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While Si, C and SiC are very well known materials that have been exténsitglied in their multitude
of structures and allotropes, there is, surprisingly, a dearth of reliafdemation for df-50:50 compounds
involving Si and C. Do such compounds exist and, if so, what are thusiblie structures for these compounds?
Using first principles total energy methods, we generally explore thesstions before investigating in some
detail the structures involving silicon dicarbide. Of the structures coresideur results show that the tetragonal
glitter phase is lowest in energy. Of the two higher energy cubic strudhurés/e considered, we note that there
is a continuous transition from the high energy fluorite structure to the loweagg pyrite structure. We predict
the transition pressure from glitter to pyrite to be 24.7 GPa. We give detailertigral and electronic properties
for these systems. Since diamond and SiC are known for their hargngssrties, we compute the elastic
properties of Sig, and we make an assessment of its hardness properties. We pilopgéitter structure to be
a plausible phase for S;C

PACS numbers: 61.66.Dk, 62.20.de, 71.20.Nr

I. INTRODUCTION taxy [11, 12] and chemical vapor deposition [13] and stud-
ied theoretically [14—16], butf&-50:50 alloys do not seem to

Silicon and carbon have both been at the very forefront if€adily exist. An extensive search of the literature shows a
the technological advancements of the last century, and ajtearth of ordered, disordered, random, as well as amorphous
plications are set to continue to grow at a rapid rate into thénd thin film structures [17] for these alloy concentrations
future. Si has an established history with semiconducter ap Clearly, the reasons for the apparent immiscibility must
plications, while C has been the subject of very extensive recénter more on the fierences between Si and C rather than
search over a great many decades because of its propensityFﬂ? similarities between these two elements. What is known
form different allotropes such as graphite, buckeyballs, nanis that C has a preponderance for forming apd sg bonds,
otubes, graphene and diamond with extreme properties. R¥hereas Si prefers jponds under ambient conditions. Al
cently, Umemoto et al. [1] predicted the metastability abam the 50:50 alloys of SiC under ambient conditions exhibretet
ent conditions of a new form of C based on density functionafedral coordination which suggests that in an alloyed cenfig
computations. Diamond is often used as the defining standaifation under ambient conditions, *sponding may also be

for hardness and has found useful applications, for exampléreferred.
as an abrasive in the cutting tool industry. Is it possible to createfty50:50 alloys where the atoms

It is fascinating that despite the similarity of these twe-sy Maintain their tetrahedral coordination? Given the siieab

tems, for example in terms of the structure (diamond), v@len difference in the bond lengths of these two elements in .the di-
and electronic structure, there is a great dearth in thdaii  amond structure (the bond length of C is abguhat for S,

|ty of reliable data for a”oys invo'ving these two elemen®s it is clear that this will be dficult. The 50:50 a”oys are Stl’}JC- .
course, the 50:50 alloy of silicon carbide in its cubic and va tured only on homogeneous Si-C bonds, which explains in
ious hexagonal stacking polytypes are very well known andPart their stability. The presence of Si-Si, C-C and Si-Cdson
have been well studied usirap initio techniques [2—6]. Ap- all in any single system will result in strains which could, i
plications involving SiC also center on hardness and thermaPrinciple, only be relieved in complex geometries. Alterna
properties, for example in applications involving powdsatt- tively, amorphous or dlsorder_ed structures could r_esu_lt.
nology such as high-tech ceramics [7], high-power devigps [ ~ Off-50:50 systems for which the Si atom attains its pre-
and nuclear fuel casings [9]. ferred sp form while the C atom is free to form 3@ndor

However, it remains a great mystery why alloys of the formSP’ bonds perhaps in layered geometries are yet to be found.
Si; 4Cy with 0.1< x< 0.4 or 06< x< 0.9, which we referto  Are ordered alloys of these forms possible? Are the amor-
as df-50:50 alloys, do not seem to form with ease. Empir-Phous forms more realistic? Could such thin alloy films be
ical evidence suggests that there is a low solubility of C inSynthesized at surfaces or interfaces? _

Si [10] and low concentrations of metastable C defects in Si It turns out that under conditions of high pressure, SiC

have been created experimentally using molecular beam epitansforms to the rock-salt structure [18], which is sigfob-
ordinated and comprises homogeneous Si-C bonds. Pressure

would be a useful tool to search foff€>0:50 alloys involving

Siand C. Grumbach and Martin [19], in their theoretical work
*Richard.Andrew@up.ac.za on high-pressuyligh-temperature phases of C, discovered a
fMax.Braun@up.ac.za dense liquid whose melting temperature decreased with pres
#Nithaya.Chetty@up.ac.za sure, which is a behavior that is very similar to that of Si and



Ge at lower pressures. This liquid resembles the simple cuputed elastic constants and phonon frequencies, negative r
bic structure with sixfold coordination, a structure sanito  sults of which indicated system instabilities. This furthe-

that of Si and Ge under pressure. This gives us some insightiiced our set of plausible structures. We compared ourtsesul
into the possibilities for alloy formation of these systentis  with Si, C and SiC whenever possible. We calculated elec-
could be inferred, for instance, that simple high coordorat tronic band structures to investigate the electronic progee
ordered structures might form under conditions of high presof these systems.

sure. Itis also clear that temperature is a useful tool téoe&p Presenting results for all systems that we tested - many of
such systems. which were quickly rejected based on the above arguments - is

There are opportunities here for both experimentalists andot considered in this paper. In the rest of this paper, wesfoc
theorists to address. In this paper, we employ density funceur attention on silicon dicarbide, which we concluded is a
tional theory within the generalized gradient approximati plausible material. Our results showed upGSas not being
to consider some of the questions that we have posed. Thefavorable.
methods have been shown to be very accurate in describing
many material systems and especially those involving Si and
C [20, 21] and including, more recently, the Van der Waals B. Proposed structuresfor SIiC,
interaction[22] that is prevalent in graphite.

In section Il, we begin with a general exploration of the Recently, graphene, nanotube and nanoribbon structures
question of the possible existence @f-60:50 alloys involv-  for SiC, have been proposed and studied [23]. We propose
ing Si and C, and we then focus specifically on our proposego study two crystalline structures: a previously suggeste
structures of Sig In section Il we present details of our tetragonal structure [24] derived from a theoretical gtite
computational methods. In section IV we present our resultsor C called glitter [25], and the cubic pyrite structure &as
We give detailed arguments why the glitter phase is the mosgn FeS.
plausible structure. We draw our conclusions with suggesti The pyrite structure shown in Fig. 1 has space grBaﬁ.
for possible future work in section V. It is composed of Si atoms at FCC sites with C atoms placed

at lattice position X, x, xX) and at all symmetry-equivalent lo-
cations to &, x, X) in units of the lattice constant. The pyrite

Il. OFF-50:50 ALLOYSINVOLVING SIAND C structure is identical to the fluorite structure, shown ig. 3,
when x=0.25. Each C atom has 4-fold coordination while
A. Preamble each Si atom has 6-fold coordination.

In the search for hypothetical structures foy(B Ref. 26

The tools that we have available to investigate the possibléound two structures similar to glitter where the 4-fold odie
structures of 6-50:50 are wide ranging. Even before begin- nated C atoms of glitter are replaced by B atoms and half the
ning our computations, as a guiding rule, we consider system3-fold coordinated C atoms are replaced by O giving space
for whichdsi_s; > dsi_c > dc_c, whered is the bond length.  groups ofP4,mc and P-4m2. For our tetragonal structure,
Our initial arguments are based on geometry and symmetrgll the 4-fold coordinated C atoms are replaced with Si atoms
For example, the perovskite-derived structures were densi giving it the space group4,/mmc. This structure (henceforth
ered in our initial investigations. SiCShCs, SizC, and SiC referred to asghe glitter structure) is shown in Fig. 3 and has
were studied. Applying the above rule for the ordering of theatomic positions as given in Table. I. For this structurehea
bond lengths, we were very quickly able to discount a numC atom has 3-fold coordination.
ber of the structures. Only 8 with Si atoms on the cor-  There are both Si-C and C-C bonds in these systems.
ners and face centers and C in the body center emerged as a
possibility, which was then subjected to further compotai
scrutiny and subsequently rejected. This was our general ap 1. THEORY AND METHODOLOGY
proach in considering a variety offtérent structures. In our
circumscribed investigation, we were keen to explore open, All calculations were done using the VASP [27] software
covalently bonded structures, and C-layered structures. Acode which implements density functional theory [28] (DFT)
already indicated in the introduction, high coordinatitmis-  using the projector augmented-wave (PAW) method [29]. The
tures could be accessible under conditions of pressureseDenPBEsol exchange-correlation functional [30] of the gehera
structures derived, for example, from the bi-metallicsAuw ized gradient approximation (GGA) was used to accurately
Cr3Si, CsCl and CuAu would be some systems to considerdescribe the bulk properties [31] of the SiGystems us-
but an extensive investigation of such systems was beyand thing PAW pseudopotentials [32]. A kinetic-energy cui-of
scope of our current investigation. 800 eV was used to obtain highly converged total energies.

Using first principles methods, we calculated heats of forMonkhorst-Pack [33] grids were used to sample the Brillouin
mation and equilibrium structures for systems for a range ofone and in order to achieve a consistent sampling density, a
structures and stoichiometries. For systems within theesamgrid size of 11x 11 x 11 was used for the pyrite structure
stoichiometry, we computed enthalpy versus pressure surveand 17x 17 x 9 for the glitter structure. All single-point
and transition pressures. In some cases we discounted struotal energy, band structure and electronic density oestat
tures based on high negative transition pressures. We com-
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(DOS) calculations were done using the tetrahedron integrawhile using the tetrahedron method of k-point integration.
tion method with Bbchl corrections [34]. For geometrical op- The eigenvalues of the fiiness matrix were calculated to de-
timizations, a Methfessel-Paxton smearing [35] with a fidt termine the mechanical stability of the structure. The MT
of 0.2 eV was used to integrate the bands at the fermi level. module further used the fact that the bulk and shear elastic

Elastic constants were obtained using the method of leasthoduli of polycrystalline material are bounded [37] aboye b
squares fit [36] as implemented in the MedeA-MT modulethe Voigt values

J

By = £ (C11+Co2 + Cg3) + 2 (C12 + C13 + C29) @
Gv = 1& (C11 + Co2 + C33) — 75 (C12+ C13+ C23) + £ (Caa + Css + Cos)

(

and below by the Reuss values

1/Br = (S11+ So2 + S33) + 2 (S12 + S13 + S23) )
15/Gr = 4 (S11+ S22 + S33) — 4 (S12 + S13 + S23) + 3 (S4s + Sss + See)

(

whereS;; denotes the elements of the compliance matrix. Itthe least-squares fitted elastic constants are shown in Ta-
used the geometric mean of the two limits (the Hill value) as ale. Il. The relaxed pyrite structure has a lattice constdint
reasonable approximation to describe the polycrystattiae a=£}.754A giving a density of 3.221 g crhwith the angles
terial. These values are then used to calculate the lorigdalyd Si-C-Si=109.34 and CC-Si=109.60 giving a slightly dis-
shear and mean sound velocities as well as the Debye tempeorted tetrahedral nature to the bonding around each C atom
ature using the method described in Ref. 38. (refer to Fig. 7). Through each Si atom, the opposing Si-C
Each structure was fully relaxed at various pressures to olbonds form three straight C-Si-C segments which are not
tain third-order Birch equation of state [39] fits as well as e fully orthogonal to each other but either form an angle of
thalpy vs pressure curves for each structure phase. 87.91° or the complimentary angle of 4%, giving a dis-
Phonon calculations were done using the general direct aggerted octahedral character to the symmetry. The bond dis-
proach of lattice dynamics as implemented in the MedeAtances arelc_c=1.363 A (shorter than that in diamond where
PHONON package [40]. dc_c=1.545A), whileds;_c=2.060 A (larger than that in cu-
bic SiC whereds;_c=1.888 A.) The single-crystal bulk mod-
ulus using the calculated elastic constants is 194.0 GR=in r
IV. RESULTSAND DISCUSSION sonable agreement with the Birch value of 192.3GPa. The
eigenvalues of the sthess matrix are all positive indicating
The fluorite structure is a special case of the pyrite strectu mechanical stability.
with x=0.25. In Fig. 4 we plot the total energy of the pyrite  For the glitter structure, Ref. 24 obtained cell length
structure as a function of the internal parametefFor each ~ parameters ofa=3.07A and c/a=2.287 and calculated a
value ofx, we compute the lowest energy corresponding to thédulk modulus of 230GPa using a semi-empirical for-
equilibrium cell volume, making a continuous transitioreov mula [41] with assumed bond lengths d$_c=1.88A and
all possible pyrite structures. We find a local minimum in thedc-c=1.34 A based on a DFT geometric optimization of a
energy for the fluorite structure and an equilibrium streetu  1,4-disilaquinoid molecule.  Our Birch fit gives values of
corresponding to a global minimum #£0.417 with an en- a=3.156 A andc/a=2.179 giving a density of 2.527 g cth
ergy diference between these two structures of 3.28 eV peNith a lower single-crystal bulk modulus of 163.8 GPa which
formula unit. is in agreement with the value of 163.7 GPa obtained from
However, an analysis of the fluorite structure shows it to beour calculated elastic constants. We found similar bond
dynamically unstable: the phonon dispersion spectra inFig lengths ofdc_c=1.364 A (shorter than that in diamond) and
indicates the presence of soft modes. The pyrite structure &lsi-c=1.888A (identical to that in cubic SiC). The dis-
the global minimum (henceforth referred tothspyrite struc- ~ torted tetrahedral bonding around each Si atom, as shown
ture), on the other hand, is stable at zero pressure as fadica in Fig. 7, has two angles of Gi-C=113.40 and another
by positive phonon frequencies shown in Fig. 6. The pyritefour of CSi-C=107.54. This creates distorted trigonal
structure is therefore a potential candidate system fop,SiC bonding around each C atom with 6+5i=113.40 and
which we explore further. Si-C-C=123.30. The eigenvalues of the fitiess matrix are
The Birch fit parameters for the pyrite structure along withall positive and the phonon dispersion plot in Fig. 8 shows no
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soft modes, indicating mechanical stability at zero presssu  nificantly greater than that for SiC suggesting Si6G have

The band structures and DOS for the glitter structure, ag higher ductility [42]. This is consistent with the metalli
shown in Fig. 9, and for the pyrite structure, as shown innature of both Sigstructures. The large value for glitter is
Fig. 10, both indicate that the two forms of Si@re metallic.  due to a decrease in the GiSi angles causing a significant
The density of electronic states at the Fermi level is grdate  reduction in the cross-sectional area of the unit cell when u
the pyrite structure compared with the glitter structuréolth  der strain in the [001] direction. Due to the trends in thekbul
has a depression in the density of states at the Fermi levedAnd shear moduli, the mean acoustic velocities also inereas
This lends credence to the fact that the glitter structuemé&-  as one goes down the columns with the value for pyrite having
getically more favorable compared with the pyrite strugefar  a value 72% that of SiC, and glitter 61%. Higher velocities ar
result borne out by the calculation of the energy of formatio indicative of an increase in fiiness.
which we discuss a little later. The pyrite structure hasran e
ergy gap above the Fermi energy; the high lying states above
the gap have the potential to overlap with the conductiomban V. CONCLUSIONS
states under pressure. This suggests that the pyritelgtetist
not a simple metal. The metallic nature of the electronitesta Our work is motivated by the search foif-&0:50 alloys in-
gives rise to ductile behavior and consequently lower ielast volving Si and C. We considered a number dfelient struc-
moduli compared with the 50:50 alloys, this despite the &igh tures and stoichiometries involving these elements. Wd use
C content and the shorter C-C bond lengths in both structuregrguments based on the ordering of bond lengths, energetics
for SiC,. transition pressures, elastic constants and phonon fneipse

By relaxing the two structures under pressure, the enthalpyo reduce the set of plausible structures. We honed in op SiC
versus pressure plot in Figure. 11 was obtained. Itis cleirt as showing the greatest promise as a new material that could
the glitter structure is the stable phase at low pressuiieaint pe synthesized.
transition to the pyrite phase at 24.7 GPa. The enerfigreli We found the fluorite structure for SiGo be dynamically
ence between these phases at zero pressure is 1.02 eV per fgfistable. The equilibrium structure for the pyrite struetu
mula unit. The heats of formation were calculated by comparcorresponds to an internal parametexef.417. The transi-
ing the energies of glitter and pyrite with the bulk eleménta tion pressure from the glitter to the pyrite phase was catedl
phases for Si and C. Since GGA does not adequately descrilkg be 24.7 GPa. We found the pyrite phase to have a higher en-
the inter-layer Van der Waals interaction, the energy fonC i thalpy of formation compared with the glitter phase.
graphite was calculated by fixing the lattice parameteregéo t  Both the glitter and pyrite structures are found to be dynam-
experimental values. Our results for the heats of formaien ically stable at zero pressure as indicated by positivetielas
AHgiiter=124.6 kI mot! and AHpyie=223.3 kImot'. The  moduli, phonon frequencies and eigenvalues of thénsts
positive heats of formation indicate that these phases tlo nenatrix. Both systems exhibit metallic character. We predic
form spontaneously under ambient conditions. We suggeshe pyrite phase to not be a simple metal because of the exis-
that C-rich conditions of growth under pressure and temperaence of an energy band gap above the Fermi level. The metal-
ture are needed to explore the synthesis of this new materidic nature of these materials manifests itself in elasticioiio
Itis contemplated that pyrite forms before glitter undemdie  that are considerably lower that those for the 50:50 all@ys d
tions of pressure and temperature, and that the glitterepisas  spite the higher C content and shorter C-C bond lengths.
subsequently stabilized by the reduction of temperatuiieée We propose that the pyrite phase can be synthesized un-
the reduction of pressure. der C-rich conditions under pressure and temperature hend t

The calculated Hill elastic moduli, Poisson’s ratio and glitter phase may be stabilized by reducing temperaturerbef
sound velocities for both structures are given in Table. Ill pressure.
The table shows increasing values for the bulk modulus as We suggest that a detailed understanding of these phases is
one moves down the columns with tetrahedrally-bonded SiGssential to understand the potential for the multi-phagte s
having the highest value, pyrite a value of 86% of SiC andening of the technologically important material of SiC.
glitter 76%. The pyrite structure has a higher value than tha Future work in this area centers on the investigation ofrothe
of glitter due to the fact that it contains C atoms in the cen-stoichiometries involving high-coordinated systems thiat
ter of near-perfect tetrahedra and Si atoms in the center cfccessible under pressure.
near-perfect octahedra. This gives the structure a gemaletr
configuration that is more resistant to isotropic compxessi
strain compared to glitter with its very distorted tetratatd ACKNOWLEDGMENTS
and trigonal bonding.
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TABLE I. Atomic positions in the tetragonal glitter cell as ratios of
the cell length parametessandc.

atom Xa y/a zZc
Si 0 0 14
Si 0 0 34
C 0 12 6/10
C 0 12 410
C 12 0 910
C 1/2 0 10

TABLE II. Lattice parameters andc/a, densityp, bulk modulusB, pressure derivativ®’ from Birch fits (lattice constants in A, density in

g cnt?, bulk modulus in GPa) and elastic constaBtscalculated from a least-squares fit (values in GPa with stated error loicating the
numerical uncertainty of the fit).

a ca p B P Cu Ci2 Ciz Cie Css Cas Ces
glitter 3.156 2.179 2.527 163.8 3.28 383+ 1.20 1540+ 1.20 10151+ 0.85 031+ 1.00 52185+ 1.20 3316+ 1.70 839+ 1.70
pyrite 4.754 3.221 192.3 4.64 4¥6+ 1.30 8305+ 1.30 65.89+ 1.84

TABLE lll. Calculated elastic moduli based on elastic constants for botlctstres showing upper bound Voigt, lower bound Reuss and

geometric mean Hill values in GPa along with Poisson’s ratiand the shear, longitudinal and mean sound velocitigs ms™). Debye
temperature in Kelvin.

By Br By Gy Ggr G Yv Yr Y a Vs Vi Vi ®p
glitter  180.6 163.7 172.2 79.6 26.0 528 208.3 74.0 141.2 0.36 34579801 5149 681
pyrite 1940 1940 1940 106.1 869 965 269.2 226.8 248.0 0.29472 10005 6102 875
3csic 225 192 448 0.168 7727 12230 8502 1161

a eXpt. values fr®2 = V fram Daf 12 all athar ualuace derived from these

FIG. 1. Pyrite structure with Si atoms) at FCC positions and C
atoms @) at (x, X, X) and all symmetry equivalent positions tq , X)
where x is in units of the lattice consteat

FIG. 2. Fluorite structure: pyrite structure with internal parameter
x = 0.25. Si atomsp), C atoms §).



FIG. 3. Glitter structure: Si atome) and C atomsg).
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FIG. 4. Total energy as a function of the internal paramefer the
pyrite SiG structure showing a global minimum at= 0.417 and a
local minimum atx = 0.25.
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FIG. 5. Phonon dispersion and density of states (DOS) for the fluorite
structure showing soft modes.
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FIG. 6. Phonon dispersion and DOS for the pyrite structure showing
no soft modes.
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FIG. 7. Internal angles for the tetrahedral (a) and octahedral (b)
bonding in the pyrite structure and the tetrahedral (c) and trigonal
(d) bonding in the glitter structure: Si atoms)@nd C atomsg).
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FIG. 8. Phonon dispersion and DOS for the glitter structure showing
no soft modes.



10

BN
- ° e ™~
INT o=
SEESE
W | o ]

FIG. 9. Band structure and DOS for the glitter structure showing
metallic nature and reduced density of states at Fermi level.
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FIG. 10. Band structure and DOS for the pyrite structure showing
metallic nature and band-gap above Fermi level.
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FIG. 11. Enthalpy of the glitter (solid line) and pyrite (dashed line)

phases of Sigas a function of pressure. The pyrite phase is stable
above 24.7 GPa (dotted line).
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