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= Authors of WIEN2k
« Peter Blaha
= Karlheinz Schwarz
= Dieter Kvasnicka
= Georg Madsen
s Joachim Luitz

Computational Chemistry Group

WIENZk

WIENZk

mathematician, computer scientist
APW+/lo, crystallographer

GUI, chemist

= Other members working on WIEN2k

= Bernd Sonalkar

= Johannes Schweifer
s Thomas Gallauner
= GUnther Schmidt

« Robert Laskowski

= Fabien Tran

« Christian Spiel

« Andreas Mattern

=« Othmar Koch

non linear optics (NLO)

Grid computing (w2grid)
Nanoparticles

structure optimization, sulfosalts
LDA+U (physicists)

exchange correlation, HF, hybrid
mixed valence compounds

high-spin low-spin transitions
general eigensolver (mathematician)
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A few solid state concepts
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= Crystal structure

« Unit cell (defined by 3 lattice vectors) leading to 7 crystal systems
= Bravais lattice (14)

« Atomic basis (Wyckoff position)

= Symmetries (rotations, inversion, mirror planes, glide plane, screw axis)
s Space group (230)
« Wigner-Seitz cell

» Reciprocal lattice (Brillouin zone)
= Electronic structure
» Periodic boundary conditions

» Bloch theorem (k-vector), Bloch function
« Schrodinger equation (HF, DFT)



Unit cell

Assuming an ideal infinite crystal we define a unit cell by

C




@ Crystal system: e.g. cubic

Axis system

primitive

P (cP)

b
B=y=090°

body centered

| (bcc)

face centered

F (fcc)




3D lattice types:

[ Crystal systems and 14 Bravais lattices

Triclinic

Monoclinic (P, C)
Orthorhombic (P, C, I, F)
Tetragonal (P, [)

Cubic (P, I, F)

Trigonal (Rhombohedral)

Hexagonal

“no” symmetry

Two right angles

Three right angles

Three right angles + 4 fold rotation
Three right angles + 4 fold + 3 fold
Three equal angles (# 90°)+ 3 fold

Two right and one 120° angle + 6 fold
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Wigner-Seitz Cell

TU

WIEN

Form connection to all neighbors and span a plane normal
to the connecting line at half distance
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Bloch-Theorem:

=
m
2

[ -2V +70) [P0) = B¥()

V(x) has lattice periodicity (“translational invariance”):
V(x)=V(x+a)

The electron density p(x) has also lattice periodicity, however,

the wave function does NOT:

o(x)=p(x+a)=Y (x)¥(x) but :
P(x+a)=pu¥(x) = pu=1

Application of the translation t g-times:

*W(x)=Y(x+ ga) = u*¥Y(x)



@ periodic boundary conditions:

= The wave function must be uniquely defined: after G
translations it must be identical (G a: periodicity volume):

d

% (x) =Y (x+Ga) = u°¥(x) = V(x)

= u’=1
25
u=e ©° g=0+x1%£2, ...
Def . k:2_77§ 1 =e™
a G

Bloch condition: ¥ (x+a)=e""¥(x)="Y,

-

s
-




@ Bloch functions:
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» Wave functions with Bloch form:

W, (x) = e™u(x) where : u(x)=u(x+a)

Re [y(x)]
M\\Lﬁ \(/V Wm -

Replacing kK by k+K, where K is a reciprocal lattice vector,
fulfills again the Bloch-condition.

- k can be restricted to the first Brillouin zone .

T T
e =1 ——<k<—
a a

‘ Phase factor lattice periodic function




Concepts when solving Schrodingers-equation in solids

Form of

potential
————

Relativistic treatment
of the electrons
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(non-)selfconsistent

“Muffin-tin” MT

atomic sphere approximation (ASA)
Full potential : FP

pseudopotential (PP)

non relativistic
semi-relativistic
fully-relativistic

exchange and correlation potential

<
<«

» Hartree-Fock (+correlations)

Density functional theory (DFT)
Local density approximation (LDA)

1

Generalized gradient approximation (GGA)
Beyond LDA: e.g. LDA+U

_ Evz +V (7) |pf = &'’ | Schrodinger - equation

non periodic
(cluster)
periodic
(unit cell)

Non-spinpolarized
Spin polarized <

Representation
of solid

A

Treatment of
spin

&

(with certain magnetic order)

Basis functions

plane waves : PW

augmented plane waves : APW

— atomic oribtals. e.g. Slater (STO), Gaussians (GTO),
LMTO, numerical basis




@ Walter Kohn, Nobel Prize 1998 Chemistry TU

Kungliga
Stmhﬂ)eimsk;qmémﬁ Mmien.)
harden 15 okeober 1998 bestuat
fi’ﬂ' mad det

NOBELPRIS
soni dfmnft ﬁl[ﬂfwmm der.
SO .:ﬂmrdm !!bﬁﬂqf{qi'ﬂkfﬂﬂ shet.
up[rmtfm ellerfintiartringen

e enia hilfton belona

( _H)a(IWﬂ(ﬁnJ

forhans utveckling av tithess-
fmzknona?}mrm

“Self-consistent Equations including Exchange and Correlation Effects”
W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965)

Literal quote from Kohn and Sham’s paper:"... We do not expect
an accurate description of chemical binding.”



DFT Density Functional Theory
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Hohenberg-Kohn theorem: (exact)

The total energy of an interacting inhomogeneous electron gas in the

presence of an external potential V_(r ) is a functional of the density p

E = |V, (7F)p(F)dF + Fp]
Kohn-Sham: (still exact!)
v v
E=T,[p)+ [V, p(F)dF +~ jp (F)pt7 | dirdr + B[ p]
r —r
Ekinetic Ene Ecoulomb Eee Exc exchange-correlation

non interacting

In KS the many body problem of interacting electrons and nuclei is mapped
to a one-electron reference system that leads to the same density as the real
system.




@ Exchange and correlation (1, r) = n(r) + h(ry, 1)

= We divide the density of the N-1 electron system 7 n(7y,7)
into the total density n(r) and an exchange- W o

correlation hole:

1))

Properties of the exchange-correlation hole:

hry.r) P >O

» Locality |

= Pauli principle h(ro>7) gm0 > (%)
= the hole contains ONE electron J dr h(ry,r) ==1

= The hole must ne negative | h(,.o,“,,)g 0 |

= The exchange hole affects electrons with the
same spin and accounts for the Pauli principle

= In contrast, the correlation-hole accounts for the
Coulomb repulsion of electrons with the opposite
spin. It is short range and leads to a small
redistribution of charge. The hole contains NO

charge: Jdr h,(ry,r)=0



Kohn-Sham equations TU
LDA, GGA
—— E=T,[pl+ [V, p(F)dF+ %j p|(’”)f(’”| ) i7d7' + E_ [ p]
1-electron equations (Kohn Sham)
ary p
] _ _
oV Ve P+ V(PPN + V. (pFNID, (F) = £,P, (F)
] OE
Z[r J' ,0(7") xc(p) ,0(7_’:): Z| CDl- |2

|r—r| op

g <Ef

E P4 o .p(r) ghom'[p(r)] dr LDA . treats both,

exchange and correlation effects,

OC:,O(V) Flp(r),Vp(r)] dr GGA but approximately

New (better ?) functionals are still an active field of research



@ DFT ground state of iron

bcc Fe | ., BB FE
| GGA
E \._/
LSDA
60 70 80 9060 _7'0 | 80

Volume (a.u.s)

90

=]
—
-

WIEN
LSDA
| NM
= fCC
= /N contrast to
experiment
GGA
| F M
= bcc
= Correct lattice
constant
Experiment
= FM
= bcc



FeF,: GGA works surprisingly well

___ GGA ..LSDA

Energy [eV]

Fe-EFG in Fer: FeF,: GGA splits
t,, into a,, and

LSDA: 6.2

GGA: 16.8
exp: 16.5




Austria knows about the importance of DFT

(thanks to Claudia Ambrosch (Graz)) GGA follows LDA




Overview of DFT concepts
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Form of | gy potential : FP
potential | “Muffin-tin” MT

Relativistic treatment
of the electrons

fully-relativistic

semi-relativistic
non relativistic

—— atomic sphere approximation (ASA)
pseudopotential (PP)

exchange and correlation potential

Generalized gradient approximation (GGA)
Beyond LDA: e.g. LDA+U

‘ » Local density approximation (LDA)

1
2

—-—V* + Vi(r) %k = 5,-k€0,-k Kohn-Sham equations

non periodic Represen‘Fatlon I Basis functions I
() of solid
odi plane waves : PW

perio lcil augmented plane waves : APW
(unit cell) Treatment of — linearized “APWs”
Spin polarized spin analytic functions (e.g. Hankel)

bl poatized ) atomic orbitals. e.g. Slater (STO), Gaussians (GTO)
non spin polarized <

numerical



@ Kohn Sham equations

How
to solve

them ?




Solving Schrodingers equation: [—EV +V<r>}‘1ﬂ- =&Y,

= ¥ cannot be found analytically
= complete “numerical” solution is possible but inefficient

s Ansatz:

s /inear combination of some “basis functions” Y, = Z Cr. (Dkn
» different methods use different basis sets ! K
 finding the “best” wave function using the variational principle:

(¥ |HY) e
<Ek>_ <\PZ \Pk> é

= lhis leads to the famous "Secular equations”, I.e. a set of linear
equations which in matrix representation is called "generalized
eigenvalue problem”

=0

HC=ESC

H, S hamilton and overiap matrix; C: elgenvectors, E: eigenvalues
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m
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@ Basis Sets for Solids

=
m
2

= plane waves (pseudo potentials)

= Space partitioning (augmentation) methods

« LMTO (linear muffin tin orbitals)
= ASA approx., linearized numerical radial function
+ Hankel- and Bessel function expansions
« ASW (augmented spherical wave)
= Similar to LMTO
s FP-LMTO (full-potential LMTO)
= Similar to LAPW, space partitioned with non-overlapping spheres
= KKR (Kohn, Koringa, Rostocker method)
= solution of multiple scattering problem, Greens function formalism
= equivalent to APW
« (L)APW (linearized augmented plane waves)

= LCAO methods
« Gaussians, Slater, or numerical orbitals, often with PP option)




@ pseudopotential plane wave methods U

WIEN

\\ " . Apseud, 7 l L
plane waves form a “complete” basis /\
set, however, they “never” converge ﬂgﬂ‘ b —
due to the rapid oscillations of the \Jr

atomic wave functions y, close to the ~<
nuclei

let s get rid of all core electrons and
these oscillations by replacing the
strong ion—electron potential by a
much weaker (and physically dubious)
pseudopotential

Hellmann s 1935 combined
approximation method
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@ “real” potentials vs. pseudopotentials
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III

e “real” potentials contain the Coulomb singularity -Z/r
e the wave function has a cusp and many wiggles,
e chemical bonding depends mainly on the overlap of the

wave functions between neighboring atoms (in the region
between the nuclei) >
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(L)APW methods
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APW + local orbital method
(linearized) augmented plane wave method

Total wave function YW= ZCkn ¢kn n...50-100 PWs /atom

Ky
po SYIHIY> S<E>
.. . < >= -
Variational method: <YV > 5C,
upper bound minimum

Generalized eigenvalue problem: HC=ESC

Diagonalization of (real or complex) matrices of
size 10.000 to 50.000 (up to 50 Gb memory)




APW based schemes
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= APW (J.C.Slater 1937)

« Non-linear eigenvalue problem
= Computationally very demanding
= LAPW (O.K.Anderssen 1975)
« Generalized eigenvalue problem
« Full-potential
= Local orbitals (D.J.Singh 1991)
 lreatment of semi-core states (avoids ghostbands)

= APW+lo (E.Sjostedt, L.Nordstorm, D.J.Singh 2000)

« Efficiency of APW + convenience of LAPW
= Basis for

K.Schwarz, P.Blaha, G.K.H.Madsen,
Comp.Phys.Commun.147, 71-76 (2002)

K.Schwarz,
DFT calculations of solids with LAPW and WIEN2k
Solid State Chem.176, 319-328 (2003)




@ APW Augmented Plane Wave method T\

The unit cell is partitioned into:
atomic spheres
Interstitial region
| unit cell (a)

“ Y Rmtrel (b)

PWs | atomic| Plane Waves |
; '(PWs) ;

Basis set:
. i(k+K).7
PW: o |

u(r,¢) are the numerical solutions
of the radial Schrédinger equation

Atomic partial waves join in @ given spherical potential

for a particular energy &

K ’ ~f
2 A, (r', €)Y, (7) A, X coefficients for matching the PW
Im
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@ Numerical solution of the radial Schrodinger equation

s
-

= Assuming a spherically symmetric potential we can use the
Ansatz: m
anm (7’,19, (0) — Rné(r) Yg (‘99 gp)

= This leads to the radial Schrodinger equation:

e By Dy ()= E R, () =0
ro dr dr _ J
g(r)
Substitute: R(r)= P(r) P = ¢l
r dr
_ -« + T_y
7"2 d]" |:7" 7'2 :| g(’") =
L po Pl gnZ =0
r v
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@ numerical calculation of P”
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= assume an equidistant radial mesh (h=r_ -r,; Y,=Y(r,))
g replaceyznd derivative by 2nd differences &2:

Vo A Yo 1t diff. 20 diff.
\\ yn+1 B yn
\\ h . yn+l_2.yn_'_yn—lz "
T Ya s n "
n h h J
rn-1 rn rn+1

= Taylor-expansion of y, at r,.;:

Vs =9, £ i+ 90 T il +yn”’/+yn /+yn]h/

52.)/11 Eyn+1_2yn_I_yn—l

5y, =yh+y, /2+yn /60



@ Numerov method

= By a clever Ansatz one can find even better agreement:
. . . h2 "
sAnsatz: y, =P, -"/ P

14 14 2
yn=P- hé P
W=y
= Substitute this Ansatz into the previous result:
2 mp2 v ht vi j©
o'y, =y h"+y, /2+yn 460
2 _ pnp2 _ plv h?
o°y, =P'h" - P, /2
BT R —RER
v hS _
+ PR g

2. _ pnp2 _ p h®
O yy =P AL

=]
—
-

=
m
2




=]
—
-

=
m
2

@ Recursion formula:

= The Numerov solution yields a recursion formula for P:

ZP(I/ +5g,) - Pl(l/ — &)
1/ — 8n+

«P(r)=R(r).r and g(r)=Lt+1)/r2+ V(r)—-E

= Solve P for given £, V and E

» the first two points from P(0)=0 and P~r?

= (today even faster and more accurate solvers are available)



H-ES|

-0.2 =

0.4 -

0.2 1

-0.5

0!5 1.0
Energy (Ry)

H Hamiltonian
S overlap matrix

2.0

Atomic partial waves

Z alﬁquf (I’", g)Yﬁm (f’
Im

Energy d{nde'nt basis functions

lead to a
Non-linear eigenvalue problem

Numerical search for those energies, for which
the det|H-ES| vanishes. Computationally very demanding.
“Exact” solution for given MT potential!




@ Linearization of energy dependence
™ antibonding

LAPW suggested by

O.K.Andersen,

Phys.Rev. B 12, 3060
(1975)

DOS

®, = [4,, (k) u, (E,r)+ B, (k)i,(E, )Y, ()

! m

expand v, at fixed energy £, and ) Fo — o L
add i, = Ou, / Os W= v |

Atomic sphere
A,k B,k join PWs in
value and slope

—
wm
L

—
o
L

radial part of g,
o

- General eigenvalue problem
(diagonalization)

—> additional constraint requires co | ©s 1 | 1s  ze | 28 a0
more PWs than APW




@ shape approximations to “real” potentials

= Atomic sphere approximation (ASA)
s overiapping spheres "fill” all volume
n potential spherically symmetric

= 'muffin-tin” approximation (MTA)
» nnon-overiapping spheres with spherically
symmaetric potential +
= Interstitial region with V=const.

= full”-potential
= 10 shape approximations to V
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@ Full-potential in LAPW (A.Freeman et al)

= The potential (and charge density)
can be of general form

(no shape approximation)

S Vi (1Y (7)  r<r,
LM

Vi(r)=
( ) ZVKelK.r re]
K

Full

otential
P = Inside each atomic sphere a
local coordinate system is used

(defining LM)

U Muffin tin

"!r'o E‘ ) _
i approximation

it "l)
e
\éﬁ\%&‘ %/ m\h'
U

I |
U

TiO, rutile
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@ Core, semi-core and valence states

WIEN
For example: Ti = Valences states
= High in energy
» Delocalized wavefunctions
W = Semi-core states
iﬂ =« Medium energy
i 4s valence = Principal @N one less than valence
o U cic (e.g. in Ti 3p and 4p)
= == gn _ = not completely confined inside
%‘3 e D semi-core sphere
5 - = Core states
= Low In energy
2 s Reside inside sphere
core
1828 2%

/ j -31.7 Ry
8.3 1 Ry =13.605 eV

-356.6
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EFG (10%' Vimd

Problems of the LAPW method:
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EFG Calculation for Rutile TiO, as a function of the
Ti-p linearization energy E,

T exp. EFG

3 v:;
1 M’&-:

A———nr—..‘_.__‘“

1 o—90—o

- 'Ur“
-3 =

r ,ghostband
R ST

0
Ep (Ry)
P. Blaha, D.J. Singh, P.l. Sorantin and K. Schwarz,
Phys. Rev. B 46, 1321 (1992).

Electronic Structure

=M Ti3d /O 20

O 2p

Hybridized w.
Ti4p, Ti 3d




Semi-core problems in LAPW TU

WIEN

1
1 |—F'ntf:+mir: number - 'f
H 3 Metal He
1oos | 2 C |- Symbol (] Semimetal 13 14 1 1 17 |4
Li |Be| L& LINonmetal Blc|N|o|F|N
£941 ] 9012 |—,-E'-meic weight 1081 [ 12.01 [14.01 [ 1600 [ 19.00 ED.EE
Na|M Al|si|P| S |Cl|A
a 1 r
cpaa | 245 3 i ¥ & i - 9 10 11 12 | seoa] ana | soo7] seor | 3545 504
1o | zo0 || =21 | == | 2= =5 [ 2F [ =28 [ =2 | =0 | =1 | 2= | 32 | =24 | 35 | =&

=24 25
K|Cal|Sc|Ti| V |Cr|Mn|Fe|Co|Ni |Cu|Zn|(Ga|Ge|As | Se | Br| Kr

G910 ) 4005 || 4496 | 4765 | S0.94 | 5200 | 54.94 | 5555 | 55935 | 5E5.69 | 6555 | 6559 | 69.72 | Y261 | 74.92 | 78.96 | 7990 | 550
37 bE = 39 40 41 44 435 47 45 449 =0 =1 Sa2 =3 =4

4z | 43 T3
Rb|Sr| Y [ Zr |Nb|Mo|Tc|Ru|/Rh|Pd |Ag|(Cd|In |Sn|Sb| Te| I |Xe

G547 | G762 || &581 | 9122 | 929 | 9594 | 9591 | 1011 | 1029 | 1064 | 1079 | 1124 | 1145 | 11567 | 1215 | 1276 | 1269 | 151.5
55 55 71 T T4 TE T = S0 Sl (=3 33 4 35 [=1=]

T3 TS T
Cs |Ba||Lu|/Hf | Ta|W Re|Os|Ir |Pt |Au|Hg| Tl |Pb| Bi | Po| At |Rn

1529 [ 1375 || 1750 [ 17865 | 1809 | 1§56 [1S6.2) 1902 | 1922 | 1951 | 197.0 | 2006 | 204.4 | 2072 | 209.0 | 209.0 | 29100 | 222.0

ST S5 103 104 | 105 106 1a7 105 109 | 110 111 112 114 116 115
7| Fr |Ra||Lr | Rf (Db Eg Bh | Hs | Mt (Uun(Uuu(Uub Uugq Uuh Uuo
2250 | 2260 2621 ) 2611 | 2621 | 2651 | 264.1 | 2651 | 265 2649 2r2 277 2549 2549 2935

¢|| La|Ce | Pr |Nd |Pm|Sm| Eu|Gd |Tb |Dy| Ho| Er |Tm| Yb

1359 | 1401 4009 | 1442 | 14649 | 1504 | 152.0 | 1575 | 1569 | 1625 | 1649 | 167.5 | 16549 | 1735.0
(== ) = o3 o4 1= == a7 == a9 ioo | 101 102

1 Ac|Th|Pa| U |Np|Pu|Am|Cm|Bk|CE | Es |[Fm|Md|No | ...

govo ) 230 | eat0 ) 2se0 [ 2avo | 2441 | 245 247 | 2av1] 25| 2sm0] 257 | 2581 ] 2591 | | kremerFon

=1 =3 &1 &2 53 =5 =1=3 == =) S1=: =)= T
0
1

—

Problems with semi-core states




@ Local orbitals (LO)

radial function

Ti atomic sphere

et |

T
0,5

TU

s

CI)LO — [Afmufl + Bﬁmafl + Cémufz ]Yﬁm (i;)

m LOS
= gre confined to an atomic sphere
= have zero value and slope at R
« Can treat two principal QN n for
each azimuthal QN ¢
(e.qg. 3pand 4p)

= Corresponding states are Strictly
orthogonal

= (e.g.semi-core and valence)

= 7ail of semi-core states can be
represented by plane waves

= Only slightly increases the basis set
(matrix size)

D.J.Singh,
Phys.Rev. B 43 6388 (1991)



@ The LAPW + LO method
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The LAPW+LO basis is:

Q 1/2 Z C el(K"‘k)

o { I (AlmU/( [)+B;nufr)) Y,(r) +

2 Clm(A imU(r)+B° 0, (r)+u(r)) Y, (r)

The variational coefficients are: (1) cx and (2) ¢,

Subsidiary (non-variational) coefficients are A,,, B,,, A’,, & B'},,,

- A,, and B, are determined by matching the value and derivative on the
sphere boundary to the plane waves as usual.

- A’,,and B’ are determined by forcing the value and derivative of the LO
on the sphere boundary to zero. The part (A’,,,u(r)+B’,,0(r)+ut?(r)) Y ,.(r)
is formally a local orbital.




@ The LAPW + LO method TU

Key Points:

1.The local orbitals should only be Shape of H and S
used for those atoms and
angular momenta, for which
they are needed.

2.The local orbitals are just
another way to handle the
augmentation. They look very
different from atomic functions.

3.We are trading a large number
. LO
of extra plane wave coefficients
for some c,,,,.




|
=1.901
.I-E'l-
i
(]
T
=
5 |
o —2.001
o0
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+
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e e
~2.10 LAFw+L:::\X="—'-‘¥———-—-—- |

|
l
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D. Singh, Phys. Rev. B 43, 6388 (1991).

*

II'. SLAPW-—4
\Cubic APW
'n

II'l La

| Ryr=3.3a,

i
QAPW "-.5

The LAPW+LO Method

N\ k

8 10 12

RK,

max

TU

WIEN

LAPW+LO converges like
LAPW. The LO add a few
basis functions (i.e. 3 per
atom for p states). Can
also use LO to relax
linearization errors, e.g.
for a narrow dor fband.

Suggested settings:

Two “energy” parameters,
one for vand ¢ and the
other for «/2). Choose one
at the semi-core position
and the other at the
valence.
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An alternative combination of schemes
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E.Sjostedt, L.Nordstrom, D.J.Singh,

An alternative way of linearizing the augmented plane wave method,

Solid State Commun. 114, 15 (2000)

e Use APW, but at fixed £, (superior PW convergence)
e Linearize with additional local orbitals (lo)
(add a few extra basis functions)

(Dkn — %Afm (kn )uﬁ (Ef’r)Yﬁm (i;) CDIO = [Agmufl + Bgmlx.lfl ]ng (7/’:)

optimal solution: mixed basis

e use APW+lo for states, which are difficult to converge:
(f or d- states, atoms with small spheres)

e use LAPW+LO for all other atoms and angular momenta



E. Sjostedt, L. Nordstrom and D.]. Singh, Solid State Commun. 114, 15 (2000).

o | S A
0.60 | C—ELAPW i
*—8 APW+o
= 050 - .
L5
i 040 .
=
@ 030 F .
O
-
% 0.20 ¢ i
=
O 10t .
0.00 | ——j" o— -9 -
5 6 7 8 G 10 11 12 13
r['-,-'lT G max

(determines size of matrix)




@ Improved convergence of APW+lo
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]

Y Force on O [mRy/au

Representative Convergence:

40 T 1 T T T T T T T I r T . :
7 e L/APW+lo |
20 = -
v — . Sem—
o
g
U G Al
-
-10 = o ]
|| T 1 T 1 T T T T r T :
2000 2000 4000 5000 6000 7000 B000
#of PWs

SES (sodium electro solodalite)

K.Schwarz, P.Blaha, G.K.H.Madsen,
Comp.Phys.Commun.147, 71-76 (2002)

e.g. force (F,) on oxygen in SES
vs. # plane waves:
= in LAPW changes sign

and converges slowly

= in APW+lo better
convergence

= t0 same value as in LAPW

SES
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Summary: Linearization LAPW vs. APW

s
-

= Atomic partial waves
= LAPW

O, = Z[Azm (k,)u,(E,,r)+ B, (k,)u,(E,,r)]Y,,(7)

’m

s APW+/o
O, =D Ay (k)u (B, 1), () plus another type of local orbital (lo)
Im
= Plane Waves (PWs) Atomic sphere
ik +Ry )7 i
= match at sphere boundary E
- LAPW 5
value and slope Ay (k,), By (k,) E ,
= APW | .
value Aém(kn) 05 - “"""’ B
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Method implemented in WIEN2k
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E.Sjoststedt, L.Nordstrom, D.J.Singh, SSC 114, 15 (2000)

e Use APW, but at fixed £, (superior PW convergence)
e Linearize with additional lo (add a few basis functions)

optimal solution: mixed basis

e use APW+Ilo for states which are difficult to converge:
(f- or d- states, atoms with small spheres)

e use LAPW+LO for all other atoms and angular momenta

A summary is given in

K.Schwarz, P.Blaha, G.K.H.Madsen,
Comp.Phys.Commun.147, 71-76 (2002)



@ Structure: g,b,c,a.,B,y,R,, --.

unit cell atomic positions

Structure optimization

‘ ” iteration i
S k €IBZ (irred.Brillouin zone)
DFT Kohn-Sham |7 Kohn Sham
[~V +V (P, = Ey,

C
F
V(p) = V-tV Poisson, DFT Kk
I Vi = Z Ckn O kn
kn

no T o<E> __ O
Variational method | | §C k, —

yes
Et°t, force

_ Generalized eigenvalue problem

HC=FESC
Minimize E, force—0 p
: P = Z‘// v Vi
properties Ex<Ef




= Irreducible BZ (IBZ)
= The irreducible wedge
= Region, from which the
whole BZ can be obtained
by applying all symmetry
operations

= Bilbao Crystallographic
Server:

s Wwww.cryst.ehu.es/cryst/

s The IBZ of all space groups
can be obtained from this
server

= Using the option KVEC and
specifying the space group
(e.g. No.225 for the fcc

structure leading to bcc in
reciprocal space, No.229 )

The Brillouin zone (BZ)

(Im3m)*

No. 229
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@ Self-consistent field (SCF) calculations
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= In order to solve HY=EY we need to know the potential V(r)
= for V(r) we need the electron density p(r)

s the density p(r) can be obtained from W(r)*¥(r)
s ?? ¥(r) is unknown before HY=EWY is solved ??

Start with p. (r)

Do the mixing of po(r)

* Calculate V. (r) =t p(r)]

SCF cycles

g<Ep

Compute p(r) = Z| D, (r) |2 Solve {—;Vz +V o (r)}@;(r)=&o;(r)




Flow Chart of WIEN2k (SCF)
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|

lapwO: calculates V(r)
|
lapw1: sets up H and S and solves

the generalized eigenvalue problem
|
lapw2: computes the

valence charge density
|
lcore

l
mixer

o } yes

converged? ——— done!

WIENZ2k: P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J. Luitz
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Effects of SCF
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Band structure of fcc Cu

i 1 1 | | § 1§ | L | _
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@ The first publication of the WIEN code

=

FULL-POTENTIAL, LINEARIZED AUGMENTED PLANE WAVE PROGRAMS
FOR CRYSTALLINE SYSTEMS

P. BLAHA, K. SCHWARZ, and P. SORANTIN
Institut fiir Technische Elektrochemie, Technische Universitdt Wien, A-1060 WIEN, Austria

and

Computer Physics Communications 59 (1990) 399-415

S.B. TRICKEY
Quantum Theory Project, Depts. of Physics and of Chemistry, University of Florida, Gainesville, FL 32611, USA

PROGRAM SUMMARY

Title of program: WIEN
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WIEN2k:
~950 groups worldwide

Based on DFT-LDA (GGA)
Accuracy determined by one
parameter: number of PW
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An Augmented Plane Wave Plus Local
Orbital
Program for Calculating Crystal Properties

Peter Blaha
Karlheinz Schwarz
Georg Madsen
Dieter Kvasnicka
Joachim Luitz

November 2001
Vienna, AUSTRIA
Vienna University of Technology

http://www.wien2k.at



_I
—
-

=
m
2

- K.Scge |
G.Madsen " D.Kvasnicka ¢/, J.Luitz

i (¥




Main developers of WIEN2k

= Authors of WIEN2k
P. Blaha, K. Schwarz, D. Kvasnicka, G. Madsen and J. Luitz

= Other contributions to WIEN2k
s C. Ambrosch-Draxi (Univ. Leoben, Austria), optics
» U. Birkenheuer (Dresden), wave function plotting
= R. Dohmen und J. Pichimeier (RZG, Garching), parallelization
« C. Forst (Vienna), afminput
= R. Laskowski (Vienna), non-collinear magnetism
= P. Novak and J. Kunes (Prague), LDA+U, SO
= C. Persson (Uppsala), irreducible representations
= V. Petricek (Prague) 230 space groups
« M, Scheffler (Fritz Haber Inst., Berlin), forces, optimization
» D.J.Singh (NRL, Washington D.C.), local orbitals (LO), APW+Io
» E. Sjostedt and L Nordstrom (Uppsala, Sweden), APW-+/o
= J, Sofo and J.Fuhr (Penn State, USA), Bader analysis
= B. Sonalkar (Vienna), non-linear optics
= B. Yanchitsky and A. Timoshevskii (Kiev), space group

= and many others ....
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1000 : — — I .

International users | ek fcencec

800 y

More than 950 user groups worldwide 600
» 35 industries (Canon, Eastman, Exxon, Fuji, '
Hitachi, IBM, Idemitsu Petrochem., Kansai, _
Komatsu, A.D.Little, Mitsubishi, Mitsui Mining, — 20{ &

400 — [

licenses

Motorola, NEC, Njppon Steel, Norsk Hydro, 1 1
Osram, Panasonic, Samsung, Siemens, Sony, ot
Sum/'tomol TD/(/ Toyota), 2002 2003 2004 2005 2006

s Furope: A, B, CH, CZ, D, DK, ES, F, FIN, GR, H, I IL, IRE, N, NL, PL, RO, S, SK
SL, SI, UK (ETH Zdrich, MPI Stuttgart, FHI Berlin, DESY, TH Aachen, ESRF,
Prague, 1JS Ljubjlana, Paris, Chalmers, Cambridge, Oxford)

s America: ARG, BZ, CDN, MX, USA (MIT, NIST, Berkeley, Princeton, Harvard,
Argonne NL, Los Alamos NL, Oak Ridge NL, Penn State, Georgia Tech, Lehigh,
John Hopkins, Chicago, Stony Brook, SUNY, UC St.Barbara, UCLA)

a far east: AUS, China, India, JPN, Korea, Pakistan, Singapore, Taiwan (Beijing,
Tokyo, Osaka, Kyoto, Sendai, Tsukuba, Hong Kong)



WIEN code as benchmark
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