
it has some limitations at higher temperatures. In particular,
the HA fails to predict volume thermal expansion, temperature
dependencies of elastic constants, and phonon frequencies.
Karch et al.*251 have studied the structural, lattice dynamical
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and thermal properties of cubic SiC using density functional
theory within the local density approximation (LDA). They
have calculated cohesive properties in ambient condition using
plane-wave density functional theory, while high-7 thermo-
dynamic properties were calculated within the quasiharmonic
approximation (QHA) using the full phonon density of states
(p-DOS). On the other hand, Vashishtha e al.!'> have pro-
posed an effective potential comprised of two-body and three-
body interactions. The two-body interaction was designed to
take care of electrostatic Coulomb’s interaction and Van der
Waals dipole—dipole interaction, while the covalent character-
istic of the sample was modeled through the three-body part of
the potential. Using the molecular dynamics (MD) technique,
these authors have studied structural, elastic, and dynamical
properties of SiC in three phases; namely crystalline 3C-SiC,
amorphous, and liquid states, at different densities and tem-
peratures.

Another strong candidate for the calculation of low—to—
high temperature free energies over a wide range of densities
is the coupling parameter series expansion (CPSE) thermody-
namic perturbation theory (TPT) and non-hard sphere pertur-
bation strategy as employed by Zhou.!?62% In the series of
papers, the author has elegantly proved and verified the appli-
cability of the higher order series expansion of free energy per-
turbation theory by formulating a new perturbation framework
differing from the traditional high temperature perturbation
expansion framework. Robustness of the approach was jus-
tified through the accurate results for various thermodynamic
properties ranging from critical point to far from critical point.
Particularly, Zhou theory®®! predicts with pretty high accu-
racy the free energies for extremely short-range square well
fluid with reduced temperature as low as 0.235 where tradi-
tional liquid state theories disappointingly cease to be effec-
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tive for such a limiting case. In a summative paper of the se-
ries of work, the author*’! has proved and verified that the
CPSE provides an elegant solution to a long-term outstanding
problem, i.e., the estimation of high-order coefficients of the
traditional high temperature series expansion by Zwanzig. 3]
Considering the general application of the Zwanzig theory in
calculating liquid and solid thermodynamic properties, one ex-
pects that the Zhou theory can also be extended to the solid
state area.

Considering the scattered nature of all previous findings
and various techniques to evaluate the free energies, and also
the need for comprehensive thermal properties up to melt-
ing temperature, it seems very necessary to investigate the
vibrational response and high temperature thermodynamics
of technologically important cubic SiC. In the present study,
various ground state cohesive properties are computed using
plane-wave pseudopotential density functional theory (DFT).
Although a very similar approach has been used by Karch
et al.**?] the present calculations differ in two considera-
tions: (i) the treatment for ionic free energy, and (ii) the ex-
change and correlation functional. In Refs. [24] and [25], the
free energy due to lattice vibrations was computed using the
complete p-DOS within the QHA, while we have treated the
ionic motions at high temperatures using the quasiharmonic
Debye model as implemented in GIBBS code.!! Secondly,
we have rather employed the generalized gradient approxima-
tion (GGA) for exchange and correlation effects, which we
believe is the proper choice for such a covalent sp> bonded ma-
terial. Using the linear response theory, we also report on the
quasiharmonic phonon dispersion curves (PDCs) and p-DOS
for 3C-SiC in high temperature and pressure conditions. The
results are in excellent agreement with experimental phonon
frequencies.

2. Theory

The silicon carbide crystallizes into ZB structure in am-
bient condition. The Si and C atoms occupy positions (0,0,0)
and (0.25,0.25,0.25), respectively, in an fcc primitive cell hav-
ing the space group of F43m. To calculate the total energy of

32]

7ZB-SiC, a self-consistent density functional schemel?! was

used. In the literature, the exchange correlation energy in DFT
has been defined by local density approximation (LDA)[3
for the system having uniform electron charge density. But
for the system of non-uniform charge density, the exchange—
correlation energy by LDA has been corrected by the gradient
of charge density using different versions of a generalized gra-
dient approximation (GGA). In the present study we therefore
take a norm conserving pseudopotential with nonlinear core
correction within the GGA to solve the Kohn—Sham energy
functional. The calculation is performed in steps of 0.1 a.u.,

and the convergence test gives an 8 x 8§ x 8 Monkhorst—Pack

(MP) k-point grid** for Brillouin-zone (BZ) sampling along
with the kinetic energy cutoff as 165 Ry. This ensures the con-
vergence of total energy to 0.01 mRy.

Phonon dispersion curves are obtained employing the lin-
ear response theory within the density functional perturbation
theory (DFPT). In this scheme, the second-order derivatives of
the self-consistent total energies with respect to atomic posi-
tions (i.e., atomic force constants) are used in calculating the
dynamical matrix, while considering the external potential as a
perturbation. In the present computation, BZ sampling is per-
formed with a line-width of 0.05 Ry. A 4 x 4 x 4 k-point mesh
is used for the interpolation of force constants. Finally, the dy-
namical matrices are calculated on this grid, and the r-space
force constants are obtained by inverse Fourier transform.

For a cubic structure, there are only three independent
elastic stiffness constants: Cyi, Ci2, and Cyq, Which are deter-
mined from the long wavelength limit of phonon frequencies
along [100] and [110] planes.!?*! The slope of the phonon fre-
quencies in the long wavelength limit gives the corresponding
sound velocities, from which elastic constants can be deter-
mined using the following relations:

Ci1 = pvi[100], Cyq = pv3[100],

C11 — Cra =2pv3[110]. 1)
Here, p = 1/V is the bulk mass density, v;, and vy are longi-
tudinal and transverse sound velocities, respectively, and V' is

the volume. The isothermal bulk modulus is calculated using
the following relation:

:Cu +2C2 ?)
—

The Poisson ratio (o) in the present calculation is calculated

By
using the expression as given in Ref. [15]. These results are
also listed in Table 1.

Table 1. Calculated structural and elastic properties of SiC in ZB phase
along with corresponding experimental and theoretical values.

Properties Present Exp. Others
ap/A 4364 43596 4.3581P,4.385%, 4.359¢, 4.3444
By/GPa 222.95 2258 225.1%, 224¢, 2224
B) 3.99 — 4.16°
E./(eV/atom) —6.1434  —6.34¢ —6.48%, —6.3410868"
C11/GPa 380 3908 390.1° , 382¢, 3904
C12/GPa 147.8 1428 142.7° , 145¢, 1344
C44/GPa 237 2568 191, 240¢, 2534

Poisson ratio (o)  0.28  0.267¢, 0.168" 0.268°

aRef. [12], PRef. [15], °Ref. [16], IRef. [24], ¢Ref. [35], [Ref. [42], &Ref. [43],
hRef. [44]

Further, the pressure-induced structural phase transition
(SPT) in SiC from ZB to rock salt (RS) structure is also re-
ported based on the calculation of total enthalpies of both
phases. Enthalpy at 0 K temperatures is written as

H(P.V) = E(V)+VP(V), 3)
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where the first term on the right indicates the total energy and
P(V) is the corresponding pressure. The total energy of RS
structure is also calculated using the plane-wave pseudopoten-
tial within the DFT-GGA.

To investigate high temperature thermodynamics, we use
the quasiharmonic Debye model.[*!! The basic assumption
used in the model is the replacement of the true phonon density
of state g(®) by ~ w? term. For example, the low frequency
part of p-DOS is indeed a quadratic in ®?. In this model, the

non-equilibrium Gibbs function is given by[3!]

G (ViPT)=E(V)+VP(V)+Aw(6(V),T), 4)

where the first term on the right represents the optimized to-
tal energy of a material, which is calculated using the self-
consistent plane-wave pseudopotential formalism. The last
term contains the contribution of lattice vibrations at finite

temperatures to the total free energy. It is given by

Avip(0(V),T) = nkpT [%@ +3In(1— e 0W/T)
oV
o)
Here, D(6(V)/T) is the Debye integral,
3 X
D(y) = )3/0 ﬁdxv (6)

where y=6(V)/T, 6(V) is the volume-dependent Debye tem-
perature, and n is the number of atoms per formula unit.

The Debye characteristic temperature of the solid, 6(V)
in Eq. (4), is related to an average sound velocity, since in De-
bye’s theory the vibrations of the solid are considered as elastic

waves. Assuming an isotropic solid, with Poisson ratio &,
0(V) is given by
h B
0(V) = —[67°V'/*n]'P (o) =, )
kg M

where M is the molecular mass per formula unit, By the adia-
batic bulk modulus, and f(o) is given by

01 (P2 ()

Thus, our calculation does not involve any experimental
data as input. All necessary ingredients to Eq. (5) are calcu-
lated using the present ab initio calculations. Once we have
total free energy as an explicit function of temperature and
pressure, equilibrium properties at different temperatures are
calculated by following the zero pressure condition. First, the
volume thermal expansion being one of the most important
quantities related to the anharmonicity of a material is ob-
tained up to 3000 K.

As a further test of the present calculations, we obtain
the isothermal (Bt) and adiabatic (Bs) bulk moduli at elevated

temperatures as

*G*(V; p,
Br(p,T) = [V(W)p,r}%q(n,ﬂ

By = Br(1+oT). ®)

Here, o is the coefficient of thermal expansion, Vq is the equi-

and

librium volume and 7 is the thermodynamic Griineisen param-
eter, which is defined as

o)
Y——W~ &)

3. Results and discussion

The cohesive energy at various lattice constants is cal-
culated by subtracting energy of an isolated free atom from
the total energy of the bulk, and is shown in Fig. 1 along
with the reported first principles and experimental data. The
present estimate of cohesive energy, —6.1434 Ry, is in excel-
lent agreement with the experimental datum —6.34 Ry as
well as with the other theoretical results: —6.48 Ry!!?l and
—6.3410868 Ry.!">! Further, in order to estimate equilibrium
lattice constant (ag), isothermal bulk modulus (Bgp), and its
first-order pressure derivative (B6), the calculated cohesive en-
ergies are fitted to Murnaghan equation of state*! and the re-
sults are compared in Table 1. As shown in Table 1, the close
agreement with the experimental results of various cohesive
properties by the present calculation as compared with those
given by Karch ez al.!**! is attributed to the use of GGA. In
such tetrahedrally coordinated covalent materials, one cannot
expect a spherically symmetric potential'>! and the electronic
charge distribution is highly angular. To take into account the
effect of inhomogeneous electron cloud, one must retain gra-
dient corrections to the exchange and correlation functional.
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Fig. 1. Cohesive energy curves of 3C-SiC with available results.

The calculated values of PDC are shown in Figs. 2 and 3
at various pressures and temperatures, respectively, in excel-
lent agreement for both acoustic and optical phonons with the
experimental results presented by Serrano et al.l°! in ambient
condition. The lighter C atom contributes to p-DOS only at
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higher frequencies. The p-DOSs at various pressures and tem-
peratures, respectively, are also shown in Figs. 4 and 5. We
have noticed that the frequency corresponding to the principal
peak and its magnitude in computed p-DOS (in ambient condi-
tion) coincide with experimental!>! and theoretical results.[>’]
Excellent agreement of the present PDC and p-DOS with ex-
perimental results thus confirms the use of plane-wave pseu-
dopotential in examining the vibrational response of the mate-
rial.
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Fig. 2. Phonon dispersions relations along major symmetry direc-
tions for 3C-SiC.
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Fig. 3. Phonon dispersion relations along major symmetry direc-
tions for 3C-SiC.
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Fig. 4. Computed phonon densities of states with various pressures.

The calculated enthalpies of both phases are shown in
Fig. 6. We obtain phase transition pressure to be 70 GPa,

which is in good agreement with previously reported theoret-
ical result (66 GPa)!*7l but lower than the experimental find-
ing (100 GPa).!"%! However, it should be emphasized that the
experimental phase transition pressure is calculated for for-
ward transition and requires excess value of pressure beyond
equilibrium. To analyze the conflict, we also examine the
PDCs and p-DOSs at different pressures in Figs. 2 and 4. It
is evident from the figures that upon compression, the phonon
modes turn harder for longitudinal branches along all symme-
try directions, while the transverse phonon frequencies along
[100] plane and [111] plane become softer. The first transverse
branch (T1) along the [110] plane turns harder upon compres-
sion but the second (T2) branch becomes softer. This process
is continued to higher pressures and eventually ZB structure
collapses into RS structure due to the softening of T2 phonons.
In contrast, we also find that at zero pressure, the T2 mode in
[110] plane of RS—SiC shows imaginary phonon frequency but
increases with pressure increasing. Thus, in ambient condition
the RS phase is unstable. Hence we conclude that the soften-
ing mechanism for the transverse phonon frequencies along
[110] plane is responsible for SPT from ZB to RS structure.
Regarding the p-DOSs at high pressures, we observe that the
peak of p-DOS shows shifts towards the higher frequency side,
showing hardening in peak frequency upon compression.
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Fig. 5. Calculated quasi-harmonic phonon densities of states.
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Fig. 6. Enthalpy-pressure curves for ZB and RS structured SiC.

Results for lattice constant (ag) as a function of tempera-
ture are shown in Fig. 7 along with the literature data. We can
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see a good accordance of the present findings with experimen-
tal results and the MD results!'3] up to melting temperature
(Trn = (3100 £ 40) K).[3] Maximum deviation of the present
calculated lattice constants is just 3% for the entire tempera-
ture range. It should be mentioned that Vashistha ez al.['> have
used classical molecular dynamics through using the modified
Stillinger—Weber form of potential, while we use the classi-
cal Debye model to compute free energies at elevated tem-
peratures. The calculated lattice parameters at various tem-
peratures are used to calculate phonon frequencies of SiC as
shown in Figs. 3 and 5. The effect of the temperature is to
uniformly lower the phonon frequencies in both longitudinal
and transverse modes. For example, if we identify the fre-
quency corresponding to the peak in p-DOS as a characteristic
frequency, it decreases with temperature increasing, the so-
called phonon frequency shift. However, the decrease in fre-
quency with temperature increasing is small, which indicates
that the temperature coefficient of elastic constant should also
be small. Also, the peak in the p-DOS shifts towards the lower
frequency, while the height of p-DOS slightly decreases with
temperature increasing, leaving the gross structure of p-DOS
almost unchanged. These observations indicate that the geo-
metric mean frequency of lattice vibration decreases with tem-
perature increasing, indicating weak correlation among atoms
at high temperature. This validates the use of a classical ap-
proach at temperatures higher than the characteristic temper-
ature. It needs to be mentioned that we have not found any
signatures of structural phase transition for the entire range of
temperature, and ZB structure is found to be stable up to the
highest temperature that is investigated.
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Fig. 7. Equilibrium lattice constants at various temperatures.

Shown in Fig. 8 are the results for bulk moduli at different
temperatures along with the previous results.[>-3%40] 1t is ob-
vious that due to thermal expansion, the bulk moduli decrease
at higher temperatures. The discrepancy between the present
observed results and those presented by Karch ez al.!>>! may be
attributed to the different treatments for exchange and correla-
tion functional. These authors have used LDA, which we be-
lieve, is an over simplified view for such tetrahedrally bonded

ceramics in calculating thermal expansion. They found low
thermal expansion coefficient compared with the experimen-
tal one, which causes the crystal to stiffen even when temper-
ature is raised. Hence, decrease in bulk modulus with tem-
perature increasing is less prominent in their study. Secondly,
for the temperature range of interest (7' > 6p), their calcu-
lated value of thermodynamic Griineisen parameter () is al-
most constant. We strongly believe that as a measure of anhar-
monicity it should be temperature-sensitive, at least above the
Debye temperature.
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Fig. 8. Present calculated bulk moduli along with other available
results.

Figure 9 shows the temperature dependencies of Debye
temperature for cubic SiC. We have used the classical ap-
proach of quasi-harmonic Debye model for calculating the
thermal contribution of lattice ions. As a result, we do not
observe any quantum effects present at low temperatures (T <
6p). However, we obtain the correct trend, i.e., decrease in
Op with temperature increasing due to decrease in phonon fre-
quency. Since the results of Vashishtha er al.['! are limited to
T < 6p, it is difficult to compare the two studies. They have
calculated Debye temperature using the well-known low tem-
perature expression of Debye temperature in terms of specific
heat, which is given by

12

Cy = ?E4NkB(T/9(D))3.

However, it is worth noting that the empirically derived
results!*!) clearly show a downward trend above T = 700 K,
justifying our prediction for higher temperatures. We should
point out that the scale on 6p axis in 6p — T graph in Ref. [15]
may be an order of magnitude higher, as references [15] and
[41] have both used the same source (i.e., Cy) for calculating
Op. Further, the trends observed in both the derived results are
also different. This clearly manifests the sensitivity of the De-
bye temperature to temperature. In such conflicts, we strongly
recommend model-free investigation of Op at higher tempera-
tures.

Finally, specific heats at constant volume (Cy) and pres-
sure (Cp) are plotted in Fig. 10 along with the molecular dy-
namics results.['3] The present computed values of C, are
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found in good agreement with the MD results. Their slight
discrepancies may be due to the overestimation of thermal ex-
pansion and rather rapid decrease in bulk modulus above the
Debye temperature.
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Fig. 9. Calculated and measured Debye temperatures each as a
function of temperature.
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Fig. 10. Calculated specific heats each as a function of temperature.
Horizontal line indicates the Dulong—Petit limit.

4. Conclusions

In this paper, we calculate various thermodynamic prop-
erties of 3C-SiC using self-consistent plane-wave pseudopo-
tential formalism within the GGA. Density functional pertur-
bation theory is used to deduce phonon dispersions and vibra-
tional densities of states within the QHA at different pressures
and temperatures. Satisfactory prediction of various physical
properties and PDCs in ambient condition justifies the use of
pseudopotentials within the GGA even for such materials ex-
hibiting directional covalent bonding. On the other hand, MD
simulation technique requires a prior knowledge of pair poten-
tial, whose parameters are usually determined by fitting some
of the experimental properties. Unlike the MD approach, the
present approach differs in calculating total energy by solving
KS functional self-consistently and does not require any ex-
perimental inputs. Further, the present study suggests that the
SPT in SiC is due to elastic instability. Previous study!'?! has
identified bond ordering in 3C-SiC as the phonon softening
mechanism. Phonon softening along the transverse mode in

(110) plane at the zone center (I"-point) of Brillouin-zone is
the precursor of transformation of ZB into RS structure. Also,
high temperature thermodynamic properties are studied using
the quasiharmonic Debye model through using the present first
principles cohesive properties as the only input. The simplifi-
cation involved in the Debye model is valid for moderately
high temperatures (e.g., close to melting temperature), where
thermal excitation energy (or equivalent frequency) is rela-
tively low. It seems that the use of QHA (i.e., ignoring higher
order terms in the free energy expansion) is adequate. For
example, volume thermal expansion, temperature-dependent
bulk moduli, specific heats, and characteristic temperature all
show the correct trend in the T > 6p regime. For the entire
temperature range C, is found to be greater than Cy, which im-
plies the thermodynamic stability of the crystal. Consequently
we believe that the present high-T results for various thermal
properties may serve as a reliable means of comparison in fu-
ture study for example, to resolve the discrepancy in high-T
behavior of Debye temperature.
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