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Structure and bonding of M,SbP (M =Ti, Zr,Hf)
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Using ab initio calculations, we have studied the chemical bonding and elastic properfiésStiP (space
group P63/mmg prototype C5AIC), whereM=Ti, Zr, and Hf. The bonding is of covalent-ionic nature with
the presence of metallic character. These compounds exhibit nanolaminated structuréWwhkergers are
interleaved with Sb. While the structure is identical, both the bonding and the elastic properties of these
phosphides are similar to the so-called MAX phafeks W. Barsoum, Prog. Solid State Cher@8, 201
(20001
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M,.1AX, phases, wher®l is an early transition metalk  stant via the method after Fast all® The total density of
is a group 1A or IVA elementX is either C and/or N, and states(DOS) and the partial density of statd®DOS are
n=1-3, have recently drawn a lot of attention due to theobtained using the relaxed structures/gt
combination of properties usually associated with metals and The calculated DOS data are presented in Fig. 1 for
ceramicqfor details see Ref. 1, and references cited therein M,SbP, whereM =Ti, Zr, and Hf. It is apparent that these
Most of the MAX phases are of pAX stoichiometry(space phases are alike, signifying similarity in chemical bonding.
group P63;/mmg¢ prototype CjAIC). In general, MAX  An important feature is the existence of a pseudogap in the
phases are good thermal and electrical conduétthrey ex-  DOS in the vicinity of the Fermi level, which is an indication
hibit high moduli, but are relatively soft and easily for stability!® In order to understand the origin of this be-
machinablé:3 In our previous work, coupling betweeMC  havior and explain the nature of chemical bonding in these
and A nanolaminates has been identified as a classificatiophases, we study the PDOS of,3bP, a representative,
criterion. One group comprises strongly coupled,AC given in Fig. 2. It is evident that a covalent interaction occurs
phases, where the bulk modulus of the binM{ is con-  between the constituting elements due to the fact that states
served, and the other where this is not the case. This wamre degenerate with respect to both angular momentum and
understood in terms of the valence electron population.  lattice site. P  and Ti 3 as well as Sb g and Ti 3 states

In this report, we study the chemical bonding and elasticare hybridized. Also, due to the difference in electronegativ-
properties of to the above discussed MAX phases isostrudty between the comprising elements, some ionic character
tural compounds based on phosphid&s.initio calculations  can be expected. The bonding character may be described as
are employed to explore the effect 8 on bonding and a mixture of covalent-ionic and, due to tbeesonance in the
elasticity forM,SbP, whereM =Ti, Zr, and Hf, which were vicinity of the Fermi level, metallic. The pseudogap, com-
synthesized by powder sintering at 800 ®*®ased on the mon to allM,SbP phases studiegee Fig. 1, is likely to
here-presented comparison bf,SbP to the MAX phases split the bonding and antibonding orbitals. This behavior is
with respect to structure and bonding, we suggest a ratheronsistent with previous reports on MAX phagé$!® Fur-
close resemblance. thermore, it has been found for p&IC,'° that the balanced

Our calculations are based on the density functionatrystal orbital overlap population analy&sis consistent
theory® using the vasp code, in conjunction with the with the PDOS analysis suggesting splitting in PDOS. How-
generalized-gradient approximation and projector augmented

wave potentialé12 The following parameters were applied 15 - Hfzst;P ' ' ' )
in the calculations: 0.1 meV relaxation convergence for ions, = 10} ]
0.01 meV electronic relaxation convergence, Davidson opti- 8 st /‘/\

mization of the wave functions, reciprocal-space integration £ ; d , % ;

with a Monkhorst-Pack schentégnergy cutoff of 340 meV, S 15} Zr,SbP

k-points grid of 7X7X 7, and the tetrahedron method with @ 10f ]
Blochl correction®? for the total energy. We have performed % 5t .
the relaxations for both the lattice paramedethe c/a hex- L7 } { } .
agonal ratio, the internal free parameterdut without spin ;)’ 15 - Ti SbP .
polarization since it gave only minute corrections for other O 10+ 1
M,AX phases studied previousl. The relaxations per- Q st A 1
formed have optimized the internal free parameters as well. 0_20 _1'5 10 5 6 5 10

The equilibrium volumgV,), the bulk modulugB), and its E(eV)

pressure derivativéB’) were obtained by a least-square fit of

the calculatedE-V curves using the Birch-Murnaghan equa-  FIG. 1. Total DOS forM,SbP, whereM =Ti, Zr, and Hf, as a
tion of state!* We have also calculated thm, elastic con-  function of energy(E). Fermi level is set to 0 eV.
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TABLE |. Calculated and experimental equilibrium volume 2l ps k ! ' ' !
(Vp), lattice constantga,c,c/a), and internal parameterng) for C P
M=Ti, Zr, Hf in M,SbP, as well as calculated bulk modul(@s, its r

T

ressure derivativeB’), andcy, elastic constant. = T + t ¥ f
p es’) 44 3 2fpas ]
Ti,SbP Zr,SbP Hf,SbP £ ' /L ]
Calc. Expt Calc. Expt Calc. Expf S i ¥ +—— }
% 15+8b4p .
Vo (A3/atom 18.22 18.00 21.47 20.87 20.73 20.22 2 (1,'2: M:
a(A) 3.651 3.640 3.841 3.816 3.808 3.785 % | o~ , ,
cd) 12.63 1255 13.44 1324 1321 13.04 o 2[Sbis ]
c/a 346 345 350 347 347 345 8 1r ]
z (M) 0.100 0.100 0.103 0.103 0.102 a , -TiSd{ ' et ' ]
B(GPa 115 116 125 g C 1
B’ (GPa 4.25 4.30 4.19 3 - o .
Ca (GP 111 110 116 20 -15 -0 _-5 10
- E (eV)
8See Ref. 5.

FIG. 2. PDOS for TjSbP as a function of energ¥). Fermi

ever, there is also a difference with respect to the role of the,, ¢ is aligned with 0 eV.

A element. In the MAX phasést’ the A-M hybridization is
weaker than the S hybridization in theM,SbP phases. At  the c,,/B ratios of Al and diamond are 0.39 and 1.30,
the same time, the chemical bonding betw&rand X ele-  respectively® Hence, based on the comparison of chemical
ments in the MAX phases and betweénand P in the here-  honding, elasticity, and structure, we suggest thgSbP
studied phosphides is rather similar. phases resemble MAX phases. Experimental work is un-
SinceM,SbP, withM=Ti, Zr, Hf, and M,AX phases are  qouptedly required to explore this resemblance and we hope

isostructural and of sim_ilar chemical bonding, it can be exn5t our calculations may inspire future research on the
pected that the properties may also be comparable. TableI\hZSbP phases.

summarizes the structural data and the elastic properties. Itis |, summary, we have studied the chemical bonding and
worth noting that ouNV, are within 2.8% deviated from the g|5stic propertfes oM,SbP, whereM=Ti, Zr, and Hf, by
experimental dafeand that the internal free parameterMf  neang ofab initio calculations. The bonds are of covalent-
is reproduced. The bulk moduli 8f1,SbP phases are in the jgpic nature with some metallic character. The here-studied
range of 115-125GPa, comparable to the,Ad  hosphides possess nanolaminated structure wWiiérday-

phase$'”% containing Ti and other elements of the samegys are interleaved with Sb. Based on the comparison with
column in the periodic table. To the best of our knowledge,respect to the structure and bonding in MAX phases, we

the elastic properties of thed&,SbP phases have never beensuggest thaM,SbP compounds resemble MAX phases.
calculated or measured. Because of the previously discussed

Sb-M hybridization(see Fig. 2, we expect strong coupling We acknowledge sponsorship of the Swedish Research
in the c direction. Indeed, we find,, in the range of Council (VR) and the Alexander von Humboldt Foundation,
110-116 GPa, rather close to the bulk modsée Table)l the Federal Ministry of Education and Research, and the Pro-
This accounts for thecy,/B ratio of 0.93-0.97, which is gram for Investment in the Future. All calculations were car-
larger than in the so-far-investigated ,AX phase$'?? ried out at NSC, Linkdping, Sweden, and made possible
where the ratio ranges from 0.75 to 0.87. For comparisonthrough Swedish National Allocations Committee.
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