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Full-potential electronic structure of Ti,AlC and Ti,AIN
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Electronic structures of the hexagonaAiC and TLAIN compounds with CYAIC-type structure calculated
within the full-potential linearized augmented plane-waves formalism are presented. Geometrical optimization
of the unit cell are in good agreement with experimental data. The analysis of the site and momentum projected
densities of states shows that bonding is due td-Tip (or Ti d-N p) and Tid-Al p hybridizations. It is found
that the intensity of the total density of state at Fermi level is higher fgklN that has also a higher electrical
conductivity. Results are compared to a recent work by Zhou antvgum assume a different crystal structure.
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[. INTRODUCTION earized plane-wave meth@g&LAPW). The influence of the
exchange and correlation potential has been tested using the
Various experimental studies have shéwithat TLAIC generalized gradient approximatfo{GGA) correction or the
and TLAIN crystallize under the GAIC or Hagg phasgH- local spin density using thesien code® In this method no
phase structure identified by Jeitschket al. in 1963 from  approximation on the shape of the potential is made. We
x-ray diffraction experiments on GAIC crystals. The space have used separation radii between valence states and core
group isP63/mmcand the Wyckoff positions aref4for Ti,  states of 1.5, 1.8, and 1.5 a.u. for the Ti, Al, andd@ N)
2d for Al, and 2a for C or N. The structure has been con- atoms, respectively and 50K points in the Brillouin zone.
firmed since several times by other techniqbiés.a recent  The semicore statd#\l 2 p, Ti 3s, Ti 3p) are described as a
work, Zhou and Suhemployed 4 and 2a positions for Ti  combination of plane-waves and local orbitdflsThe total
and the metalloidC or N), respectively, but used thec2 energy was converged to 1 Ryd. The spheres separate
position for Al. Apparently similar, the @ [(1/3, 2/3, 3/4,  the space between core states treated as atomic orbitals and
(213, 1/3, 1/4] and X positions[(1/3, 2/3, 1/4, (2/3, 1/3, valence states treated as plane waves in the interstitial space.
3/4)] are actually quite different. In fact, each of theizand ~ Unlike the more classical band-structure calculations based
2c positions corresponds to a different stacking of the metal®n muffin-tin potentials such as linear muffin-tin orbital
along thec direction. If one does not consider the metalloid, (LMTO) the spheres must not overlap in FLAPW and the
the stacking of the metals in the corréttphase is the clas- results of the calculation are independent of the sphere radii.
sical ABAB sequence of an hcp metal with a two planes\WWe have checked that the results are not dependant on sphere
periodicity along the hexagonal axis. The chemical sequencédii by increasing the radii up to 1.8 a.u. that still insures
is formed by two titanium planes and one aluminum planethat there is no overlap between Ti anddZ N) spheres. The

leading to a crystallographic sequence of six planes in théesults have been compared with LMTO in the atomic sphere
unit cell, which can be written approximation(ASA) and FLAPW using the local-density

AB'ABA'B 1 approximation(LDA) correction for the exchange and corre-

where the primes denote the aluminum planes. The metalloi&‘tlon potential. Since the general shapes of the band struc-

atoms in the H phase are located in the octahedral cavitie rles ra]md der;]sitifes ?}f S::alfﬂ(\J/\IS)Ggi sin|1ilalr we prﬁsent
between the Ti planes. Thus ascribing Greek letters for C of ™Y { edgrag s for the - calculations that are
N planes one can characterize the structure by the sequenéésume to be mare accurate.

yAB'AyBA'B. 2 _
It must be emphasized that the Ti-Al-Ti stacking is clearly I Ti ,AIC

a close packing of a fcc or hep metal. The choice of the 2 The band structuréBS) and the total density of states
Wyckoff position for the aluminum atoms leads to the se-(TDOS) of the TLAIC phase with structuré2) calculated
quence with the FLAPW-GGA method are presented in in
vAA'AyBB'B, (3) Figs. 1 and 2, respectively. The same calculations under the
which includes arAA stacking sequendef. Figs. 1a) and  LAPW LDA were very similar, it is also consistent with the
1(b) in Ref. 1] usually considered as energetically prohibitive BS previously calculated within a LMTO approathA
in metals. minimization of the total energy with respect to the unit-cell
Consequently the total energy resulting for such crystalolume has been performed. This volume is found to be
structure is expected to be high or prohibitive. In order toclose to the experimental otfe™ with a deviation of less
check the consequence of the choice of the stacking of mdahan 1%, even though th&a ratio and thez coordinate of
tallic planes we have performed calculations for the bothitanium atoms, which are free parameters in the space
structures of TAIC and TLAIN. In the following, the two  group, should in principle be relaxed. The BS shows a first
crystallographic structures are refered by their correspondindeep band with low dispersiofwidth: 1.55 eV}, which is
formula numbers(2) and (3) hereabove. We calculate the mainly due to Cs and Ti sp states as can be seen on the
electronic structure in the framework of a full-potential lin- projected densities of stat€®DOS [Fig. 3@)]. A fairly
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FIG. 3. Projected densities of states fopAlC: the Cs-Ti p
r A H K r ML H hybridization(a), and the p-Ti d and Tid-Al p hybridizations(b)
are shown. The relative intensities of the PDOS are not significant
FIG. 1. LAPW-GGA band structure for FAIC. in this figure.

large ihdirgct gafl.75 e\) between the point§' andK of }0:3: eLn'\i_rr%/ (:Stge ?:tlr_Lx:;L\J,(/eéi)Da:,dgdargl_rilgg\r/tegérpggl_e
the Brillouin zone separates these states from a series ‘Ejfroaches, respectively. The total energy of the struct8re
bands containing @, Ti d, and Al p states. However the ysed by Zhou and Sun was always found to be unfavorable
main hybridization in this energy window concernsdland  whatever the theory used. In the case of the GGA correction
C p stateg[Fig. 3(b)]. A second smaller gap is also presentthe excess of energy is 0.46 Ry that represents an important
but it results only in a pseudogap in the TDOS. The indirectdifference. We found that the TDOS is very similar for the
gap between point& and M is slightly negative and thus two crystallographic structures up te-2 eV. Figure 4
appears only as a minimum in the TDOS-a2.2 eV. From shows a comparison of the TDOS in the 2,2] eV range.

—2 eV and up to the Fermi level one finds mainly hybrid- In this region one can see that thedFAl p hybridization is
ized Tid and Al p stateFig. 3(b)]. This band structure bears different for structurg3). A peak at—0.1 eV that has been
some resemblance with the one presented by Zhou and Sié@und to be due to Td and Al d states, is likely to influence

in that the Ti-C interaction is not strongly affected by the strongly the magnitude of the TDOS at Fermi level. Since
stacking sequence of the metallic atoms. The same calculfe Ti-C bonds are mainly located at low energies, the

tion of the BS has also been done for the struct@eThe  screening of the titanium atoms is probably efficient enough
for the carbon not to be affected by the position of aluminum

atoms. This is the reason why the band structure of Zhou and

Surt and Fig. 1 of the present work exhibits similar features
20 in deep levels, which depend principally on the C-Ti inter-
E action, but not in the vicinity of the Fermi level.
5 151 .
> TABLE I. Total energies oH phases. The structures refer to the
o) formulae numbers in the text.
g t0F
8 LMTO ASA FLAPW LDA FLAPW GGA
a S5 / Composition Structure (Ryd) (Ryd) (Ryd)
. — ¥ \ | Ti,AIC Eq. (2) —7939.1827 —7935.4175 —7954.7373
-12 -8 4 0 4 Ti,AIC Eq. (3) —7939.0629 —7934.9981 —7954.2731
Energy (V) TiLAIN Eq. (2) —8005.8063 —8002.0672 —8021.6281
Ti,AIN Eq. (3) —8005.7144 —8001.6582 —8021.1971

FIG. 2. Total DOS for TJAIC calculated with LAPW GGA.
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FIG. 4. TDOS for the structure®) (full lines) and(3) (dashed 0k
lines) in Ti,AIC. In each case two lines are displayed corresponding
to GGA or LDA corrections.

Notice also that the Fermi level is located in a region of
minimum density of state@.67 states/eV/cell, Table)lIThe
states at Fermi level are mainly @iand Al p. Carbon does -15 - -

not contribute significantly to the DOS at the Fermi level and ] T

therefore is not involved in the conduction properties. We

note that Tid electrons are mainly contributing to the DOS at A H K r ML H
Fermi level and should be involved in the conduction prop- FIG. 5. LAPW-GGA band structure for JAIN.

erties althougld electrons are generally considered as low
efficient conductors. Al electrons do not contribute signifi-
cantly at Fermi level due to a scooping effect resulting from
the presence of the titaniuchstates. Furthermore, the plot of
the band structure shows dispersed bands alondgd thedi-
rection(Fig. 1). Becauses andd electrons may have differen
conduction properties, it would be difficult in the present
state of analysis to assess that theohase would have an-
isotropic conduction properties as stated in the paper of Zho
and Surt This point requires a more detailed study.

states is equal to 6.67 eV and much larger than in tteTC
p and Cp-Ti d case. Thus the Td states are also globally
shifted to lower energy. The -Ti d band is also more
¢ separated from the A3-Ti d band[Fig. 7(b)] than the corre-
sponding Cp-Ti d band in the previous case. A minimum in
the TDOS appears between-4.6 eV and —2.2 eV.
ontrary to Zhou and Sdwe find that the replacement of C
y N does not result in a decrease but in an increase of the
TDOS at the Fermi level that is then equal to 3.84 states/eV/
cell. This is a consequence of the fact that thedTstates
. Ti LAIN have been pushed down by the more attractive nitrogen
atom. It is therefore expected that the electric conductivity of

used. The BS and the TDOS for the correctAIN phase are Ti?AIN should pe greater tha”lghat ofzRIC, in agreement
presented in Figs. 5 and 6, respectively. The main differenc¥/!th the experimental resultS” The Al p states are also
with the previous case is that the electrostatic attraction O§I|ghtly pushed down to lower energy. It can be
nitrogen is higher than that of carbon. Thus the bands asso-
ciated with nitrogen are lower in energy and narrower. The N
sTi p band located below-15 eV is only 1 eV in width 151

In the case of BAIN the experimental volume has been

[Fig. 7(@]. The energy gap between NTi p and Np-Ti d é
TABLE Il. Magnitude of TDOS at Fermi level. % 10
o]
Composition LMTO ASA FLAPW-LDA FLAPW-GGA %
(Structure (states/eV/ce)l (states/eV/cell (states/eV/cell 8 5F
Ti,AIC [Eq. (2)] 3.28 2.63 2.67 L
) 0 | | |
Ti,AIC [Eq. (3)] 7.75 4.07 4.01 15 o 5 5 5
TiL,AIN [Eq. (2)] 3.03 3.81 3.84 Energy (eV)
Ti,AIN [Eq. (3)] 6.35 4.72 4.86

FIG. 6. Total DOS for TjAIN calculated with LAPW GGA.
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% FIG. 8. TDOS for the structure®) (full lines) and(3) (dashed
; lines) in Ti,AIN. In each case two lines are displayed corresponding
& to GGA or LDA corrections.
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8
IV. CONCLUSIONS
FLAPW calculations for the two crystallographic struc-
tures(2) and(3) under consideration show that the total en-
(b) Energy (eV)

ergy is always higher for structut8). This energy difference
FIG. 7. Projected densities of states fopAIN: the N s-Ti p is to be attributed to the AA” metallic stacking in structure
hybridization(a), and the Np-Ti d and Tid-Al p hybridizations(b)  (3). Although deep states involving Ti-C or Ti-N bond are
are shown. A shift of the Tp DOS has been done i@ for better  similar in both structure, the features related to Al-Ti bonds
clarity. The relative intensities of the PDOS are not significant inclose to Fermi level are not. The crystal struct(@8eresults
this figure. in a peak in the TDOS due to TAl p states(Figs. 4 and 8
just below Fermi level in the case of ;AIC that sensitively
concluded that the Td-Al p bonds are stronger in JAIN a_ffects the TDOS at Fgrmi Ievel._ FLAPW calculations pre-
than in TLAIC. dict also that the electric conductivity of th¢ phase should

As in the case of the carbide, all the calculation of the BSP€ higher in TJAIN than in TLAIC in agreement with pre-
of the nitride TRAIN with structure(3) leads to a total energy Vious experimental results:

that is less favorable than the one of struct@®e The excess
of energy is 0.43 RydTable ) in the case of the FLAPW-

GGA calculation. The comparison of the TDOS for both ACKNOWLEDGMENTS

structures exhibit the same differences than in the previous

case. The spurious peak due todTand Al d states in struc- The authors thank Fraois Ducastelle for helpful

ture (3) is now located at-0.5 eV (Fig. 8). discussions.
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