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ABSTRACT 

The ground state physical properties of the newly synthesized 312 MAX compound, Hf3AlC2 have 
been investigated using the first-principles density functional theory (DFT). The optimized unit cell 
parameters show good agreement with the experimental values. The calculated elastic constants and 
phonon dispersion confirm the mechanical and dynamical stabilities of this new compound. High bulk 
modulus, combined with low shear resistance and low Vickers hardness, indicates good machinability 
of Hf3AlC2, as expected for a metallic compound. On the other hand, significant stiffness due to large 
Young’s modulus as well as the brittle nature according to the calculated Pugh’s and Poison’s ratios 
and Cauchy pressure are comparable to that of a ceramic. The present calculations show that Hf3AlC2 
is elastically and optically anisotropic. The chemical bonding in Hf3AlC2 consists of a mixture of 
metallic, covalent and ionic contributions. The calculated Fermi surface contains quasi-two-
dimensional topology, which indicates possible superconductivity of Hf3AlC2. The new phase Hf3AlC2 
may also be a promising thermal barrier coating (TBC) material. The calculated enthalpy and entropy 
are found to increase with temperature above 100 K though a decrease is observed for the free energy. 
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1. Introduction 

Over the last two decades, the scientific community has paid huge attention to the nanolaminates 
known as MAX phases with chemical formula Mn+1AX n (n = 1-3) [1], where M stands for an early 
transition metal, A refers to an A-group element and X represents carbon and/or nitrogen. The MAX 
phases take shape of hexagonal structure with space group P63/mmc (No. 194), where the ceramic 
‘M n+1Xn’ layers are intercalated with metallic planes of the A-element [1-5]. The MAX phases are 
unparalleled compounds due to their unusual properties attributed from the combination of metallic 
and ceramic characteristics [1]. Their metallic like properties, for example machinability, damage 
tolerance, thermal and electrical conductivities make them industrially relevant materials. At the same 
time, they possess high elastic stiffness, refractory nature and resistance to high-temperature 
oxidation, just like engineering ceramics [6].  

The recent discovery of a magnetic MAX phase has extended the list of interesting properties of 
MAX family [7]. To date, a large number of MAX phase compounds have been synthesized [8-17] 
and their physical properties have also been studied [18-27]. Very recently, Lapauw et al. has 
synthesized Hf3AlC2 [28], which is the first member of 312 MAX phases in the Hf-Al-C system. This 
phase was first predicted theoretically in 2010 and its elastic and electronic properties were 
investigated [29]. However, many physical properties like the Debye temperature, Vickers hardness, 
phonon dispersion, Mulliken population analysis, charge density and Fermi surface, as well as 
thermodynamic and optical properties, remain unexplored. Investigations of optical functions serve as 
powerful tools for analyzing the electronic characteristics of solids. Nowadays, during design of new 
optoelectronic devices, knowledge of absorption coefficient and refractive indices is essential [30]. 
Microelectronic devices for next generation applications require highly dielectric materials for 
reduced gate insulators [31]. Moreover, MAX phases are predicted to be potential coating materials 
for spacecraft to reduce solar heating significantly [32]. Once more, the thermodynamic properties can 
broaden our knowledge on particular behavior of solids under high pressures and temperatures, which 
are essential for industrial applications [33]. So, we have aimed at determining the thermodynamic 
and optical properties of the newly synthesized MAX phase Hf3AlC2 including Mulliken population 
analysis, theoretical Vickers hardness, phonon dispersion, charge density and Fermi surface for the 
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first time. To make the present study a complete one, we revisit some features of the elastic and 
electronic properties.      

The arrangement of the rest of this paper is in this way: A concise description of the computational 
methods carried out here is presented in Section 2. The obtained results are presented and analyzed in 
Section 3. A brief summary of the findings with concluding remarks is included in Section 4. 

2. Computational Methods  

First principles density-functional theory (DFT) [34,35] calculations are carried out using the 
Cambridge Serial Total Energy Package (CASTEP) module embodied in Materials Studio 2017 [36]. 
The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof known as the                                                                                                            
PBE-GGA scheme [37] is used to evaluate the electronic exchange and correlation energy. The 
electrostatic interaction between valence electron and ionic core is represented by the Vanderbilt-type 
ultrasoft pseudopotentials [38]. The cutoff energy of 400 eV is used for the expansion of the plane 
waves. A k-point mesh of 27×27×4 according to the Monkhorst-Pack scheme [39] is used for 
integration over the first Brillouin zone. The algorithm proposed by Broyden et al. [40] is applied to 
configure the atomic position and the density mixing scheme is used to optimize the electronic 
structure. Reasonable convergence is assured by testing the Brillouin zone sampling and the kinetic 
energy cutoff with convergence thresholds of 5.0×10-7 eV/atom for the tolerance of self-consistent 
field, 5.0×10-6 eV/atom for the energy, 0.01 eV/Å for the maximum force, 5.0×10-4 Å for the 
maximum displacement and 0.02 GPa for the maximum stress, respectively. 

3. Results and Discussion 

3.1. Structural properties 

Similar to other MAX phases, Hf3AlC2 belongs to the P63/mmc space group with hexagonal structure. 
It contains 12 atoms and two formula units in each unit cell. In the optimized structure (Fig. 1), the 
Wyckoff positions 2a and 4f with the relevant fractional coordinates (0, 0, 0) and (2/3, 1/3, 0.1325) 
are occupied by the Hf atoms. The Al atoms take position at 2b Wyckoff site with the fractional 
coordinates (0, 0, 1/4). The C atoms reside in the 4f Wyckoff positions with the fractional coordinates 
(1/3, 2/3, 0.0709). The calculated, geometry optimized unit cell parameters are listed in Table 1 along 
with corresponding experimental and available theoretical values. Our calculated values are in good 
agreement with those obtained experimentally [28] as well as with those predicted theoretically before 
the synthesis of the compound [29,41].  

 

 

 

 

 

 

 

 

 
 
 

Fig. 1. Crystal structure of Hf3AlC2. 
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Table 1. Optimized lattice parameters a and c (Å), hexagonal ratio c/a, internal parameters zHf 
and zc and unit cell volume V (Å3) of the Hf3AlC2 MAX phase.  

a c c/a zHf
 zC V Ref. 

3.3320 19.6895 5.9092 0.1325 0.0709 189.31 Theo. [This] 

3.2844 19.6600 5.9858 0.1307 – – 183.66 Expt. [28] 
3.3176 19.5160 5.8827 0.1331 0.0712 186.03 Theo. [29] 
3.2890 19.6820 5.8942 – – – – 184.39 Theo. [41] 

3.2. Mechanical properties 

3.2.1. Elastic properties  

Elastic properties are of great interest as they can evaluate numerous essential macroscopic properties 
of solids. The MAX phases, as hexagonal crystals, own five independent elastic tensors, namely C11, 
C12, C13, C33, and C44. These constants are determined with the ‘stress-strain’ method [42] as compiled 
in the CASTEP code. The polycrystalline elastic parameters are derived from the single crystal elastic 
constants applying the Voigt-Reuss-Hill approximations [43–45]. The calculated elastic properties are 
listed in Table 2 along with those obtained from other calculations [29,41]. Comparison of the present 
results with the previous data shows a reasonable level of agreement. The independent elastic tensors 
can be used to judge the mechanical stability of crystal systems. Hexagonal crystals like MAX phases 
for being mechanically stable, the following criteria based on elastic constants have to be obeyed: 
C11> 0, C11 – C12 > 0, C44 > 0, (C11 + C12) C33 – 2C13C13 > 0 [46]. Our calculated elastic constants, 
shown in Table 2, completely satisfy these conditions, indicating the mechanical stability of Hf3AlC2.  

The elastic tensors can also give information about the bonding nature of solids. The bonding 
strength along the [100] direction is stronger than that of the [001] direction from the fact that C11 > 
C33. It means that the new nanolaminate Hf3AlC2 is harder to compress along the crystallographic a-
axis, than along the c-axis. In addition, C11 > C33 is the general trend in MAX phase carbides and 
reveals the anisotropic nature of the compound. Again, C11 + C12 > C33, implies that the bonding 
strength and tensile elastic modulus in the (001) plane is higher than that along the c-axis. The pure 
shear elastic constant C44 assesses the resistance to shear distortion in the (001) plane. It is less than 
both the unidirectional elastic constants C11 and C33, indicating that the shear deformation is easier 
than the linear compression along the crystallographic a- and c-axes. The elastic constant C66 [= (C11 – 
C12)/2] estimates the resistance to shear distortion in the 〈110〉 direction. As C66 (135 GPa) > C44 (127 
GPa), the resistance to shear distortion should be significant in the 〈110〉 direction compared to that in 
the (001) plane for the 312 MAX compound Hf3AlC2.  

The difference, (C12 – C44), known as the Cauchy pressure, presumes the bonding nature in solids. 
Metallic bonding dominates in a crystal if its Cauchy pressure is positive, while the material is 
characterized by directional covalent bonding in case of a negative Cauchy pressure [47]. With a large 
negative Cauchy pressure of –50 GPa, Hf3AlC2 should be dominated by directional covalent bonding. 
The negative Cauchy pressure also indicates a brittle nature for Hf3AlC2. The elastic constants C12 and 
C13 are found to be similar. These two factors combine an applied stress component along the a-axis 
with a uniaxial strain in the b- and c-axis, respectively. The comparatively small values of C12 and C13 
imply that Hf3AlC2 should be prone to shear along the crystallographic b- and c-axis, when a 
significant force is applied to the crystallographic a-axis. As mentioned above, the elastic constant C44 
is a measure of the shear resistance and in this study it is surprisingly equal to the shear modulus G.  

Table 2. The calculated elastic constants Cij (GPa), bulk modulus B (GPa), shear modulus 
G (GPa), Young’s modulus Y (GPa), Pugh ratio G/B, and Poisson ratio ν of the Hf3AlC2 

MAX phase.  

C11 C12 C13 C33 C44 B G Y G/B ν Ref. 

347  77 80 291 127 162 127 302 0.78 0.189 This 

357 82 83 283 126 166 128 305 0.77 0.193 [29] 

348 79 82 290 112 163 121 291 0.74 0.203 [41] 
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The bulk and shear modulus are two important properties of polycrystalline materials. The bulk 
modulus B measures the strength of the inter-atomic bonding and the resistance to volume 
deformation in solids. The rather high bulk modulus of Hf3AlC2 indicates the strength of its chemical 
bonds and its ability to resist volume deformation. The bulk modulus B along with the shear elastic 
constant C44 can be used to assess the machinability of compounds. The machinability index, as 
defined by Sun et al. [48] is µ = B/C44.  The high bulk modulus together with a low shear resistance 
should make Hf3AlC2 easily machinable. The shear modulus G can be used to explain how a material 
resists transverse (plastic) deformations. It can also quantify the average shearability of a material. 
The large value of G implies that the ternary ceramic Hf3AlC2 should resist the shear forces, which are 
acting during machining.  
 The shear modulus to bulk modulus ratio G/B is probably as important as B and G separately. 
Using this ratio, Pugh [49] in 1954 first classified the solid materials into two categories: brittle and 
ductile. Pugh also predicted a critical value of 0.57 for G/B that separates the brittle compounds from 
ductile ones. A material is characterized as brittle if the Pugh’s ratio, G/B is greater than 0.57; 
otherwise, the material exhibits ductile nature. As the calculated value (0.78) of G/B is greater than 
0.57, Hf3AlC2 should be a brittle material. 
 The Young’s modulus Y evaluates the response to a uniaxial stress taking average over all 
directions. A material’s stiffness depends mostly on its Young’s modulus. It can be obtained from the 
bulk and shear moduli via the equation: Y = 9BG/(3B + G). A large value of 302 GPa for Hf3AlC2 
indicates that it is a significantly stiff ceramic.  
 The Poisson’s ratio v is another essential tool for understanding the mechanical behaviors of solids. 
The bulk and shear moduli provide the Poisson’s ratio via the equation v = (3B - 2G)/(6B + 2G). It can 
be used to predict the stability of materials against shear. Small values of this parameter for Hf3AlC2 
indicate its stability against shear [50]. The Poisson’s ratio can also be used to assess the nature of 
interatomic forces in crystals [51]. Poisson’s ratios ranging from 0.25 to 0.50 are mainly associated 
with central force solids. Conversely, non-central force solids are those that possess Poisson’s ratios 
outside of this range. Clearly, the 312 MAX phase Hf3AlC2 belongs to the latter group with v ~ 0.2. 
Again, the Poisson’s ratio v can be used to determine the failure mode of solids. Brittle failure occurs 
for materials that have Poisson’s ratio less than 0.26 and ductile failure is associated with the 
materials for which v > 0.26 [52,53].  In addition, the Poisson’s ratio is an essential tool for assessing 
the nature of chemical bonding in crystals. A material is characterized by covalent bonds if v = 0.1 
and metallic bond leads to atomic bonding when v = 0.33 [54]. The Poisson’s ratio of Hf3AlC2 lies 
within these two characteristic values. For this reason, the chemical bonding in the newly synthesized 
Hf3AlC2 is expected to be a combination of covalent and metallic in nature.        

3.2.2. Elastic anisotropy  

Elastic anisotropy is inherent to the nature of crystalline solids. It plays a determining role in many 
physical properties of materials such as phase transformations, atypical phonon modes, anisotropic 
plastic deformation, precipitation, dislocation dynamics, mechanical yield points, elastic instability, 
crack behavior, anisotropy in chemical bonding between atoms in different planes and internal friction 
[55]. Elastic anisotropy has also fascinating application in Geophysics. Therefore, the study of elastic 
anisotropy is very important. Though cubic crystals have only a Zener anisotropy index, hexagonal 
crystals have a number of elastic anisotropy factors. Due to three independent shear elastic tensors, 
the hexagonal crystals like Hf3AlC2 have three types of shear anisotropy factors [56]. The shear 
anisotropy factor for {100} shear planes between the 〈011〉 and 〈010〉 directions is 

�� = (��� + ��� + 2�		 − 4��	)6��� , 
for {010} shear planes between the 〈101〉 and 〈001〉 directions, it is 

�� = 2������ − ���, 
and finally for {001} shear planes between the 〈110〉 and 〈010〉 directions, it is  

�	 = (��� + ��� + 2�		 − 4��	)(��� − ���)  
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For isotropic crystals Ai’s (i = 1, 2, 3) are all equal to unity. The factors Ai possess a value larger or 
smaller than unity when the crystal systems are anisotropic. The deviation of Ai from unity is a 
measure of the degree of elastic anisotropy. The obtained values for shear anisotropy factors shown in 
Table 3 suggest that the title compound Hf3AlC2 is elastically anisotropic, being highest for {001} 
shear planes.  

Table 3. Anisotropic factors A1, A2, A3, and kc/ka, percentage anisotropy 
factors AG, and AB, and universal anisotropic index AU of Hf3AlC2.  

A1 A2 A3 kc/ka AB AG AU Ref. 

0.90 0.94 0.85 1.25 0.28 0.25 0.03 This 

0.89 0.92 0.84 1.37 0.53 0.40 0.05 [29]* 

1.01 0.83 0.84 1.26 0.30 0.45 0.05 [41]* 
     *Calculated from published data 

Another factor kc/ka is frequently used to reckon the elastic anisotropy, where ka and kc are the linear 
compressibility coefficients along the a- and c-axis, respectively.  For hexagonal crystals, it is defined 
as: kc/ka = (C11 + C12 – 2C13)/(C33 – C13) [57]. All the calculated values of kc/ka are greater than unity 
(see Table 3), indicating the higher compressibility along the c-direction than that along the a-
direction. 
 We have also evaluated the percentage anisotropy in compression and shear using the following 
equations [58]: 

�� = �� − ���� + �� ×	100% 

and 

�� = �� − ���� + �� ×	100% 

where, B and G refer to the bulk and shear moduli and their subscripts V and R refer to the Voigt and 
Reuss limits, respectively. Both AB and AG vary from 0 to 100%. These two terminal values indicate 
the material’s isotropic and maximum possible anisotropic nature, respectively. It is evident from 
Table 3 that the anisotropy in compression and shear are small. The so-called universal anisotropy 
index AU = 5(GV/GR) + (BV/BR) – 6 is also calculated. This index has either zero or positive value, zero 
representing completely isotropic crystals and positive value indicating the anisotropy of crystals [59]. 
The calculated value of AU is positive and very close to zero, indicating slight anisotropy in elastic 
properties of Hf3AlC2.   

3.2.3. Theoretical Vickers Hardness 

Hardness is the property of a solid that highlights the resistance to plastic deformation, indentation, 
penetration and scratching. Hardness is fundamental from an engineering viewpoint as the resistance 
to wear by either friction or erosion by steam, water and oil usually increases with hardness. The 
theoretical hardness depends on the formalism carried out for calculations. Hardness of partially 
metallic compounds can be calculated with the formalism due to F. M. Gao [60]. For non-metallic 
covalent materials this approach has been reformulated by Gou et al. [61]. According to Gou et al., 
the bond hardness is calculated as:    

��� = 740��� − ��′ (!"�)#$/	  

In the above equation, Pµ denotes the Mulliken population of a bond of type µ, ��′ refers to the 
metallic population and it can be determined with the volume V of the unit cell and the number of free 

electrons in a cell &'()) = * +(,)-,./.0  as ��′ = &'())/1, EP and EF representing the energy at the 

pseudogap and Fermi level, respectively, and !"� is the volume of a µ-type bond that can be 
determined with the bond length -�of type µ and the number of ν-type bonds +"2 per unit volume 
using the equation !"� = (-�)	/∑ [(-�)	+"5]5 . For crystals with complex multibands, the hardness 
can be obtained as a geometric average of all bond hardnesses as follows [62,63]:     

µµµ
µ

nn
vV HH ΣΠ /1])([=  
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where nµ refers to the number of µ-type bonds with which the multiband crystal is composed of. 
Considering only positive populations between the nearest atoms in the first coordination shells, the 
hardness value of Hf3AlC2 is calculated and listed in Table 4 along with related parameters. The 
calculated Vickers hardness is 4.9 GPa. This value is quite reasonable for MAX phase compounds (2–
8 GPa), indicating that the newly synthesized Hf3AlC2 should be soft and easily machinable like most 
other MAX phases.  

 Table 4. Calculated bond number nµ, bond length dµ, bond overlap population Pµ, metallic population Pµ′, bond 
volume µ

bv  and bond hardness µvH of µ-type bond and Vickers hardness Hv of Hf3AlC2. 

Bond nµ dµ (Å) Pµ Pµ′ µ
bv  (Å3) µ

vH  (GPa) Hv(GPa) 

Hf–C 4 2.27173 1.46 0.0716 10.6137 20.0437 4.9 

Hf–C 4 2.38140 1.02 0.0716 15.6203   7.1904 

Hf–Al 4 3.00404 0.78 0.0716 47.3279   0.8466 

3.3. Electronic properties  

3.3.1 Band structure and DOS 

Knowledge of electronic band structure is essential for understanding the optical spectra and transport 
properties of solids. The energy band structure of Hf3AlC2, calculated using the high-symmetry points 
in k-space for a hexagonal lattice, is shown in Fig. 2a. The horizontal dashed line corresponds to the 
Fermi level EF, representing the energy of the highest filled states at T = 0 K. A few valence bands are 
seen to cross the Fermi level (black color) along the K–Γ and Γ–M directions and overlap with 
conduction bands, giving rise to a finite total density of states (DOS) at EF. Accordingly, no band gap 
exists at EF and the new member in 312 MAX family, Hf3AlC2, should exhibit metallic conductivity. 
The band structure, in the vicinity of the Fermi level, is significantly anisotropic with slight c-axis 
dispersion, indicating likely anisotropy in electrical conductivity and other electronic properties of the 
newly synthesized Hf3AlC2.   

         
Fig. 2. (a) Electronic band structure and (b) Total and partial DOS of Hf3AlC2. 

We have also calculated the total as well as partial density of states (DOS) to explain the electronic 
structure and chemical bonding in Hf3AlC2 as shown in Fig. 2b. The Fermi level, EF is set at 0 eV in 
the energy scale and represented by the orange vertical dotted line. The value of the DOS at the Fermi 
level is found to be 2.95 states per eV per unit cell. The DOS at EF mainly originates from the Hf-5d 
states, which is about 71% of the total DOS. This d-resonance and the finite value of DOS at EF, 
indicates again the metallic conductivity of the ternary compound Hf3AlC2. Also, the antibonding 
states above the Fermi level are dominated by Hf-5d states. The wide valence band consists of three 
distinct parts. The lower part extends from –7.6 eV to –3.4 eV and contains two minor peaks. The 
middle part consists of a highest peak located between –3.4 to –2.0 eV is originated from the strong 
hybridization between Hf 5d and C 2p electrons. This hybridization leads to form strong covalent Hf–
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C bonding in Hf3AlC2. The higher part of the valence band  extends from –2.0 eV to the Fermi level 
and contains a low peak due to Hf-5d and Al-2p states. As a result, a weak covalent Hf–Al bonding 
exists. Moreover, some ionic character in chemical bonding is expected because of the difference in 
electronegativity among the constituent elements. From the above discussion, the chemical bonding in 
Hf3AlC2 can be explained as a combination of metallic, covalent and ionic contributions. 

3.3.2. Mulliken populations 

Mulliken population analysis is an extensively used method for analyzing the electronic structure 
calculations performed with Linear Combination of Atomic Orbitals (LCAO) basis sets. In the 
CASTEP interface, this analysis is accomplished with a projection of the planewave states onto a 
localized basis with a method proposed by Sanchez-Portal et al. [64]. Population analysis of the 
resulting projected states is then employed with the Mulliken formalism [65]. Mulliken population 
analysis generates Mulliken charges, Mulliken bond populations and Hirshfeld charges for non-
magnetic materials. In addition to offering an ideal condition for atomic bonding, the overlap 
population can be useful to evaluate the ionic or covalent character of a chemical bond. A covalent 
bond can be identified with a high value of the bond population. Conversely, an ionic bond is 
indicated by a low value. A different gauge of ionic character of chemical bonding can be obtained 
from the effective ionic valence that represents an absolute difference of the formal ionic charge from 
the Mulliken charge assigned with the anion species. A zero value for the effective valence specifies a 
totally ionic bond, while a value greater than zero is a sign of growing levels of covalency. Positive 
and negative populations indicate the bonding and antibonding states, respectively. The calculated 
bond overlap population between the nearest atoms in the first coordination shells and effective 
valence is listed in Table 5. It is evident from Table 5 that the atomic bonding in Hf3AlC2 is 
dominated by covalent bonds. Among different bonds, Hf1–C, Hf2–C, and Hf1–Al are covalent with 
order Hf1–C > Hf2–C > Hf1–Al. The reverse of this order will signify the order of ionicity level of the 
chemical bonds because a high overlap suggests a low degree of ionicity in the atomic bond. The 
ionicity can be evaluated with the formalism proposed by He et al. [66] as follows: Pi = 1 – exp [– Pc 
– Pµ /Pµ], where Pµ refers to the overlap population of a µ-type bond and Pc denotes the bond 
population for an ideal covalent bond. The value of ionicity index Pi varies from zero to unity, zero 
representing completely covalent bond and unit value indicating the purely ionic bond. In this 
calculation, a value of Pc equal to two is taken to correspond to a totally covalent bond. The calculated 
Pi value for Hf1–C, Hf2–C, and Hf1–Al bonds are 0.31, 0.62, and 0.79, respectively, indicating the 
ionicity level of three bonds. The level of metallicity of the bond can be defined as fm = Pµ′/Pµ [61,67]. 
The bond Hf1–C, Hf2–C and Hf1–Al possess metallicities of 0.0490, 0.0702, and 0.0918, 
respectively, signifying that the Hf1–Al bond is highly metallic compared to other bonds.  

             Table 5. Mulliken atomic and bond overlap population of Hf3AlC2.  

Mulliken atomic population 

Atoms s p d Total 
Charge 
(e) 

Effective valence 
charge (e) 

C 1.56   3.32 0.00 4.88 -0.88 -- 
Al 1.17   1.99 0.00 3.15 -0.15 2.85 
Hf (1) 0.40 -0.02 2.74 3.12   0.88 3.12 
Hf (2) 0.41   0.30 2.77 3.48   0.52 3.48 

Mulliken bond overlap population (metallic population Pµ′ = 0.0716)   
Bond Bond  

Number 
nµ 

Bond 
length 
dµ (Å) 

Bond  
population 
Pµ 

Bond 
covalency 
(%) 

Bond  
ionicity  
(%) 

Bond metallicity 
(%) 

Hf1–C 4 2.27173 1.46 73 31 4.90 
Hf2–C 4 2.38140 1.02 51 62 7.02 
Hf1–Al 4 3.00404 0.78 39 79 9.18 
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3.3.3. Charge density and Fermi surface 

The charge density associated with the bonding atoms corresponds to the net shared charge as atoms 
are brought together to form crystalline solids. In an attempt to give a clear picture of the bonding 
nature, the calculated charge density distributions along (010) planes are plotted in Fig. 3. The 
adjacent scale indicates the high and low density of electronic charge with blue and red colors, 
respectively. The contour map of charge density includes and identifies areas with accumulation and 
depletion of electronic charge. Covalent bonding between two atoms can be guessed with high 
accumulation of electronic charges between them. Ionic bonds can be identified with the negative and 
positive charge balance at the relevant atoms positions [68]. It is evident from Fig. 3 that strong 
covalent bonds occur between C and Hf atoms. A comparatively weaker covalent bonding between Al 
and Hf atoms is also observed. 

 

 

 

 

 

 

 

                                        

 

 

 

 

 

Fig. 3. Charge density distribution of Hf3AlC2 along (010) planes. 

 

 

 

 

 

 

 

Fig. 4. Fermi surface topology of Hf3AlC2. 

The Fermi surface of Hf3AlC2 is displayed in Figure 4. It consists of both electron- and hole-like 
sheets. The hole-like sheets of prismatic-like topology are coaxial with the Γ–A direction. Conversely, 
the electron-like sheets are complex enough and centered in the corners of the Brillouin zone. Quasi-
two-dimensional-like topology (colored with blue and pink) due to low-dispersive bands is a main 
feature of the Fermi surface of Hf3AlC2. Similar topology is assumed to be responsible for 
superconductivity in Mo2GaC and no such topology is found in non-superconducting Nb2GaC and 
V2GaC [69]. Moreover, an additional roughly cylindrical sheet appears coaxial with the L-M 
direction, which is also observed in superconducting Nb2SnC phase but not in non-superconducting 
Ti2SnC, Zr2SnC and Hf2SnC phases [70]. These similarities indicate the possible superconductivity of 
Hf3AlC2. If this is experimentally confirmed in the future, Hf3AlC2 will be the first superconducting 
member in the 312 MAX family.   
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3.4. Optical Properties 

The optical properties of crystalline solids can be explained with a complex dielectric function, 

expressed as ε(ω) = ε1(ω) + iε2(ω), where the real ε1(ω) and the imaginary ε2(ω) parts follow 
Kramers–Kronig relations. It is known that the imaginary part ε2(ω) of the dielectric function is 
required as initial condition to calculate the rest of the optical constants [18]. The imaginary part of 
the dielectric constant is determined from the momentum matrix elements related to the occupied and 
unoccupied wave functions in accordance with the selection rules [71] and can be formulated as:  

7�(8) = 29�:
Ω7; <|>?@A |B ∙ D|?@�E|�

@,�,A
F(,@A − ,@� − ,) 

In this formula, ω denotes the frequency of photon, e refers to the electronic charge, Ω represents the 
volume of a unit cell, B denotes the unit vector along the polarization of the incident electric field and ?@A  and ?@� are respective wave functions for conduction and valence band electrons at a particular k. 
The real part of the dielectric function can be derived from the imaginary part using the Kramers-
Kronig transformation. Other remaining optical functions, such as the refractive index n(ω), extinction 
coefficient k(ω), absorption coefficient α(ω), energy-loss spectrum L(ω), optical conductivity σ(ω) 
and reflectivity R(ω), can be obtained from both the real and imaginary parts of the dielectric 
functions ε1(ω) and ε2(ω) as described in the literature [18]. Due to the metallic nature of Hf3AlC2, a 
Drude term [72] including 3 eV as unscreened plasma frequency and 0.05 eV as damping are 
incorporated in all computations. In all optical calculations, 0.5 eV is chosen as the smearing value. 
All optical functions are calculated for two polarization directions [100] and [001] with photon 
energies ranging from 0 to 20 eV.  

       
Fig. 5. Energy dependence of (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) 
refractive index, (d) extinction coefficient, (e) absorption coefficient, (f) photo conductivity, (g) reflectivity, (h) 
loss function of Hf3AlC2 for two polarization directions. 

The dielectric function is the dominant optical property of crystals. The evaluated real part of the 
dielectric function of Hf3AlC2 for two different polarization directions is depicted in Fig. 5a. In the 
low energy range, the real part ε1(ω) of the dielectric function is found to pass through zero from 
below (negative values), indicating the metallic nature of Hf3AlC2. In the whole energy range, similar 
features are observed in the spectra due to both polarizations, except for the energy range of 0.8–1.8 
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eV. Small differences in the intensity of a single peak centered at 0.9 eV in the ε1(ω) spectra reveal 
slightly anisotropic optical properties of Hf3AlC2 in the low photon energy range. 

The imaginary part ε2(ω) of the dielectric function is another fundamental characteristic of the 
optical properties of crystals. For two polarizations of incident photons, the investigated ε2(ω) is 
shown in Fig. 5b. It is seen that the imaginary part ε2(ω) comes close to zero from above, which 
assures again the metallic nature of Hf3AlC2. Only one low peak is observed in each spectra of ε2(ω), 
which is caused by transitions of orbital electrons. The intra-band transitions are responsible for the 
peaks in the low energy region. Conversely, the peaks, in the high energy region, arise as a result of 
the inter-band transition of electrons.     

Appropriate knowledge regarding the refractive index n(ω) of crystals is an indispensable guide to 
perfect design of electronic appliances. The static value of the refractive index n(0) for both 
polarization directions is same with a value of 8.5. In the moderate-infrared region, a sharp rise due to 
intra-band transitions of electrons is seen in each spectrum. The spectra of n(ω) exhibit a continuous 
decrease starting at 0.1 eV and attain a lowest value of 0.02 at around 10 eV. The spectra then 
increase and reach a value of 0.8 at 20 eV. The refractive spectra are evidence for slight anisotropy 
extended from 0.6 to 2.0 eV.   

The extinction coefficient k(ω) estimates the absorption loss while the electromagnetic radiation 
propagates through an optical medium. The calculated extinction coefficient of Hf3AlC2 for two 
different polarization directions is shown in Fig. 5d. A small anisotropy is observed when photons 
carry energies of 0 to 5.8 eV. A sharp rise above 0 eV is caused by intra-band transitions of electrons. 
The local maxima on the spectra of k(ω) correspond to the zero value of ε1(ω).   

The coefficient of absorption α estimates the penetration depth into a material for light rays of a 
given wavelength (energy) before being absorbed and gives useful information regarding efficiency 
for optimum solar energy conservation. The calculated absorption spectra plotted in Fig. 5e begin at 
zero photon energy as Hf3AlC2 is metallic in nature. The absorption spectra for both polarization 
directions increase with photon energy to attain the highest values at 6 and 5.3 eV in the ultra violet 
region for polarization in [100] and [001] directions, respectively, indicating Hf3AlC2 is a promising 
material for absorbing. Further increase of photon energy gives rise to a decrease of the absorption 
coefficient. The absorption spectra for both polarizations exhibit slight anisotropy in almost the entire 
range of photon energies.   

The optical conductivity corresponds to the electrical conductivity when an alternating electric 
field exists. The calculated real part of the optical conductivity σ is depicted in Fig. 5f. It is observed 
that Hf3AlC2 should be highly conductive electrically when incident photons carry energies of 3.3 and 
4.4 eV for polarization in [100] and [001] directions, respectively. The optical conductivity shows 
evidence of small anisotropy for photon energies ranging from 1–5.2 eV. In addition, a difference in 
peak height is observed for the two different polarizations.  
 The reflectivity R represents the fraction of energy from a wave striking the surface of a material 
that is possessed by the wave reflected from the surface. The calculated optical reflectivity R(ω) is 
shown in Fig. 5g. The reflectivity spectra show a drastic increase in both moderate infrared and ultra-
violet regions to arrive at the highest values of ~91%. No considerable change is observed in the 
visible light region (~1.8–3.1 eV) and the reflectivity spectra keep above 44%, which should make 
Hf3AlC2 a contestant material for coatings to reduce solar heating [73]. Moreover, the compound 
Hf3AlC2 is expected to appear as metallic gray because of their almost unvarying reflectivity in the 
visible light region. The reflectivity spectra show slight anisotropy in the entire range of photon 
energies.   

The energy loss function L(ω) evaluates the energy loss of fast electrons passing through the 
material. The calculated energy loss spectra plotted in Fig. 5h exhibit no peaks within the range of 
energies 0–11 eV because of the large ε2(ω) [74]. A large peak on both spectra due to plasma 
oscillations is seen in the range of energies 11–15 eV. The highest peak is also associated with a 
characteristic frequency, well-known as the bulk plasma frequency. At this frequency, the spectra of 
ε1(ω) become extinct and the material switches from metallic to dielectric response [72,75]. From the 
spectra of L(ω) for the polarization directions [100] and [001], the bulk plasma frequencies of 
Hf3AlC2 are expected to be 12.2 and 12.9 eV, respectively. A rapid decline in reflectivity is seen to 
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occur at this frequency as shown in Fig. 5g. When the frequency of the incident light is higher than 
the plasma frequency, Hf3AlC2 is expected to be a transparent material [32].  

3.5. Lattice dynamics 

In order to verify the dynamical stability of Hf3AlC2, the phonon dispersion along with phonon 
density of states (PHDOS) are also investigated. The calculated phonon dispersion curve, shown in 
Fig. 6a, at the equilibrium volume for Hf3AlC2 along the high-symmetry directions displays no 
evidence of negative phonon frequencies in the entire Brillouin zone. This confirms the dynamical 
stability of Hf3AlC2 against mechanical perturbations at normal pressure. Accordingly, the Gibbs free 
energy of the system corresponds to a local minimum regarding small vibrations of the lattice. This 
‘intrinsic stability’ is a necessary decisive factor for a stable phase. There are six atoms in the 
primitive cell of Hf3AlC2, which leads to eighteen phonon branches including fifteen optical modes 
and three acoustic modes. The lower branches in the dispersion curve are defined as the acoustic 
branches. While k is small, the acoustic dispersion is of the form ω = vk, which represents the ω-k 
relationship of sound waves. Coherent vibrations of atoms within a lattice outside their equilibrium 
positions produce the acoustic phonons. The upper branches are defined as the optical branches. They 
control most optical properties of solids. The out-of-phase oscillations of atoms in a lattice, being one 
atom moves to the left, and its neighbor to the right, produce optical phonons. They are named optical 
for the reason that in most ionic crystals they are easily stimulated with infrared radiation leading to a 
vibrational state in which both negative and positive ions oscillate out of phase with each other. The 
acoustic modes inherently have zero frequencies at the Γ point. The three acoustic branches of the 
phonon dispersion overlap with the lower optical branches and as a result no phononic band gap exists 
between acoustic and optical modes in the PHDOS.   

 
 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) Phonon dispersion curves and (b) phonon density of states of Hf3AlC2. 

The calculated total phonon density of states (PHDOS) for Hf3AlC2 is shown in Fig. 6b. The peaks in 
PHDOS arise due to the relative flatness of the bands. Conversely, both the downward and upward 
sloping bands reduce the peak-heights in the total DOS. It can be clarified by considering a peak and 
the flatness/sloping of its corresponding bands. As for example, we can first consider the separate 
peak that arises due to the bands of ~9.3 THz frequency. It is obvious from the dispersion curve that 
the relevant bands are almost flat. Secondly, we can consider the lower bands, which are sloping in 
upward and produce reduced peaks in the total DOS.  

3.6. Debye temperature  

The Debye temperature of solids is a characteristic temperature that makes possible the evaluation of 
numerous physical properties of crystals. These properties include thermal conductivity and 
expansion, lattice vibration, specific heat and melting temperature. In superconducting materials, it 
maintains a relation with the electron-phonon coupling constant as well as with the superconducting 
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transition temperature. Additionally, the vacancy formation energy in metals mostly depends on the 
Debye temperature. Anderson [76] proposed a simplified method based on the average sound velocity 
for calculating the Debye temperature. This method has become popular and is considered one of the 
standard methods. Following Anderson’s method, it is possible to calculate θD as follows:     

GH = ℎ
JK LM

3&
4:O

+PQR S�/	 !T 

where h and kB are the Planck’s and Boltzmann’s constants, respectively, NA is the Avogadro’s 
number, ρ is the mass density, M refers to the molecular weight and n denotes the number of atoms in 
the molecule. In a polycrystalline solid, the sound wave travels with an average velocity !T, which 
can be calculated from  

!U = V13W
1
!X	 +

2
!Y	Z[

#�/	
 

where !X  and !Y  are the longitudinal and transverse sound velocities in a polycrystalline material, 
respectively. These velocities can be obtained from the polycrystalline shear modulus G and the bulk 
modulus B as follows [76]: 

!X = L3� + 4�
3Q S�/� 

and 

!Y = L�QS
�/�

 

The calculated mass densityρ, sound velocities vl, vt, and vm and Debye temperature θD are listed in 
Table 6. Compared to other 312 MAX phases [2,77–79] and the promising thermal barrier coating 
(TBC) material Y4Al 2O9 [80], the Debye temperature of Hf3AlC2 is small. It means that the thermal 
conductivity of Hf3AlC2 is comparatively low and that it could become an even better TBC material. 

Table 6. Calculated density (ρ in gm/cm3), longitudinal, transverse as well as average 
sound velocities (vl, vt, and vm in km/s) and Debye temperature (θD in K) of Hf3AlC2. 

ρ vl vt vm θD Ref. 
10.288 5.6750 3.5135 3.8744 459.9 This calc. 
10.470 5.6706 3.4965 3.8573 460.5 Calc. [29]* 
10.562 5.5414 3.3847 3.7376 447.6 Calc. [41]* 

         *Calculated from published data  

3.7. Thermodynamic properties 

The behavior of a system at elevated temperature can be described by different temperature-dependent 
thermodynamic potential functions such as the enthalpy H(\), entropy ](\), free energy ̂(\) and heat 
capacity �V(\). These thermodynamic functions for Hf3AlC2 have been calculated at zero pressure 
using the quasi-harmonic approximation [81] and plotted in Fig. 7. As the Helmholtz free energy is 
defined by ̂  = � − \], the entropy presented as the product \ × ] allows comparison among the 
quantities ̂ , � and \] in the same units, eV. From Fig. 7(a), it can be observed that the enthalpy, 
entropy and free energy have almost zero values at a temperature lower than 100K. Conversely, at 
temperatures above 100 K, an increase of temperature causes a considerable increase in both enthalpy 
and entropy but a decrease in free energy. The heat capacity �V, as a function of temperature, is 
plotted in Fig. 7(b). It is found that the heat capacity, below temperature ~600 K, increases radically 
with temperature. Above this temperature, the heat capacity increases slowly and approaches the so-
called asymptotic limit. 
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Fig. 7. Temperature dependence of (a) thermodynamic potential functions H, F and TS and (b) heat capacity CV 

of Hf3AlC2. 

4. Conclusions  

We have performed first principles calculations to investigate the ground state physical properties of 
the newly synthesized 312 MAX compound Hf3AlC2. The calculated values for the lattice parameters 
agree well with the corresponding experimental results. The calculated elastic constants and phonon 
dispersion predict the mechanical and dynamical stabilities of Hf3AlC2. A high bulk modulus together 
with low shear resistance and small Vickers hardness should make Hf3AlC2 a good machinable 
material. Large Young’s modulus indicates reasonable stiffness of Hf3AlC2. A brittle nature of 
Hf3AlC2 can be assured from the calculated Pugh and Poison ratios along with the Cauchy pressure. 
This apparent contradiction, where overall metallic as well as refractory characters seem to coexist, 
could be behind the unique characteristic of Hf3AlC2. The newly synthesized Hf3AlC2 is suggested to 
be elastically anisotropic. In comparison with other 312 MAX phases, Hf3AlC2 is predicted to be a 
better thermal barrier coating material. The chemical bonding in Hf3AlC2 is expected to be a mixture of 
metallic, covalent and ionic contributions. The calculated Fermi surface topology of Hf3AlC2 indicates 
that it is likely a superconducting phase. Though a decrease is observed for the free energy, an 
increase occurs for the enthalpy and entropy with increasing temperature above 100 K. The calculated 
optical functions are found to be polarization dependent, providing us with a clear evidence of 
anisotropy in the optical properties of Hf3AlC2. The mixed bonding nature, combined with anisotropic 
behavior, may enhance either metallic or refractory character in specific directions and property 
calculations or measurements. This may be responsible for some of the average calculated mechanical 
properties indicating metallic character, while others appear to indicate refractory properties. Such 
duality is reminiscent of materials which display localized to itinerant electronic transitions [82] or are 
in proximity to metal to insulator transitions [83]. Therefore, a selection of mechanical properties may 
become an indicator for structures with potential for unusual, extraordinary properties, in a similar 
fashion to how they seem to single out Hf3AlC2.   
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Highlights: 

1. The ground state physical properties of the newly synthesized Hf3AlC2 are calculated. 

2. The mechanical and dynamical stabilities of Hf3AlC2 are predicted. 

3. The new phase Hf3AlC2 may be a promising thermal barrier coating (TBC) material. 

4. Fermi surface topology of Hf3AlC2 indicates that it is likely a superconducting phase. 


