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In this article, I first define the basic structure of modern ‘first- 

principles theory of real materials’ (including old references), 

and then I review recent applications to electronic materials. I 

argue that electronic structure theory of real materials has 

advanced to the point where bold predictions of yet unmade 

materials and of unsuspected physical properties are being 

made, fostering a new type of interaction with experimentalists. 

I review the basic characteristics of this new style of theory, 

illustrating a few recent applications, and express opinions as 

to future challenges. 
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Abbreviations 
CBM conduction band minimum 
EMA effective mass approximation 
LAPW linear augmented plane wave 
LDA local density approximation 
LMTO linear muffin tin orbital 
VBM valence band minimum 
AH‘ formation enthalpy 
AHm migration enthalpy 
AEv valence band offset 

Introduction 
The scope and structure of first-principles 
theory of ‘real materials’ 
First-principles electronic structure theory of‘real materials’ 

aims at understanding material properties and processes 

from an atomistic qliantum-mechanical point of view, 

revdining the complexity and specificity of actual solids, 

without loosing track of the underlying global trends and 

basic physics. 

What’s done? 
‘l’he basic structure of electronic structure theory is dra\vn 

from text-book quantum-mechanics. A ‘system’ (atom, mol- 

ecule, solid, nanostructure) is defined via its ‘external 

potential,’ Velt(r) which includes information on the atomic 

numbers (ZJ and locations F&, (a = 1 . N) of all N atoms 

comprising the system, plus, when appropriate, external 

(e.g. electric, magnetic) fields. One then sets up an effective 

single-particle Schroedinger qua&n: 

i -y +\;,,,(r)+\:.vm I,,,, i( 
(r.p)]Wr) = El Y,(r) (1) 

w h c rc Vr,.rC,,J,,;,,K is the systems response to L:,,,,. ‘I’hc scrccn- 

ing potential, depends on the density matrix p. \\‘hcrc 

{y, ), (q) are the single-particle wan efunctions and cncr- 

gies, respcctivcly. Assuming at first a given geometry 

(hence, a given 1,,,,(r)) and using a specific microscopic 

model of screening (c.g. the local density approximation 

[LDA] [l]), one solves Equation 1 itcr3tivcIy. using the 

boundary conditions appropriate to the system at hand 

(e.g. periodic bulk solids, isolated quantum dots, etc. ). 

Iterations are needed because I’C,,,,,,,,, depends on p snd 

the latter is obtained from the wavefunctions y \ia 

11 (1.0 = Cv:(r)v,(r’). ‘I’hc scclucncc is; one assumes p, then 

computes I~y,l,~,,I;,,,y (p), th en solves Equation 1 to find (y, ), 

then recomputes a new p from the latter, and continues to 

self-consistency. \Vhen self-consistency is attaincd for 
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elements between levels i and j (hence, the optical 

spectrum). 

What made it possible? 
The advances that made this program of ‘first-principles 

electronic structure theory of real materials’ possible range 

from conceptual to computational breakthroughs, as well 

as from progress in computer technology. The main 

enabling steps are as follows: 

1. The formulation of l\n-_,Ji,,X in terms of the density p by 

Kohn and Sham [l]. 

2. The evaluation of the functional form of useful approx- 

imation to V st,.eenit,R (p), for example, the early exchange and 

correlation functional of Singwi etal [4] and of Hedin and 

Lundqvist [S], and the most accurate one by Ceperley and 

Alder [6], and Perdew and Zunger [7]. 

3. The simplification of V,,, in terms of atomic pseudopo- 

tentials [8] that are calculable from well-defined (e.g. LDA) 

atomic models, [9-l l] rather than empirically [ 121. 

4. The formulation of nondivergent methods for evaluat- 

ing E,, and F, of infinite systems (e.g. in momentum- 

space) [Z]. 

5. The development of efficient computational strategies to 

solve Equation 1, once general forms of V,, and Vscret,Ti,lg are 

formulated. This includes plane-wave methods (e.g. [Z]), 

LAPW (linear augmented plane wave) [13] and LMTO 

(linear muffin tin orbital) [14,1.5]. 

6. The development of linear-algebra approaches to huge 

matrix problems underlying Equation 1, for example, iter- LMTO Equation Equation orbital)8au671 0  TD 3  71.76  TD18 Tr 0.03  Tc -0. -0.013251  T Tj0  Tr 9.12 0  TD 3  Tr -0.7.691  Tc 0.0091   Tw (Equation ) Tjr 21.12 0  TD 3  Tr -0.1195  Tc 0.0593  Tw (underlying )  Tj0  Tr 57.84 0  TD 3  Tr -0.1787  Tc 0.1160w (of ) Tj0  Tr 11.28 0  TD 3  Tr -0.0557  Tc -0.0054  Tw (orbital) ) Tj0  Tr 40.56 0  TD 3  Tr -0.0809  Tc 0.0206  Tw (example, ) Tjr 13.92 0  TD 3  Tr -0.0916  Tc 0.0316  Tw (to ) Tj0  Tr -7.28 0  TD 7 Tr -0.dis -0c0.0349  Tc -0.026w (muffin ) Tj0  0813.92 0  T2 3  Tr -ato.0717  Tc 0.010. 6135  Tw (matrix ) Tj0Tr -209.52 -TD 3  Tr   Tr 0.03  Tc -0.09  T6  Tw (example, )0  Tr 19.92 0  TD 3  Tr 30339  Tc -0.09348  Tw (The ) Tj0  Tj0  Tr 50.80  TD 3i Trt0.0ously787  Tc 0.1164  Tw (to ) Tj0  Tr1000  Tr 40.4D 3  Tr with195  Tc 0.05996  Tw (This ) Tj0 1 59.04r 40.459.04 0 re0.00.0349  Tc -0.034  Tw (to ) Tj0  Tr  T  Tr 50.64 3  Tr 0char  Tr -0.0465  13  Tw ([13] ) Tj 0  T Tr 50.66 0  TD 3nsit0.0809  Tc 0.02Tc 3  Tw. The t i n  tin T h e  tin matrix L M T O  of t o  
p r o b l e m s  t o  L M T O  
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39. Norris DJ, Efros AL, Rosen M, Bawendi MG: Size dependence of 
. exciton fine structure in CdSe quantum dots. Phys Rev B 1996, 

53:16347-l 6354. 
This is the natural sequel to [38”1 in that the fine th the 63glob 

iscitonaons  Tj0  Tr 32.4 0  TD 3  Tr -0.0051  Tc 0.0274  Tw (thse ) Tj0  Tr 22.28 0  TD 3  Tr -0.0219  Tc -0.0274  Tw (in ) Tj0  Tr 7.2  0  TD 3  Tr /F1 3.96 0 f-0.09856Tc 0  Tw (fi8�") Tj0  Tr 19.2 0  TD 3  Tr -01 6.24  Tf-00274  Tc -0.0821  Tw (is ) Tj0  Tr 6.96 0  TD 3  Tr -00068 Tc -0.08262 Tw (63studie) Tj0  Tr 15252 0  TD 3  Tr -0.0912  Tc 0.0055  Tw ([3here) Tj0  Tr 17.28 0  TD 3  Tr -0.0217  Tc 0  .  Tw (MGI) Tj0  Tr 130  TD 3  Tr -0.02193 Tc -0.03282 Tw (63resolv ) Tj0  Tr 38282 0  TD 3  Tr 0.Twn3  5Tc -0.03282 Tw (MGphon )-assistetharansions the 


