
Citation: Zagorac, J.; Schön, J.C.;
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Abstract: Hafnium carbide (HfC) is a refractory compound known for its exceptional mechanical,
thermal, and electrical properties. This compound has gained significant attention in materials science
and engineering due to its high melting point, extreme hardness, and excellent thermal stability. This
study presents crystal structure prediction via energy landscape explorations of pristine hafnium
carbide supplemented by data mining. Apart from the well-known equilibrium rock salt phase, we
predict eight new polymorphs of HfC. The predicted HfC phases appear in the energy landscape with
known structure types such as the WC type, NiAs type, 5-5 type, sphalerite (ZnS) type, TlI type, and
CsCl type; in addition, we predict two new structure types denoted as ortho_HfC and HfC_polytype,
respectively. Moreover, we have investigated the structural characteristics and mechanical properties
of hafnium carbide at the DFT level of computation, which opens diverse applications in various
technological domains.

Keywords: hafnium carbide; structure prediction; mechanical properties

1. Introduction

The lack of predictability in solid-state synthesis and crystallography makes it difficult
to discover new crystalline structures and design new materials. This is of particular
concern since new types of crystal structures can exhibit special physical and chemical
properties, while their realization as new materials is of great technological interest. To
enhance crystal structure and materials discovery by providing promising synthesis targets
in given chemical systems, the prediction of possible crystal structures in a chemical system
and the computation of their physical properties are therefore of vital importance [1]. Here,
crystal structure prediction (CSP) refers to the determination of the feasible crystalline
modifications of solids from first principles, i.e., without input from experiments, where a
large variety of search methods have been employed [1–9]; these a priori-type methods are
frequently supplemented by data mining procedures that suggest starting configurations
for local minimizations on the landscape. The ability to perform such predictions is based
on the underlying mathematical structure of the chemical system, the energy landscape [10],
where the time evolution and dynamics of the system occur, and where stable compounds
correspond to locally ergodic regions on the landscape [2]. Thus, the study of the energy
landscape of a chemical system provides insight into metastable chemical compounds ca-
pable of existence on various observational time scales [10] ranging from simple molecules
and clusters [11], biomolecules [11], monolayers and nanotubes [12], bulk crystalline [7],
and amorphous solids [11] to phase diagrams of multinary chemical systems [13] including
both thermodynamically stable and metastable phases [14]. The energy landscape concepts
and their applications in extreme conditions [15] are especially important for investigating
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materials such as hafnium carbide, where not only the potential energy landscape but also
the potential enthalpy landscapes [10] at high non-zero pressures are relevant.

Hafnium carbide (HfC) belongs to the family of transition metal carbides and exhibits
a wide range of remarkable properties including high strength, wear resistance, anti-
oxidation, anti-corrosion, and biocompatibility, which make it a promising candidate for
advanced materials applications [16]. It also ranks among the hardest materials, with a
Vickers hardness value exceeding 20 GPa, making it a possible substitute for industrial
diamonds [17]. Its high melting point, approximately 3900 ◦C, has attracted interest since
a superior level of hardness can be inferred from a high melting point [18]. HfC can
form solid solutions with various chemical systems, e.g., with TaC [19], ZrC [20], SiC [21],
uranium monocarbide (UC) [22], and more complex ones like (Hf, Ta)C/SiC, and (Hf,
Ti)C/SiC [23], SiC/(Hf, Ta)C(N)/(B)C [24], etc.

Several methods have been developed for synthesizing hafnium carbide, including
carbothermic reduction, low-temperature synthesis, sol–gel polycondensation, chemical va-
por deposition (CVD), and spark plasma sintering (SPS) [25–28]. In all of these experiments,
as well as most of the calculations reported in the literature, hafnium carbide adopts a face-
centered cubic (FCC) crystal structure, similar to that of the rock salt (NaCl) type [17,29–31].
In most of the earlier theoretical work, the equilibrium NaCl structure has been investigated
for its mechanical properties, especially regarding the Vickers hardness [32–36]. There is
only one study, by Zeng et al. [35], that deals with other HfC phases; however, the stable
hafnium carbides discussed exhibit stoichiometries different from HfC.

In the current study, we go beyond this earlier work in a systematic fashion by
performing a priori structure prediction in pristine hafnium carbide. We identify novel
HfC modifications and compute their mechanical properties, thus providing promising
targets for the synthesis of new HfC-based materials.

2. Computational Details

In the first part of our study, crystal structure prediction of hafnium carbide was
carried out using global optimization (GS) of the energy landscape for identifying local
minima of the potential energy or enthalpy. This exploration was supplemented by results
from data mining-based searches, followed by local optimizations on the ab initio level of
the most promising candidate structures, similar to the general procedure used in earlier
work [37].

The enthalpy landscape of the HfC compound was explored for several pressures,
including extremely high values up to 1.6 × 106 GPa (0, 0.16, 1.6, 16, 160, 1600, 16,000,
160,000 and 1,600,000 GPa). Here, we employed simulated annealing as an algorithm for
the global search, combined with periodic local optimizations along the search trajectory,
carried out with the G42+ code [38]. The global searches were performed for four formula
units of HfC, and the moveclass of the random walk included shifts in randomly selected
atoms only (65%), exchange of randomly chosen pairs of atoms (10%), and changes in the
cell parameters with and without atom movements (25%). To perform the global searches
with a reasonable computational effort, a fast computable empirical two-body potential
consisting of Lennard–Jones and exponentially damped Coulomb terms was employed.
In this fashion, ca. 27,000 structure candidates exhibiting a great variety of structures and
structure types were generated.

The global search was supplemented with data-mining-based explorations of the ICSD
database [39,40], which were restricted to the common AB structure prototypes found in
our previous studies [41,42]. The data mining confirmed the equilibrium rock salt (NaCl),
cesium chloride (CsCl), and sphalerite (ZnS) types of structures that had been obtained
from the global searches as feasible modifications, and added the tungsten carbide (WC)
type as a structure candidate in the HfC system via analogy to known crystallographic
structure types.

The final step of the structure prediction part of the study was accomplished by locally
minimizing all promising structure candidates on an ab initio level with the CRYSTAL17
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code, based on linear combinations of atomic orbitals [43,44]. Analytical gradients were
used for the local optimization [45,46]. DFT calculations were performed using two different
functionals and approximations: the local density approximation (LDA) with the Perdew–
Zunger (PZ) correlation functional [47], and the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) functional [48]. Previous studies have shown that
the choice of these DFT functionals produces reliable structure prediction results [37,41].
For the integration over the Brillouin zone, a k-point mesh of 8 × 8 × 8 was generated
using the Monkhorst–Pack scheme [49], and the energy convergence tolerance was set as
10−7 eV/atom [50].

Basis set choice is very important for the correct DFT structure optimization [51]. For
hafnium, a Hf_ECP_Stevens_411d31G_munoz_2007 effective core pseudopotential was
employed [52]. In the case of carbon, the C_6-21G*_catti_1993 all-electron basis set based
on Gaussian-type orbitals was used [53,54].

Subsequently, the symmetries of the computed structures were determined using the
program KPLOT [55], and the structures were visualized using the Vesta code [56]. Next,
the energy was computed as a function of volume for the most promising modifications
predicted, and possible high-temperature and high-pressure or effective negative-pressure
phases were identified.

Finally, in the second part of this study, the mechanical properties of selected particu-
larly interesting crystalline HfC structure candidates were calculated using the computa-
tional strategy implemented in the CRYSTAL17 solid-state quantum-chemical program [57].
A full elastic tensor has been generated using the keyword ELASTCON [58].

3. Results and Discussion
3.1. Energy Landscape and Energetic Properties

The most common candidate we observe on the enthalpy landscapes of HfC appears
in the rock salt (NaCl) structure, which is the lowest energy minimum (global minimum) on
the empirical potential energy landscape of HfC. After local optimization on the DFT level
using LDA-PZ and GGA-PBE functionals, the NaCl type modification continues to be the
lowest energy structure, shown on the computed energy vs. volume, E(V), curves (Figure 1)
as well as in the energy ranking (Table 1). This is in agreement with the experimental
observations [17] where it has been observed that NaCl is the equilibrium structure at
standard thermodynamic conditions.

Table 1. Energy ranking of the crystalline structure candidates after ab initio optimization. The total
energy (in Eh) is computed using the LDA-PZ and GGA-PBE functional.

Modification LDA PBE

NaCl_type −86.6624 −87.0498
Ortho_HfC_type −86.6428 −87.0319

5-5_type −86.6352 −87.0261
HfC_polytype −86.6324 −87.0203

TlI_type −86.6251 −87.0135
NiAs_type −86.6209 −87.0104
WC_type −86.6055 −86.9942
ZnS_type −86.6034 −86.9968
CsCl_type −86.5664 −86.9519

Apart from the NaCl modification, we note three predicted structures possibly ap-
pearing for effective negative pressures: the new ortho_HfC type, the 5-5 type, and the
ZnS type (Figure 1 and Table 1). Similarly, several new polymorphs for the HfC system
are predicted that might be feasible at high pressures or in the high-temperature region
of the phase diagram, exhibiting the TlI type, the NiAs type, the WC type, and a new
HfC_polytype. The CsCl type only appears on the enthalpy landscape for extremely high
pressures and is energetically quite high compared to the other predicted modifications
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(Figure 1 and Table 1), suggesting that it might be difficult to reach even in high-pressure
experiments, in contrast to, e.g., the case of most alkali metal halides [42]. We note that the
energy ranking of these HfC polymorphs remains the same regardless of the computational
ab initio approach employed, with only a slight variation between the WC and the ZnS
type at the GGA-PBE level (Table 1).
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structure candidates in the HfC system obtained using the LDA functional. Energies per formula
unit are given in Hartree (Eh).

3.2. Crystal Structure Prediction and Polymorphs of HfC

The predicted structures of hafnium carbide are visualized in Figure 2, while full
structural details computed using LDA and GGA are presented in Table 2. The global
minimum is found in the rock salt (NaCl) type of structure (Figure 2a) and appears in
the cubic symmetry with the space group Fm-3m (no. 225), which is the known equilib-
rium phase of hafnium carbide. We note that the computed unit cell parameters (LDA
a = 4.62 Å, GGA a = 4.67 Å, Table 2) are in excellent agreement with previous experimental
observations [16,59–62] and DFT calculations [34,63–69].

The so-called 5-5 type is predicted to be thermodynamically stable in the negative
pressure region (Figure 1). The transition negative pressure is expected to be around
−20 GPa. The 5-5 structure type appears in the hexagonal symmetry with space group
P63/mmc (no. 194). This type of structure can be described as a mutual fivefold coordination
of cation A by anion B in a hexagonal lattice with ABAB stacking, where the A-atoms form
trigonal bipyramids around B-atoms, and vice versa (Figure 2b) [70]. This structure has
been found on the energy landscape of various AB chemical systems in the past [42,70–72].

The new predicted ortho_HfC type of structure appears in orthorhombic symmetry
with space group Cmcm (no. 63) (Table 2). This new structure type can be visualized as
a combination of the NaCl and 5-5 types of structure, where six fold octahedra are edge
connected to the five fold trigonal bipyramids (Figure 2c), reminiscent of an intergrowth
type of structure. Such a combination of structural features has reduced symmetry to
the orthorhombic lattice; however, it should be feasible to synthesize it on the NaCl →
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5-5 transition route. This is supported by the observation that very similar kinds of
combinations of octahedra and trigonal bipyramids have been observed as local minima
on the energy landscape of other ionic systems, such as for bulk NaCl (c.f., Figure 3
in reference [70]) or monolayers of MgO on sapphire (c.f., Figure 3d in reference [38]).
Another novel structure type has also been found as a polytypic form of hafnium carbide,
which is the first report of its kind. The HfC_polytype modification appears in the R3m
(no. 160) space group in the trigonal crystal system (Figure 2d). The polytypic structure
consists of edge-connected six-fold octahedra and trigonal prisms, which we might consider
as a combination of NiAs and WC structural features. The trigonal symmetry of the
HfC_polytype remains high and can easily be transformed into a hexagonal setting (shown
in Table 2 and Figure 2d). The polytypic behavior has previously been experimentally
observed in various chemical systems [73–75] and theoretically computed [76,77] in various
chemical systems; in the HfC compound, it appears in high-temperature conditions as a
metastable phase (Figure 1).
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Table 2. Structure type, space group, unit cell parameters (Å), unit cell volume (Å3), and atomic
positions for the most relevant HfC polymorphs.

Structure Candidates LDA PBE

NaCl_type

Fm-3m (225)
a = 4.62; V = 98.51

Hf 0 0 0
C 1/2 0 0

Fm-3m (225)
a = 4.67; V = 101.91

Hf 0 0 0
C 1/2 0 0

Ortho_HfC type

Cmcm (63)
a = 3.40; b = 13.66; c = 4.59; V = 213.30

Hf1 0 0.6862 1/4
Hf2 0 0.9200 1/4
C1 0 0.3144 1/4
C2 0 0.0799 1/4

Cmcm (63)
a = 3.45; b = 13.81

c = 4.64; V = 220.66
Hf1 0 0.6857 1/4
Hf2 0 0.9201 1/4
C1 0 0.3149 1/4
C2 0 0.0799 1/4

5-5_type

P63/mmc (194)
a = 3.82; c = 4.60; V = 58.01

Hf 1/3 2/3 3/4
C 2/3 1/3 3/4

P63/mmc (194)
a = 3.86; c = 4.65

V = 60.02
Hf 1/3 2/3 3/4
C 2/3 1/3 3/4

HfC_polytype

R3m (160)
a = 3.24; c = 16.73; V = 152.34

Hf1 0 0 0.8085
Hf2 0 0 0.6344
C1 0 0 0.2234
C2 0 0 0.0541

R3m (160)
a = 3.28; c = 16.90

V = 157.70
Hf1 0 0 0.8085
Hf2 0 0 0.6345
C1 0 0 0.2234
C2 0 0 0.0540

TlI_type

Cmcm (63)
a = 3.15; b = 9.54; c = 3.34; V = 100.52

Hf 0 0.6343 1/4
C 0 0.8697 1/4

Cmcm (63)
a = 3.20; b = 9.92

c = 3.35; V = 106.16
Hf 0 0.6367 1/4
C 0 0.8649 1/4

NiAs_type

P63/mmc (194)
a = 3.24; c = 5.72; V = 52.03

Hf 0 0 1/2
C 1/3 2/3 3/4

P63/mmc (194)
a = 3.28; c = 5.78

V = 53.86
Hf 0 0 0.5

C 1/3 2/3 3/4

WC_type

P-6m2 (187)
a = 3.20; c = 2.90; V = 25.73

Hf 0 0 0
C 1/3 2/3 1/2

P-6m2 (187)
a = 3.24; c = 2.93

V = 26.68
Hf 0 0 0

C 1/3 2/3 1/2

ZnS_type

F-43m (216)
a = 4.99; V = 124.33

Hf 1/2 1/2 1/2
C 3/4 3/4 1/4

F-43m (216)
a = 5.05; V = 128.72

Hf 1/2 1/2 1/2
C 3/4 3/4 1/4

CsCl_type

Pm-3m (221)
a = 2.87; V = 23.54

Hf 0 0 0
C 1/2 1/2 1/2

Pm-3m (221)
a = 2.91; V = 24.54

Hf 0 0 0
C 1/2 1/2 1/2

The TlI structure type is predicted to appear as a high-temperature form of hafnium
carbide (Figure 1, Table 1). Although the TlI modification exhibits the same orthorhombic
space group Cmcm (no. 63) as the newly predicted ortho_HfC type, these two structures are
different. Unit cell and structural parameters differ (Table 2) and the TlI structure shows a
sevenfold coordination of Hf by C atoms. The orthorhombic TlI type can be considered
to be a rather distorted NaCl structure type, described as a chain of monocapped trigonal
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prisms sharing common rectangular faces (Figure 2e). There are possible synthesis routes
for the TlI type of structure since it has previously been found along the NaCl → CsCl
transition route in other chemical systems [41,78–80].

NiA modification appears in the same hexagonal P63/mmc (no. 194) space group as
the 5-5 type structure; however, they are structurally very different. The NiAs type shows
sixfold coordination of hafnium by carbon forming ABAB layers of octahedra, while the 5-5
type is fivefold coordinated with trigonal bipyramids (Figure 2b,f), reminiscent of an ionic
analog of the h-BN type structure. The NiAs type has been found in previous theoretical
searches for various AB systems [42,70,71,78], but this is the first indication of this type in
the hafnium carbide system.

The tungsten carbide (WC) type of structure shows a hexagonal lattice with space
group P-6m2 (no. 187) (Table 2). The WC modification can be visualized as edge-connected
trigonal prisms formed by the six-fold coordination of Hf atoms by C atoms (Figure 2g).
The WC type of hafnium carbide has previously been theoretically investigated for its
hardness and elastic properties [81], as well as for semi-metal and electronic properties [82].
We note that the calculated cell parameters for the WC structure (LDA a = 3.20 Å; c = 2.90 Å,
GGA a = 3.24 Å; c = 2.93 Å) are in good agreement with previous DFT calculations (LDA
a = 3.227 Å; c = 2.915Å, GGA a = 3.267 Å; c = 2.942 Å) [81,82].

Finally, we predict two cubic phases, exhibiting the ZnS and CsCl type, respectively,
as structure candidates in the HfC system. Both commonly appear on the energy landscape
of AB compounds [70]; however, they are structurally very different. The sphalerite (ZnS)
type appears in the space group F-43m (no. 216) and the CsCl type in the space group
Pm-3m (no. 221), respectively. The ZnS-like phase shows fourfold coordination of Hf
ions by C ions, while in the CsCl-like one, the Hf ion is eightfold coordinated by C ions
(Figure 2h,i). Yang et al. carried out first-principles calculations of mechanical properties of
cubic 5d transition metal monocarbides, where they predicted a stable ZnS type and an
unstable CsCl type modification of hafnium carbide [33]. Our DFT calculations of the unit
cell parameters (Table 2) concur with this study [33].

3.3. Mechanical Properties of Hafnium Carbide

The mechanical properties of hafnium carbide have been computed on the DFT-
LDA level including elastic tensor constants (Cxy), bulk modulus (K), shear modulus (G),
Young modulus (E), Poisson ratio (v), and Vickers hardness (VH) as shown in Tables A1
and 3. The bulk modulus, shear modulus, and Vickers hardness were calculated using the
Voigt–Reuss–Hill (VRH) approximation expressed in GPa. The Voigt–Reuss–Hill (VRH)
approximation is a useful scheme by which anisotropic single-crystal elastic constants can
be converted into isotropic polycrystalline elastic moduli, and where the validity of the
VRH approximation is established in the literature [58,83]. Table 3 shows only three of
the mechanically stable modifications of HfC, the NaCl type, the ortho_HfC type, and the
NiAs type, and a comparison with previous experimental and theoretical observations
where available. In addition, we will describe the computed mechanical properties of the
mechanically unstable structures and compare them with previous reports in the literature.
Here, instability was indicated by negative values of some of the computed elastic constants
or/and mechanical moduli; we note that even though all structures investigated here
corresponded to local minima of the energy and exhibited a positive bulk modulus (see
Table A1 in Appendix A), such an instability can appear in the calculations due to the choice
of approximation for the computation of the moduli and the finite atom displacements
involved in the numerical computation of the moduli when the structure is already close to
a possible phase transformation.
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Table 3. Mechanical properties of hafnium carbide computed using LDA-PZ functional. Bulk
modulus (K), shear modulus (G), and Vickers hardness (VH) were calculated using the Voigt–Reuss–
Hill (VRH) approximations expressed in GPa. We employed three different approximations for
calculating the bulk and shear moduli and the Vickers hardness, where letters V, R, or H in the
subscript denote the Voigt, Reuss, or Hill approach, respectively.

Mechanical Property
Rock Salt (NaCl) Type ortho_HfC

Type NiAs Type

LDA Experiment Theory LDA LDA

Bulk modulus KV (GPa) 261.54

242 [84], 263 [85]
233 [63], 238 [86], 247 [33],

248 [87], 262.5 [68], 270 [36],
276.3 [34], 278 [35]

228.12 230.53

Bulk modulus KR (GPa) 261.54 222.84 228.01

Bulk modulus KH (GPa) 261.54 225.48 229.27

Shear modulus GV (GPa) 195.08

195 [84] 166 [32], 181 [33], 188.8 [34],
207 [35], 230 [36]

86.10 146.79

Shear modulus GR (GPa) 192.38 237.31 132.56

Shear modulus GH (GPa) 193.73 161.71 139.67

Young modulus E_H (GPa) 466.11 430 [88], 461 [84] 404 [32], 437 [33], 461.3 [34],
537 [36] 391.53 348.29

Poisson ratio v_H 0.20 n.a. n.a. 0.21 0.25

Vickers (GPa) hardness VH_V 27.57

26.1 [89], 18–20 [88] 26.2 [33]; 29.08 [35]

1.15 18.83

Vickers (GPa) hardness VH_R 26.87 47.48 15.80

Vickers (GPa) hardness VH_H 27.22 23.09 17.29

The computed value of the bulk modulus for the rock salt phase of HfC (K = 261.54 GPa)
is in agreement with previous experimental (K = 242–263 GPa) and theoretical findings
(233–278 GPa) (Table 3). Similarly, the computed values of the shear modulus (G = 192.73 GPa)
and the Young modulus (E = 466.11 GPa) concur with experimental findings (G = 195 GPa
and E = 461 GPa); here, the earlier calculations in the literature show a wide range of values
(G = 166–230 GPa and E = 404–537 GPa). The computed Vickers hardness (VH = 27.22 GPa)
is slightly overestimated compared to the data from experiment (VH = 18–26.1 GPa) but
concurs with previously reported theoretical reports (VH = 26.2–29.08 GPa).

The computed bulk modulus (K = 225.48 GPa and 229.27 GPa), shear modulus
(G = 161.71 GPa and 139.67 GPa), and Young modulus (E = 391.53 GPa and 348.29 GPa)
for the predicted ortho_HfC-type and NiAs-type-HfC modifications are significantly lower
than the values measured and computed for the equilibrium rock salt phase (Table 3). On
the other hand, the computed Poisson ratio for these two predicted phases (v = 0.21 and
0.25) is higher than the one computed for the NaCl type modification. Finally, if one were
to manage to synthesize the ortho_HfC type and the NiAs type of hafnium carbide, these
would correspond to less hard phases compared to the rock salt type modification, and
they thus might have versatile technological applications.

For the mechanically unstable structures (see Table A1 in Appendix A), we computed
the value of the bulk modulus and compared it to previous calculations for the WC type,
ZnS type, and CsCl type in the literature. Our LDA calculations of the bulk modulus of
the WC type modification (K = 222.69 GPa) slightly underestimate the calculated values
reported in the literature (K = 239 [81]), while for the ZnS type (K = 175.95 GPa) and
the CsCl type (K = 227.16 GPa), we obtained slightly larger values (K = 165 GPa and
K = 214 GPa [33]). We can conclude that our LDA-PZ calculations of the mechanical proper-
ties are in agreement with previous experimental and theoretical data, where available, and
the values of the predicted mechanical properties of the new feasible HfC modifications
should thus be realistic.
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4. Conclusions

Hafnium carbide is a known compound with exceptional mechanical, thermal, and
electrical properties. Here, we have performed crystal structure prediction of HfC us-
ing global optimization on enthalpy landscapes of the system supplemented by data
mining searches in the ICSD database. Local optimizations of the obtained structure candi-
dates have been performed using DFT, specifically employing the LDA-PZ and GGA-PBE
functionals. Apart from the NaCl-type phase corresponding to the thermodynamically
stable phase in standard conditions, we predict eight new polymorphs of hafnium carbide:
the WC-type, NiAs-type, 5-5-type, ZnS-type, TlI-type, CsCl-type, ortho_HfC-type, and
HfC_polytype polymorphs. Moreover, we have investigated the structural characteristics
and mechanical properties of these predicted modifications of hafnium carbide at the ab
initio level of computation. Our LDA-PZ calculations of the mechanical properties are
in agreement with previous experimental and theoretical data, where available. The pre-
dicted values for the previously unknown HfC polymorphs suggest a certain degree of
versatility for technological applications, making such modifications promising targets of
chemical syntheses.
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Appendix A

Table A1. Bulk modulus (K) for the nine most promising predicted HfC structure types, calculated
using the Voigt–Reuss–Hill (VRH) approximation, expressed in GPa.

NaCl_Type Ortho_HfC
_Type 5-5_Type HfC_polytype TlI_Type NiAs_Type WC_Type ZnS_Type CsCl_Type

Bulk modulus KV 261.54 228.12 208.70 237.89 209.70 230.53 224.23 179.95 227.16

Bulk modulus KR 261.54 222.84 205.11 237.86 131.91 228.01 221.16 175.95 227.16

Bulk modulus KH 261.54 225.48 206.90 237.87 170.80 229.27 222.69 175.95 227.16

Exp 242 [84]
263 [85] n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Theory

233 [63]
238 [86]
247 [33]
248 [87]

262.5 [68]
270 [36]

276.3 [34]
278 [35]

n.a. n.a. n.a. n.a. n.a. 239 [81] 165 [33] 214 [33]

Elastic tensor
constants (GPa)

C11 = 560
C12 = 112
C44 = 175

C11 = 363
C22 = 458
C33 = 580
C44 = 163
C55 = 141
C66 = 232
C12 = 147
C13 = 77

C23 = 103

C11 = 253
C12 = 241
C13 = 86

C33 = 550
C44 = 142

C11 = 438
C12 = 134
C13 = 124
C33 = 444
C44 = −31

C11 = 525
C22 = 166
C33 = 520
C44 = 165
C55 = 235

C66 = −833
C12 = 18
C13 = 164
C23 = 152

C11 = 417
C12 = 155
C13 = 74

C33 = 630
C44 = 108

C11 = 420
C12 = 146
C13 = 57
C33 = 661

C44 = −70.29

C11 = 187
C12 = 170
C44 = 54

C11 = 83
C12 = 299

C44 = −252
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