Electronic Structure and Optical Properties within the LCAO Approach

S. Brodersen and W. Schattke Institute of Theoretical Physics and Astrophysics, Kiel University, Germany

The valence bandstructure and density of states for silicon calculated with LCAO functions and a mixed basis. The differences are at most 100meV. The LCAO set consists of 2p, 3spd, and 4spdf orbitals at the atomic sites and functions of spdf character at two interstitial sites giving a total of 88 basis functions.

ΓMKΓALHA-12-10-8-6-4-202

Energy/eV

020406080100DOS in arb. units

-12-10-8-6-4-202LCAO: Ti3d4spdf + S3spd4spd mixed basis: Ti3s4s + S3sp + 99PW(3H)

Bandstructure and density of states of the layered semimetal TiS2. The red curves show the LCAO, the blue curves the mixed basis results. No off-site functions are used so this crystal structure is a hard test for the LCAO calculation because of the large Van-der-Waals gap between the S-Ti-S layers. The geometry is shown at the left. Grey spheres and red spheres depict Ti and S atoms, respectively.

XΓKXWKLΓ-10-5051015202530

Energy/eV

LCAO: 3d4spdf5spdf mixed basis: 3d4s + 59PW (6H)

The bandstructure of the close-packed, 3d metal copper. The LCAO basis set consists of 37 functions, the mixed basis contains 65 functions. Up to 30eV the two curves are nearly identical.

L Γ XU,K Γ-10-50510152025

Energy/eV

APW OPW LCAO

As a test for the whole program serves the comparison of our results for GaAs with a highly accurate FP-ELAPW bandstructure [KS]. The APW energies - even of the conduction bands - are nicely reproduced by our LCAO and OPW calculations, if the fundamental gap is corrected.

Introduction

Our aim is the ab initio calculation of optical properties of surface systems. To investigate the influence of screening effects on photoemission we consider a semi infinite crystal, avoiding the usual slab or supercell approximations. This makes a localized basis set necessary and lead us to the development of a mixed basis program for bulk systems. This scheme allows the comparison of pure LCAO with OPW and mixed basis results all on the same footing.

General Framework

• The electronic structure calculations are based on Density-Functional Theory (DFT) in Local Density Approximation (LDA). The dielectric function is evaluated in Random Phase Approximation (RPA).

• Selfconsistency is achieved by an advanced mixing scheme due to Anderson [And], comparable to Broyden’s method.

• The full potential without pseudopotential approximation is taken into account.

• Basis functions, potential, and density are tabulated on a (nonuniform) real space grid. This permits straightforward evaluation of the matrix elements and easy inclusion of different kinds of basis functions.

Basis Functions

• The atomic orbitals are calculated by solving Schrödinger’s equation for the atomic potential plus a confining potential. This allows a systematic extension of the basis set.

• For pure LCAO calculations and open structures it is advantageous to place functions at interstitial sites, thereby limiting the necessary angular momentum expansion.

• For bulk crystals plane waves can be included and localized orbitals can be omitted. After tabulating the functions on the integration points they are orthogonalized to Bloch sums of core orbitals.

Dielectric Function

For bulk crystals the dielectric function can be expressed in terms of the eigensystem. The head of the longitudinal dielectric matrix is given within the RPA by ε(q,ω) = 1-^{8π}_{Vq2} ∑∑

|

<k+q,λ|e^{iq⋅r}|k,ν>

2 f_{k+q,λ}-f_{k,ν}

E_{k+q,λ}-E_{k,ν}-ω-iδ λ,ν k with δ → 0.

This formula is evaluated in the limit q→0. The integration of the momentum matrix elements is done on the real space grid with about 3000 to 10000 points. Typically 1500 k-vectors in the irreducible part of the Brillouin zone are used for the k- integration.

Surface

We consider a semi infinite crystal. Therefore the unit cell is periodic only parallel to the surface and infinite perpendicular to it. The eigensystem is not calculable because of the infinite matrix dimension. Charge density, density of states and Fermi energy are evaluated via the Greens function which is computed by the renormalization method [LLR, HS]. This scheme is applicable if the matrices are banddiagonal so only localized basis functions are allowed.

D(E) = -^2_π^{lim}_{δ → 0} Im∑Trace

S(k_{||})^•G(E+iδ,k_{||})

k_{||}

Density of states

ρ(r) =^1_{iπ} ∑∑ϕ_{vk||}(r)ϕ*_{v/k||}(r)∫G_{v,v/}(ω,k_{||})dω

v,v^/ k_{||}

Charge density

Because the eigensystem is not known the dielectric function must be calculated via the polarizability which is naturally given with Greens functions

P(r_1,r_2,ω) = -^i_{2π} ∫dω^/ G(r_1,r_2,ω^/)G(r_2,r_1,ω^/ -ω)

ε(r_1,r_2,ω) = δ(r_1-r_2)- ∫d^3r_3v(r_1-r_3)P(r_3,r_2,ω)

Conclusions

• We have shown that localized orbitals form an efficient basis set for electronic structure calculations. Because fewer basis functions are needed in comparison with plane-wave based methods the time consuming recalculation of Bloch sums can be avoided by tabulating the basis functions only once on a real space grid.

• Further on, the LCAO basis can be systematically extended to improve the description of the valence bands and the conduction bands. This allows the calculation of optical spectra with an accuracy comparable with any other method.

• We conclude that the calculation of the optical properties of a semi-infinite system, without supercell and pseudopotential approximations, can be done in the presented framework.

012345678910Photon Energy/eV

-100102030

Re(ε)

LCAO: 2p3spd4spdf + Off Site: spdf mixed basis: 2p3sp + 89PW (4H)

01020304050

Im(ε)

E2E1E1’

The dielectric function of silicon. Because of the usual LDA-gap problem a scissor operator has been used to shift the main peak E2 to the experimental value. Then the agreement with experiment [CBS, SR, AS85] is excellent, as the table shows. Only the peak E1’ can hardly be located in the theoretical curves.

E1/eV E2/eV E1’/eV Re ε(ω=0) ωplasma/eV LCAO ca. 3.4 4.2 ca. 4.8 10.9 16.6 mixed ca. 3.4 4.2 ca. 4.9 11.4 17.1 exp. 3.4 4.2 5.3 11.4 16.7

The Dielectric function of GaAs calculated with 64 localized orbitals and a mixed basis with 73 functions. The conduction bands are shifted so that E2 coincides with the experimental value. The results are in good agreement with the experiment [Stu, GJJ, AS83, LAGC, KL] besides the peak E1, whose exact postion is hard to define in the theoretical curves.

E1/eV E2/eV E1’/eV Re ε(ω=0) ωplasma/eV LCAO 3.3-3.8 4.8 6.2 7.6 15.6 mixed 3.2-3.7 4.8 6.3 7.5 15.6 exp. 2.9-3.1 4.8 6.5 10.6 15.6

Surface bandstructure of GaAs(110). The basis set consists of spd functions at atomic and interstitial sites. The bulk unit cell contains four atoms and four interstitial sites and therefore 72 basis functions. Because of the short range of the atomic-like orbitals only three cells with atoms and two vacuum cells have to be taken into account. On the right hand side the infinitely long unit cell for a GaAs half crystal with (110) surface is visualized. Arsenic atoms are depicted by blue spheres, gallium by red spheres.

z

Vacuum

Bulk

References: [And] D. G. Anderson, Journal of Assoc. Comput. Mach. 12 (1964), 547 [KS] E. E. Krasovskii, W. Schattke, Physical Review B 56 (1997), 12874 [LLR] M. P. López Sancho, J. M. López Sancho, J. Rubio, Journal of

Physics F: Metal Physics 15 (1985), 851-858 [HS] J. Henk, W. Schattke, Computer Physics Communications 77 (1993), 69-83 [Stu] K. Sturm, Advances in Physics 31 (1982), 1 [AS83] D. E. Aspnes, A. A. Studna, Physical Review B 27 (1983), 985 [AS85] D. E. Aspnes, A. A. Studna, Physical Review Letters 54 (1985), 1956 [LAGC] S. Logothedis, M. Alouani, M. Garriga, M. Cardona, Physical Review B 41 (1990), 2959 [GJJ] O. Günther, C.Janowitz, G. Jungk, B. Jenichen, R. Hey, L.Däweritz, K. Ploog, Physical Review B 52 (1995), 2599 [KL] K. B. Kahen, J. P. Leburton, Physical Review B 32 (1985), 5177

For an survey of the Schattke group see:

http://www.tp.cau.de/schattke/