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The results of phonon spectra for 82 different MAX phases
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k:	the	force	constant	(eV/Å2), r:	the	bond	distance	(Å) FC:	summation	of	force	constants	of	springs	connected	to	a	M,	A,	or	C	atom	(eV/Å2)Table	1S Bond	strength	(eV/bond)	have	been	obtained	using	COHP	analysis	using	PbeVasp2016	basis	set	except	for	Nb family	done	by	default	basis	set.				



Continue	of	Table	1S	



Table 2S: Sorted data for FC(M), FC(A), FC(X) (eV/Å2), and exfoliation energy (eV/Å2) 



Polarity of the bonds calculated through the electronegativity differences

It	is	seen	that	M1-X	bonds	are	more	polar	than	M1-A	bonds



Bond order calculation based on the data for single bonds radii from
Chem. Eur. J. 2009, 15, 186–197

Here,	we	have	estimated	the	bond	order	by	using	another	set	of	data	different	from	that	which	was	used	in	
the	paper.	However,	the	results	is	the	same.	As	it	was	stated	in	the	manuscript,	the	bond	order	for	M1-X	bonds	
are	larger	than	M1-A	bonds.		



Some examples for projected density of states of positively, neutral, and negatively charged MAX phases  

Left	to	right:	positively,	neutral,	and	negatively	charged	.	The	Fermi	energy	is	at	zero.



Electronic structures of neutral and charged Ti5AlC4

Positive (negative) Q stands for hole (electron) injection.  



COHP bond analysis of neutral and charged Ti5AlC4

Positive (negative) Q stands for hole (electron) injection.
Positive (negative) COHP stands for antibonding (bonding) states.  



Q=	+5e Q=	+4e Q=	+3e

Effect of hole (+) and electron (-)  injection on phonon frequencies (THz) of Ti5AlC4



Q=	+2e Q=	+1e Q=	0e



Q=	-1e Q=	-2e Q=	-3e



Q=	-4e Q=	-5e



RIGID BAND ANALYSIS: 

 

In light of the assumption that the behavior of charged MAX phases can be predicted from the 

neutral systems using the rigid-band model, a strictly rigid-band-based ansatz was employed 

to compare the trends for ICOHP behavior in relation to charge injection to the trends 

reflected in the calculations explicitly treating charge. As above, Ti5AlC4 was chosen as a 

model system and an electronic structure and bonding analysis was performed using VASP 

and the Lobster code 114-116. Then, variations in charge, reflecting electron/hole injection, were 

mapped to E in the density of states (DOS) and COHP plots, yielding shifted Fermi levels for 

charged systems, while the shape of the band, and by extension, DOS remained unchanged. 

Said energetic shift was calculated from the energy-number of valence electrons relationship 

from the DOS of the unperturbed system via linear regression. The resulting DOS plot is 

shown in Figure 1, while the COHP plots for heteroatomic (Ti–C, Ti–Al, C–Al) and 

homoatomic (Ti–Ti, Al–Al, C–C) interactions are given in Figure 2.  

The averaged ICOHP values for a single bond of a given type as a function of the valence 

electron count (VEC), and by extension, charge, are shown in Figure 3. Consistent with the 

prior results, it is evident that the M1–X bonds, Ti–C in this case, are significantly stronger 

than the M–A bonds (here, Ti–Al) among the heteroatomic bonds, while the X–A-type bond 

(here, C–Al) bond also shows bonding characteristics, but is negligible. In the case of the 

homoatomic interactions, the Al–Al bond strength is highest, with Ti–Ti and C–C showing 

much weaker bonding. However, if charge is injected into the system, in the rigid-bond ansatz 

there is no weakening of the Ti–Al bond. On the contrary, the ICOHP values are lower, 

indicating stronger bonding, with increasing negative charge, while the Ti–Al bond weakens 

upon injection of significant positive charge. The Ti–C and C–Al bonds are nearly unaffected 

by the variation in charge. As for the homoatomic bonds, the Al–Al bonds weaken slightly 



upon introduction of high negative charge, whereas the Ti–Ti bond strength increases very 

faintly and C–C bonds remain essentially unaffected. 

The trend for the Ti–Al bond in particular contradicts the results obtained from the models 

that explicitly treat the excess charge, but is easily explained in terms of the rigid-bond model: 

as seen in Figure 2 the COHP values for Ti–Al are negative across the entire energetic range, 

indicating bonding characteristics. As the electronic structure is assumed to be static in 

relation to small perturbations, the shape of the curve does not change upon charge injection. 

If the Fermi level is shifted due to an excess of electrons, the new ICOHP value will still be 

more negative than that of the unperturbed system; in case of electron deficiency, it will be 

more positive.  

In contrast, for calculations which explicitly treat additional electrons, the Fermi energy 

surface, and thus the structure itself, change slightly, resulting in the swelling along the c axis 

described previously due to elongation of the Ti–Al bonds. As there is no structural change 

here, the atom distances (and thus, bond lengths) remain of fixed length and all differences in 

bonding characteristics reflect the small perturbation to the electronic structure from the 

variation in electron count.   

 

 

 

 

 

 

 

 



 

 

Figure 1: Total DOS plot for Ti5CAl4, with the solid horizontal line signifying the Fermi level 
EF of the unperturbed system and the dashed lines signifying shifted Fermi levels employing 
the rigid-band approach, both for an excess of negative charge (states above EF) and an excess 
of positive charge (states below EF). The corresponding valence electron count (VEC) is 
given on the right. The lighter grayscale region signifies unoccupied states in the case of the 
neutral system. 

 

 

 

 

 

 

 



 

Figure 2: Energy vs. the averaged negative projected COHP per single bond for Ti5AlC4 

using the rigid-bond approach. The solid line signifies the neutral system, dashed lines signify 
excess negative charges (above EF), or excess positive charges (below EF). The corresponding 
valence electron count (VEC) is given on the right. a) Heteroatomic interactions: Ti–Al (red), 
Ti–C (green), C–Al (blue). b) Homoatomic interactions: Ti–Ti (red), Al–Al (green), C–C 
(blue). 

 

 

 

 

 

 



 

 

 

Figure 3: Averaged ICOHP per single bond as a function of the valence electron count (VEC) 
for Ti5AlC4 using the rigid-bond approach. The dashed line signifies the neutral system, 
excess negative charges are to the right, excess positive charges to the left. a) Heteroatomic 
interactions: Ti–Al (red), Ti–C (green), C–Al (blue). b) Homoatomic interactions: Ti–Ti (red), 
Al–Al (green), C–C (blue). 
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