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Exchange-Correlation functionals
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FIG. 3. The alphabet soup of approximate functionals available in a code
near you. Figure used with permission from Peter Elliott.
Kieron Burke, “Perspective on density functional theory” JCP 136 (2012) 150901
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Jacob's ladder of Density Functional Theory

Chermical Accuracy

unoceupied ¢ (1) l O exact exchange and exact partial correlation
occupied ¢, (r') exact exchange and compadtible correlation
7(r) meta-generalized gradient approximation
Vn(r) generalized gradient approximation

n(r) | T O local spin density approximation

Hartree World

FIGURE 1. Jacob’s ladder of density functional approximations. Any resemblance to the Tower
of Babel is purely coincidental. Also shown are angels in the spherical approximation, ascending
and descending. Users are free to choose the rungs appropriate to their accuracy requirements
and computational resources. However, at present their safety can be guaranteed only on the two
lowest rungs.
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The density functional formalism, its applications and prospects
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A scheme that reduces the caleulations of ground-state properties of systems of interacting particles exact-
Iy to the solution of single-particle Hartree-type equations has obvious advantages. It is not surprising,
then, that the density functional formalism, which provides a way of doing this, has received much atten-
tion in the past two decades. The gquality of the energy surfaces calculated using a simple local-density ap-
proximation for exchange and correlation exceeds by far the original expectations. In this work, the au-
thors survey the formalism and some of its applications (in particular to atoms and small molecules) and
discuss the reasons for the successes and failures of the local-density approximation and some of its
modifications.




HK: n(r) — Fn] = min(V|T, + W, |¥)

v —n

It is useful to introduce a ficticious system
of non-interacting electrons

KS:  n(r) — Ti[n] = min (¥|T,|T)

1n
U —n

F[?’L] — TS [n] - EH [’Tl] + Ewc[n] This defines Exc

The energy becomes

En| =Tsn| + Egn| 4+ E.n| /Vemt(r)n(r)dr




Self-consistent equations [Kohn-Sham, 1965]

n(r’) OE,.[n]
on(r)

Voir(r,R) = Viue(r, R) + €2 / i’

v —r'|

It is as simple as a Mean-field approach but it is exact !

E.c|n] is not known exactly — approximations




n(r) is a smooth and simple function of r, so...
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FIG. 1. Spherically averaged density »(7) in ground state of
carbon atom as a function of distance 7 from nucleus.




. FIn] is a very non trivial functional of n(r) !
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FIG. 1. Spherically averaged density »(7) in ground state of
carbon atom as a function of distance 7 from nucleus.




Simple approximations to Exc are possible

Eln| =Tsn| + Egn| 4+ Eicn| + / Vezt(x)n(r)dr
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FIG. 4. Relative magnitudes of contributions to total valence
energy of Mn atom (in eV).
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Local Density Approximation

The simplest approximation is LDA that exploits
nearsightedness of the electronic matter

W. Kohn, PRL 76,3168 (1996)

EEPA[n(r)] = / hom (1 () ) (r)

Analogous to the Thomas-Fermi approximation for the

Kinetic Energy term but applied to the much smaller
Exchange-Correlation term
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Local Density Approximation
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The simplest approximation is LDA that exploits
nearsightedness of the electronic matter

W. Kohn, PRL 76,3168 (1996)
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Total Energy expression in DFT

F(R)=min [TS | 622/p|ir);05i]) drdr'+ E,.[p] —I—/Vo(r)p(r)dr}

P




Magnetism needs to be explicitly accounted
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FIG. 6. Density of metallic Fe and Cu as a function of the ra-
dius r. The density #n is expressed in terms of the parameter r,,
where n = (47rl/3)7 .




Local Spin Density Approximation (LSDA)

- Electrons have spin +/- ¥2 bohr magneton

- Spin is treated as a scalar quantity (this is approximate)
- Two spin states often referred to as “up” T and “down” |

- up-up xc interaction is different from up-down
E.. depends on both 7+ and n|

- Two auxiliary sets of eqs for the two spin components

effra 2 n(r’) ., , OE c|ny,ny]
VT (I‘) — Vea:'t(r) T € / |I‘ — I./| dr’ anT(r)

effra\ 2 n(r’) , OE;c|ny,ny]
V¢ (I‘) — V:ea:t(r) + € / ‘I‘—I‘/’dr | 6’7%(1')

In magnetic systems n4(r) # ny(r)




Kohn-Sham, Phys Rev 140, A1133 (1965)

In atoms and molecules one can distinguish three
regions: @ A region near the atomic nucleus, where
the electronic density is high and therefore, in view of
case (b) above, we expect our procedure to be satis-
factory. The main “body™ of the charge distribution
where the electronic density #(r) is relatively slowly
varying, so that our approximation (2.3) for e, is ex-
pected to be satisfactory as discussed in case (a) above.

The “surface” of atoms and the overlap regions in
molecules. Here our approximation (2.3) has no
validity and therefore we expect this region to be the
main source of error. We do not expect an accurate de-
scription of chemical binding. In large atoms, of course,
this “surface” region becomes of less importance. (The
surface is more satisfactorily handled in the nonlocal
method described under B below.)

For metals, alloys, and small-gap insulators we have,
of course, no surface problem and we expect our ap-
proximation (2.3) to give a good representation of ex-
change and correlation effects. In large-gap insulators,
however, the actual correlation energy will be con-
siderably reduced compared to that of a homogeneous
electron gas of the same density.

a) n(r) smooth

b) Ts >> F..




Gunnarsson-Lundqgvist, Phys Rev B 13, 4274 (1974)

In the first application to atoms, Tong and Sham™
found that, while the calculated exchange energies
for various atoms are about 10% too small in mag-
nitude, the correlation energies are too large by a
factor of about two, the errors partially balancing
each other. The relative accuracy for both quanti-
ties improves for large atoms. The error in the
exchange energy is surprisingly small, considering
the nonlocal nature of the exchange forces and the
strong inhomogeneity of the system. As has been
pointed out by Tong, *’ the major source of error in
the correlation energy is that the discreteness and
the nonzero spacing of the low-lying levels of a
finite system, in principle, would not be well de-
scribed by expressions derived from an infinite
electron ligquid. A reason for the increased rela-
tive accuracy for larger atoms is the decrease of
the exchange-correlation hole compared with the
inhomogeneity length, as an electron shell is get-
ting filled. All these results and arguments sug-
gest the LSD approximation to be less satisfactory
for a deilailed description of tightly bound core
electrons, while it is likely to give useful results
for valence electrons. In this section we will
give results supporting that view.




A good Ground State theory

LDA/LSDA describes well a variety of materials and
materials properties (amenable to an el. GS description)

- energetics, phase stability, defects thermodynamics

- equilibrium geometries of complex systems

- response functions to external perturbations
static dielectric constants
piezoelectric constants
elastic constants

- within the adiabatic approximation lattice dymamics
is a ground state property
vibrational properties

defect diffusion
thermodynamic properties




Local Spin Density Approximation (LSDA)

for jellium spheres
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Local Spin Density Approximation (LSDA)

for jellium spheres
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FIG. 2. Electron-spin density p,(r) times r* as a function of
distance from the center of the jellium sphere. Solid line, VMC

computation; dashed line, LSDA computation,
P Ballone, C Umrigar, P Delaly, PRB 45, 6293 (1992)




First Ionization Energies

FIG. 8. First ionization energy of atoms in the local-density
(LD), local spin-density (LSD), and Hartree-Fock (HF) approxi-
mations compared with experiment. The numbers show the
atomic numbers of the atoms considered. For reasons of clari-
ty, the zero of energy is shifted by 5, 10, and 15 eV for the
second row, the third row, and the transition-element row, re-
spectively. The LD results for the first and second rows are in-
creased by an additional 2 eV.

Rev. Mod. Phys., Vol. 61, No. 3, July 1989
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s-p Transter Energies

FIG. 9. The sp transfer energies A, for the first-row atom
ions: (a) experimental and local spin-density (LSD) result
Hartree-Fock (HF) and Xa results. The energies are in eV.
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Structure of bulk Be

ag (a.u.) (c/a)g By (Mbar) Vp

Theory 4.25 1.572 1.25 0.04
Expt. 4.33 1.568 1.1 0.02-0.05

Bulk Phonon Dispersion
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Bulk Thermal Expansion
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Thermal expansion (L -L,,,)/ L,;, (107)
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Be (0001) Surface

300K LDA  LDA
TAdiz +58% +2.7% +3.2%
[ Adazs  -02% +1.2% +1.0%
| Adsy  +0.2% +0.6% +0.4%

300K] H.L.Davis et al. PRL 68, 2632 (1992)
LDA] R.Stumpf and P.J.Feibelmann, PRB 51, 13748 (1995)
[LDA] Present calculation

M.Lazzeri (SISSA PhD 1999)




Anomalously Large Thermal Expansion !

K.Pohl, J.-H.Cho, K.Terakura, M.Scheffler, and E.W.Plummer,
to appear in PRL 23/3/1998

+8Y% = Pohletal (1998) Davis etal. (1992)
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At low temperature theory and experiment are in excellent agreement
asurf 1S 6 times larger than apyix !




J.B.Hannon, E.J.Mele and E.W.Plummer, PRB 53, 2090 (1996)
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Phonon dispersions of clean W(110)
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Phonon dispersions of H/W/(110).

H/W(110)

e Present calculation
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electronic properties of W (110) surfaces
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White to Grey Tin Phase Transition
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Microscopic Theory of the Phase Transformation and Lattice Dynamics of Si
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H(P) = m‘;n[E(V) + PV]
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FIG. 5. Total-energy curves of the seven phases of Si
as a function of the atomic volume normalized to  expt
(Ref. 31). Dashed line is the common tangent of the en-
ergy curves for the diamond phase and the B-tin phase
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High-pressure low-symmetry phases of cesium halides

Marco Buongiorno Nardelli
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(Received 5 August 1994)

FIG. 1. Sketch of the Csl cell with the atomic displace-
ments corresponding to an M, acoustic phonon. The magni-
tude of cesium displacements with respect to iodine displace-
ments is exaggerated for clarity. The solid lines indicate the
cell of the distorted (orthorhombic) structure, while the cell
of the undistorted (cubic) structure is indicated by a dashed
line. The shaded area correspond to the (110) plane.




w (THz)

by A A

FIG. 2. Phonon dispersion relations along some symmetry
directions of the Brillouin zone in Csl at equilibriumi volume.
Experimental data indicated by open and black circles are
from Ref. 30; an infrared measurement for wio(I") is indicated
by an open square (Ref. 31).
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FIG. 3. Phonon dispersion relations along the ¥ (110) for
Csl at equilibrium volume and just above and below the soft-
ening pressure of the M, acoustic mode. “Negative” fre-
quencies actually mean “imaginary” (i.e., negative squared

frequencies).
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FIG. 5. Enthalpies vs c¢/a for the three compounds corre-
sponding to a pressure Py, < Piet; P2 & Piet; P3 > Piet.
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What is down there ?
CRUST

UPPER MANTLE




Main Phases
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Preliminary Reference Earth Model
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Lower Mantle: Theory vs PREM
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Ho
Li2
Be:

Req (a.u.)
exp LSD
1.40 1.45
505 5.12
4.71 4.63
3.04 3.03
2.35 2.36
2.07 2.08
2.28 2.31

2.68

2.62

First Row Dimers

BE (eV)

exp LSD
475 4.81
1.06 1.01
0.11 0.50
3.08 3.93
6.31 7.19
9.91 11.34
5.23 7.54
1.66 3.32

freq(cm-1)

exp
4400
351
294
1051
1857
2358
1580
892

LSD
4277
347
362
1082
1869
2387
1563
1075




Summary (LDA)

Lattice constants: 1-3% too small
Cohesive Energies: 5-20% too strongly bound
Bulk Modulus: 5-20% (largest errors for late TM)

Bandgaps: too small
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The Gradient Expansion Approximation (GEA)

From L(S)DA

E;L((SjD[m,nl]z[d?’rneumf(n n)

to GEA

GEA LSD 3 W”‘Q
EXC’ [TLT, ] E a’r n4/3 f(nTvni)

Contrary to big hopes results were worse than LDA !




EXPny,n 1= j @*r n(r)e o (n(r),n(r), (1)

where €,.(ny ,n)) is the known® exchange-correlation energy
per particle of an electron gas with uniform spin densities
ny, np, and n=n;+n . Equation (1) is clearly valid when
the spin densities vary slowly over space, but this condition
is violated by real atoms, molecules, and solids. Indeed, the
next systematic correction in the slowly varying limit, the
second-order gradient expansion approximation®'! (GEA),

E LSD . oo
E(;’(CA[HT n|=E oy, n ]+ E j d*r C7° (ny,n)

. _ 3 23 .
XVn,- VIIJJH?HJ, , (2)

is less accurate than LSD.51%13 |




Formal expression for Exc[n]
via coupling-constant integration

HXN =T, + \W,. + V.

ext

Fy\[n] = min (U|T, + AW, |V)

v —n

non-interacting electrons

A=0 Rl =Tn, V. =Vks
interacting electrons
A=1  FRn]=Fnl, Vi =Veu
L dFy

F[n]:TS[n]Jr/O A=




L dF,

F|n] = Ts|n] +A d)\ﬁ

thanks to Hellmann-Feynman theorem ....

F[n] — Ts[n] —I—/O d)\(‘lf/\‘Wee‘\If)\>

F[n] = Tg[n] +/O d)\%/drdr' n‘(rr)fg‘,)g(r,r’,)\)

g(r,r’, \) pair correlation function for interaction AW,




if |[r—r'|—o00  then  g(r,r',)\) —1
(g(rarla)\) o 1) — 0

Fln) = Tu] + & / gy’ M)

v — 1’|

FExc s 62 /drdr/n(r n(r,)
2 |

r —r

Exchange-correlation hlole

Nge(r;1" — 1) = n(r’)/o dA[g(r,r', \) — 1]

Ereln] = 2 / drdy! ) Me(r: T — ')

e
2 r — 1/




1
nSPh-avg-(p. B = — /dQ ngee(r; R), R=r"—-r

re 47

Sum-rule: 47T/R2nj£h'a”9'(r, R)dR = —1

2 sph.avg.
E,oln] = % / drn(r) 4 / R2 e R(r’ B) g




g(r,r’,)\) of the homogeneous electron gas

the hole is localized around
the probing electron

g (t/rg)

G.Ortiz & PBallone
PRB 50, 1391 (1994)




Local Density Approximation

2 !
Bl = & [ aray e =0

2 I’ — 1|

replace the real xc hole with a model hole that
satisfies the sum-rule.

hom(

Tc I, ‘I'/ o I‘D

Nge(r,r’ — 1) — n

ELDA[n] 622 /drdr (r)nggm (I', ’I'/ o I'D

V-
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FIG. 7. Exact (solid line) and approximate (dashed line) ex-
change hole n (r,r' —r) [Eq. (3.10)] for a spin-up electron in a
nitrogen atom for r =0.13 and 0.63 a.u. The top figure shows
the hole along a line through the nucleus and the electron. The
arrow indicates the nuclear position and r—r"=0 gives the elec-
tron position. The exact hole has a large weight at the nucleus,
while the approximate hole is cenfered at the electron. The
lower figure shows the spherical average of the hole around the
electran. The area under the curve is proportional to the ex-
change energy. The figure also shows the value of (1/R),
defined in Eq. (3.13).




The Gradient Expansion Approximation (GEA)

From L(S)DA

E;L((SjD[m,nl]z[d?’rneumf(n n)

to GEA

GEA LSD 3 W”‘Q
EXC’ [TLT, ] E a’r n4/3 f(nTvni)

GEA xc-hole did not satisfy the sum rule !
=> no error cancellation to be expected




EX3Pn, nr|]—j d*r n(r)e (n(r),n(r), (1)

where €,.(ny,n|) is the known’ exchange-correlation energy
per particle of an electron gas with uniform spin densities
ny, n, and n=n;+n . Equation (1) is clearly valid when
the spin densities vary slowly over space, but this condition
is violated by real atoms, molecules, and solids. Indeed, the
next systematic correction in the slowly varying limit, the
second-order gradient expansion apprommatlonﬁ H (GEA),

A[H| H|] E“ [H| ”|]+E J’dg (m:r H|-,H_|_)
XVn, Vi, :’nfgni? : (2)

is less accurate than LSD,%!%13 |

FIG.

Amz*n, /(2ky)’

1. Spherically averaged exchange hole density ny for

s=1 in LSD (circles), GEA (crosses), and GGA (solid line).

Generalized Gradient Approximations modify/truncate
the GEA xc-hole so that the sum-rule is satisfied !




From L(S)DA

ElgéD[nhnl]:fd?’rneumf(n n)

to GGA

GGA[n n| = derf(m,nl,Vm,an)

Such that the xc-hole sum-rule is satisfied !
.. not a unique recipe

A lot of work went in proposing and comparing new
functionals

A few functionals are widely used today

PW91, PBE, revPBE, RPBE ... (Perdew,Burke)
BLYP (Becke)
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»[LD A" lifnit for constant p(r)

® 144 < ¢ < 1.68

b palr) = X3p(Ar); “pi(r) = lp{l\z ¥2)i PR = A%p(Ax, Ay, )
¢ Note that Ee[pr] < AEc[p], A < 1is equivalent to B [pA} > AE, [p] A> 1.
J But it diverges to +4oc

4 Y™ for exponential p(r), but “N” in general, c.g. cha(:) — —1/r for a gaussian.
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Accurate and simple analytic representation of the electron-gas correlation energy

John P. Perdew and Yue Wang*
Department of Physics and Quantum Theory Group, Tulane University, New Orleans, Louisiana 70118
(Received 31 January 1992)

We propose a simple analytic representation of the correlation energy e, for a uniform electron gas, as
PW 9 1 a function of density parameter r, and relative spin polarization {. Within the random-phase approxi-
mation (RPA), this representation allows for the r,”*/* behavior as r,— . Close agreement with nu-
merical RPA values for £.(r,,0), £.(r,,1), and the spin stiffness a.(r,)=3d%.(r;, £=0)/8? and recovery
of the correct r,Inr; term for r,—0, indicate the appropriateness of the chosen analytic form. Beyond
RPA, different parameters for the same analytic form are found by fitting to the Green’s-function Monte
Carlo data of Ceperley and Alder [Phys. Rev. Lett. 45, 566 (1980)], taking into account data uncertain-
ties that have been ignored in earlier fits by Vosko, Wilk, and Nusair (VWN) [Can. J. Phys. 58, 1200
(1980)] or by Perdew and Zunger (PZ) [Phys. Rev. B 23, 5048 (1981)). While we confirm the practical ac-
curacy of the VWN and PZ representations, we eliminate some minor problems with these forms. We
study the {-dependent coefficients in the high- and low-density expansions, and the r,-dependent spin
susceptibility. We also present a conjecture for the exact low-density limit. The correlation potential
wul(r., &) is evaluated for use in self-consistent density-functional calculations.

VoLUME 77, NUMEER 18 PHYSICAL EEVIEW LETTERS 28 OCTOBER 1996

Generalized Gradient Approximation Made Simple

John P. Perdew, Kieron Burke.* Matthias Ernzerhof

Diapariment of Phvsics and Quantum Theory Group, Tulane University, New Orleans, Lowisiana 70118
(Received 21 May 1996)

PBE Generalized gradient approximations (GGA’s) for the exchange-correlation energy improve upon
the local spin density (LSD) description of atoms, molecules, and solids. We present a simple
derivation of a simple GGA, in which all parameters (other than those in LSD) are fundamental
constants. Only general features of the detalled construction underlying the Perdew-Wang 1991
(PWa1) GGA are invoked. Improvements over PWO1 include an accurate description of the linear
response of the uniform electron gas, correct behavior under uniform scaling, and a smoother potential.
[S0031-9007(96)01479-2]
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TAELE L.

Atomization energies of molecules, in keal/maol (1 eV = 23.06 kcal/mol). Eyc

has been evaluated on self-consistent densities at experimental geometries [33]. Nonspherical
densities and Kohn-Sham potentials have been used for open-shell atoms [34].
calculations are performed with a modified version of the CADPAC program [33].
experimental values for AE (with zero point vibration removed) are taken from Ref. [36].
PBE is the simplified GGA proposed here. UHF is unrestricted Hartree-Fock, for comparison.

The
The

System AEYHF AELSD AEPWH AEPEE Af
H 84 113 105 105 109
LiH 33 60 53 52 58
CHy 328 462 121 420 419
NH 4 201 337 303 302 207
OH G8 124 110 110 107
H,0 155 267 235 234 232
HF 07 162 143 142 141
Liz 3 23 20 19 24
LiF 89 153 137 136 139
Be; -7 13 10 10 3
CsH: 204 460 415 415 405
CsHy 428 (33 a73 071 n63
HCN 199 361 326 326 312
CO 174 209 269 269 259
N, 115 267 242 243 220
NO 53 199 171 172 153
s 33 175 143 144 121
F — 37 78 nd 53 39
P 36 142 120 120 117
Cl; 17 81 G4 63 58

Mean abs. error 71.2 1.4 8.0 7.9
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PW91 / PBE / RevPBE /RPBE

different enhancement factors
in the inhomogeneous limit s — o0

It affects chemisorption energies, etc..
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GGA Exchange Energy

EaC:;GA ny,ny) = Z /dST o (r)ey™ (ng) Fu(so)

o="1,4

Lieb-Oxford Bound (exact)
— necessary condition

E n]=Exc|n]=— 1.679J‘ n(r)*3dr,
Local Lieb-Oxford Bound
sufficient condition

n(r)ey(r)=—1.679n(r)*.

2.0

aj

local Lieb—Oxford bound

- b)

AE ;. naaal®

‘EnsﬁEch:mf‘ﬁk(S,}ds,

R - — — |
- e ——— T —
o ————

— PW91
—=—= PBE
revPBE
—-— RPBE

4.0 5.0




energy in Ry
GGA: PW91
LDA

Expt.

energy in Ry
GGA: PW91
LDA

Expt.

energy in Ry
GGA: PW91
LDA

LDA underestimates stability of atom, GGA 1s closer

Li
214.928
214.668
214.958

Na
2324 514
2322 867

2324 49

K
21199.825
21196.383

Be

229 296
228.892
228 334

Mg

2400.12
2398.265
2400.086

Ca
21355144
21351 466

B

24924
248.686
249.308

Al
2484686
2482618
2484 672

Ga
23850018
23843 66

C
275.961
274.849
275.688

Si
2578.669
2576.384
2576.696

Ge
24154 2
24147 583

N
2108.926
2108.045
2109.174

P
2682.386
2679.88
2682 764

As
24471917
24465038

Energies of Atoms

o
2149.997
2148.939
21350.126

S
2796.152
2793.419

27962

Se
24803.334
24796 191

F
2199.433
2198.189

2199.45

Cl
2920.278
2917.313
2920298

Br
25148619
25141 209

Ne
2257.893
2256.455
2257.856

Ar
21055.077
21051.876
21055.098

Kr
25507.943
25500.263




Small Molecules

Binding Energy
exp (ev) LDA GGA HF
H2 4753 4913 -4 540 -3.64
LiH -2.509 -2.648 -2.322
02 -5.230 -7 595 -6.237 -1.28
H20 -10.078 -11.567 -10.165
F2 -1.66 -3.32 1.37

Binding energy is too high in LDA; GGA is closer but
sometimes binds too weakly. Pure Hartree-Fock w/o
correlation is terrible




Si
Ge
GaAs

Al
Cu
Ag
Ta
W
Pt
Au

Lattice Parameters in Solids

exp
5.427
5.65
5.65

4.03
3.60
4.07
3.30
3.16
3.91
4.06

LDA
5.4
5.62
5.62

3.98
3.92
4.00
3.26
3.14
3.90
4.05

-0.50%
-0.53%
-0.53%

-1.31%
-2.35%
-1.69%
-1.12%
-0.67%
-0.41%
-0.13%

GGA
5.49
5.74
5.73

4.09
3.62
4.17
3.32
3.18
3.97
4.16

1.16%
1.59%
1.42%

1.57%
0.44%
2.47%
0.80%
0.67%
1.49%
2.48%

[LDA tends to “overbind”, GGA “underbinds” GGA error more

variable




Si
Ge
GaAs

Al
Cu
Ag
Ta
W
Pt
Au

Bulk Modulus in Solids (in GPA)

exp LDA A GGA A
99 96 -3.03% 83 -16.16%
{7 78 1.30% 61 -20.78%
/6 74 -2.63% 65 -14.47%
{7 84 9.09% 73 -5.19%
138 192 39.13% 151 9.42%
102 139 36.27% 85 -16.67%
193 224 16.06% 197 2.07%
310 337 8.71% 307 -0.97%
283 307 8.48% 246 -13.07%
172 198 19.12% 142 -17.44%

[LDA tends to be too stiff. GGA too soft




MgO

TiO2 (a)
TiO2 (c)
Al202
BaTiO3
PbTiO3
Sn0O2
B-MnO2 (a)
b-MnO2 (c)

exp
4.21
4.59
2.958
5.128

3.9
4.737
4.404
2.876

Oxides

LDA

417
4.548
2.944
5.091

3.94
3.833
4.637
4.346

2.81

-0.95%
-0.92%
-0.47%
-0.72%
-1.50%
-1.72%
-2.11%
-1.32%
-2.29%

GGA
4.623
2.987
5.185

3.891

4.444
2.891

0.72%
0.98%
1.11%

-0.23%

0.91%
0.52%




Summary (LDA & GGA)

Lattice constants: 1-3% too small
Cohesive Energies: 5-20% too strongly bound

Bulk Modulus: 5-20% (largest errors for late TM)
Bandgaps: too small

GGA gives better cohesive energies. Effect on lattice
parameters 1s more random. GGA mmportant for magnetic
systems.




Summary of Geometry Prediction

LDA under-predicts bond lengths (always ?)

GGA error Is less systematic though over-prediction Is
common.

errors are in many cases < 1%, for transition metal
oxides < 5%




Elemental Crystal Structures: GGA pseudopotential
_ method

H
Ebcc - Efcc

experimentally found to be fec

Q12 experimentally found to be bee

Li | Pe—, C N (] F
£.13 219 ol ae7 | -;maz2 | w24 | 4s
BIL [Nl ]
m11 050 [‘]d mo E] -£.00
Na Mg S1 P o 1
£.12 137 | - VASP-PAW - 18 | -1end | 1785 | 446
0.05 050 | SCTE data - -4.00 785
005 0.50 E Smzdars v al - =400
Sc As Se Br
550 1671 | 1487 | 283
3.0
Y Sh Te I
1002 896 | -1119 | -126
119
Bl pe | At
140
La Ce Pr | Nd [ Pm | Sm | Eu | Gd | Th | Dv | Ho | Er Lu
1222 | m40 | 1155 | 11ee | 1255 | 1288 -1.61 i | 12s7 | 2% | 1236 | nss | Tm | YDb 951
Fr |Ra | SC | B Fa | V1% | P ) | Cm | Bk | Cf | Es | Fm | Md | No | L

data taken from:

Y. ‘E'i.'ang 2 S Curtarolo, ** Ab Initio Lattice Stability in Comparison with CALPHAD Lattice Stability, Computer Coupling of Phase Diagrams
nistry (Calphad) Vol. 28, Issue 1, March 2004, Pages 79-90.




Elemental Crystal Structures: GGA pseudopotential
method

H :
on experimentally found to be fcc
B R
Li 3 ) N O F
_:E.E':'ﬁ -.:9'1 {H.‘Fmﬂ']f:] -34.15 104 -14 .84
005 -6.35
Na z P S Cl
0.06 -1.18 - VARP-PAW - - -23.463 -15.E]
005 -2.5) - SGTE data
005 -2.5) - Saunders of ai
K Se Ti V Cr | Mn As Se Br
026 448 -1 033 asl 3.0 -8 -3543 joo
-5.00 -6.00 -3.50 -1.B5 -1.00
.00 -5.00 —1.80 -1.82 -1.04
Eb Y Ir Nb | Ao Te Sh Te I
-0.01 -2.13 -3.68 -3.08 114 -6.53 -304 140 [HL
.04 T -31H -3.65 -10.00
.00 T -5.00 -5.00 -10.00
Cs Ba Hf | Ta W Re Bi
04 040 482 jos -1.8 -45.26 -4 Po At
L4 ~10.00 -4.00 -4.55 -11.00%
.00 020 -10.00 -5.H -6.04 -11.008
La Ce Pr Nd | Pm Dv ' Lu
153 £30 ol ) 154 LTT 153 04 0T 024 Fir] -L18 -1497 Tm b -3 B3
. ; J N , _
Fr | Ra | ¢ | Ib p Pa b U b Npt Put | cm | Be | €f | Es | Fm | Md | No | Lr

data taken from:
Y. Wang " S Curtarolo, #% 4b Initio Lattice Stability in Comparizon with CALPHAD Lattice Stability, Computer Coupling of Phase Diagram
and e F]ZI.E]:IJiE-E‘j.‘ (Calphad) Vol. 28, Issue 1, March 2004, Pages 79-90.




Summary: Comparing Energy of Structures

For most elements, both LDA and GGA predict the correct structure for a
material (as far as we know)

Notable exceptions: Fe in LDA: materials with substantial electron
correlation etfects (e.g. Pu)




The high-throughput highway to computational materials design
S Curtarolo, GLW Hart, M Buongiorno Nardelli, N Mingo, S Sanvito & O Levy
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@ Mixing, HT and exp. agree Mot mixing, HT and exp. agree
W HT mixing, exp. not mixing

HT not mixing, no experiments

Nature Materials 12, 191 (2013)

Figure 1| High-throughput analysis of binary intermetallics?. Top

left triangle: ordering tendency of the mixtures, as defined in the main
text, for elements ordered by Pettifor's chemical scale®. Grey circles
indicate no ordering, whereas darker blue circles indicate increasing
capability to form stable compounds. Bottom right triangle: comparison
of HT versus experimental results®. Green and grey circles denote
agreement between calculation and experimental data on the existence
(green) or absence (grey) of compounds. Purple (red) triangles indicate
disagreement of HT predictions of compound absence (existence) versus
experimental existence (absence). Yellow triangles indicate that data is
unavailable for comparison.

Marco is a scientist, composer and flutist at the

University of North TexasG TS S A PhD 19973




Reaction Energies

Reaction Exp (eV) LDA (eV)
Li (bcc) + Al (fcc) -> LiAl (compound) -0.2457 -0.2234
0.5 Cu(fcec) + 0.5 Au(fce) -> CuAu -0.053 -0.0193

Li(bcc) + CoO2 -> LiCo0O2 -4.25 -3.75

A
9.08%
63.58%
11.76%




Jfin) ' /\
Miller experim
M Saitta, F Saija, PNAS 111, 13768 (2014)

Reactants Potential Transition States Secondary Intermediate States

+H(C)

COH + NH,




ACY B A D

Miller experiment in atomistic computer simulations
M Saitta, F Saija, PNAS 111, 13768 (2014)

Formamide reaction network in gas phase and solution via a
unified theoretical approach: Toward a reconciliation of different
prebiotic scenarios.

FPitrcc, AM aitta, PNAS 112, 15030 (2015)

Synthesis of RNA Nucleotides in Plausible Prebiotic Conditions
dfrom ab Initio Computer Simulations

A Perez-Villa, AM Saitta, et al., JPCLett 9, 4981 (2018)
34 _, TN

o T

. #“"\H ‘t.\ '

SISSA PhD 1997




Jacob's ladder of Density Functional Theory

RARTREE WIRLD

® John P. Perdew




From GGA
E3Z2%ny, ny] = ]d%f(m,nl,VnT,an)

to Meta-GGA
E.lm nl= fd?’m €xcny, n, Vg, Vg, 7, 7)),

where n(r) = ny(r) + ny(r) is the total density, and

occup l

T.(r) = Z —|V’L{,ar“,:Jr (r)|?

[

Formulation is significantly more complicated and it is not
widely used.




Electron Localization Function

1 1 |Vp|?
C(’?)-‘-E%:”flv@dz—'g ] ::l

p=2nmlel” Co(P) ~ p*"°

- 5 C(F) P‘z -
e {1 ). }

ELF can distinguish metallic (ELF=~0.5) from
covalent (ELF=~1.0) regions of the electron density

Meta-GGA has the potential to treat in a different way




Problems with LDA / GGA functionals

* Chemical accuracy (1 kcal/mol) is far.
- trends are often accurate for strong bonds (covalent, ionic,metallic)
- weak bonds/small overlaps are problematic

* Self interaction cancellation is only approximately
verified in LDA and GGA.
- molecular dissociation limit, TMO & RE and other atom-in-solid system.

* VVan der Waalls interactions are not taken into account

- occasional agreement with exp. from compensation of errors




LDA and LSDA

GGA : PW91, PBE, revPBE, RPBE, BLYP

META-GGA: PKZB, TPSS,

... to be continued

SIC, DFT+U, hybrids

Van der Waals functionals




to e continued




THE END
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