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Table 2. Comparison of calculated LDA and HF band gaps (in eV) with
experiment.

HF LDA Experiment®
Diamond 13.6 39 5.48
S f.4 0.5 1.17
Ge 4.9 —0.26 0.74
LiCl 16.9 6.0 9.4

"Source: Kittel [98].



Table 9.2. Hartree-Fock and LDA compared with experiment

Atom [LLDA (KS) Hartree—Fock LDA (PZ) Experiment
He —2.83 —2.86 —2.92 —2.90
Li —7.33 —7.43 —7.50 —7.48
Ne —128.12 —128.55 —129.27 —128.94
Ar —525.85 —526.82 —528.39 —527.60

Total energies of atoms in Hartrees (27.2107 eV), comparing Hartree~Fock, the lo-
cal density approximation, LDA (KS) as first described by Kohn and Sham, the local
density approximation LDA (PZ) as improved by Perdew and Zunger (1981), and ex-
periment. Source: Tong and Sham (1966) and Perdew and Zunger (1981).

Extraido do Marder.
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Tests of a ladder of density functionals for bulk solids and surfaces

Viktor N. Staroverov and Gustavo E. Scuseria
Department of Chemistry, Rice University, Houston, Texas 77005, USA

Jianmin Tao and John P. Perdew
Department of Physics and Quantum Theory Group, Tulane University, New Orleans, Louisiana 70118, USA

(Received 4 September 2003; revised manuscript received 13 November 2003; published 13 February 2004)

The local spin-density approximation (LSDA) and the generalized gradient approximation (GGA) of Per-
dew, Burke, and Ernzerhof (PBE) are fully non-empirical realizations of the first two rungs of “Jacob’s ladder™
of exchange-correlation density functionals. The recently proposed non-empirical meta-GGA of Tao. Perdew,
Staroverov, and Scuseria (TPSS). featuring the kinetic energy density as an additional local ingredient, com-
pletes the third rung. A hierarchy of these functionals. complemented by the meta-GGA of Perdew. Kurth.
Zupan, and Blaha (PKZB). is tested in self-consistent Gaussian-type orbital calculations of equilibrium lattice
constants, bulk moduli. and cohesive energies for 18 solids. and in studies of the jellinm surface energy. The
ascent of the ladder generally results in better performance, although most of the improvement for bulk solids
occurs in the transition from LSDA to PBE. For the jellium surface energy. PBE is less accurate than LSDA.
but PKZB and TPSS are more accurate. We support the idea that most of the error of these functionals for bulk
solids arises in the description of core—valence interaction. by demonstrating that it can be removed through
adjustment of the corresponding term in the equation of state. Overall, TPSS gives the best description of solids
and surfaces, as it was found to do for molecules in earlier work.



LsDA

FEE

PEIR

TS

Solid ag ap ay ag Expt.

Li 3.383 3453 3512 3475 3477(3451)
Na 4040 4100 4305 4233 4225(4210)
K 5.003 5308 5494 5362 5.225(5212)
Al 4.008 4063 4040 4035 4.032(4.020)
C 3544 3583 3502 3583 3.567(3.556)
5i 5.426 5400 5475 5477 5430(5423)
5iC 4.351 4401 4404 4392 4358(4.349)
Ge 5.633 5765 5720 5731 5.652(5.646)
GaAs 5.502 5726 5608 5702 5.648(5.643)
NaCl 5471 5608 5801 5606  5.505(5.580)
NaF 4.505 4700 4764 4706 4.600(4.504)
LiCl 4.968 5148 5220 5113 5.106(5.090)
LiF 3004 4062 4100 4026 4.010(3.987)
MgO 4156 4242 4265 4224  4207(4.197)
Cu 3530 3636 3616  3.503  3.603(3.596)
Rh 3.701 3871 3844 3846  3.798(3.793)
Pd 3.851 3050 3028 3017 3.381(3.877)
Ag 3.007 4130 4101 4076 4.069(4.064)
me. —0.069 0052 0078 0039 o

N (—0.058) (0.063) (0.089) (0.050)

m.a.e 0060 0057 0078  0.040

(A) (0.058)  (0.064) (0.089) (0.050)

mare 1.55 1.25 1.65 0.83

(%) (131)  (140) (192) (1.07)

Staroverov et al., PRB (2004)

TABLE III. Equilibrium lattice constants (A) of the 18 test sol-
ids at 0 K calculated from the STEOS of Eq. (16). The Murnaghan
EOS of Eq. (15) vields idenfical results within the reported number
of decimal places. Experimental a, values are from Ref 68 (Li) and
Ref 69 (Na, KL Al NaCl, NaF, LiCl, LiF, MgO). The rest are based
on room temperature values corrected to the =0 limif using linear
thermal expansion coefficients from Ref 70. The numbers in paren-
theses refer to expenmental values with an estimate of the zero-
point anharmonic expansion subtracted out. (The calculated values
are precise to within 0.001 A for the given basis sets. although
basis-set incompleteness limits the accuracy to one less digit.)



TABLE IV. Equilibrium bulk moduli (GPa) of the 18 test solids at 0 K calculated from equations of state (15) and (16). The third section
lists bulk moduli corrected by Eq. (21). Experimental values, also for 0 K. are from Ref 74 (Li), Ref 75 (Na, extrapolated to 0 K), Ref 76
(KE), Ref 77 (Al), Ref 78 (C), Ref 69 (51, Ge, GaAs), Ref 79 (51C, 208 K), Ref 80 (NaCl, NaF, LiCl), Ref 81 (LiF), Ref 82 (MgO), Ref.
83 (Cu), Ref 84 (Rh), Ref 85 (Pd), and Ref 86 (Ag).

Murnaghan FOS SJEOS Corrected SJEOS

Siid Byt B BR® Bpe  BQC B BRE Bpe gioa pme gmm gps gt
L1 14.7 13.6 13.2 13.2 147 13.7 132 132 13.2 133 138 132 13.0
Na 91 1.7 T4 13 92 78 74 13 13 75 8.0 74 15
K 46 38 35 306 46 38 35 3.6 40 41 41 42 37
Al 818 76.2 880 847 825 76.8 504 852 789 514 90.6 857 704
C 454 422 418 417 458 426 422 421 443 436 438 431 443
Si 051 28.6 046 015 056 200 040 019 051 056 90 4 06.8 002
S1C 224 207 211 211 225 200 212 213 223 221 225 223 225
Ge 157 62.8 679 66.2 759 63.0 68.1 664 738 743 76.1 745 758
(GaAs 811 68.0 716 70.0 813 68.1 718 70.1 754 753 167 751 75.6
NaCl 322 237 215 229 325 230 216 230 270 277 275 260 266
NaF 62.8 473 443 437 633 477 445 440 533 541 4.6 50.6 514
LiCl 418 32.7 208 341 420 320 30.0 343 346 348 347 346 354
LiF 86.8 634 65.0 66.5 875 659 65 4 672 724 71.7 764 691 60 8
MgO 182 161 159 168 183 162 160 169 171 170 172 173 165
Cu 188 150 161 171 192 153 163 173 161 164 167 170 142
Eh 303 236 248 257 309 243 253 262 304 280 284 204 269
Pd 235 177 184 200 240 180 187 203 222 215 211 223 195
Ag 149 106 115 127 153 107 117 126 126 125 126 131 109
me. (GPa) 13.1 —74 —45 —-1.7 147 —63 -34 05 55 41 55 54 .-
ma.e. (GPa) 13.7 54 54 5.4 151 7.0 7.8 52 6.0 6.0 6.2 1.1
mare. (%) 15.2 7.1 8.0 1.6 16.2 0.8 7.8 1.5 5.1 5.0 0.3 5.9

Staroverov et al., PRB (2004)



TABLE VI. Cohesive energies (eV/atom) of 8 selected solids at
0 K, corrected for zero-temperature motion effects. Experimental
values are based on zero-temperature enthalpies of formation

(A¢H ) of the crystals and gaseous atoms taken from Ref. 88 (Ge)
and Ref. 89 (all others).

Solid E:;SD"" EEBE EEKIB EHPSS Expt.
C 8.83 7.62 7.14 7.12 7.37
Si 5.26 4.50 4.39 4.36 4.62
SiC 7.25 6.25 5.98 6.02 6.37
Ge 4.72 3.82 3.58 3.78 3.87
NaCl 3.58 3.16 3.15 3.18 3.31
NaF 4.50 3.96 3.81 3.87 3.93
LiCl 3.88 3.41 3.33 3.41 3.55
LiF 5.02 4.42 4.25 4.32 4.40
m.e. (eV/atom) 0.70 —-0.04 =022 =017
m.a.e. (eV/atom) 0.70 0.11 0.22 0.17
m.a.r.e. (%) 14.4 2.4 4.9 3.5

Staroverov et al., PRB (2004)
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Accurate Band Gaps of Semiconductors and Insulators
with a Semilocal Exchange-Correlation Potential

Fabien Tran and Peter Blaha

Institute of Materials Chemistry, Vienna University of Technology, Getreidemarkt 9/165-TC, A-1060 Vienna, Austna
(Received 5 December 2008; published 3 June 2009)
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Solid LDA MBILDA HSE G,W, GW  Expt.
Ne (A1) 1142 2272 1959 22.1%  21.70
Ar (A1) 816 1391  10.34* 1328° 149%  14.20
Kr (Al) 676  10.83 11.6
Xe (Al) 5.78 8.52 0.8
C (A4) 411 493 549" 550° 6.18% 548
Si (A4) 047 1.17 128" 1.12¢ 1412 1.17
Ge (A4) 0.00 085 083" 066" 095 0.74
LiF (B1) 894  12.94 13.27¢ 1598  14.20
LiCl (B1) 6.6 8.64 9.4
MgO (B1) 4.70 7.17 6.67° 7.25° 0.16% 783
ScN (B1) —0.14 090 095" 14" ~09
MnO (B1) 076 2.95 2.8 35 39+04
FeO (B1) —035 1.82 2.2°¢ 24
NiO (B1) 042 4.16 42 1.1' 48 40,43
SiC (B3)  1.35 228 240 227° 2882 240
BN (B3) 439 5.85 599"  6.10° 7.14% ~6.25
GaN (B3) 1.63 281 314" 2.80° 3.82%F 320
GaAs (B3) 030 1.64  1.12° 130° 1.85% 1.52
AlIP (B3) 146 2.32 251" 244 2908 245
ZnS (B3) 1.84 366 349" 320° 4158  39]
CdS (B3) 086 266 225" 206° 287%F 242
AIN (B4) 417 5.55 5.81" 583' 6.28
ZnO (B4) 075 268 2499 251" 38 344
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Efficient Band Gap Prediction for Solids

M. K. Y. Chan' and G. Ceder”

lPhy.sfr:.ﬁfMarfrfai’s Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
*Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 27 March 2010; published 5 November 2010)

An efficient method for the prediction of fundamental band gaps in solids using density functional
theory (DFT) is proposed. Generalizing the Delta self-consistent-field (ASCF) method to infinite solids,
the A-sol method is based on total-energy differences and derived from dielectric screening properties of
electrons. Using local and semilocal exchange-correlation functionals (local density and generalhized
gradient approximations), we demonstrate a 70% reduction of mean absolute errors compared to Kohn-
Sham gaps on over 100 compounds with expennmental gaps of 0.5—4 eV, at computational costs simlar to
typical DFT calculations.
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TABLE II.

Companison of Kohn-Sham (KS), MBI-Kohn-

Sham [13], and A-sol gaps for LDA. All figures are in eV.

Compound Egyxp KSipa MBJ-KS; pa A-solp pa
C 5.5 4.1 4.9 5.3
S1 1.1 0.5 1.2 1.0
Ge 0.7 0.0 0.9 0.9
SiC 2.2 1.4 2.3 24
BN (cubic) 6.2 4.4 5.9 5.8
GaN 3.4 1.6 2.8 3.9
GaAs 1.4 0.3 1.6 1.5
AlP 2.5 1.5 2.3 2.1
nS 3.7 1.8 3.7 3.0
CdsS 2.5 0.9 2.7 3.0
AIN 6.1 4.2 5.6 5.3
Zn0) 3.3 0.8 2.7 3.5
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S.G. Louie, em Conceptual Foundations of Materials, Eds. S.G. Louie e
M.L. Cohen, Elsevier, 2006.
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