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Abstract 

Here, we report MAX phases' surface properties, which are essential for thin-film technology due 

to their excellent resistance to high-temperature oxidation, corrosion, and wear. The surface 

stability, electronic, and optical properties of 0001-surfaces in M2AC (M = Zr, Hf, Cr; A = Al, Ga) 

are investigated and compared with their bulk counterparts. The interplay between chemical 

bonding and charge distribution is discussed from electronic structure, including the Fermi 

surfaces. Four possible (0001)-terminated surfaces are considered by breaking M-C and M-A 

bonds in which cleavage energy of M-C is higher than M-A. The Cr-Al bond in Cr2AlC is stronger 

than other M-A bonds. The charge density of valance A-p electrons redistributes in the surface 

area, distinct from that of the bulk. The A- and M(C)-terminated (0001)-surfaces are the most 

stable and energetically favorable terminations due to lower surface energies. The optical 

properties of the most stable (0001)-surfaces were also investigated to understand the dielectric 

and photoconductive behaviour in the (0001)-terminated surfaces of M2AC.  

Keywords: MAX phases; Surface energy; Thin-film; Electronic structure; Optical properties; 

DFT study



1. Introduction  

Mn+1AXn phase is a class of transition metal ternary carbides and nitrides (where n = 1-3, M 

is an early transition metal, A is an A-group element and X is either C and/or N) exhibiting 

combined physical, chemical, and mechanical properties of both metals and ceramics[1,2] Like 

metals, the MAX phases possess electrical and thermal conductivities, thermal shock resistance, 

high fracture toughness, machinability along with damage and irradiation tolerance[3–5]. On the 

other hand, these compounds exhibit ceramic-like properties such as high elastic moduli, low 

density, elastic stiffness, oxidation, and corrosion resistance[6,7]. These fascinating properties 

make MAX phases suitable candidates for various engineering and technological applications such 

as heating elements at high temperature[8], cladding material in a nuclear reactor[9], 

superconducting material[10], and protective coating material against wear and oxidation and 

corrosive environment[11–15]. The MAX phases are categorized as M2AX, M3AX2, and M4AX3 

and can also be referred to as 211, 312 and 413 phases depending on the value of n = 1-3, 

respectively. The hybrid properties of MAX phases are due to their unique structural 

characteristics and atomic bondings within them. In their crystal structures, the edge shared M6X 

octahedra is sandwiched by a pure A-atom sheet (See Fig. 1a), which results in the combination 

of strong M-X covalent bonds and relatively weak M-A metallic bonds[16,17].  

Due to remarkable properties and applications, MAX phases have attracted significant 

attention from experimental and theoretical researchers. A large number of theoretical data is 

available in literature dealing with phase stability, electronic, elastic, mechanical, and 

thermodynamical properties of bulk MAX phases[18–22]. Various MAX phases have also been 

synthesized and characterized experimentally[23–26]. Earlier investigations showed that Al-

containing MAX phases (i.e., Ti2AlC, Cr2AlC, and Ti2AlN) could be used as a protective coating 

against the high-temperature oxidation and hot corrosion due to the formation of a protective Al2O3 

layer on its surface, which stops the further oxidation[12,27–29]. Moreover, these ternary materials 

are strong candidates in thin-film technology due to excellent oxidation, wear and corrosion 

resistance[13,30,31]. Thin films of M2AlC (M= Ti, Cr, and Zr) exhibit excellent compatibility with 

zirconium-alloy used for cladding material in light water reactor (LWR)[28,31,32]. It is well 

known that thin films are two-dimensional materials whose properties are related to surfaces and 

are different from bulk materials. Surface energy plays a vital role in understanding the growth 



and nucleation mechanism, early stage of oxidation, corrosion, and wear[33]. In order to design 

new MAX phase thin films to take full advantage in terms of technological application, it is 

essential to explore their surface properties. First-principles calculations are extensively used to 

study the surfaces and interfaces[34–40]. However, limited success has been achieved on MAX 

phase surfaces so far[41–43]. Here we develop the surface electronic structure of M2AC (M = Cr, 

Zr, Hf; A = Al, Ga) (0001)-terminated surfaces building upon our recent work of hypothetical 

Zr2GaC and Hf2GaC bulk phases [44] and the synthesized Cr2AlC and Zr2AlC phases[45,46]. For 

bulk MAX phases, specifically, the band structure reveals many important features: there is no 

band gap observed in the vicinity of the Fermi level due to overlapping conduction bands and 

valance bands, suggesting that MAX phases have metallic nature. The band structure of the bulk 

MAX phases represents the strongly anisotropic nature which is observed from the reduced 

dispersion of bands along the short Γ-A, H-L and M-L direction[47]. The anisotropic band structure 

near and below the Fermi level shows that the electrical conductivity is also anisotropic for these 

MAX phases.  

MAX phase thin-films grow along the [0001] direction[48–53]. In our previous work, phase-

pure polycrystalline Cr2AlC thin-film has been deposited by using high power impulse magnetron 

sputtering (HiPIMS), and film growth was along the [0001] orientation [54]. These observations 

restrict theoretical studies on 0001-surfaces MAX phases. Previous studies on Cr2AlC (0001) 

MAX surfaces showed that Al-termination is the most stable termination due to the lowest surface 

energy, and surface stresses are also minimal compared to Cr- or C-terminations[41,42]. Stability 

of Al-containing MAX phase surfaces was investigated, and the results showed that Al- and M(C)-

terminated (0001) surfaces are more stable than C- and M(Al)-terminations[55]. It is also observed 

that surface energy of A(0001)-termination increases with an increase in M valance electron 

population due to the antibonding states[56]. Moreover, oxidation of Cr2AlC(0001) is also studied 

by adsorption of a single O atom onto the Al-surface, which strongly bonds to it, forming Al-O 

bonds [57]. The oxidation mechanism resembles that of the FCC-Al(111) surface providing the 

basic understanding of the early stage of oxidation reaction for the Al-based MAX phases[57].  

The present investigation is focused on (0001) surfaces in Zr2GaC, Hf2GaC, Cr2AlC and 

Zr2AlC MAX phases using density functional theory (DFT) based on generalized gradient 

approximation (GGA) exchange-correlation functional. In comparison, the Al-containing MAX 



phases (i.e., Cr2AlC, Zr2AlC) are also studied which are promising candidates for protective 

coating against high-temperature oxidation. Therefore, surface properties should be investigated 

to understand the potential of these compounds in thin-films. Four (0001) terminations (one A-, 

one C-, and two M-terminations) were considered in this study by breaking M-A and M-C bonds. 

M-terminations are denoted by M(A) and M(C)-terminated surfaces where the subsurface atom is 

given in the brackets. The surface energy, surface relaxation, electronic and optical properties of 

M2AC (0001) surfaces were systematically investigated and compared with the bulk counterpart. 

Results show that A- and M(C)- terminated surfaces are more thermodynamically stable due to 

their low surface energies. In addition, the optical properties of surfaces are analyzed, for the first 

time and the results reveal those thin films of M2AC are promising candidates for dielectric and 

photoconductive coatings in near IR, visible and UV regions. Therefore, properties of these 

terminated surfaces are discussed here, and results for the remaining terminations are presented in 

supplementary materials. 

2. Approach 

The M2AC (M = Zr, Hf, Cr; A = Al, Ga) MAX phase crystallizes in the hexagonal structure 

with the space group of P63/mmc (No. 194). In this work, the plane-wave pseudopotential total 

energy calculations based on density functional theory (DFT) have been used by implementing the 

Cambridge Serial Total Energy Package (CASTEP). Ultra-soft pseudopotential and generalized 

gradient approximation (GGA) were employed to treat electronic interactions with ions, and the 

electron exchange-correlation functionals, respectively. In GGA, exchange-correlation is assumed 

to be the functional of spatial gradients and charge density (r), which is empirically written as: 

  3,GGA
XC XCE F d r    . We have performed surface calculations building up on the bulk 

phases studied either theoretically or experimentally[45,58–60]. For self-consistent calculations, 

the Monk-horst-Pack meshes of 15×15×3 and 15×15×1 k-points in the Brillouin zone were used 

for M2AC bulk, and M2AC (0001) surfaces, respectively, and the cut-off energy of 600 eV was 

fixed. The M2AC MAX phase with eight atoms in the unit cell was relaxed using Broyden Fletcher-

Goldfarb-Shanno (BFGS) technique[61] with respect to atomic positions, lattice parameters (a, c), 

and c/a ratios. The optimized lattice parameters and internal parameter (zM) are listed in Table 1, 

which are in good agreement with previous experimental and theoretical values [45,58–60]. By 

cleaving the optimized bulk structure along the (0001) plane, all possible surfaces were constructed, 



adding a vacuum of 20 Å to the slabs to reduce influences of the nearest interaction between the 

two adjacent surfaces. The surface thickness must be thick enough to reduce the effect of two 

adjacent terminations. By breaking the M-A bond, the cleavage energy of A-termination was tested 

by using 9-, 13-, and 17- surface slabs: and 7-, 11-, and 15- surface slabs, respectively, for M(C)-

termination. The difference in cleavage energy in M(C)-termination between the 11- and 15- layer 

was 1% indicating that slab with 11 atomic layers is thick enough. Therefore, we considered 13-

layers for A- and C-terminations and 11-layers for M(C)- and M(A)-terminations to calculate the 

surface energies and properties. Finally, the optical properties were investigated by the complex 

frequency-dependent dielectric function ε(ω) = ε1(ω) + iε2(ω), where ε1(ω) is the real part and ε2(ω) 

is the imaginary part of the dielectric function. The imaginary part of dielectric functions was 

calculated using the moment matrix element between the occupied and unoccupied electronic 

states as: 
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where e is the electronic charge,   is the light frequency, u is the vector defining the polarization 

of the incident electric field, c
k  and v

k  are the conduction and valence band wave functions at 

k, respectively.  

Table 1. Calculated lattice parameters (a) and (c) in Å, unit cell volume (Å3), c/a, internal parameter (zM), for 

M2AC MAX phases (M= Cr, Zr, Hf; A=Al, Ga) obtained by using GGA exchange-correlation functionals. 

Compounds a (Å) c (Å) V (Å3) c/a zM Ref. 

Zr2GaC 3.330 14.257 136.92 4.28 0.088 Theoretical [44] 

Hf2GaC 3.324 14.025 134.20 4.22 0.090 Theoretical [44] 

Zr2AlC 3.318 14.623 139.49 4.40 0.086 This work 

 3.317 14.630  4.41 0.086 Theoretical [58] 

 3.323 14.570   0.087 Experiment[45] 

Cr2AlC 2.847 12.793 89.80 3.32 0.084 This work 

 2.86 12.82   0.086 Theoretical [59] 

 2.865 12.824    Experiment [60] 

 

 



3. Results and discussion 

3.1. Surface structures and properties  

The MAX phases crystallize in the hexagonal structure in which the atoms are located at 

Wyckoff positions: M (Cr, Hf, Zr) at 4f (1/3, 2/3, zM), A (Al, Ga) at 2d (2/3, 1/3, 1/4), and C at 2a 

(0, 0, 0), respectively, where zM is known as the internal parameter. The unit cell of these ternary 

phases consists of blocks of transition metal carbides (formed by edge-shared M6C octahedron), 

which are interleaved by pure A-atomic sheets[16].  Figure 1 (a) shows the unit cell for the M2AC 

(M = Cr, Hf, Zr; A = Al, Ga) MAX phases. In 211 MAX phases, there are two types of bonds, M-

A and M-C; consequently, there are two possibilities to cleave the bulk unit cell into two parts. 

Therefore, by breaking the M-A and M-C bonds, four (0001) terminations (one A, one C, and two 

M) have been considered. M-terminations are denoted by M(A)- and M(C)-, in which the 

subsurface atom is given in the brackets. Figure 1(b-e) presents the four (0001) surface 

configurations with C, A, M(A), and M(C).  

(b) (c) (d) (e)

C-0001 A-0001 M(A)-0001 M(C)-0001Top viewM= Cr, Zr, Hf

A= Al, Ga

C

Side view 3D view

(a)

(0001)

 

Figure 1. The unit cell of the M2AC (M = Cr, Zr, Hf; A = Al, Ga) MAX phases (a) top view, side view (arrow 
shows the (0001) cleaving direction), and 3D views (an edge shared [M6X] octahedra, and M6A trigonal prism 
are outlined), and four possible (0001)-terminations (b) C, (c) A, (d) M(A), and (e) M(C) by breaking M-C and 
M-A bonds 



3.1.1. Cleavage energy 

Cleavage energy is an essential factor in understanding the surface properties and strength of 

chemical bonds. It defines the energy required to cleave a crystal into two complementary surfaces 

in a particular atomic plane. The resultant set of complementary surfaces share the same cleavage 

energy because of the assumption that cleavage energy is equally distributed to these surfaces. In 

our M2AC surfaces (M = Zr, Hf, Cr; A = Al, Ga), M(A)- and C-terminations share the same 

cleavage energy resulted from breaking the M-C bond, and so do M(C)- and A-terminations by 

breaking the M-A bond. It is observed that all slabs have the same termination on both of their 

ends. Thus, the chemical composition of slabs would be different from the stoichiometry of bulk 

material. However, combining two complementary slabs (either A- and M(C)-, or C- and M(A)-) 

is equal to three stoichiometric bulk unit cells. The splitting of the bulk unit cell into two 

complementary surfaces can be expressed as: 

( ) 3

4

A M C
M A unrelax unrelax Bulk
cleavage

E E E
E

A
  

        (2) 

( ) 3

4

C M A
M C unrelax unrelax Bulk
cleavage

E E E
E

A
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Where 𝐸௖௟௘௔௩௔௚௘
ெି஺  and 𝐸௖௟௘௔௩௔௚௘

ெି஼  are the cleavage energies required to break the M-A and M-C 

bonds, and  𝐸௨௡௥௘௟௔௫
ெሺ஺ሻ ,  𝐸௨௡௥௘௟௔௫

ெሺ஼ሻ ,  𝐸௨௡௥௘௟௔௫
஺ , and  𝐸௨௡௥௘௟௔௫

஼  are the total energies of unrelaxed 

terminations, respectively. EBulk is the total energy of bulk compound, and A represents the section 

area of the unit cell.  

The calculated cleavage energies for breaking M-A and M-C bonds in M2AC systems are 

shown in Fig. 2. The cleavage energy to break the Zr-C and Zr-Ga bonds in Zr2GaC are 4.976 Jm-

2 and 1.412 Jm-2. In Hf2GaC, the energy required to break Hf-C and Hf-Ga bonds are 4.638 Jm-2 

and 1.252 Jm-2, respectively. Similarly, the cleavage energy found for Cr-C and Cr-Al bonds in 

Cr2AlC are 4.678 Jm-2 and 2.366 Jm-2 and that of 2.096 Jm-2 and 1.582 Jm-2 for Zr-C and Zr-Al 

bonds in Zr2AlC, respectively.  It is noticeable that the cleavage energy of M-A bonds is in the 

range of 1.25~2.33 Jm-2, which is much lower than that of M-C bond range of 4.63~5.09 Jm-2 in 

the M2AC systems. This implies that the M-A bonds are comparatively weaker and the most 

energetically favorable cleave point while the M-C bond is difficult to break. Consequently, the 



formation of A- and M(C)-complementary surfaces are easier than the C- and M(A)- surfaces. 

Moreover, the calculated cleavage energy of the M-A bond for the M2AC system is in the order of 

Cr2AlC > Zr2AlC > Zr2GaC > Hf2GaC. According to the electronic density of states of bulk M2AC 

MAX phases, the bonding between M-C is relatively stronger than the M-A due to strong 

hybridization between M-d and C-p states. Therefore, the energy required to break the M-C bond 

is larger than breaking the M-A bond. The breaking of the Zr-C bond results in high cleavage 

energy due to the maximum Zr-C hybridization peak in TDOS. The cleavage energies for M-C 

bonds are found to be in the order of Zr2AlC > Zr2GaC > Cr2AlC > Hf2GaC. Our results are 

consistent with the cleavage energies calculated for Al-containing MAX phases[55]. The 

calculated cleavage energies allow us to understand the mechanical characteristics of these ternary 

compounds. The ductility of M2AlC (M = Ti, V, Cr) phases is due to the weaker nondirectional 

bonds between M-Al bonding[62]. Cleavage data reveals that the Cr-Al bond is hard to deform 

and shear than the Zr-Al, Zr-Ga, and Hf-Ga bonds. Therefore, Cr2AlC has larger bulk, shear, and 

Youngs moduli than Zr2AlC, Zr2GaC, and Hf2GaC MAX phases[58,59,63].  
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Figure 2. The calculated cleavage energy of M-A and M-C bonds in M2AC (0001) (M = Zr, Hf, Cr; A = Al, Ga) 
surfaces. 

3.1.2. Surface relaxation 

The surface relaxation is another important feature in the M2AC surface, which exhibits a 

close correlation with the magnitude of their relaxation energy. The following expression is used 

to calculate the surface relaxation energy: 



2

T T
T unrelax relax
R

E E
E

A


          (4) 

where T
RE (T = A, C, M(C) and M(A)) is the relaxation energy of a particular terminated surface, 

while T
unrelaxE  and T

relaxE are the total energies of the slab before and after relaxation, respectively.  

The calculated relaxation energies for M2AC (0001) surfaces are presented in Fig. 3(a). It is 

found that the relaxation energies for both A- and M(C)-terminated surfaces vary in the order of 

Cr2AlC (0.054 Jm-2 and 0.135 Jm-2) > Zr2AlC (0.042 Jm-2 and 0.031 Jm-2) > Zr2GaC (0.032 Jm-2 

and 0.027 Jm-2) > Hf2GaC (0.027 Jm-2 and 0.018 Jm-2), respectively. The C-terminations in Zr2GaC, 

Hf2GaC, Cr2AlC and Zr2AlC have the maximum relaxation energy of 1.992 Jm-2, 1.055 Jm-2, 0.642 

Jm-2 and 1.922 Jm-2, respectively, which is consistent with the reported data [41]. The changes in 

the interplanar distance between the surface and subsurface are investigated and shown in Fig. 3(b). 

The negative (positive) value represents the inward (outward) relaxation. Earlier investigation 

showed that the top layer of C-termination in the Cr2AlC 0001-surface has maximum inward 

relaxation compared to Al- and Cr-terminations [41]. Our results are in good agreement with the 

literature [41] showing the largest inward and outward relaxation in the first and second layers of 

the C-0001 terminated surface. After cleavage, the surface layer relaxes inward while the 

subsurface layer relaxes outwards because the surface electrons redistribute and can cause stronger 

coupling between the surface and subsurface layer. The third layer exhibits the minimum 

relaxation compared to the first two layers. The relaxation energies and relaxation of the top layer 

of C-termination are in the order of Zr2AlC > Zr2GaC > Hf2GaC > Cr2AlC. 
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Figure 3. (a) Calculated relaxation energy (inserted figure in (a) is relaxation energy for C-terminated from 0.5 
to 2 Jm-2), and (b) interplanar distance changes in M2AC (0001) (M = Zr, Hf, Cr; A = Al, Ga) surfaces. 

3.1.3. Surface energy 

Surface energy is a fundamental parameter that predicts the thermodynamical stability of the 

surface configuration. It can be calculated by subtracting the relaxation energy from the cleavage 

energy of two sets complementary of surfaces (M(A) and C, and M(C) and A) sharing the same 

cleavage energy. Here we use the same set of approximations that have been used in the 

literature[42,64,65] and therefore surface energy is expressed as: 

A M A A
S cleavage RE E E            (5) 

( ) ( )M C M A M C
S cleavage RE E E           (6) 

( ) ( )M A M C M A
S cleavage RE E E           (7) 

C M C C
S cleavage RE E E            (8) 

For all M2AC MAX surfaces, the calculated surface energies for A- and M(C)-terminated 

surfaces are very close and smaller than C- and M(A)-terminated ones. Fig. 4(a) shows the surface 

energies calculated for all (0001) terminations in M2AC phases. We found that the trend for surface 

energies for A- and M(C)-terminated surfaces are in order of Cr2AlC > Zr2AlC > Zr2GaC > 



Hf2GaC. A similar trend is seen for the relaxation energies in these two terminations, as discussed 

above. The surface energies for Al- and Cr(C)-terminations in Cr2AlC are 2.307 Jm-2 and 2.227 

Jm-2, respectively, while the surface energies for C- and Cr(Al)-terminated surfaces are 4.037 Jm-

2 and 4.630 Jm-2. In Zr2AlC, the surface energies for Al- and Zr(C)-terminated surfaces are 1.539 

Jm-2 and 1.550 Jm-2, and that of C- and Zr(Al)-terminated surfaces are 3.188 Jm-2 and 5.030 Jm-2, 

respectively. Similarly, the surface energies for Ga-, Zr(C)-, C- and Zr(Ga)-terminated surfaces in 

Zr2GaC are 1.379 Jm-2, 1.384 Jm-2, 3.060 Jm-2, and 4.918 Jm-2, respectively. The same tendency 

also appears for Hf2GaC: Ga- and Hf(C)-terminations have a surface energy of 1.225 Jm-2 and 

1.233 Jm-2, respectively and are smaller than the surface energies of C- and Hf(Ga)-terminations 

(3.588 Jm-2, and 4.566 Jm-2). Our results are consistent with the finding that A- and M(C)-

terminated surfaces in MAX phase surfaces have smaller surface energies than that of C- and 

M(A)-terminations[41,42,66]. Therefore, we conclude that A- and M(C)-terminated surfaces are 

the most stable and energetically favorable in M2AC MAX phases. 

The contribution of cleavage energies in surface energies is more significant than that of 

relaxation energies. In Fig 4(b), the ratio of relaxation energy to cleavage energy for A- and M(A)-

terminations varies between the range 2.15~2.65 % and 1.04~1.40 %, respectively. For M(C)-

terminated surfaces, the ratio varies in between 1.43~5.70 %, which is comparatively larger than 

the former two terminations. However, the C-terminated surface shows the highest ratio among all 

terminations ranging from 13.72 % to 38.62 %. Our calculated results indicate that the contribution 

of cleavage energy is dominant in calculating the surface energy. The present value of the 

ER/Ecleavage ratio for C-termination is consistent with the reported values in M2AlC-(0001) surfaces 

[55].  
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Figure 4. (a) The calculated surface energy (Jm-2), and (b) ER/Ecleavage ratio (%), for M2AC (0001) (M = Zr, Hf, 
Cr; A = Al, Ga) surfaces. (inserted figure in (b) is the ER/Ecleavage ratio for C-terminated from 10 to 40 %)  

The stability of the (0001)-terminated surface in M2AC is predicted by their formation 

energies. The calculated formation energies of all terminations with their bulk counterparts are 

plotted in Fig. 5(a). It is found that the formation energy for all (0001)-terminated surfaces and 

their corresponding bulk materials are negative, which indicate their thermodynamical stability. 

Moreover, the formation energies for all the terminations are higher than that of bulk MAX phases 

except A-terminations in Zr2GaC and Hf2GaC. To take this account, the chemical potential for 

(0001)-terminated surfaces is calculated with respect to their bulk MAX phases (Fig. 5 b). All 

terminations show negative potential, while A-termination has a different trend. The chemical 

potential for the Al-terminated surface in Zr2AlC and Cr2AlC is positive, while that of the Ga-

terminated surface in Zr2GaC and Hf2GaC are negative. It indicates that Al-terminations are more 

stable in Zr2AlC and Cr2AlC than Ga-termination in Zr2GaC and Hf2GaC. 
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Figure 5. The calculated formation energies Efor (eV/atom) of bulk and terminated surface, and (b) the chemical 
potential (ΔEfor = Ebulk – Esurface) for bulk and (0001)-terminated surfaces in M2AC 

3.2. Electronic structure and phenomena   

The calculated band structure for the M2AC-(0001) surfaces along the high symmetry line of 

the Brillouin zone (Γ-A-H-K-Γ-M-L-H) is shown in Fig 6. For (0001)-terminated surfaces, the 

band structure for the most favourable terminations (A- and M(C)-) are discussed here. Compared 

to bulk phases, the most significant change is that the Γ-A, K-H and L-M become narrower for A- 

and M(C)- terminated surfaces. The bands are also less dispersed in these directions. This implies 

that the electrical conductivity of M2AC surfaces exhibits anisotropic nature. The electrical 

conductivity of M2AC surfaces along the c-axis is lower than its basal planes due to the difference 

in the electronic effective tensor. The band structures for all terminations are nearly similar in 

nature except Cr(Al)-0001, which shows a flat band just below the Fermi level in around H-K 

symmetry points (Fig. S1 h). The experimental investigation to support the anisotropic behavior 

of MAX phase thin-film is expected. Preliminary work in this direction utilizing in-situ resistivity 

measurement showed the change in resistivity of amorphous magnetron sputtered Cr2AlC thin-

films due to phase change during vacuum heating[67]. The metallic behavior of M2AC-(0001) 

surfaces resemble to their bulk counterparts because there is no gap between the valance and 

conduction bands. Moreover, the number of bands crossing the Fermi level is increased due to the 

increased number of slabs and atoms as compared to bulk counterparts. It is seen that many bands 

are crossing the Fermi level (black dashed horizontal line), indicating the metallic nature of the 



M2AC thin-film. Similar to their bulk MAX phases, the M2AC surfaces also exhibit anisotropic 

behavior because of less dispersion of bands along the K-H and L-M directions.  
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Figure 6. The calculated band structure of A- and M(C)-terminated surfaces of M2AC (M = Zr, Hf, Cr; A = Al, 
Ga) MAX phases (a, aʹ, aʺ) Zr2GaC bulk, Ga-0001, and Zr(C)-0001, (b, bʹ, bʺ) Hf2GaC bulk, Ga-0001, and 
Hf(C)-0001, (c, cʹ, cʺ) Zr2AlC bulk, Al-0001, and Zr(C)-0001, (d, dʹ, dʺ) Cr2AlC bulk, Al-0001 and Cr(C)-0001, 
respectively. 



According to the calculated surface energies, the A- and M(C)-terminated surfaces are stable; 

therefore, the chemical bonding of these two complementary surfaces is discussed here. The total 

and partial DOS of A- and M(C)-terminated surfaces compared to their bulk counterparts are 

shown in Fig. 7-8. The lowest valance bands of total DOS are contributed by the hybridization 

between the s-orbitals of C atoms and d-orbital of M atoms. The strong hybridization between C-

p and M-d orbitals is observed in the higher valance band of total DOS, which results in a strong 

directional covalent M-C bonding. Just below the Fermi level, there exists the hybridization 

between the d-orbital of M-atoms and the p-orbital of A-atom. It is worth noticing that the M-C 

bonding is stronger than that of the M-A bonding due to the position and height of the hybridization 

peaks, which supports the fact that the cleavage energy for breaking the M-C bond is higher than 

that of the M-A bond.  

It is found that the features of PDOS for A-terminated surfaces for all M2AC are similar to 

their bulk counterparts, and the distinguishing differences are the introduction of additional states 

by A-p orbitals around the energy region of 0-1 eV and also the higher number of states at the 

Fermi level. Because of the change in the number of electrons going from one MAX phase system 

to another, there is a change in the occupied and unoccupied state, thereby having pseudogap 

around the Fermi level. This pseudogap shifter towards the occupied states for Al-termination in 

Cr2AlC as compared to A-terminations of other MAX phase systems. These PDOS features in A- 

and C-0001 terminations show similar behaviour while other terminations exhibit different 

characteristics (Fig. 7 and Fig. S2). It is worth noticing that bonding between Md-Ap appears for 

A-terminated surfaces in Zr2GaC, Hf2GaC, and Zr2AlC, while antibonding (non-bonding) can be 

found between Cr d-Al p orbitals for Cr2AlC. The antibonding between M d-A p orbitals and the 

location of pseudogap has been investigated earlier and is consistent with our results[42,55]. The 

population of bonding and antibonding states obtained by COHP for MAX phases is consistent 

with our partial DOS analysis of Ga-terminated surfaces[62,68]. 

The pseudogap for Ga-terminated surface in Hf2GaC is located just at the Fermi level, 

indicating that it would possess smaller surface energy. In comparison, the pseudogap for Al-

terminated surface in Cr2AlC is located below the Fermi level and is expected to have higher 

surface energy. Similarly, the pseudogap for A-termination in Zr2AlC and Zr2GaC are located 

above the Fermi level, and surface energies are lower than Al-termination in Cr2AlC. The 



calculated surface energies of A-terminations support this argument. Moreover, the total and 

partial DOS of M(C)-terminated surfaces are very close to bulk, and the most distinguishing 

difference is mostly the higher number of states at the Fermi level (Fig. 8). 
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Figure 7.  The total and partial density of states (PDOS) for A-terminated surface for (a) Zr2GaC, (b) Hf2GaC, 
(c) Zr2AlC, and (d) Cr2AlC. The Fermi level is set to 0 eV. (The dotted lines represent the DOS for bulk MAX 
phases and solid lines are for terminated surfaces) 
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Figure 8. The total and partial density of states (PDOS) for M(C)-terminated surface for (a) Zr2GaC, (b) Hf2GaC, 
(c) Zr2AlC, and (d) Cr2AlC. The Fermi level is set to 0 eV. (The dotted lines represent the DOS for bulk MAX 
phases and solid lines are for terminated surfaces) 

The electronic charge density distribution was investigated to get more details about the 

chemical bonding characteristics of the most stable A-terminated surface. Figure 9 represents the 

electronic charge density distribution mapping of the A-terminated surface along the (110) plane. 

The A-terminated surface is generated by breaking the M-A bond leaving the A atoms on the top 

surface of the M2AC. Therefore, the charge density of valance A-p electrons are redistributed in 



the surface area. It is found that the chemical bonding in the M2AC MAX phases is a mixture of 

covalent and ionic nature because of preferential accumulation (a positive region in the scale bar) 

of charge observed between the M and C atoms. The bonding between the M-A atoms in the top 

surface and subsurface is ionic for Zr2GaC, Zr2AlC, and Hf2GaC, seen from the charge 

accumulation between two atoms. The bonding between the Al-Cr is relatively stronger and purely 

covalent in nature (Fig. 9d). It is found that the bonding nature below the third layer is very similar 

to that of bulk phases [69]. There is a sign of covalent bonding between the M and A atoms 

represented by the charge overlapping, which is comparatively weaker than M-X bonds. The 

distribution of charge density for the top A-terminated surface in M2AC is quite similar because 

surface electron redistribution can strengthen the coupling between the A and M atoms, resulting 

in inward relaxation of the top surface and outward relaxation sub-surface. 
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Figure 9. Electronic charge density mapping along the (110) plane for (a, aʹ) Zr2GaC bulk, Ga-0001 (b, bʹ) 
Hf2GaC bulk, Ga-0001, (c, cʹ) Zr2AlC bulk, Al-0001 and (d, dʹ) Cr2AlC bulk, Al-0001.  

Figure 10 shows the Fermi surface topology of the M2AC phases and surfaces, which is a 

conceptual geometrical presentation of all the available electronic states. It helps to characterize a 

material and its magnetic, thermal, and electrical properties. The calculated Fermi surfaces for 



M2AC MAX phases show both electron and hole like sheets. The shapes of Fermi surfaces for 

Zr2GaC, Hf2GaC, and Zr2AlC MAX phases are quite similar, while for the Cr2AlC, it is quite 

different. The first inner sheet (central sheet) is a hexagonal cross-section with a cylindrical shape 

centred along the Γ-A direction of the Brillouin zone. The second sheet has a larger cross-section 

surrounding the central sheet and is also cylindrical. The third sheet has a larger cross-section 

compared to the second sheet. It has a complicated hexagonal cylindrical shape, which shrunk 

along the Γ-M directions and expands along the Γ-K directions. The fourth sheet has six upcurved 

ribbon type tubes in each corner.  There is also a firth sheet for the Zr2AlC MAX phase, which 

also has curved ribbon type tubes along the Γ-K direction but is absent along the Γ-M direction. 

The Fermi surfaces of the Zr2GaC, Hf2GaC, and Zr2AlC MAX phases are due to low dispersion 

of M-d and A-p, which can also be confirmed from the DOS (See Fig. 7a-c). For (0001)-A 

terminations, the shape of the Fermi surfaces in Zr2GaC, Hf2GaC, and Zr2AlC MAX phases 

resemble their bulk counterparts. In contrast, the number of the Fermi surfaces in terminated 

surfaces is higher than corresponding bulk phases. This is due to the additional number of atoms 

involved in the (0001)-surfaces. Interestingly, the inner sheets have cylindrical shapes, while the 

outer sheets are hexagonal cylindrical shapes with extended corners along the Γ-K direction. 

In comparison, the first two sheets in the Fermi surface of bulk Cr2AlC MAX phase show the 

zigzag cylindrical shapes, and the third sheet consists of upcurved smaller and larger ribbon tubes 

like shape in each corner along the Γ-K direction (Fig 10g). This is due to the large high-dispersive 

Cr-d and Al-p orbitals (See Fig. 7d). Our results are consistent with the M2InC (M=Zr, Hf, Ta) 

MAX phases[70]. The Al(0001) terminated surface in Cr2AlC exhibits the highest number of the 

Fermi surfaces. The shape of the inner Fermi surfaces is different from that of bulk Cr2AlC. The 

first three inner Fermi surfaces are of cylindrical shapes, while the fourth and fifth Fermi surfaces 

possess hexagonal cylindrical cross-sections and extended along the L-M directions. The last two 

outer Fermi surfaces have the shapes like zigzag cylindrical cross-section and upcurved ribbon 

tubes (Fig 10h).   
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Figure 10. The Fermi surface topology of bulk M2AC MAX phases (a) Zr2GaC, (c) Hf2GaC, (e) Zr2AlC, and 
(g) Cr2AlC, and (0001)-terminated surfaces (b) Ga in Zr2GaC, (d) Ga in Hf2GaC (f), Al in Zr2AlC and (g) Al in 
Cr2AlC. 

 



3.3. Optical properties and underlying phenomena 

The study of optical properties of solids has been an interesting topic for research that can 

predict their real-life industrial applications. The optical properties for bulk MAX phases reveal 

that they have the potential to be used in promising optical[71] and dielectric devices [72] and 

coating materials to avoid solar heating[73]. Since the surface properties represent the attributes 

of thin films, the optical properties for MAX phase surfaces are needed to explore their potential 

in thin-film technology. Here, we discuss the optical properties of the most stable A- and M(C)-

terminated surfaces in comparison with their corresponding bulk counterparts. The frequency-

dependent dielectric function ε(ω) = ε1(ω) + iε2(ω) depends on inter-and intra-band transition. ε1(ω) 

is the real part of the dielectric function, which can be derived from the Kramers-Kronig relation 

and ε2(ω) is the imaginary part of the dielectric function that can be calculated from the momentum 

matrix elements between the occupied and unoccupied electronic states as shown in equation (1). 

The calculated band structure of bulk and surfaces for M2AC (M = Zr, Hf, Cr; A = Al, Ga) MAX 

phases assure their metallic behavior, therefore; a semi-empirical Drude term with unscreened 

plasma frequency of 3 eV and damping of 0.05 eV is employed to calculate the dielectric 

constants[74], once the real and imaginary part of dielectric constants are known then all the optical 

properties can be derived.  

3.3.1. Dielectric constants 

Figure 11(a-d) shows the real part ε1(ω) and imaginary part ε2(ω) of dielectric constants for 

A- and M(C)-terminated surfaces in M2AC. The real part of the dielectric constant represents the 

primitivity component that measures stored energy, which is an essential parameter for optical 

devices. The imaginary part of the dielectric constant provides useful information about the 

reduction of energy in the optical system. The real and imaginary parts for surface and bulk 

counterparts show similar nature but not identical, with different peak positions and different 

heights. Previously the real and imaginary part of dielectric constants were studied only for bulk 

phases[75,76]. The electronic band structure of bulk and surfaces of M2AC are metallic in nature, 

which can be seen from the imaginary and real part of dielectric constants. It is found that ε1(ω) 

approaches to zero from below and ε2(ω)  passes through zero from above for both A- and M(C)- 

terminated surfaces, which are similar to their bulk counterparts. This implies that the thin-film of 

M2AC MAX phases would also be metallic. However, the real and imaginary part of dielectric 



constants A- and M(C)-terminated surfaces become zero at lower photon energy than that of bulk 

phases. A clear Drude-like behavior is found in the Zr2GaC and Hf2GaC bulk phases, represented 

by the large negative values of ε1(ω). In contrast, this behaviour is absent in A- and M(C)-

terminated surfaces. The observed value of static dielectric constant ε1(0) for A-terminated 

surfaces in Zr2GaC, Hf2GaC, Zr2AlC, and Cr2AlC are 34.7, 46.4, 34.7, and 74.4, respectively. 

Similarly, ε1(0) for M(C)- terminated surface in Zr2GaC, Hf2GaC, Zr2AlC, and Cr2AlC are 37.6, 

58.7, 36.3, and 61.4, respectively. These estimated values of static dielectric are quite larger than 

the known bulk dielectric materials, i.e., Ti3N4 (18.31), BiInO3 (6.75), and BaTiO3 (5.12)[77–79]. 

Thus we may conclude that A- and M(C)-terminated surfaces are promising dielectric coatings[72]. 

Interestingly, C-0001 termination shows a negative static dielectric constant (Fig. S4a), which may 

be a key parameter for creating metamaterial with a negative refractive index. 
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Figure 11. Energy dependence of dielectric function of real and imaginary part of (a, b) A-terminated surfaces 
and (c, d) M(C)-terminated surfaces, respectively in M2AC (M = Zr, Hf, Cr; A = Al, Ga). The solid lines are for 
bulk MAX phases, and the dotted lines are for terminated surfaces. 



3.2.2. Absorption coefficient 

The absorption coefficient (α) of A- and M(C)-terminated surfaces in M2AC is represented in 

Fig 12. It is found that the α for bulk and their surfaces begin at zero photon energy, which confirms 

the metallic nature. The absorption coefficient estimates how far light having a specific wavelength 

can penetrate the material without getting absorbed. This information is helpful to optimize solar 

energy conversion efficiency. The absorption coefficient is low in the IR region, highest in the UV 

region, and gradually decreases to zero for bulk and surfaces. These results show that M2AC phases 

and thin films are potential candidates for absorbing materials in the UV region. It is worth noticing 

that the absorption coefficient for A- and M(C)-terminated surfaces is smaller than its bulk 

counterparts. Al- and Cr(C)-terminated surfaces in Cr2AlC show the highest absorption coefficient 

compared to other terminations. This implies that the absorption of photons is high in Cr2AlC and 

its thin film. The material with high absorption coefficient is essential for optical devices in visible 

and UV regions.  
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Figure 12. The absorption coefficient of (a) A-terminated, and (b) M(C)-terminated surfaces in M2AC (M = Zr, 
Hf, Cr; A = Al, Ga). The solid lines are for bulk MAX phases, and the dotted lines are for terminated surfaces. 

3.3.2. Photoconductivity 

Figure 13 demonstrates the real part of photoconductivity for A- and M(C)-terminated 

surfaces in M2AC.  The photoconductivity () is described as an increase in electrical conductivity 

due to absorbing photons[80]. The band structure of M2AC bulk material and surfaces shows that 

there is no band gap between the conduction and valance bands at the Fermi level. Therefore, the 



photoconductivity increased exponentially for bulk and terminated surfaces as photon energy goes 

to zero. A similar trend of photoconductivity has been found in the Nb2AlC and Zr2AlC bulk 

phases [75,81]. The photoconductivity exhibits a sharp dip in the energy ranges from ~0-0.40 eV 

for all terminated surfaces and bulk materials and reaches the maximum value at ~4.8-6.2 eV. 

These results indicate that A- and M(C)-terminations are highly electrically conductive when the 

incident photons energy is in the range of ~4.8-6.2 eV. However, terminated surfaces are less 

conductive compared to their corresponding bulk phases. In addition, thin films of M2AC are 

photoconductive in near IR, visible, and UV regions. 
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Figure 13. Photoconductivity of (a) A-terminated, and (b) M(C)-terminated surfaces in M2AC (M = Zr, Hf, Cr; 
A = Al, Ga). The solid lines are for bulk MAX phases, and the dotted lines are for terminated surfaces. 

3.3.4. Reflectivity 

The calculated optical reflectivity R(ω) is plotted in Fig. 14. It is the ratio of the wave's energy 

reflected from a surface to the energy of the wave striking the surface. The reflectivity spectra for 

bulk and surfaces are quite similar, exhibiting maximum value (~98%) in moderate IR and UV 

regions and attaining the highest value of ~90-94 %. There is no significant change in the visible 

region, and A-termination in Cr2AlC and Hf2GaC possess ~44 % reflectivity, which indicates that 

these thin films are suitable to avoid solar heating[82].   
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Figure 14. Reflectivity of (a) A-terminated, and (b) M(C)-terminated surfaces in M2AC (M = Zr, Hf, Cr; A = 
Al, Ga). The solid lines are for bulk MAX phases, and the dotted lines are for terminated surfaces. 

3.3.5. Energy loss function 

The energy-loss function L(ω) describes the energy loss of a fast electron traversing in the 

material. The loss function shows a peak so-called bulk plasma frequency ωP, which occurs as ε2 

< 1 and ε1 = 0. The energy loss spectra for A- and M(C)-terminated surfaces are shown in Fig. 15. 

The energy loss spectra exhibit no distinct peak in the energy range from 0-10 eV for bulk M2AC 

and terminated surfaces[83]. The bulk plasma frequency for A- and M(C)-terminated surfaces 

appear at lower photon energy than that of bulk phases because the condition for plasma frequency 

(ε2 < 1 and ε1 = 0) satisfies at lower photon energy. The height of plasma frequency peak for A- 

and M(C)-terminated surfaces in Zr2GaC and Hf2GaC is higher than in bulk phases. From the 

energy loss spectra, the plasma frequency of A-terminated surface in Zr2GaC, Hf2GaC, Zr2AlC, 

and Cr2AlC is found to be ~11.24, 12.02, 10.99, and 12.73 eV, respectively, which corresponds to 

the rapid decline of reflectivity (Fig. 14a). Similarly, the M(C)-terminated surface in Zr2GaC, 

Hf2GaC, Zr2AlC, and Cr2AlC have plasma frequency at ~11, 11.92, 10.88, and 12.88 eV, 

respectively. If the frequency of incident light is greater than the corresponding plasma frequency, 

then the thin film of M2AC will be transparent and change from metallic to dielectric. 
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Figure 15. Loss function spectra of (a) A-terminated, and (b) M(C)-terminated surfaces in M2AC (M = Zr, Hf, 
Cr; A = Al, Ga). The solid lines are for bulk MAX phases, and the dotted lines are for terminated surfaces. 

4. Conclusion  

 This study employs DFT to investigate surface stability, electronic, and optical properties of 

0001-surfaces in M2AC (M = Zr, Hf, Cr; A = Al, Ga) and compare to their bulk counterparts. To 

our knowledge, this is the first study for the optical properties of the surfaces in MAX phases. 

These MAX phases and their terminated surfaces exhibit metallic and anisotropic nature. In the 

most stable termination, the charge density of valance A-p electrons redistribute in the surface area, 

which is distinct from that of the bulk. However, the bonding characteristics below the third surface 

is very similar to the bulk counterparts. The shape of the Al-terminated Fermi surface in Cr2AlC 

represents the zigzag circular cross-section, and it has the highest number of Fermi sheets. 

Contrary, the A-0001 terminations in other MAX phases possess complicated hexagonal 

cylindrical cross-sections with extended upcurved ribbons. The most distinguishing difference in 

DOS of terminated surfaces with the bulk counterparts is the higher number of DOS at the Fermi 

level. Moreover, the PDOS reveals that M-C bonds are stronger than M-A bonds due to strong 

hybridization between M d-C p orbitals which is confirmed by the calculated cleavage energies of 

M-C and M-A bonds. Results show that the M-A bonds are energetically favorable cleavage points 

due to smaller cleavage energies, and M-C bonds are difficult to break. The relaxation of the 

terminated surface indicates that the surface structures change substantially as compared with the 

bulk. The top surfaces relax inwards while the subsurfaces relax outwards because of the stronger 

coupling of electrons between surfaces and subsurfaces. According to surface energy data, the A- 



and M(C)-terminated (0001) surfaces are the most stable configurations as compared to the C- and 

M(A)-terminated surfaces. From the thin-film point of view, the A- and M(C)-terminated surfaces 

have a reasonable absorbent capability. The large positive value of static dielectric constant, ε1(0) 

indicates that these phases are possible candidates for dielectric coating. In addition, coatings of 

M2AC are electrically conductive upon the absorption of photon energy in IR, visible and UV 

regions. 
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