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£ Overview of DFT concepts TU

Form of
potential

Relativistic treatment
of the electrons

fully-relativistic

semi-relativistic
non relativistic

Full potential : FP
“Muffin-tin” MT

—» atomic sphere approximation (ASA)

pseudopotential (PP)

exchange and correlation potential

» Loca density approximation (LDA)

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

1

; O +V(r) |¢* = &¢* | Kohn-Sham equations

. .| Representation
non periodic -
(cluster) S
periodic <
(unit cell) Treatment of
Spin polarized =pin

non spin polarized

<

Basis functions

plane waves : PW
augmented plane waves : APW
— linearized “APWS’
analytic functions (e.g. Hankel)
atomic oribtals. e.g. Slater (STO), Gaussians (GTO)
numerical




@ APW based schemes

= 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)

s lreatment of semi-core states (avoids ghostbands)

s APW+lo (E.Sjostedt, L.Nordstorm, D.J.Singh 2000)
s Efficience of APW + convenience of LAPW
= Basis for

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




The unit cell is partitioned into:
atomic spheres

Interstitial region
| _unit cell

|
00 .
/

Basisset:

PW: ei(IZ+IZ)T ‘

Atomic partial waves join

2 AR, €)Y, ()

u(r,&) are the numerical solutions
of the radial Schrodinger equation
in a given spherical potential for a

particular energy &
A,k coefficients for matching the PW
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Slater's APW (1937) TU
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Energy dependent basis
functions lead to =

Non-linear eigenvalue problem

One had to numerically search for the energy, for which
the det|H-ES| vanishes. Computationally very demanding.
“Exact” solution for given MT potential!



LAPW suggested by

O.K.Andersen,

Phys.Rev. B 12, 3060
(1975)

®, =2 [An(k)u,(E, 1)+ B, (k,)u,(E,,1)]Y,,(F)

expand v, at fixed energy £, and
add U =0U /0&

A% B, join PWs in value and
slope

—>additional constraint requires
more PWs than APW

—>basis flexible enough for single
diagonalization

radial part of g, ,,
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Full-potential in LAPW (A.Freeman etal.) TU

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

(no shape approximation)

ZVLM (Y (F)  r<r

V(r) = - }
CE S

= Inside each atomic sphere a

local coordinate system is used
(defining LM)

Full

¢

TiO, rutile @—




@ Core, semi-core and valence states |13

For example: TI

Energy (Ry)

-10

1s,25,2p

valence

semi-core

core

» Valences states
= High in energy
» Delocalized wavefunctions

s Semi-core states

= Medium energy

= Principal QN one less than valence
(e.g.in Ti 3p and 4p)

= not completely confined inside
sphere

= Core states
= Low in energy
= Reside inside sphere



@ Problems of the LAPW method:

EFG Calculation for Rutile TiO, as a function of the

Ti-p linearization energy E,

EFG (102 v/imd

'band" region

s 2 4 o0
Ep (Ry)

P. Blaha, D.J. Singh, P.l. Sorantin and K. Schwarz,
Phys. Rev. B 46, 1321 (1992).
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@ Problems of the LAPW method TU

! |—Pu.tnmic: number - IEﬂ
| Metal
1%3 2 E — Symbol []Semimetal 13 14 1 16 17 HIZE
5 Si ﬁ*& 12.01 CINonmetal ﬁ E ﬁ E E ﬁn
I_Atﬂmiﬂ weight 10.61 | 1201 | 14.01 |16.00 | 19.00 ED.FEG

13 14 15 16 17 15

Al|Si| P | S |Cl|Ar

8 9 10 M 12 | zess| zs0a | s097| 3207 | 5545 ] 5995
=% [ =22 T =0 | =1 | 32 | 52 | 24 | 35 | =6

Fe|Co|Ni |Cul|Zn |Ga|Ge|As |Se | Br | Kr

5555 | 55935 | 5569 | 6555 | 6559 | 69.72 | V261 | 74.92 | V5496 | 7990 | 3550
47 45 49 =0 51 52 =3 =4

Ru|Rh|Pd|Ag|Cd|In [Sn|Sb| Te| T |Xe

011 | 10249 | 1064 | 1079 | 1124 | 1145 | 1157 | 1218 [ 1276 [ 1269 | 151.3
=] T = S0 Sl (=3 33 i< S5 [=]=]

Os | Ir PtﬁlgﬁTlPhBiPnAtRn

1902 [ 1922 | 195.1 | 197.0 c0d.d | 2072 | 209.0 | 209.0 | 2100 | 222.0
105 | 109 | 110 | 111 11z 114 116 115

Hs | Mt |Uun|/Uuu|Uub Uug Uuh Uuo

2649 2rd 27T

(11993
Ercemer Faul

Problems with semi-core states




Extending the basis: Local orbitals (LO) TU

cl)LO = [AYmulFl + BfmulFl + Cﬁmufz ]Yﬁm(f)

n LO

Is confined to an atomic sphere

= has zero value and slope at R
can treat two principal QN n for
each azimuthal QN ¢ (3p and 4p)

corresponding states are strictly
orthogonal (no "ghostbands”)

tail of semi-core states can be
represented by plane waves

% = only slight increase of basis set
;Du (matrix size)
g
L
D.J].Singh,

Phys.Rev. B 43 6388 (1991)

v T v T g T .
0,0 0,5 1,0 1.5 2,0



—1.901

E + 16980 (Ry/atom]

=2.107

The LAPW+LO Method

=2.001

LAF 'H'H LD

. D. Singh, Phys. Rev. B 43, 6388 (1991).
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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.qg.
for a narrow dor Fband.

Suggested settings:

Two “energy” parameters,
one for v and ¢ and the
other for ¢/2). Choose one
at the semi-core position
and the other at the
valence.



New ideas from Uppsala and Washington

E.Sjostedt, L.Nordstrom, D.J.Singh,

An alternative way of linearizing the augmented plane wave method,

Solid State Commun. 114, 15 (2000)

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

chn = ZA(m(kn)ué(EE’ r)YKm(f) (DIo = [Aimufl + Bﬁmufl]Yﬂm(f)

optimal solution: mixed basis

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

euse LAPW+LO for all other atoms and angular momenta




Convergence of the APW+LO Method

E. Sjostedt, L. Nordstrom and D.J. Singh, Solid State Commun. 114, 15 (2000).
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@ Improved convergence of APW+lo TU

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

Y Force on O [mRy/ad]

S0 -

Force (Fy) on oxygen in SES (sodium

= changes sign and
converges slowly in
LAPW

= better convergence in
APW+lo
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&3

Relativistic treatment

For example: TI

Energy (Ry)

-10

m Valence states

n Scalar relativistic

= Mmass-velocity
ip = Darwin s-shift
4s valence = Spin orbit coupling on demand. by
3d second variational treatment
EER 3 .
3;1 sasi-sore ™ OEMI-COTE sta’Fe.s |
» Scalar relativistic
= No spin orbit coupling
= on demand
core = Spin orbit coupling by second
1s,25,2p variational treatment

= Additional local orbital (see Th-6p,/,)

m Core states

= Fully relativistic
« Dirac equation



@ Relativistic semi-core states in fcc Th WTJ

nwmber of basis funchions

5 T 150 An0 C
» additional local orbitals for
08— scalar 60 (R =282 botw) - .
\ OOt n (b 6p,,, orbital in Th
= Spin-orbit (2 variational method)

E—FE 8p,, loc. orb. (A, =3.00 bohr)

GGA+SO

5.2 aV

1l (

\ s | 1l |
N L hon

E-E, (oV)
DOS (statessV)

-45 | T
e GGA+SO+ER, 1
e = 7.5 eV
-
g
[ R §
£ i % 5 .
111________: . 2
o T a
_._—i—\.._..._.____i vj
a0 100 a \ F _ l
-20 -10 o 10
E_ (&V) -
FI(i. 1. The total ETETEY E as a function of the second-variation FIG. 2. Density of states calculated with the scalar relativisric
. i ' R, basis (top pancl) and with the g, local orbitals extended basis
cutoff energy E, (the approximate size of the second-vanational- (bottoim pansl); The:splitting betwesn the centers of 60y, and 625

step basis, including spin, is marked on the top axis) for two differ- bands is shown.
ent muffin-tin radii. The standard FLAPW results are marked with
circles, the results obtained with the additional g2 - local orbitals are

marked with squares (the latter energies were increased by 3 eV in & P
i e S e s e, J.Kunes, P.Novak, R.Schmid, P.Blaha, K.Schwarz,
Phys.Rev.B. 64, 153102 (2001)



TU

Atomic forces (Yu et al.; Kohler et al.) R
= Total Energy: Ul[p] = %J.dg’F PNV (F) + %Za Z N ()
= Electrostatic energy
= Kinetic energy T[p] = Zinigi = I dr o)V, (F)
= XC-energy
E,[0] = [d°F p(F)&,.(F)
= Force on atom a: Fo= _d Fmt - FHaF T chre i FVZI

1 es
= Hellmann-Feynman-force Fo =2, Z Iim\/lm—U")Da[ra\(l m(f)]
= Pulay corrections m=—1 "0 Ty
O Fare = = [ Peore(1) DV (1) OF
« Valence
= expensive, contains a summation F = [V (0,0, (1) dF + 3" n > ¢ (K)G (K) x
of matrix elements over all ki KK’

occupied states l(Kz —é’,)§¢?<(r)¢?<(r) ds, —i(K - K')<¢{<r ‘H _fi‘¢k>a]



@ Quantum mechanics at work




WIEN97/: ~500 users
WIEN2k: ~500 users
mailinglist: 800 users

WIENZ2k software package

An Augmented Plane Wave Plus L ocal
Orbital
Program for Calculating Crystal Properties

Peter Blaha
Karlheinz Schwar z
Georg Madsen
Dieter Kvasnicka
Joachim Luitz

November 2001
Vienna, AUSTRIA
Vienna University of Technology

http://www.wien2k.at




Development of WIEN2k

= Authors of WIENZ2k
P. Blaha, K. Schwarz, D. Kvasnicka, G. Madsen and J. Luitz

= Other contributions to WIEN2k
s C. Ambrosch-Drax! (Univ. Graz, Austria), optics
» D.J.Singh (NRL, Washington D.C.), local oribtals (LO), APW+lo
» U. Birkenheuer (Dresden), wave function plotting
= 7. Charpin (Paris), elastic constants
= R. Dohmen und J. Pichimeier (RZG, Garching), parallelization
= P. Novak and J. Kunes (Prague), LDA+U, SO
= C. Persson (Uppsala), irreducible representations
= M, Scheffler (Fritz Haber Inst., Berlin), forces
» E. Sjostedt and L Nordstrom (Uppsala, Sweden), APW+lo
» J, Sofo and J. Fuhr (Barriloche), Bader analysis
= B, Yanchitsky and A. Timoshevskii (Kiev), spacegroup
= R. Laskowski (Vienna), non-collinear magnetism
= B. Olejnik (Vienna), non-linear optics

= and many others ....




International co-operations TU

= More than 500 user groups worldwide

» Inaustries (Canon, Eastman, Exxon, Fuji, A.D.Little, Mitsubishi,
Motorola, NEC, Norsk Hydro, Osram, Panasonic, Samsung, Sony,
Sumitomo).

s Europe: (EHT Zirich, MPI Stuttgart, Dresden, FHI Berlin, DESY, TH
Aachen, ESRF, Prague, Paris, Chalmers, Cambridge, Oxford)

« America: ARG, BZ, CDN, MX, USA (MIT, NIST, Berkeley, Princeton,
Harvard, Argonne NL, Los Alamos Nat.Lab., Penn State, Georgia Tech,
Lehigh, Chicago, SUNY, UC St.Barbara, Toronto)

n far east: AUS, China, India, JPN, Korea, Pakistan, Singapore, Taiwan
(Beijing, Tokyo, Osaka, Sendai, Tsukuba, Hong Kong)
= Registration at www.wien2k.at
= 400/4000 Euro for Universites/Industries
s code download via www (with password), updates, bug fixes, news
n Usersguide, fag-page, mailing-list with help-requests




WIEN2k- hardware/software TU

= WIEN2k runs on any Unix/Linux platform from PCs, workstations,

clusters to supercomputers
= Fortran90 (dynamical allocation)

= many individual modules, linked together with C-shell or perl-scripts
= f90 compiler, BLAS-library, perl5, ghostview, gnuplot, Tcl/Tk

(Xcrysden), pdf-reader, www-browser

eweb-based GUI — w2web
ereal/complex version (inversion)

¢10 atom cells on 128Mb PC

¢100 atom cells require 1-2 Gb RAM
ek-point parallel on clusters with
common NFS (slow network)
*MPI/Scalapack parallelization for big
cases (>50 atoms) and fast network
einstallation support for most platforms

Session: TiC User: pblaha Toullovis BaTIs ot

/susi/pblaha/lapw/TiC wefish,  rosefuesh,
w2web, the fully web-enabled
interface to WIEN2k

Session Name: TiC

Session ID: 599582

Directory: fsusi/pblaha/lapw/TiC
Last changed: ‘Wed Nov 21 10:12:17 2001
Comments:

_spin polarized calculation

_|AFM calculation

_lcomplex calculation (no inversion)
_lparallel calculation

Session Mgmt. >> Change session information |
change session

change directory
change info

Configuration >
wwsweb @ luitzat
Usersgnide
html-Version 2web

pdf-—V¥ersion

Idea and real ization by fustz o @ 2001



s Based on www

= WIENZk can be managed
remotely via w2web

= Secure (Password)

= Important steps:

= Start w2web on all your
hosts

= Use your favorite browser
and connect to the master
host

m define a session on the
desired host

w2web

Welcome to w2web
the fully web—enabled interface to WIEN2k

Select stored session:

I

‘ show only selectionl

feecu ldau
feccu
feeyb sp
feeyb

he surf 0
nibnn
si_goessl
test
tic_goessl
tic_puls
tio_puls

Selectl

Create new session:

Begzion name

Create

on host—-hode

http:/jupiter:10000
http://homer:10000
http://pauli:10000
http://fp98.zserv:10000
http://hal zserv:10000

edit hosts |

XA/ e @& luitz at
2web



GUI (Graphical user interface)

Session: TiC User: phlaha D
Fsusifpblaha/lapw/TiC privesh  noredresh

m Structure generator
= Spacegroup selection |
= import cif files e (R
= step by step initialization - e [
= Symmelry detection s resmentotere: | roaioste |
= automatic input generation . Lates 5

. struct filef's) P ﬁ
m SCF calculations il i

Session Mgmt. >> inequivalent Atoms: 2

s Magnetism (spin-polarization) s sia | -

= Spin-orbit coupling S i o s o oS
= Forces (automatic geometry i ee[50- 000000 b<[30.000030 | e[, 00000
optimization) womifp [ elEre] emmeusm
[ GUlded TaSkS NPT-[7a1 | RMT-[2 000 R0=[. 00005 Non-cubic LI
« Energy band structure Fo - tumont =1 sootu [ rneooozemave
= Electron density

NPT=|_§_781 RMT=|_§_1.900 R0=|_§_n.nnnln Non—cubic [l

u X—/‘a}/ SPE'CZ'/’&' Pos 1: x=|_§_u.sunnnunn y=|_§_n.snnununn z=|_§_u.snnnuunn remove

add position

| Opt/.CS add an atom

StructGenrm

MNumber of syrmmetry operations: 48 =

StructEdit /susipblahaflapw/Tic [




@ Program structure of WIEN2k

= iNit_lapw e
n /nitialization |§W-lm | |—1 sl
= symmetry detection (F, I, C- e “m | B3
centering, inversion) = T
= /nput generation with -
recommended defaults P o samp Petn
= guality (and computing time) .. o
a’ependsl on k-mesh and R.Kmax I;I | IIJ
(determines #PW) ‘ o r ___________ ‘ =
ey T = i Hfns = Eni Y
= run_lapw '—'mwj - PO e | T
= Scf-cycle wn Zuv T—*—
= optional with SO and/or LDA+U R
= different convergence criteria e e [ e @ e
(energy, charge, forces) \—IJ
o m s
NS o~




m A task consists of
= 3 serfes of steps
= that must be executed
= [0 generate a plot
= For electron density plot
= Sélect states (e.g. valence €)
= select plane for plot

= generate 3D or contour plot
with gnuplot or Xcrysden

Execution >
StuctGenTt
mtialize cale.
run 3CF
single program

command line
Utils, ==

<< Tasks
El Dens.
LO5
HAPEC
ELNES
QFTIC
Bandstmcture

Files ==>
stanct file(s)
input files
output files
SCF files

Session Mgmt, >
change session
change directory
change info

G ation >

Usexrsguide
bl -Wersion

pdf-Wersion

Task for electron density plot

Session: TiC User: phlaha
/susi/pblahalapw/TiC

Electron density plots

edit TiC.]'nZl change EMIN

% lapw | Caleulate clmral

Calculate density with 2{Crysden

edit TiC .1'115| Edit input-file

% lapws | Calculate partial DOS

Preview density with XCrysden

rhoplotl Plot D08

edit TiC.J'nZl reset EMIN

wEweb [1uikz ot
\J V2web

Tdea and realization by fuir at Ezo0l



TiC electron density 1U

Zession: TIC User: phlaha Thu Ot 25 155-?2:;-'159?;:
fsusiblahadapwTic reibsh sl

= Valence electrons
a NaCl structure
= (100) plane e

initialize calc
run SCF

Electron density plots

Show full menu
We are in rhoplot imode

m

e

o oo @
[T S SR+ TSN VR S, I

= plot in 2 dimensions Lo
= charge distribution s
= covalent bonding fhean,
electrons Sessesbanl o,

= Shows s
= between the Ti-3d and C-2p | s
= e/t,, symmetry et

Usersguide
bl = et sion
ndf-version

Download hardcopy in PostSoript format

lin II Maxlﬁz

| plot electron denswtyl
| edit TiC.im2| reset EMIN

BALSAC piii




Properties with WIEN2K - I TV

= Energy bands
 classification of irreducible representations
= ‘character-plot ~ (emphasize a certain band-character)
= Density of states
= including partial DOS with | and m- character (eg. p,, p,, P,)

= Electron density, potential
 lotal-, valence-, difference-, spin-densities, p of selected states
w 1-D, 2D- and 3D-plots (Xcrysden)
= X-ray structure factors
« Bader ‘s atom-in-molecule analysis, critical-points, atomic basins and charges
( Op.i=0)
s Spin+orbital magnetic moments (spin-orbit / LDA+U)
= Hyperfine parameters
= hyperfine fields (contact + dipolar + orbital contribution)
= Isomer shift
» Electric field gradients



Properties with WIEN2K - II TV

= Total energy and forces

s Optimization of internal coordinates, (MD, BROYDEN)
= cell parameter only via E,,, (no stress tensor)
s elastic constants for cubic cells

= Phonons via supercells

=« interface to PHONON (K.Parlinski) — bands, DOS, thermodynamics, neutrons
= Spectroscopy

= core levels (with core holes)

= X-ray emission, absorption, electron-energy-loss (core-
valence/conduction bands including matrix elements and angular dep.)

» Optical properties (dielectric function, JDOS including momentum matrix
elements and Kramers-Kronig)

s fermi surface (2D, 3D)



Properties with WIEN2K - III

= New developments (in progress)
= non-linear optics
= non-collinear magnetism

s lransport properties (Fermi velocities, Seebeck, conductivity,
thermoelectrics, ..)

= Compton profiles

= /inear response (phonons, E-field) (C.Ambrosch-Drax/)
= Stress tensor (C.Ambrosch-Draxi)

= exact exchange, GW, ... ?2?

= grid-computing




@ Advantage/disadvantage of WIEN2k TU

+ robust all-electron full-potential method

+ unbiased basisset, one convergence parameter (LDA-limit)
+ all elements of periodic table (equal expensive), metals

+ LDA, GGA, meta-GGA, LDA+U, spin-orbit

+ many properties

+ w2web (for novice users)

- ? speed + memory requirements
+ very efficient basis for large spheres (2 bohr) (Fe: 12Ry, O: 9Ry)
- less efficient for small spheres (1 bohr) (O: 25 Ry)
- large cells (1P, iterative diagonalization not perfect)
- full H, S matrix stored = large memory required
+ many k-points do not require more memory

- no stress tensor
- no linear response



Thank you for
your attention !




