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So Is B3LYP the Answer?

» Given that it has only 3 parameters and performs remarkably wi, is B3LYP
about as good as as we are going to do?

» Quite some time ago, Ruiz, Salahub, and Ve[a Phys. Chem. 100, 12265 (1996)]
responded in the negative:

“The B3LYP results lie between those of the GGA and MP2.*[Our results] for the
so-called half-and-half potential are in very good agreement witthose obtained
through second-order Mgller-Plesset calculations and with availde experimental
data. However, the more widely used three-parameter, B3LYP, fustional does not
perform well; the hybrid methods are not a panacea.”

* They studied CH,...X, (X=F, Cl, Br, or )
complexes in three orientations—

«See their table, next slide. O X, _
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So Is B3LYP the Answer?

TABLE 1: Optimized Geometrical Parameters, Rotational Constants, Harmonic Cl—Cl1 Stretching Frequencies, Total and
Interaction Energies, and Mulliken Population Analysis for the C;Hy++Cl; Complex Calculated with Different Methodologies
and the Available Experimental DataZ

VW EP PP PW HHLYP MP2 expt
Distances (&) \ J \ J
d(C—H) 1.093(1.097) 1.092 (1.094) 1.092 (1.094) 1.079 (1.081) 1.077 (1.077) 1.085 (1.083) (1083
aic—0C) 1.344(1.326) 1348 (1.34T) 1.347(1.336) 1.345(1.329) 1.322(1.317) 1.341 (1.337 (1.339)
d(Cl=C1) 2130 (2.023) 2137 (2.033) 2123 (2.043) 2157 (2.048) 20382021 2044 (2.028) (1988
diCl+-plane) 2433 2649 2730 2448 3035 3.003 3.128=d
Angles (deg)
C—C—-H 121.6(121.8) 1216 (1217 121.6(121.8) 121.6(121.71 121.7(121.7 1214 (121.4) (121.1p¢
plane (C—C)—H 1000000 0.5 (0.07 0.8 (0.00 1.1 {0.0) 0.1 (0.0 0.1 00.0) (0.0
Fotational Constants (GHz)
A, 24,5333 24 4732 24 4028 24.7310 253455 24.7689 25.52004
B, 1.5409 1.4042 1.4043 1.5148 1.2383 1.2613 1.2244-4
s 1.4756 13528 1.3330 1.4554 1.1996 1.2202 1.1841=4
Fraguency (cm—1)
Cl-Cl 386 (5344) 385 (519 392 (320) 373 (528) 513 (3500 306 (539) 327 (359
Total Energy (au)
—005.263 831 —99e.071 739 —099 435 367 —008 002 834 —908.027 B0 —007. 584 375
Interaction Energy (keal'mol)
BSS5E comected —12. =512 —6.3 —6.8 =21 s i -1 7t 2%
BS5E -12 =52 —6.3 —6.9 =25 —-29
noncormrected
BSSE 0.0 0.0 02 0.1 04 13

Ruiz, Salahub, and Vela [J. Phys. Chem. 100, 1226896)]
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So Is B3LYP the Answer?

Errors in transition-metal ™ -ligand bond dissociation energies (BDE, in
kJ mol-Y) of methyl and carbene complexes of first-row transition metl cations

TM-CH3* TM=CH2*

co
o

S
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D

I

Error in BDE (kJ mol-1)
o &
4
o

-120

ScTi V CrMnFe CoNi Sc Ti V Cr Mn Fe Co Ni
—=B3LYP -o-MCPF -a~PCI|-80 —e=CCSD(T)

— BDE by CI methods MCPF, CCSD(T) always too small,anetimes significantly
(carbenes!)

— Curves for B3LYP and PCI-80(MP2) quite similar in shape [PCI-80: correlation energy
(from MP2 or CCSD) scaled by an empirical factor]

— For M-CH ;*, PCI-80 uniformly very good; B3LYP in general too large second best

— For M-CH ,*, PCI-80 often somewhat too largeB3LYP overall best
Credit: N. Rosch
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Ways Forward? - KLI

There is a relatively fast way to do ExX approximately with fairly high acccuracy,
the Krieger-Lee-lafrate (KLI) approximation. Suppose we had agood E, func-
tional to go with this approximate ExX. Is that a way forward? Hereis a sobering
table. “F” under method is KLI ExX.

Table 12. Spectroscopic constants of Na: Results obtained by combination of the
exact exchange with different correlation funcrionals (LIDA [26], PWaOl-GGA 28],
CS (23], SIC-LDA |22, C2 ( EP [18] and IS1 [21]} in comparison with HF. MP2.
guadratic configuration interaction with single and donble excitations (QCIS1D) [55].
complete SIC-LIDA, conventional LDA and PW91-GGAL as well as experimental [90)]
results (all OPM wvalues rely on the KLI approximation, F+CS-dara from [91]).

methad . Fy Do + hive /2 we
|Bahr] eV [em ':

exXpt. 2.075 9.908 2360
HF 2037 4952 2738
MP2 2.135 92.333 2180
QCISD 2,104 28R 2400
F 3011 1073 3736 NONE of the ExX + E,
]-'—{21‘21‘.1 1.997 7.574 2801 combinations does
F+C5 1.8 TELH

U kb i - s |
FSIC-LDA | 2.003 7880 2770 better than GGA!
V(02 unbound F|nd|ng an EC to go with
F+151 2.235 12.2245 L4001 .
SIC-LDA(x+¢)| 1.876 49,490 3245 ExX'Is not easy.
LIDA 2,068 L11.601 2396
GGA 2079 L1544 2352
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Ways Forward? Local Hybrid Functionals

Hybrid functionals mix exact (single-determinant) exchange, &< , with
approximate E, and E, contributions in fixed proportions:

Ex<:Hybrid = /1 EXKS + (1_A)E + E

X,approx C,approx

Why not do the mixinglocally, i.e., pointwise? Here is the Jaramillo et al. version
of the idea[J. Chem. Phys. 1181068 (2003)

Erampra = [ AN NAE Vst )+[(1-2€ )ty )]+ Ue ool )}

Recall (Lect. V-3, 8, 1I-27):tW/ 1 is a so-called “iso-orbital indicator”.

Results — next slide.
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Ways Forward? Local Hybrid Functionals (cont’d.)

E (Hartree)

-0.48 T T

BLYP -~ -
B3LYP -—-—-
LA-BLYP —— . L
050 | Dissociation of H* for BLYP,
52 | B3LYP, and Ih-BLYP XC.
6-311G++(3df,3pd) basis.
o84 | 1 [J. Chem. Phys. 1181068 (2003)
0.56 4
O T e I TABLE III. Reaction energy barmrier (keal/mol) for the linear hydrogen ab-
058 _ 1 straction Hy +H—H+H,.
060 L ] Functional Energy barrer’
HF* 17.9
0,62 . . ! . BLYP® 29
0 2 4 6 8 10 B3iLYP 8.0
R Ay Lh-BLYP 10.4
Li-PBEFKZE g9
TABLE IV. Statistical data for atomization energies (kcal/mol) of the sma CCSbI}I'I.‘t 9.9
G2 set (35 molecules). All calculations are carried out nsing post-HF de Exp. 9.7
simes. *Zero-pomt energy correction for this reaction 1s estimated at — 1 keal/mol
N N N iRef 29 and should be substracted from the data tabulated here before
BLYPF B3LYP Li-BLYP Lh-FEEPEYR COMDATIng to experiment.
MAE® KR 4.1 19.5 130
RMS® 5.2 5.6 238 17
Max (—) dew. —14.7 —19.3 -593 =317
Max (+) dev. 6.4 1.5 1.5 12

"Mean absolute error.
“Foot mean sguare deviation.
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Ways Forward? Range-separated Hybrids

Rather than mix exact (single-determinant) exchange, ks , with approximate E,
on a local basis, what about separating the Coulomb potential in short- and
long-ranged part and treating them separately to get a hybridfa. Savin et al.,
Internat. J. Quantum Chem. 56 327 (1995); Chem. Phys. Lett. 27451 (1997)Motivation:
approximate E, functionals are local or “semi-local”, so use them at short range
and use exack,,sat long range.

Here is the range-separated Coulomb interaction:
1 _a ) )

o = ‘ri —rj‘ ) fij fi) fi = Ol * 05
5~ 1 S |
)/ee,LR _EZ gLR(rij) 1 )/ee,SR __22 gSR(rij)
i#] i#]
y(rij):erf(,urij) , erf(x) .=iﬂjdx’e‘x'2
0
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Ways Forward? Range-separated Hybrids (cont’d.)
And here is the range-separated universal functional and itsiinimum:

FRS[n] = min<w|f +)/;e,LR +)/;e,SR|w>

Y—-n

= min<l/J|7A+V;e,LR|lﬂ>+{

Wi-sn

min(y| 7+ 24 |) - min@| 7 + 1% | )

Y—-n

E, = FRS[nO] + By [nO] - rr}ﬂin<‘/j|7:+)/;e,m +V;e,9?|‘/j>+ Eext[no]

W n { Y—-n

Usual E,_ f unctional LR version of E,_,

=Min(@]7 + e |@) + mint minw| 7+ |o) - mp<w|f+2e,Lle>} +Ege [ )]

Fes[N] = min(@| 7 +32, |@) + F[n]

Y—-n
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Ways Forward? Range-separated Hybrids (cont’d.)
One version of a “range-separated hybrid LDA”, makes the followag approx-
Imations [Gerber et al., J. Chem. Phys. 127054101 (2007)]

Fes[®;0] = (®] 7 +1, | @) + Fg[1]

1
— delg,...4, |

e

U (1) = -3(3’)1/3 {g- A )[Vrrerf(@/2a¢ ))

T\ 2
+(2A(r)—4A3(r )) exr(— 1/ (%) )_ Af )+ A )]}

() = H
Al 2(3n2)1/3n1’3(r)

®(1...,N,)=

The SR xLDA comes from short-ranged HEG work of Toulouse, Savirgnd Fladd
[Internat. J. Quantum Chem. 10Q 1047 (2004)} In the calculations shown on the next slide,
Gerber et al. used VWN forE...
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Ways Forward? Range-separated Hybrids (cont’d.)

-

— DA
—a RSHXLDA
&—b PRE

v— HSE

) =10
o o
g E
o T 'JII
W 0
= 5 5
= 2L 5
2 - — 210}

—8 L[4

B—a RSHXLDA

a—ai PRE

[*—* HSE 220 v

| i | | | | i | | i L | | L I | | | I | | i | i |
Na Al Pd S BP SiC C MgO LIClI LiF Na Al Pd Si BP SC € MgO LiCl LiF
Li Cu Aeg Gahs GaP GaN BN NaCl MaF Li Cu  Ap GaAs GaP GaN BN NaCl NaF

FIG. 1. (Color online) Relative errors in the LDA (black), PBE (blue), HSE FIG. 2. (Color online) Relative errors in the LDA (black). _PEE iblue), HSE
{green). and RSHXLDA (=075 A7) (red) lattice parameters with respect (green), and RSHXLDA (u=0.75 A7) (red) bulk moduli with respect fo

to experiment. HSE= Heyd, Scuseria, Ernzerhof hybrid experiment.

Remark — though this is good work based on a very clever idea,i#in’'t obvious that
the results are a major improvement on ordinary hybrids.

[Gerber et al., J. Chem. Phys. 127054101 (2007)]
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Ways Forward? Range-separated Hybrids (cont’d.)

TABLE IIL. Lattice parameters a, (A), spin magnetic moments M, (), and band gaps & (eV) for the transitior
metal monoxides MnO, FeQ, CoO, and NiD, obtained from LDA and RSHXLDA (u=0.5 A™') calculations
B3LYP results were obtained by the CRYSTAL code; LDA and PBED values, as well as experimental reference
data, were taken from Bef. 70 {and references therein).

LDA® PBE(* B3LYP LDAP RSHXLDA Expt.
MnO (Ref. 68)
o 432 451 4.50 4.31 4.36 445
M, 4.19 4.40 4.73 4.14 4.39 4.58
A 0.8 13 302 0.4 7.1 30
FeO (Ref. 26)
d 4.18 4.40 4.37 4.17 4.24 4.33
M, 3.35 355 3.26 345 332,42
A 0.0 1.2 3.70 0.0 6.2 24
CoO (Ref. 68)
d 4.11 432 4.32 4.10 4.16 4.25
M, 2.36 266 2.69 2.23 2.50 3.35, 4.0
A 0.0 2.1 363 0.0 6.2 2.5
NiD (Ref. 69)
dp 4.07 424 4.23 4.06 4.00 4.17
M, 1.21 1.78 1.67 1.04 1.47 164
A 04 29 4.1 0.4 7.0 4.0

PBEO= PBE-based hybrid

[Gerber et al., J. Chem. Phys. 127054101 (2007)]
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Ways Forward? Range-separated Hybrids (cont’d.)

From the Abstract of Gerber et al.[J. Chem. Phys, 127054101 (2007)]

“The RSHX functional, which has the main feature of providilg a correct
asymptotic behavior of the exchange potential, has a tendencyitoprove the
description of structural parameters with respect to locabnd generalized
gradient approximations. The band gaps are too strongly opened bixe
presence of the long-range Hartree-Fock exchange in all but weegap systems.
In the difficult case of transition metal oxides, the gap isverestimated, while
magnetic moments and lattice constants are slightly underestated.”

Note: “Hartree-Fock exchange” is again a misnomer,\&n though they work
with an orbital-dependent (non-local) potential.
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Adiabatic Connection

Now comes one of the more powerful concepts for understandjriunctionals and
constructing them. The objective is a smooth transformatiofrom the non-
interacting KS system to thefully interacting physical system. (This is distinct
from the smooth mixingthat is in range-separated and local hybrid functionals.)

The first ingredient is the Hellmann-Feynman theorem. Suppose the
Hamiltonian depends smoothly on a parametek. Then, the ground state is

~

HW,,=E, ¥, (W,,|¥, =1 Differentiate w/r to the parameter
oE ow

/],O_<

ow
= a“lHAl%o>+<%o| By, v, 1, ooy

~ ~

= <LIJ/10|LIJ/]0> <LIJ/10| ”I%& <LIJ)IO| , Wi e

The second ingredient is the Paull coupling constant trlckGiven the Hamiltonian

A, =, + K,

it follows from the Hellmann-Feynman theorem that

1 ~
E/]zl_ E/]:O :deA<¢A | H1 |¢/1>

UNIVERSITY of
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Adiabatic Connection (cont'd.)

Go back to Levy-Lieb constrained search but for a one-parametddamiltonian
as in the Pauli trick. Then the universal functional is

F/][n] :minl///‘Hn<w/] |-|,-\ +Avee |‘ﬂ/1>
A=0: Fy[nl=min, (@[T |®)=(d,, [T |®,..)=T. h]
A :1: Fl[n] :minwAlen<¢//l=l |-I: +Vee |¢//1=1> = <¢/min,n |-|: +Vee |¢/min n>

Therefore  F[nj-F{r = Efq +E[ i

di—>n min,n

By invoking a Lagrange multiplier potential v,( r ) which keeps the densit
UNchanged across the whole range$A < 1, and using the Hellmann-Feynman
theorem and Pauli trick, one can prove the adiabaticonnection

Exc[n] = le/] <w/l,min[ ri | VAeel w/},min[ ri > - Eee[ ﬂ

Notice that (a)v-representability is back in the picture, both non-intera¢ing and
interacting and (b) we_don’thave to know the potentialv,( ).
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Ways Forward? Adiabatic Connection Functionals
The adiabatic connection can be rewritten simply to a suggege form

Eln] = [ dA[ W, A1Vl @ 1) —EL 3 1= [ dAW[A 1]

Some facts are known. W[O,n] =E_.[n]
about the W functional:

W, E%—\;V =EJ;[n, 2nd-order Goerling-Levy !
0
ow <0 0OA
0/

A scheme for calibrating
approximate interpolation
A=0 - A= 1 based on

approximate B, also s \w[j,n] = a% E, [y, (r)]

known.
0
_ ~ Ex,approx [n] + ZA Ec,approx [nllA (r )] + A ’ 0_/] Ec ,approx[ n1//1 (r )]
[Cohen, Mori-Sanchez, and
Yang, J. Chem. Phys. 127 Y=A"3n(r / A
034101 (2007)] N () (r/4)
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Ways Forward? Adiabatic Connection Functionals (co)

The Mori-Sanchez, Cohen, and Yangy. Chem. Phys._ 124091102 (2006)model
adiabatic-connection path is

W[A,n]=a[n{g} |+ 1j2£€£¢}¢%]

,b_bln (1+ c)

E n =

a5

The choice of BLYP as the interpolatlng functlonal, for examm, gives
~In(1+c)

E.| n{#} |- Exs =

_ —Exs /]\No’ +VVAiLYP
A p ( ExKS _VV/IiLYP )

A selected summary of resultgCohen, Mori-Sanchez, and Yang, J. Chem. Phys. 12034101
2007)lfollows. The original paper has many very large tables.

) FLORIDA

QTP



Ways Forward? Adiabatic Connection Functionals (co)

TABLE IL. Performance of several different models constructed from the
adiabatic connection. All these models uwse W,=HF, H-',;:iiwa‘ms and
WELTF The performance over the 407 set and the HTBH set (MAE in
kal/mol) is compared to standard functionals.

TABLE IV. Comparison of errors (keal/mol) of different fuctionals for ion-
ization potentials and electron affinities of the G3 set.

Functional 407 Barrier

LA 50.98 17.60

BLYP 7.68 8.07

OLYP .86 £.32

PEE 1111 969

PEED 6.00 4.04

B3LYP 6.91 440

BPaEA 18.43 5.68

B3P&6 17.38 440

Model 407 Barrier Ay

Two parameter models using Wy, and Tr'rf'fr&'fp

a+bh .09 6.6l (0.55)
a 6.2 f.58 (0.56)

| +BA

aexpl—bi) 6.09 6.84 (0.56)

Three parameter models using W, W} and H-'f;'w
a+bh+ch? f.60 1.78 (0.68)
ot B 4.60 2.08 (0.64)
L +ch

a+bexp(—ch) 4.36 212 (0.59)

a+blog(1+ch 5.30 |68 (0.69)

@+ b tanh{—ch) 4.23 1.84 (0.53)

a+ bk expl-ck) 5.49 217 (0.59)

BLYP TPSS B3LYP MCY1 MCY2
IP ME -3.59 -2.74 —0.96 149 1.71
IP MAE 6.25 sls 4.58 354 376
EA ME —0.52 -0.79 —-0.20 —0.50 —0.90
EA MAE 3.03 312 2.89 244 2.82

Remark — we are back to the no
free lunch theorem. These are
intricate functionals that require
extensive work to generate and
program, yet give comparatively
modest improvement over simple

hybrids.

[Cohen, Mori-Sanchez, and
Yang , J. Chem. Phys. 127
034101 (2007)]
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Ways Forward? Back to the GGA?!?

TABLE II. Lattice constants ag (&), ME. MAE, EMSE, and mean absolute relative error (MARE), obtained

Arm|ent0 and Mattsson with the A.['-ID__“'-. LDA, PBE. BLYF, and RPEE functionals, using vasp. The experimental (Exp) results are the
[Phys. Rev. B_72085108 (2005)] same as used in Refs. 10 and 1.

produced a GGA that Solid Exp AMOS LDA PBE BLYP RPBE
behaves properly fortwo i 3477 3455 3.359 3433 3421 3476
model systems, the HEG a2 dom s 40n ane 40
and the Je”|um Surface BN 1616 3605 3.583 3.627 3647 3646
) ) BP 4538 4516 4491 4.548 4592 4573
and, in effect, interpolates «c 1.567 3.551 3534 3.573 3.508 3.590
Si 5.430 5431 5403 5.467 5532 5499
between them by measur- - gc 4358 4350 4330 4377 4411 4.398
ing the local inhomo- B-GaN 4.520 449 4460 4.548 4611 4511
) ) GaP 5.451 5441 5.394 5.500 5607 5.556
geneity. The resulting GaAs 5.648 5672 5611 5.755 5871 5812
. LiF 4010 4039 3.908 4.065 4.084 4.146
functional has a structure LiCl 5.106 5.119 4962 5.150 5232 5.254
that looks a lot like PBE NaF 4.609 4686 4.508 4.708 4716 4824
i . i NaCl 5.595 5686 5 466 5.702 5763 5.847
but is different in content. MgO 4207 4232 4.168 4259 4281 4302
. : Cu 3.603 3.565 3.523 3.637 3711 3,682
Results are IMPressived. Rh 3.798 3773 3.757 3.833 3.903 3.857
Chem. Phys. 128084714 (2008)] Pd 3.881 3872 3.844 3.946 4034 3.084
Consideration of better Ag 4.069 4054 4002 4.150 4262 4215
- ME 2% 0.001 -0.070 0.039 0.093 0.090
ways to constrain (hence MAE 0.025 0.070 0.046 0.100 0.091
parameterize) GGAS IS an  RMsE 0.033 0.082 0.056 0.114 0.113
MARE 2% 0,65 1.6% 1.0% 22% 2.0%

area of active research.
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A Digression: One-shot Functionals

Irrespective of the choice of E_ approximation, it often is desirable to get an estimate
of the DFT energy for multiple nuclear configurations {R} ofsome system, without,
doing the full scf calculation. The Harris approximate, non-ierative functional is the
best known of several “one-shot” ways to do thigJ. Harris, Phys. Rev. B.311770 (1985)]
Suppose that one has a reasonably good approximate density, Then

nes[Ma (N1 ={=(74) 0 + Vo M1+ ved )] + v, a1} o = £

. 1 TINGING
EHams[nA(r)]—;e&—Ej e HE [N (1] = [drv, I n,(r]

The rough physical reasoning is that the KS equation was dered from variational
stability. Therefore, a non-self-consistent solution of ishould lead to an error

reduction which is embodied in the resulting eigenvalues® The other terms handle
over-counting.
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Ways Forward — Some Commentary

* It is probably fair to say that a majority of the DFT functional development
community believes explicitly orbital-dependent functionasd, beyond the level of
MGGAS, are a necessity.

» However, the evolution of increasingly sophisticated hybridseems to be reaching a
state of diminishing returns.

* A minority points to M06-L and AMO5 as examples to argue that orlal-
dependence beyond the level of MGGAs is, in fact, not eessary. The agenda,
therefore, of this minority, is to find MGGA and similar functionals with hybrid-

level performance.
» The use of fullExX is still hampered by the lack of really good approximat¢,

functionals to accompanyk, «s
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