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Application of a tight-binding total-energy method for Al, Ga, and In
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We apply our tight-bindindTB) methodology to thesp metals Al, Ga, and In, all of which have distinctive
ground states. The results show that this approach works as well for such elements as it does for transition
metals. Bulk properties such as lattice constants, bulk moduli, and elastic constants were found to be consistent
with experiments. We emphasize that our method successfully predicts the correct ground states of both Ga and
In, without inclusion of the corresponding first-principles data in the fit. In addition, we note the success of our
method in Al, a metal not normally described by TB.
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Since Slater and Kosterintroduced the tight-binding including the region near thE point. This implies that the
(TB) method, which calculated energy bands of a chosematrix elements associated with tHeorbitals cannot be ig-
structure based on the parametrization of Hamiltonian matrixiored in the fitting. We thus include matrix elements dor
elements, the development of TB methods has continued. TBrbitals as well as andp.
methods in general have proven useful for calculating band The band structure of Al was plotted in the fcc phase with
structures and total energies of various systems including lattice constant of 7.65 a.u., which is the experimental
bulk, surface, and amorphous structures. equilibrium® and compared with the LAPW results for the

Among these methods, an approach developed at the N&ame lattice constant at high symmetry points as shown in
val Research LaboratorgNRL) has been shown to work Fig. 1. As expected, there is good agreement between the
well for the transition metal$® Physical properties such as calculations, indicating a good fit. We get equally good fits
the equilibrium lattice constant, bulk modulus and other elasof the band structure in the other structures. Total energy
tic constants, vacancy formation energies, surface energieggrsus volume curves was also plotted and compared with
and phonon spectra were found to be in agreement with eX-APW results used in the fittingFig. 2). Our TB method
periment for all the nonmagnetic transition metals. Evergives an excellent reproduction of all first-principles data of
structural properties of antiferromagnetic elements, such agnergies of the different phases, even for structures not in-
manganesé were predicted correctly. cluded in the fit such as th&15 structure and the vacancy

Now we wish to take the same approach to TB and deterstructures. 1, and D053
mine whether this method works as well on elements other Bulk properties of Al were calculated and compared with
than transition metals. We chose Al, Ga, and In, which areexperiments. The lattice constant, bulk modulus, and elastic
located in column lllb of the Periodic Table, each havingconstants are consistent with experimental values and first-
three valence electrons. Interestingly, although these elgprinciples result§see Table )l The vacancy formation en-
ments are in the same column of the Periodic Table, thegrgy E, . was calculated using a 27-site supercell with a
have different ground-state structures. In the normal phase,
Al is fcc, In is face-centered tetragonal, and Ga has a more
complex structure ¢Ga, space grougmca Pearson sym- 14¢
bol 0C8, StrukturberichtdesignationA11). In particular Ga 12
is unique in that its volume contracts by 2.9% upon melting,
in contrast to most metafs.
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In this paper we demonstrate that our TB method cor- > 08
rectly describes the bulk properties of the ground state and T o6}
other phases of these elements. We use the TB scheme ofg 04|
Ref. 3, including the extra degrees of freedom which were *“
applied to vanadium in that paplee the discussion around 02 y\
Eqg. (11) of Ref. 3. The TB parameters in this paper are or
available from the authors or on the World-Wide Web at 02t

http://cst-www.nrl.navy.mil/bind.

In Al the fcc phase is the ground state at normal pressure.
In the fitting we used the linearized augmented plane wave
(LAPW) (Ref. 6 band structures and total energies for sev-
eral different volumes in different phases. First-principles G, 1. The band structure of Al in the fcc phase with lattice
data from the fcc, bee, sc, hep, and diamond phases welgnstant of 7.65 a.u. The solid lines show our TB calculations, and
included. In Al it is known that some of theé bands cross the dots are the result of LAPW calculations at the high-symmetry
below thep bands in some regions of the Brillouin zone points.
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TABLE I. Bulk properties of Al and In, compared to first-principles LAPW and experiments. Lattice
constantsa andc are in a.u., bulk moduluB and elastic constants;; are in Mbar. Elastic constants are
evaluated at the experimental room-temperature volume. The estimated uncertainty in the calculated elastic
moduli is about 0.1 Mbar.

Al In

Property B LAPW Exp. B Exp.

a 7.56 7.54 7.6QRef. 9 8.41 8.69(Ref. 8

c 9.63 9.35(Ref. 8

B 0.80 0.70 0.794Ref. 10 0.52 0.411Ref. 12
C11-Co» 0.67 0.50 0.46Ref. 1] 0.083 0.050Ref. 12
Cus 0.26 0.285 0.28Ref. 1)) 0.134 0.0655Ref. 12
Ces 0.226 0.1220Ref. 12

vacancy at the center with=7.65 a.u. Our TB yields 0.49 ternal parameterg and v, which determine the orientation
and 0.40 eV for unrelaxed and relaxed structures, somewhaind lengths of the chemical bontisThe peculiarity of this
smaller than the experimental value 0.66 &Ref. 13 and  Ga structure is that each atom has only the one nearest neigh-
the value of 0.86 eV in an unrelaxed LAPW calculatf8n.  bor connected by a short bond at distance 2.44 A, which is
We also calculated surface energies using these TB paften referred to as a molecular bond. These dimers form
rameters. First we constructed an eight-layer supercell représuckled parallel planes with a thickness of 1.9 A, perpen-
sentation of &111) surface, removing 3 atoms from every dicular to the[001] direction in the orthorhombic cetf
unit cell, leaving a set of five-layer slabs. Our LAPW calcu- Also, there are six other neighbors, three sets of two each at
lation for this surface yielded 0.9740.018 J/nf while our  distances between 2.71 and 2.797A2
TB parameters produce a surface energy of 0:90.016 The TB parameters for Ga were found based on LAPW
J/m?. Encouraged by this result, we calculated the surfacealculations of only the fcc, bee, and sc structures, fitting to
energy of Al for several different surfaces using isolated 25both the total energies and band structures. Since a first-
atom-thick unit cellss We compare our results to the first- principles band-structure calculatioshows that all occupied
principles work of Schehlin et al!® and experimenf in d bands are well below the andp levels, only thes- and
Table Il. The agreement is quite good, especially since we-level matrix elements were used in the fitting of Ga. For
have not included surfaces in our fit. We conclude that wehe energy curves of theGa and hcp phase in Fig. 3, we
have developed a very accurate TB representation of Alfound a full set of equilibrium structural parameters which
which is usually treated by plane-wave expansions. We areinimize the total energy at each fixed volume based on a
not aware of any particularly accurate linear combination ofconjugate gradient scheme. The curve is then obtained by
atomic orbitals treatment of Al. interpolating the energy values between several different vol-
We now consider gallium, whose ground-state structure isimes using cubic splines. Note that th€&a and diamond
known to have an unusual crystalline phase, cali8a, structures were not used in the fitting. Even so, the energy
which may be described in terms of a face-centered orthopredicted for the diamond structure was very close to the
rhombic lattice with four atoms in the primitive cell. The first-principles calculation, as seen in Fig. 3. We also pre-
structure of this phase is described by the three lattice padicted the correct ground structure, th&a phase, yielding
rametersa, b, andc of the orthorhombic cell, and two in- an energy lower than fcc. Our predicted structural parameters
and bulk modulus are in good agreement with first-principles
5 Tight-Binding Equations of State for Aluminum results and experimentsee Table ).

The literature indicates that the ground-state structure of
0.030 | aGa exhibits both molecular and metallic character because
of the coexistence of strong Gaovalent bonds formed by
0025 the short nearest-neighbor bond, and weak intermolecular
3 bonding of a trivalent metal nature. Joffepointed out that
g 00201 in his Al and Ga cluster calculations the average bond length
\% 0.015
L%’ TABLE II. Surface formation energie,,; of TB compared to
0.010 the first-principles pseudopotential calculatiofief. 195 and ex-
periment in J/m.
0.005 -
0.000 | TB Scheahlin et al. Exp.
%0 100 110 120 130 140 Surface (Not relaxed (Relaxed (Isotropig (Ref. 16
Volume/atom (a.u.s)
(001 1.33+0.09 1.081%0.03
FIG. 2. Total energy of Al as a function of the atomic volume in (011 1.29+0.09 1.096-0.03 1.18
different phases. The lines are the TB calculations, and the points111) 0.87+0.08 0.93%-0.03

are the LAPW results.
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FIG. 3. Total energy of Ga as a function of the atomic volume in ~ FIG. 4. Electronic density of states farGa. Notice a strong
different phases. The lines are the TB calculations, and the pointgseudogap in both LDA and TB. The LDA data are from Ref. 14.
are the LAPW results. The correct ground structure of GapiGa
phase is predicted. level. The TB plot compares very well with the first prin-

ciples calculation® (see Fig. 4 Our calculations of the

of Ga was consistently smallgabout 5% than that of Al EPOS. the values of the internal parameters of #a

even though Ga has a larger atomic number in the sam fructure, and the correct ordering o_f the energy curves of
column of the Periodic Table. He explained the partly covadifferent phases support the conclusion that our TB param-

lent nature of Ga by using the argument that the presence (?antZe?rtiiaoln of Ga is a good choice for further study of this

a weakly bound 8 core shell causes the incomplete screen- Finall its for indi hich i
ing of the nucleus so that Ga has a larger effective charge ~'Naly. We present our results for indium, which lIs
nown to have a face-centered tetragoffel) ground state

than Al, resulting in an anomalous spatial contraction of th !
valence charge.g P (space group4/mmm Pearson symbdill 2, Strukturbericht

. . . . . ’8 -
On the other hand, Bernasconi, Chiarotti, and Tod&tti, d€signationA6). The axial ratio is 1.078}® which corre-
and Gonget al2 sought to explain the covalency of Ga from SPONds to 1.57 for the equivalent body-centefiect) struc-
the behavior of the electronic density of stat&DOS. ture. Hafner and Hein®, using first-principles pseudopoten-

Their first-principles calculations showed a pseudogap at thii@! calculations, showed that the fcc and hep structures are

Fermi energyEg. The connection between the pseudogapunStable at a normal pressure, i.e., a small distortion from

and covalency was as follows: the pseudogap contains a reg]ese ide_al structures lowers the band—structu.re energy. As in
gap and residual states in the gap. The gap is created by t% the first-principles band-structure calculafishows that

dimers, and the residual states in the pseudogap are creafdl °ccupiedd bands are well below the and p levels.
by the overlap of wave functions in the buckled planes of 1€NC€; only thes- andp-level matrix elements were used in

those dimers, which results in metallic behaidiThe ex-  our TB fitting of In. We found the TB parameters by fitting
perimental resulfé from ultraviolet photoemission spectra (© LAPW calculations of the fcc, bee, and sc lattices.

of occupied states of solid Ga also exhibit a sharp decrease in F19ure 5 shows the impressive result that our TB method
intensity at the Fermi level. We calculated the EDOS fromYlelds the correct ground state, namely the fct structure, even

our TB parameters and found a pseudogap near the Ferrfough the first-principles data for this phase and the hcp

.02
TABLE Ill. Lattice and internal parameters of our TB results at 0.029
the equilibrium volume oixGa phase compared with experimental 0.02 |
and local-density approximatiofLDA) results. The experimental =
data taken from the handbook by Wyck¢Ref. 17 were measured % 0.015 ¢
at 4.2 K and atmospheric pressure. LDA data are from Ref. 8. The S
. . < 001
bulk moduli were also computed and compared with the other re- E
sults. L%’ 0.005 |
a (a.u) b/a cl/a B, (Kbar) o
M v vol. (a.ud)
-0.005 . . .
B 8.752 1.648 0.977 651 140 160 180 200 220
0.1555  0.0904 135 Volatom (a.u.)
LDA 8.271 1.688 0.994 669 FIG. 5. Total energy of In as a function of atomic volume. The
0.1567 0.0803 119 lines are the TB calculations, and the points are the LAPW results.
Exp. 8.523 1.695 1.0013 613 Note that although no first-principles data were provided in the
0.1525 0.0785 131 fitting for hcp and fct, the correct ground-state structure, fct is pre-

dicted.
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phase were not included in the fit. We found the equilibriumknowledge, this is probably the first accurate TB description
axial ratio of 1.145, compared to the experimental value obf Al. It is also a rather impressive TB treatment of Ga and
1.076. The remainder of the total energy versus volumen, predicting the correct ground-state structures, without fit-
curves show the correct ordering of metastable phases. Thizg to first-principles data for these structures. Thus, we
energies of the fct and hcp structures were fully relaxed at dave shown that the NRL methotiworks well not only for

fixed volume. _ the monatomic transition metals but also p elements
Bulk properties were calculated and compared with eXch as Al, Ga, and In.

perimentsC,4-C1,, Cu4,andCgg Were calculated by apply-

ing small, volume conserving distortions to the equilibrium  We thank Dr. G. L. Chiarotti and Dr. E. Tosatti for allow-

structureé?® The lattice constant, bulk modulus, and elasticing us to use their first-principles EDOS of Ga in Fig. 4. This

constants are consistent with experimental valigeg Table work was supported by the U.S. Office of Naval Research,

). the National Research Council, and the U.S. Department of
In summary, we have presented the results obtained frodefense Common High Performance Computing Software

a TB parametrization of Al, Ga, and In. To the best of ourSupport Initiative(CHSS).
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