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1 Editorial

In this �rst Psi-k Newsletter of 2009 w e rep eat information on the Psi-k P ortal and in particular

ho w to receiv e and distribute the Psi-k related information to the whole Psi-k comm unit y . In

addition w e remind our readers of uploading complete rep orts on the Psi-k w orkshps and other

meetings to the Psi-k Resources on the P ortal.

As usual, this newsletter con tains job and w orkshop announcemen ts, w orkshop rep orts, and

abstracts of newly submitted or recen tly published pap ers. In addition, in this issue w e also ha v e

some information on the A tomisticx T o olkit for those who kno w of it or migh t b e in terested in.

The scien ti�c highligh t article of this issue is b y James R. Chelik o wsky (Austin) and Y ousef

Saad (Minneap olis) on "Using Cheb yshev-Filtered Subspace Iteration Metho ds to Solv e the

K ohn-Sham Problem"

F or further details, please c hec k the table of con ten t.

The Uniform R esour c e L o c ator (URL) for the Psi-k w ebpage is:

h ttp://www.psi-k.org.uk/

Please submit all material for the next newsletters to the email address b elo w.

The email address for con tacting us and for submitting con tributions to the Psi-k newsletters is

function

psik-co ord@dl.ac.uk messages to the co ordinators, editor & newsletter

Dzidk a Szotek, Martin Lüders and W alter T emmerman
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2 General News

2.1 Uploading Information to Psi-k P ortal

As already men tioned in the past newsletters, the Psi-k P ortal is the only means for distribut-

ing and receiving Psi-k related information. W e do not advise using 'Mailto ol' facilit y on the

P ortal, as it do es not allo w to store the distributed information on the Psi-k P ortal in the Psi-k

Announcemen ts' p o ol. Th us it cannot b e seen b y an yb o dy who c ho oses to c hec k for the new

announcemen ts on the P ortal.

Since uploading information to the Psi-k P ortal seems to giv e problems to some users, b elo w w e

rep eat the steps one needs to follo w to successfuly upload e. g. an announcemen t to the Psi-k

Announcemen ts folder and ha v e it distributed b y e-mail to all the P ortal mem b ers.

1. 'Login to Psi-k P ortal' , accessed from h ttp://www.psi-k.org, b y clic king on the former

while on the Psi-k w eb page

2. While already on the Psi-k P ortal clic k on 'Psi-k Announcemen ts'

3. Clic k on 'A dd' to get a windo w for uploading an announcemen t and then �ll in all the

required �elds

4. Hyp erlinks ha v e to b e added to an y URLs of the w eb pages o curring in the b o dy of the

announcemen t b y clic king on the option ab o v e the main text windo w, whic h lo oks lik e

'binnacles on a blue ball' and t yping the URL in to the subsequen tly op ened �eld

5. A dd A ttac hemen ts , if an y , b y pressing this option

6. When all is t yp ed and �lled, then press 'Preview' to see if all lo oks righ t

7. If y es, then for 'Email Noti�cation' c ho ose 'High - All P articipan ts'

8. Don't do an ything ab out 'A ccess' or 'A v ailabilit y' please, and lea v e them as they are b y

default

9. Press 'A dd Announcemen t' , and all is done.
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2.2 Uploading Rep orts on W orkshops and Other Ev en ts to Psi-k P ortal

It has b een our long-term practice to publish in the Psi-k Newsletters rep orts on all w ork-

shops/meetings supp orted b y the Psi-k Net w ork. They ha v e consisted of a short summary , a

programme, list of participan ts and abstracts of presen ted pap ers. Unfortunately , as the n um b er

of y early ev en ts has increased with time, the rep orts ha v e b ecome longer, leading to newsletters

often approac hing 200 A4 pages.

With the in tro duction of the Psi-k P ortal, w e ha v e opted for shorter rep orts (without abstracts)

published in the newsletters, while asking the ev en ts' organizers to upload the complete rep orts

(including abstracts), in the p df-format, to the Psi-k P ortal.

Hereb y , w e w ould lik e to remind all the organizers of the ev en ts supp orted b y the Psi-k Net w ork

to submit short rep orts (consisting of short summary , programme and list of participan ts), in

the latex format, b y e-mail to

psik-co ord@dl.ac.uk,

to b e published in the Psi-k newsletter, subsequen t to the ev en t, and to upload complete rep orts

(with abstracts of presen ted pap ers), in the p df-format, to the 'Psi-k Rep ository' on the Psi-k

P ortal.

All the rep orts are stored in the Rep ository for an easy access if an yb o dy is in terested to read

also the abstracts of pap ers presen ted at a giv en ev en t.

The Psi-k P ortal is accessed from the Psi-k Net w ork w ebpage

h ttp://www.psi-k.org

b y c ho osing the option 'Login to Psi-k P ortal' .
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3 Psi-k A ctivities

�T o w ards A tomistic Materials Design�

3.1 Psi-k W orkshop Announcemen ts

3.1.1 W orkshop on Catalysis from First-principles

Wien, Ma y 25-28, 2009

The 	 k -W orking Group �Catalysis and Surface Science� organizes a biann ual series dev oted to

the discussion of recen t progress and metho dological adv ances in �rst-principles metho ds applied

to catalysis, co-organized b y Jürgen Hafner, Jens Norskøv and Matthias Sc he�er. The next

w orkshop will b e held on Ma y 25 to Ma y 28, 2009 at the Erwin Sc hrö dinger Institute (ESI) for

Mathematical Ph ysics in Wien.

T opical sessions will discuss

(A) Recen t progress in densit y functional theory of solids - and b ey ond (in vited sp eak ers J.P .

P erdew, B. Lundqvist. S. Grimme, G. Kresse, M. F uc hs)

(B) Ab-initio calculations of free-energy barriers and reaction rates (C. Dellago, M. P arrinello,

H. Metiu, T. Buc k o, T. Bligaard)

(C) Materials design (D. Morgan, M. Ma vrik akis, F. Studt)

(D) Catalysis b y metals and metal-supp ort in teractions (G. P acc hioni, S. Piccinin, R. Gryb os,

P . Ra ybaud, A. Mic haelides, A. Gross)

(E) Electro catalysis (M. K op er, J. Rossmeisl, S. Sugino )

(F) A cid-based catalysis in zeolites and related materials (J. Sauer, L. Benco, R. Catlo w, S.

Bordiga)

(G) Catalysis b y o xides (R. Sc hlögl, F. Mittendorfer, C. Noguera, J. v an Bokho v en, K. Reuter)

Con tributions to these topics are sollicited (oral con tributions will b e 15 min incl discussion).

Abstracts of con tributions (LA TEX format, 12pt, double-spaced, max. 1 page) should b e sen t

un til Marc h 15 p er email to J. Hafner (juergen.hafner@univie.ac.at). Noti�cation of acceptance

will b e giv en un til Marc h 30, registration form will b e mailed with the acceptance noti�cation.

A ttendance to the meting is limited due to the capacit y of the lecture hall. There will b e no

conference fee.

Jürgen Hafner

F acult y of Ph ysics, Univ ersität Wien

and Cen ter for Computational Materials Science
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3.2 W orkshop on Magnetism in complex systems - Spin densit y theory and

b ey ond

TU-Vienna, Austria

April, 16-19, 2009

Psi-k, TU-Wien, Univ ersit y Vienna, BMWF, CMS

P eter Mohn and Jürgen Hafner

h ttp://www.cms.tu wien.ac.at/

T opics:

Magnetism in strongly correlated materials (or Magnetism and electronic correlation)

Magnetism in nano-structures

Multiferroics

Magnetism in in termetallic comp ounds

Magnetic Semiconductors

Magnetic anisotrop y

Magnetism in bio-relev an t materials

Energy Loss Magnetic Chiral Dic hroism, exp erimen t and theory
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3.2.1 W orkshop QTS-5: Quan tum Theory of Solids

Årh us Univ ersit y

Ma y 18-20, 2009

Sp onsored b y: Psi-k, CTN-Årh us, IF A-Årh us

Organizers: N. E. Chrsitensen and A. Sv ane

W eb page: h ttp://www.ph ys.au.dk/qts5/

The �fth Årh us w orkshop on Quan tum Theory of Solids is held at the Departmen t of Ph ysics

and Astronom y , Univ ersit y of Årh us. The main theme of the w orkshop will b e new dev elopmen t

in correlation ph ysics of solids including electron-electron as w ell as electron-hole correlations, in

semiconductors, transition metal o xides and f-electron systems. New dev elopmen ts and applica-

tions of GW, DMFT, SIC, TDDFT and BSE metho dology will b e discussed. Also some other

asp ects of the quan tum theory of electrons in the solid state will b e treated, including recen t

progress in the theory of diluted magnetic semiconductors and reactions at surfaces.

In vited sp eak ers: R. C. Alb ers, M. Alouani, C. Am brosc h-Draxl, V. An tono v, O. K. Andersen,

S. Biermann, A. N. Chan tis, O. Eriksson, L. Errico, M. Gatti, E. K. U. Gross, O. Gunnarsson,

B. Hammer, P . Hyldgaard, E. K otomin, K. K öp ernik, J. Kudrno vsky , W. R. L. Lam brec h t, R.

Lask o wski, M. Lüders, G. K. H. Madsen, R. Nieminen, L. Nordström, P . M. Opp eneer, L. P etit,

A. P ostnik o v, S. Satpath y , S. Sa vraso v, W. T emmerman, M. v an Sc hilfgaarde, G. Zwic knagl

A ttendance fee: 150 Euro (lunc hes and co�ee, conference dinner).

Register b y email: nec@ph ys.au.dk no later than April 15th 2009.
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3.3 6th Nano quan ta-ETSF Y oung Researc hers Meeting (YRM09)

Berlin

2 - 6 June, 2009

DF G, Psi-K

NQ-ETSF no de at the F ree Univ ersit y Berlin

h ttp://www.nano quan ta.de/yrm2009

The Sixth In ternational Y oung Researc hers NQ-ETSF (Nano quan ta-Europ ean Theoretical Sp ec-

troscop y F acilit y) conference will tak e place in the cosmop olitan cit y of Berlin during June 2009.

This conference is organized b y the ETSF y oung researc hers w orking at the Theoretical Ph ysics

Departmen t of the F ree Univ ersit y Berlin.

The YRM09 aims to bring together y oung researc hers, comprising of PhD studen ts and p ostdo cs,

w orking on applications and co de dev elopmen t in the �eld of theoretical sp ectroscop y .

The conference facilitates an op en exc hange of ideas and a b etter understanding in the �eld of

sp ectroscop y , with the help of ab-initio calculations.

Recen t adv ances in the �eld of Densit y F unctional Theory , the GW metho d and the Bethe-

Salp eter Equation will b e discussed. These represen t state-of-the-art metho ds for determining

the electronic sp ectra of, among others, bio-molecules, nano-devices and quan tum dots. Exten-

sions of the basic formalisms to co v er the most div erse situations, suc h as magnetic systems,

sup erconductors and non-equilibrium phenomena will b e the sub ject of p osters and oral presen-

tations.

Registration is op en un til Marc h 22, 2009.

More details can b e found at h ttp://www.nano quan ta.de/yrm2009
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3.4 Rep orts on Psi-k W orkshops

3.4.1 Rep ort on Nanoferronics W orkshop

International W o rkshop on Nanoferronics:

�Novel multifunctional metal-o xide tunnel-junctions relevant fo r

future devices�

Aachen, Octob er 9-10, 2008

Scienti�c Co o rdinato rs:

Ma rjana Leºai¢ (F o rschungszentrum Jülich, Germany)

Silvia Picozzi (CNR-INFM, L ` A quila, Italy)

Stefan Blügel (F o rschungszentrum Jülich, Germany)

Hermann K ohlstedt (F o rschungszentrum Jülich, Germany)

Summa ry

The acronym nanoferronics stands fo r spin transp o rt electronics through multifunctional (multiferroic)

tunnel junctions. The motivation fo r the w o rkshop w as to discuss, explo re and trigger the next steps

in this rapidly developing �eld.

Last Decemb er, the p restigious scienti�c journal Science , classi�ed recent advances on multiferroics

and o xide interfaces as one of the 10 b reakthroughs of the y ea r! It is easy to see why the o xide

junctions attract so much attention b y considering just one example. In the past y ea r, in several

exp eriments conducted on the interface b et w een t w o insulato rs, SrTiO

3

(STO) and LaAlO

3

(LA O),

this interface w as found to exhibit a whole sp ectrum of di�erent b ehavio rs, ranging from magnetism

to sup erconductivit y o r to metal-insulato r transition. The mentioned investigations at LA O/STO

interface a re just an example, and they result from sustained p rogress in the gro wth of complex o xides

thin �lms using advanced dep osition techniques during the past t w o decades. Combined with so-

phisticated real time in-situ monito ring of surface and structural p rop erties, this op ened new avenues

to engineer complex o xides interfaces, heterostructures and devices at the atomic scale level. Such

interfaces and the va riet y of di�erent physical phenomena that a re observed at them w ere one of the

main topics of the w o rkshop.

During the invited talks and the p oster session the discussions w ent along several directions. These

include:
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1. The theo retical to ols and the results of the Densit y F unctional Theo ry applied on o xides and

their junctions

2. The discussion of observed phenomena at the interfaces of p erovskite materials

3. The development of exp erimental to ols relevant fo r the cha racterization of o xide �lms and

interfaces

4. The control and manipulation of the spin-dep endent quantum transp o rt through the tunnel

junctions e.g. b y external magnetic o r electrical �elds

5. The switching of the magnetization and the ferro electric p ola rization as relevant fo r reading

and writing of info rmation.

PROGRAM

Thursda y , Octob er 9

W elcome

09.00 - 10.40 Session 1 : Current status and trends

Discussion leader: W olfgang Kleemann

9:00 Hans Schmid, Universite de Genèva, Switzerland

The trail from Pierre Curie to maximal single phase multiferroic complexit y

9:50 Nicola Spaldin, Universit y of Califo rnia, Santa Ba rba ra, USA

Recent p rogress in single phase multiferroics

10.40 Co�ee b reak

11:00 - 13:00 Session 2 : F erro electricit y and magnetism

Discussion leader: Ma rjana Leºai¢

11:00 Philipp e Ghosez, Universit y of Liege, Belgium

Engineering exotic phenomena at ferro electric o xide interfaces :

a �rst-p rinciples p ersp ective

11:40 Gustav Bihlma y er, F o rschungszentrum Jülich, Germany

Describing complex magnetism from �rst p rinciples

12:20 Claude Ederer, T rinit y College Dublin, Ireland

T o roidal moments and magneto-electric coupling: the case of BiF eO versus

F eTiO

3

13:00 - 14:30 Lunch Break

14:30 - 16:30 Session 3 : Oxides and interfaces

Discussion leader: Liu-Hao Tjeng

14:30 Y asuyuki Hikita, Universit y of T oky o, Japan

Controlling Band O�sets in Manganite-Titanate Heterojunctions
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15:10 Alexander Brinkman, Universit y of T w ente, Enschede, Netherlands

Magneto resistance oscillations and relaxation e�ects at the SrTiO

3

-LaAlO

3

15:50 Andrea Caviglia, Universit y of Geneva, Switzerland

Electric Field Control of the LaAlO

3

/SrTiO

3

Interface Ground State

16:30 - 16:50 Co�ee b reak

16:50 - 18:10 Session 4 : Co rrelations at interfaces I

Discussion leader: Silvia Picozzi

16:50 Ansga r Liebsch, F o rschungszentrum Jülich, Germany

Coulomb co rrelations at surfaces and interfaces

17:30 W a rren E. Pick ett, Universit y of Califo rnia Davis, USA

Surface-Interface Coupling of LaAlO

3

overla y ers on SrTiO

3

: Domestication of

the P ola r Catastrophe

18:40 P oster session / Dinner

F rida y , Octob er 10

09:00 - 11:00 Session 5 : A dvanced Analytics

Discussion leader: Uw e Klemradt

09:00 Salia Cheri�, Institut Néel, CNRS, Grenoble, F ance

Imaging submicron ferro electric domains with slo w electrons

09:40 Chunlin Jia, F o rschungszentrum Jülich, Germany

A tomic-scale study of electric dip oles nea r 180

0

domain w alls in ferro electric

thin �lms

10:20 Bernha rd Keimer, MPI fo r Solid State Resea rch, Stuttga rt, Germany

Sp ectroscop y of electronic reconstructions at o xide interfaces

11:00 - 11:30 Co�ee b reak

11:30 - 13:30 Session 6 : Co rrelations at interfaces I I

Discussion leader: Stefan Blügel

11:30 Kiy o yuki T erakura, JAIST, Ishik a w a, Japan

Screening mechanism fo r p ola r discontinuit y fo r LaAlO

3

/SrTiO

3

thin �lms

12:10 Zhicheng Zhong, Universit y of T w ente, Netherlands

Electronic structure induced reconstruction and magnetic o rdering at the

LaAlO

3

/SrTiO

3

interface

12:50 Evgeny T symbal, Universit y of Neb rask a-Lincoln, Lincoln, USA

Mo deling of Magneto electric Interfaces
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13:30 - 15:00 Lunch Break

15.00 - 17:00 Session 7 : Strain-assisted phenomena

Discussion leader: Thomas Brück el

15:00 Nik ola y A. P ertsev, Physico-T echnical Institute, St. P etersburg, Russian F ed-

eration

Strain-mediated electric e�ects in ferroic heterostructures and tunnel junctions

15:40 Da rrell G. Schlom, Co rnell Universit y , USA

The e�ect of strain on thin ferro electric and multiferroic la y ers

16:20 Sebastian Gönnenw ein, Ba yrische Ak ademie der Wissenschaft, Ga rching, Ger-

many

Magneto elastic magnetization manipulation in ferromagnet/ferro electric hy-

b rids

17:00 - 17:30 Co�ee b reak

17:30 - 19:30 Session 8 : T o w a rds Oxide Electronics

Discussion leader: Hermann H. K ohlstedt

17:30 Angès Ba rthélémy , Unité Mixte de Physique CNRS/Thales, P alaiseau, F rance

Oxide based heterostructures fo r spintronics

18:10 Andreas Schmehl, Universit y Augsburg, Germany

EuO

1-x

-A Half-Metallic F erromagnetic Semiconducto r with High P otential fo r

Application Driven Science

18:50 Regina Dittmann, F o rschungszentrum Jülich, Germany

In�uence of strain relaxation and interface con�guration on the dielectric re-

sp onse of ferro electric BST thin �lm capacito rs

20:00 Closing & Dinner

P oster contributions

Con-01 Theo A. Costi

K ondo Pro ximit y E�ect: Ho w Do es a Metal P enetrate In to a Mott Insu-

lator?

Con-02 Bruce A. Da vidson

F erromagnetic correlations at atomically-engineered manganite in terfaces

Con-03 Mario Disc h

Probing ferro electricit y in ultrathin w edged epitaxial BaTiO

3

�lms
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Con-04 Mic hael F ec hner

Magnetic phase transition in t w o-phase m ultiferroics predicted from �rst

principles

Con-05 Christoph F riedric h

All-Electron GW Calculations for Stron tium and Barium Titanate

Con-06 Vincen t Garcia

Magnetic tunnel junctions with ferro electric tunnel barriers :

electroresistance and tunneling magnetoresistance

Con-07 F umiyuki Ishii

Noncollinear Magnetism in the P ero vskite Manganite Sup erlattice

Con-08 Hermann K ohlstedt

A no v el total electron yield set-up for in terface studies under soft x-ra y

radiation and a sim ultaneously applied bias �eld

Con-09 Alexey Melnik o v

Non-equilibrium surface and bulk spin-dynamics at Gd(0001)

Con-10 F rederico D. No v aes

T unneling across a ferro electric barrier : a �rst-principles study

Con-11 K ourosh Rahmanizadeh

First-principles in v estigation of thin A TiO

3

�lms with stac king faults

Con-12 Hasan Sadat Nabi

Microscopic origin of magnetism in hematite - ilmenite heterostructures

Con-13 Marco Salluzzo

XAS and XMCD sp ectroscop y on Nd

1

Ba

2

Cu

3

O

7

/STO in terface

Con-14 Keisuk e Shibuy a

Correlation b et w een stac king defect and resistiv e switc hing in Sr

2

TiO

4

thin

�lms

Con-15 Kunihik o Y amauc hi

Theoretical study of La

1-x

Sr

x

MnO

3

/BiF eO

3

hetero junction: Exc hange bias

and magneto electric coupling

Con-16 W olfgang Kleemann

(Sr,Mn)TiO

3

- a magneto electric m ultiglass

Con-17 Marjana Leºai¢

Double p ero vskite m ultiferroics: the ro om temp erature c hallenge

Con-18 Mohammed Bouhassoune

Electronic structure and e�ectiv e masses in strained Silicon

Con-19 Erso y Sasioglu

Ab initio man y-b o dy calculation of magnetic excitations in 3d transition

metals

15



P ARTICIP ANTS

1. Rohit Soni, FZ Jülich, Jülich, DEU

2. Hermann K ohlstedt, F o rschungszentrum Jülich, Jülich, DEU

3. Alexander Brinkman, Universit y of T w ente, Enschede, NLD

4. Hans Schmid,Universit y of Geneva,V essy-Geneve,CHE

5. Stefan Blügel,F o rschungszentrum Jülich,Jülich,DEU

6. Bernha rd Keimer,Max Planck Institute fo r Solid State Resea rch,Stuttga rt,DEU

7. Ma rio Disch,FZ Jülich,Jülich,DEU

8. Salia Cheri�,Institut Neel, CNRS-UJF Grenoble,FRA

9. Nik ola y P ertsev,Io�e Physico-T echnical Institute,St. P etersburg,RUS

10. Michael F echner,MPI of Microstructure,Physics Halle,DEU

11. Claude Ederer,T rinit y College Dublin,Dublin,IRL

12. Y asuyuki Hikita,Universit y of T oky o,Chiba,JPN

13. Sergey Ostanin,Max Planck Institute of Microstructure Physics,Halle,DEU

14. Nicola Spaldin,UC Santa Ba rba ra,Santa Ba rba ra,USA

15. Sebastian Go ennenw ein,W alther-Meiÿner-Institut,Ga rching,DEU

16. Vladislav K o renivski,KTH Sto ckholm,SWE

17. Günter Reiss,Bielefeld Universit y ,Bielefeld,DEU

18. W olfgang Stein,SURF A CE,Hück elhoven,DEU

19. W olfgang Kleemann,Universität Duisburg-Essen,Duisburg,DEU

20. S. Hasan Sadat Nabi,LMU Munich,DEU

21. Bruce Davidson,CNR-INFM T ASC National Lab o rato ry ,T rieste,IT A

22. Daniel W o rtmann,IFF/FZ-JUELICH,Jülich,DEU

23. Ma rtin Schlipf,FZ Jülich,Jülich,DEU

24. K ourosh Rahmanizadeh,F o rschungszentrum Jülich,Jülich,DEU

25. Kunihik o Y amauchi,CNR-INFM CASTI Regional Lab.,L'A quila,IT A

26. Christoph F riedrich,F o rschungszentrum Jülich,Jülich,DEU

27. Zhicheng Zhong,Universit y of T w ente AE Enschede,NLD
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28. Kiy o yuki T erakura,AIST T sukuba,JAP

29. W a rren Pick ett,Universit y of Califo rnia Davis,Davis,USA

30. Andrea Caviglia,Universit y of Geneva,Geneva,CHE

31. Alexey Melnik ov,F reie Universität Berlin,Berlin,DEU

32. Jelena T rb ovic,Universit y of Basel,Basel,CHE

33. Theo Costi,Resea rch Centre Jülich,Jülich,DEU

34. Katrin Otte,LMU Munich,DEU

35. Rossitza P entcheva,Universit y of Munich,Munich,DEU

36. Jan Schmalho rst,Universität Bielefeld,Bielefeld,DEU

37. F umiyuki Ishii,F o rschungszentrum Jülich,Jülich,DEU

38. Ma rin Alexe,Max Planck Institute of Microstructure Physics Halle,DEU

39. Andreas Schmehl,Universit y of Augsburg Augsburg,DEU

40. Gustav Bihlma y er,F o rschungszentrum Jülich,Jülich,DEU

41. Ma rco Salluzzo,CNR-INFM Nap oli,IT A

42. Evgeny T symbal,Universit y of Neb rask a Lincoln,USA

43. Y ang-Ki Hong,Universit y of Alabama T uscalo osa,USA

44. Erso y Sasioglu,FZ- Jülich,Jülich,DEU

45. Roger Wö rdenw eb er,FZ-Jülich,Jülich,DEU

46. Chunlin Jia,F o rschungszentrum Jülich GmbH,Jülich,DEU

47. Silvia Picozzi,CNR - INFM,L'A quila,IT A

48. Da rrell Schlom,Co rnell Universit y ,Ithaca,USA

49. Ma rjana Leºai¢,F o rschungszentrum Jülich,Jülich,DEU

50. Thomas Brück el,F o rschungszentrum Jülich GmbHr, Jülich,DEU

51. Regina Dittmann,F o rschungszentrum Jülich,Jülich,DEU

52. Keisuk e Shibuy a,F o rschungszentrum Jülich,Jülich,DEU

53. Claus-Henning Solterb eck,Universit y of Applied Sciences Kiel,Kiel,DEU

54. Jürgen Henk,Max Planck Institute of Microstructure Physics,Halle (Saale),DEU

55. Uw e Klemradt,RWTH Aachen Universit y Aachen,DEU

56. Ma rkus Betzinger,F o rschungszentrum Jülich,Jülich,DEU
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57. K onstantin Rushchanskii,Quantum Theo ry of Materials, FZJ Jülich,DEU

58. Hao Tjeng,Universit y of Cologne,Cologne,DEU

59. Ricca rdo Hertel,FZ Jülich,Jülich,DEU

60. Piotr Wisnio wski,Siemens,Erlangen,DEU

61. Manuel Bib es,Unite Mixte de Physique CNRS/Thales P alaiseau,FRA

62. Vincent Ga rcia,Unite Mixte de Physique CNRS/Thales P alaiseau,FRA

63. Philipp e Ghosez,Universite de Liege,Liege,BEL

64. F rederico Novaes,ICMAB - Spain Ba rcelona,SP

65. Daniel Ioan Bilc,Universite de Liege Sa rt Tilman,BEL

66. Phivos Mavrop oulos,FZ-Jülich,Jülich,DEU

67. Claus M. Schneider,FZ-Jülich,Jülich,DEU

68. Rainer W aser,FZ-Jülich,Jülich,DEU

69. Artur Glavic,FZ-Jülich,Jülich,DEU

70. Jö rg V oigt,FZ-Jülich,Jülich,DEU

71. Daniel Schumacher,FZ-Jülich,Jülich,DEU

72. Emmanuel Kentzinger,FZ-Jülich,Jülich,DEU

73. Ronny Suta rto,Universit y of Cologne,Cologne,DEU

74. Roger Chang,Universit y of Cologne,Cologne,DEU

75. Simone Altendo rf,Universit y of Cologne,Cologne,DEU

76. Tim Haup richt,Universit y of Cologne,Cologne,DEU

77. Mohammed Bouhassoune,F o rschungszentrum Jülich,Jülich,DEU

78. Ulrich P opp e,F o rschungszentrum Jülich,Jülich,DEU
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4 News from UK's CCP9 Programme

UK's Collab orativ e Computational Pro ject 9 (CCP9) on

�Computational Studies of the Electronic Structure of Solids�

4.1 Rep orts on UK CCP9's Meetings

4.1.1 Rep ort on AIMPR O'08 Meeting

10-12th Decem b er 2008

Institute of Materials, Nan tes, F rance

AIMPRO'08 is the latest in the successful series of meetings, o rganised on a roughly annual basis

to allo w users of the AIMPRO

1

DFT co de to exchange latest results, techniques and info rmation,

lea rn ab out the latest co de developments and discuss p ossible developments fo r the coming y ea r.

This y ea r w as the �rst time it w as not held in the UK, but instead in Nantes on the W est coast

of F rance, at the "Institute of Materials Jean Rouxel"

2

, an Institute jointly run b y the CNRS and

the Universit y of Nantes. It w as the la rgest meeting y et with 40 attendees, and 27 lectures sp read

over 3 da ys. A ttendees came from 13 di�erent institutions covering 7 di�erent Europ ean countries

with the majo rit y from UK-based institutions. The meeting w as covered in the most p opula r regional

newspap er 'Ouest F rance'.

Financial supp o rt from CCP9, the C'Nano nanotechnology net w o rk from the w est of F rance, and

the "nano2hyb rids" Europ ean p roject

3

meant that conference attendance and meals w ere free fo r

attending delegates, and w e a re most grateful to our sp onso rs fo r facilitating attendance in this w a y .

1

h ttp://aimpro.ncl.ac.uk

2

h ttp://www.cnrs-imn.fr

3

h ttp://www.nano2h ybrids.net/
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Programme

The p rogramme w as as follo ws:

W ednesda y 10th Decem b er

13:00-13:50 Lunch Universit y Restaurant

13:50-14:10 Chris Ew els, Jean-Luc Duvail - W elcome

14:10-14:30 Jose Coutinho

"Surface segregation of phospho rus and b o ron in nano crystalline

silicon"

14:30-14:50 Calvin Davidson

"A dso rbates on o xidised copp er surfaces"

14:50-15:10 Alexandra Ca rvalho

"Intrinsic defects in CdT e"

15:10-15:15 Malcolm Heggie

"Intro duction to the Graphite Project"

15:15-15:45 Chris Latham

"Behaviour of interstitials in graphite"

15:45-16:05 Co�ee

16:05-16:35 Gemma Ha�enden

"Thermal Prop erties of Graphite from �rst p rinciples"

16:35-16:45 Glen Sheehan

"Mo delling Ca rb on"

16:45-16:55 Jean-Jo A djizian

"Mo delling Ca rb on P a rt 2"

16:55-17:05 James Bo one

"Mo delling Ca rb on P a rt 3"

17:05-17:20 Vincent Guiot

"Magnetic Molecules in ca rb on nanotub es"

17:20-17:30 Alb erto Zob elli

"Using ROCKS to administer computing clusters"

20:00 "Restaurant"
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Th ursda y 11th Decem b er

09:00-10:30 P atrick Briddon

"AIMPRO++ : What's new, what's coming"

10:30-11:00 Discussion

11:00-11:20 Co�ee + Journalist

11:20-12:20 Ma rk Ra yson

"Progress in techniques fo r la rge-scale ab initio calculations :

A quantum of sp eed-up"

12:20-12:40 Ben Hourahine

"Metho ds fo r handling disp ersion fo rces in DFT and DFTB"

12:40-13:00 Discussion

13:00-14:00 Lunch Universit y Restaurant

14:00-14:30 Ben Hourahine

"Latest up dates in DFTB"

14:30-14:50 Sylvain Latil

"Integrating transp o rt calculations in DFT"

14:50-15:20 Alb erto Zob elli

"Electron irradiation damage in ca rb on and BN nanosystems"

15:20-15:40 Emmanuel F ritsch

"Oxygen in diamond: The strange case of CO 2 diamonds"

15:40-16:00 Co�ee

16:00-16:30 Elena Bichoutsk aia

"Motional F reedom in Ca rb on Nanotub es and its applications"

16:30-17:00 Irene Sua rez-Ma rtinez

"Metals and Ca rb on Nanotub es : The Dream, The Nightma re (s)"

17:00-17:20 Estelina Silva

"Zn, Cu and Ni metal impurities in Ge"

17:20-17:30 Discussion and Close
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F rida y 12th Decem b er

9:15-9:45 Vik a Ivanovsk a y a

"Ab initio studies of bilateral doping within the MoS 2 -NbS 2 systems"

9:45-10:15 Philipp e Mo reau

"Contribution of Electron Energy-Loss Sp ectroscop y in a T ransmission Electron

Microscop e to the study of lithium battery materials"

10:15-10:40 Chris Ew els

"Mo delling realistic nanotub es: Surface dep osition, tub e �lling and cones"

10:40-11:00 Co�ee

11:00-11:10 Jens Ryden

"Manganese in graphite

11:10-11:30 Jon Goss

"Hyp er�ne calculations using AIMPRO: the success of defects in diamond"

11:30-11:50 Natalia Ma rtsinovich

"Theo retical studies of hydrogen b onded sup ra-molecula r structures"

11:50-12:00 Ngo c Bich Nguy en

"A tomic and electronic structure of silicon nano crystals emb edded in a silica matrix"

12:00-12:15 Chris Ew els

COST Project and net w o rking discussion

12:15-13:00 Discussion

General Discussion, Meeting close

Presen tations

Jose Coutinho op ened the conference with the follo wing p resentation:

Surface segregation of phosphorus and b oron in nano crystalline silicon: densit y-

functional studies, Jose Coutinho, Vitor T orres

The p ossibilit y of tailo ring the electronic p rop erties of atomic nanostructures is a w ell kno wn issue that

stands as a fundamental step fo r the reach of a whole next generation of materials. Doping nanosized

structures p resents a rema rk able task although its feasibilit y has b een demonstrated already . Here w e

p resent a study of the energetics and electronic structure details of phospho rus and b o ron dopants in

la rge silicon atomic clusters ( 1000 Si atoms). Contra ry to other systems, it is found that a size-driven

self-puri�cation mechanism has a lo w impact on doping deactivation of nSi:P and nSi:B. On the other

hand, surface segregation is suggested as a dominant sink dopants, esp ecially fo r P impurities. Besides

stabilizing these impurities, segregation p ro ceeds via fo rmation of electrically inert P and B atoms.
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Other topics

The talks covered a surp risingly wide va riet y of material t yp es and p roblematics. The �rst mo rning

w as an 'op en �o o r' to allo w free debate, which ranged over p roblems of compilation fo r di�erent

a rchitectures (as w ell as several p rop osed solutions), di�erent visualisation to ols and compa rison of

app roaches b et w een lab o rato ries. It w as also an excellent opp o rtunit y fo r new PhD students from the

collection of lab o rato ries to meet each other and fo rm contacts.

While AIMPRO w as traditionally p rima rily used to study defects in Group-IV semiconducto rs it w as

clea r from the talks given at AIMPRO'08 that it has no w signi�cantly surpassed this o riginal remit.

The diversit y of subjects covered is re�ected in the W ednesda y afterno on session, which sta rted with

defect segregation in silicon nanopa rticles, moved on to self-o rganisation of o rganic molecules on

copp er o xide, then di�erent p oint defect symmetry in CdT e, b efo re discussing in detail a range of

sho rt- and long-ranged defect sp ecies in graphite. The �nal talk covered structural and electronic

studies of la rge high-spin molecula r magnets and their interaction with ca rb on nanotub es.

The second mo rning w as devoted to co de developments from P atrick Briddon and Ma rk Ra yson,

either recently completed o r under development. In pa rticula r w e w ere lucky to have p resent co de

develop ers from b oth DFT (AIMPRO) and DFTB (DFTB+), and a wide ranging discussion covered

topics such as inclusion of disp ersion fo rces (Ben Hourahine), transp o rt calculations (Sylvain Latil)

and screened exchange, and w a ys to move b ey ond traditional basis set descriptions. This w as follo w ed

b y mo re application talks. Finally on F rida y the meeting covered mo re current applications such as

mo delling of hyp er�ne interactions fo r defects in diamond, and bilateral doping studies in MoS 2 -NbS 2 .

There w as then op en discussions on the future fo r the net w o rk, in pa rticula r p ossibilities fo r future

net w o rk funding.

I think it is fair to sa y that the general feeling w as that the meeting w as extremely interesting and

stimulating, with fascinating talks spanning a wide range of scienti�c a reas, and great p romise fo r the

future of AIMPRO, b oth in terms of co de developments, and a reas of application. The discussion w as

op en and lively , extending w ell b ey ond the sessions into the evening banquet and b ey ond. The IMN,

and Nantes itself, p rovided an excellent backdrop, with many delegates visiting our lo cal mechanised

elephant on the F rida y afterno on (t yp e 'nantes elephant' into y ouT ub e to see it in action).

A ttendees

Sylvain Latil CEA Sacla y , P a ris, F rance

Alexandra Ca rvalho EPFL, Lausanne, Switzerland

Vik a Ivanosvk a Lab o ratoire de Physique des Solides, P a ris

Alb erto Zob elli Lab o ratoire de Physique des Solides, P a ris

Sven Öb erg LuleåInstitute of T echnology , Sw eden
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Ma rk Ra yson Max-Planck-Institut, Dusseldo rf, Germany

Elena Bichoutsk aia Nottingham Universit y , UK

Jose Coutinho Universit y of A veiro, P o rtugal

Estelina Silva Universit y of A veiro, P o rtugal

Vito r T o rres Universit y of A veiro, P o rtugal

Bob Jones Universit y of Exeter, UK

Hugo Pinto Universit y of Exeter, UK

Ma rk T a ylfo rth Universit y of New castle, UK

Ma riam Ahmed Universit y of New castle, UK

P atrick Briddon Universit y of New castle, UK

Khaled Etmimi Universit y of New castle, UK

Jonathan Goss Universit y of New castle, UK

Ab dusalam Gsiea Universit y of New castle, UK

Rob MacLeo d Universit y of New castle, UK

Ben Hourahine Universit y of Strathclyde, Glasgo w, Scotland

Simon Kraeusel Universit y of Strathclyde, Glasgo w, Scotland

Jean-Jo A djizian Universit y of Sussex, Brighton, UK

James Bo one Universit y of Sussex, Brighton, UK

Calvin Davidson Universit y of Sussex, Brighton, UK

Gemma Ha�enden Universit y of Sussex, Brighton, UK

Malcolm Heggie Universit y of Sussex, Brighton, UK

Chris Latham Universit y of Sussex, Brighton, UK

Jens Ryden Universit y of Sussex, Brighton, UK

Glen Sheehan Universit y of Sussex, Brighton, UK

Natalia Ma rtsinovich W a rwick Universit y , UK

Sebastien P etit Universite de Caen, F rance

Ngo c Bich Nguy en Universite de Caen, F rance

Emmanuel F ritsch Institut des Materiaux, Nantes

Philipp e Mo reau Institut des Materiaux, Nantes

Chris Ew els Institute of Materials, Nantes, F rance

Vincent Guiot Institute of Materials, Nantes, F rance

Irene Sua rez Ma rtinez Institute of Materials, Nantes, F rance

Abu Y a y a Sulley Institute of Materials, Nantes, F rance
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5 General W orkshop/Conference Announcemen ts

5.1 WIEN2009: Hands on W orkshop on the WIEN2k pac k age

P enn State Univ ersit y , Univ ersit y P ark, P A, USA

June 23-26, 2009

J.O. Sofo and the WIEN2k dev elop ers team

h ttp://www.msc.psu.edu

The fo rth US w o rkshop on the WIEN co de (16th in the histo ry of the WIEN co de) is a hands-on activit y

dedicated to teach the use of the WIEN2k Densit y F unctional Theo ry P ack age (http://www.wien2k.at).

WIEN2k is one of the most p opula r electronic structure co des used to p erfo rm calculations with the

F ull P otential LAPW metho d. The w o rkshop is a unique opp o rtunit y to lea rn the use, p o w er and

limitations of the pack age with the tuto ring of the autho rs and develop ers of the co de. The activities

will b e aimed at graduate students and resea rchers from industry and academia. The only p re-requisite

is to have a basic kno wledge of solid state physics, and chemistry . It is planned as a four-da y activit y

with lectures on the scienti�c asp ects of the metho d, applications, hand-on activities on selected

examples, and the opp o rtunit y to receive a head sta rt on a p ersonal p roject.

This y ea r the pa rticipation is limited to 40 p eople.

F o r mo re info rmation o r to register go to http://www.msc.psu.edu

The tentative list of invited sp eak ers includes:

- Prof. C. Amb rosch-Draxl (Univ. Leob en, Austria)

- Prof. P . Blaha (TU Vienna, Austria)

- Dr. G. Madsen (Univ. Aa rhus, Denma rk)

- Prof. K. Schw a rz (TU Vienna, Austria)

- Dr. F. T ran (TU Vienna, Austria)

Chair: Prof. J. O. Sofo (P enn State Univ, USA)
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6 General Job Announcemen ts

P ost-Do c p osition in theoretical heterogeneous catalysis

École Normale Sup érieure de Ly on, Ly ons, F rance

A p ost-do cto ral p osition is available at École No rmale Sup érieure de Ly on (ENS-Ly on, F rance). The

p osition is no w op en, and funded fo r 12 months from sta rting date. The net sala ry will b e b et w een

2300 and 2500 eur net/month dep ending on the candidate exp erience.

The successful candidate will develop and test metho ds to realize hyb rid quantum metho d/classical

fo rce �elds (QM/MM) o r quantum metho d high level/quantum metho d lo w er level (QM/QM') calcu-

lations. This p roject is fo cused on calculations in heterogeneous catalysis. Ab initio metho ds will b e

coupled to standa rd quantum chemistry pack ages as w ell as molecula r dynamic co des. Besides simple

test reactions, applications will include realistic mo dels of complex systems used in heterogeneous

catalysis.

Applicants should hold a PhD in theo retical chemistry/physics, applied computer science, o r other

related a reas with a comp etitive track reco rd. Candidates a re required to have exp erience in numerical

scienti�c computing, with either V ASP o r CPMD kno wledge. Fluency in a high-level p rogramming

language, such as F ORTRAN90 o r/and C/C++ is a requirement. Exp erience with pa rallel computing

lib ra ries, such as MPI, and extensive exp erience in a unix/linux environment is a de�nite advantage.

Scienti�c meetings and sta ys in Saudi Arabia at KA UST will tak e place. The aim of KA UST is to

b ecome one of the top leading w o rld class universit y within 10 y ea rs (see www.k aust.edu.sa). T o reach

this objective, w o rld class scientists and resea rch institutes (among which ENS-Ly on) a re asso ciated

with the education and resea rch buildup of KA UST. Several challenging scienti�c p roblems have b een

identi�ed and human and material resources have b een gathered to solve them.

Motivated candidates a re invited to send their CV, including a sho rt motivation fo r ca rrying out this

p roject, list of publications, abstract of resea rch results (1 page) and t w o recommendation letters b y

e-mail (p referred fo rmat p df o r plain text) to

P aul Fleurat-Lessa rd

Lab o ratoire de Chimie, UMR CNRS 5182

École No rmale Sup érieure de Ly on

46, Allée d'Italie

69364 Ly on Cedex 07

F rance

Phone: +33 4 72 72 81 54

F ax: +33 4 72 72 88 60

E-mail: P aul.Fleurat-Lessa rd at ens-ly on.fr
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o r

Xavier Rozansk a

Lab o ratoire de Chimie, UMR CNRS 5182

École No rmale Sup érieure de Ly on

46, Allée d'Italie

69364 Ly on Cedex 07

F rance

E-mail: Xavier.Rozansk a at ens-ly on.fr

P ostdo ctoral P osition

Ecole P olytec hnique, P alaiseau (southern P aris area), F rance

W e have an op ening fo r a p ostdo cto ral fello w sta rting Sept. 2009 o r ea rlier in the �eld of electronic

structure calculations fo r co rrelated materials, in a collab o ration b et w een B. Amadon (CEA Bruy eres-

le-Chatel) and S. Biermann (Ecole P olytechnique). The p ostdo cto ral resea rcher will use dynamical

mean �eld theo ry combined with band structure techniques ("LD A+DMFT") to investigate the elec-

tronic structure of o xide and f-electron materials. W e a re seeking a fello w who is interested in b oth,

metho dological developments and applications to materials. Applicants should b e familia r with �rst

p rinciples electronic structure calculations. Previous exp erience with many-b o dy techniques will b e a

very p ositive p oint. Please send y our CV, a b rief description of y our resea rch interests, and the names

of at least t w o referees to silk e.biermann@p olytechnique.edu
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Do ctoral T raining Cen tre in Theory and Sim ulation of Materials

Imp erial College London, UK

Applications a re invited fo r ten four-y ea r studentships leading to b oth MSc and PhD degrees in the

newly-established Do cto ral T raining Centre (DTC) in Theo ry and Simulation of Materials at Imp erial

College London. Students resident in an EU country fo r the last three y ea rs a re eligible fo r funding

to cover their fees. Students resident in the UK fo r the last three y ea rs a re also eligible fo r a stip end

to cover living exp enses.

The DTC aims to p rovide a cutting-edge educational and resea rch environment in the theo ry and

simulation of materials across length and time scales, spanning the disciplines of physics, materials,

chemistry and mechanical engineering to enable students to lea rn ho w to lo ok at materials p roblems

from di�erent p ersp ectives.

PhD study within the DTC will di�er signi�cantly from the traditional app roach in the UK. The �rst

y ea r will p rovide a rigo rous training in the required theo retical metho ds and simulation techniques

through a new MSc course. The PhD resea rch p roject, which will o ccup y y ea rs 2�4, will have t w o

sup erviso rs (one of whom ma y b e in industry o r at another universit y) whose combined exp ertise will

b ridge multiple length and time scales. A k ey emphasis of resea rch p rojects will b e on the development

and implementation of new theo ry and co de fo r materials simulation. The resea rch of the DTC will

b e ca rried out in the Thomas Y oung Centre, the London Centre fo r the Theo ry and Simulation of

Materials involving Universit y College London and King's College London as w ell as Imp erial.

One of the sp ecial features of this DTC is that each intak e of students will have strong sense of coho rt

identit y . This will b e fostered through the coho rt itself b eing resp onsible fo r o rganising activities such

as a monthly journal club, semina rs, and conferences b oth fo r themselves and other y ea r groups.

They will also attend a w a rd-winning residential transferable skills courses and net w o rking activities

together. Each coho rt will have a dedicated coho rt mento r, who will hold w eekly meetings throughout

the duration of the p rogramme to tak e feedback and to discuss all asp ects of the DTC with students.

Prosp ective applicants a re encouraged to mak e info rmal enquiries b y contacting the A dmissions T u-

to r Dr P eter Ha ynes: p.haynes@imperial.ac.uk . Applicants should no rmally have, o r exp ect to

achieve, a �rst class (o r equivalent) Bachelo r's o r Master's degree in the physical sciences o r engi-

neering. The selection p ro cedure will include an interview with memb ers of the Resea rch Boa rd of

the DTC. Applications will b e considered as they a re received, with the exp ectation that all funded

p ositions will b e �lled b y 31st Ma rch 2009.

F urther info rmation is available at www.cmth.ph.ic.ac.uk/dtc/
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7 Abstracts

Gian t magnetic anisotrop y of the bulk an tiferromagnets IrMn

and IrMn 3 from �rst principles

L. Szuny ogh

1
, B. Laza rovits

1;2
, L. Udva rdi

1
, J. Jackson

3
,

and U. No w ak

4

1
Budap est University of T e chnolo gy and Ec onomics, Hungary

2
R ese ar ch Institute for Solid State Physics and Optics,

Hungarian A c ademy of Scienc es, Hungary

3
Dep artment of Physics, University of Y ork, Unite d Kingdom

4
F achb er eich Physik, Universität Konstanz, Germany

Abstract

W e p erfo rm an ab-initio study of the o rdered phases of IrMn and IrMn 3 , the most widely used

industrial antiferromagnets. Calculation of the fo rm and the strength of the magnetic anisotrop y

allo ws the construction of an e�ective spin mo del, which is tested against exp erimental measure-

ments rega rding the magnetic ground state and the Néel temp erature. Our most challenging

result is the extremely strong second o rder anisotrop y fo r IrMn 3 app ea ring in its frustrated tri-

angula r magnetic ground state, which is surp rising since the o rdered L 1 2 phase has a cubic

symmetry . W e explain this la rge anisotrop y b y the fact that cubic symmetry is lo cally b rok en fo r

each of the three Mn sublattices.

Phys. Rev.B 79, 020403(R) 2009

Contact: szuny ogh@phy .bme.hu
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Chiral asymmetry of the spin-w a v e sp ectra in ultrathin magnetic

�lms

L. Udva rdi and L. Szuny ogh

Budap est University of T e chnolo gy and Ec onomics, Hungary

Abstract

W e raise the p ossibilit y that the chiral degeneracy of the magnons in ultrathin �lms can

b e lifted due to the p resence of Dzy aloshinskii-Mo riy a interactions. By using simple symmetry

a rguments, w e discuss under which conditions such a chiral asymmetry o ccurs. W e then p erfo rm

relativistic �rst p rinciples calculations fo r an F e monola y er on W(110) and explicitly reveal the

asymmetry of the spin-w ave sp ectrum in case of w ave-vecto rs pa rallel to the (001) direction.

F urthermo re, w e quantitatively interp ret our results in terms of a simpli�ed spin-mo del b y using

calculated Dzy aloshinskii-Mo riy a vecto rs. Our theo retical p rediction should inspire exp eriments

to explo re the asymmetry of spin-w aves, with a pa rticula r emphasis on the p ossibilit y to measure

the Dzy aloshinskii-Mo riy a interactions in ultrathin �lms.

a rXiv:0901.2671v1

Contact: szuny ogh@phy .bme.hu
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Densit y-functional description of sup erconducting and magnetic

pro ximit y e�ects across a tunneling barrier
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Abstract

A densit y-functional fo rmalism fo r sup erconductivit y and magnetism is p resented.The resulting

relations unify p reviously derived K ohn-Sham equations fo r sup erconducto rs and fo r noncollinea r

magnetism. The fo rmalism, which discriminates Co op er-pair singlets from triplets, is applied to

t w o quantum liquids coupled b y tunneling through a ba rrier. An exact exp ression is derived,

relating the eigenstates and eigenvalues of the K ohn-Sham equations, unp erturb ed b y tunneling,

on one side of the ba rrier to the p ro ximit y-induced o rdering p otential on the other.

(Phys. Rev. B 78, p. 205426 (2008))

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)
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Con tribution of the second Landau lev el to the exc hange energy

of the three-dimensional electron gas in a high magnetic �eld

J. Mo rb ec and K. Cap elle

Dep artamento de Físic a e Informátic a, Instituto de Físic a de São Carlos,

Universidade de São Paulo, 13560-970 São Carlos, SP, Br azil

Abstract

W e derive a closed analytical exp ression fo r the exchange energy of the three-dimensional

interacting electron gas in strong magnetic �elds, which go es b ey ond the quantum limit (L=0)

b y explicitly including the e�ect of the second, L=1, Landau level and a rbitra ry spin p ola rization.

The inclusion of the L=1 level b rings the �elds to which the fo rmula applies closer to the lab o rato ry

range, as compa red to p revious exp ressions, valid only fo r L=0 and complete spin p ola rization.

W e identify and explain t w o distinct regimes sepa rated b y a critical densit y nc . Belo w nc , the p er

pa rticle exchange energy is lo w ered b y the contribution of L=1, whereas ab ove nc it is increased.

As sp ecial cases of our general equation w e recover va rious kno wn mo re limited results fo r higher

�elds, and w e identify and co rrect a few inconsistencies in some of these ea rlier exp ressions.

(Phys. Rev. B 78, p. 085107 (2008))

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)
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Univ ersal and non univ ersal con tributions to blo c k-blo c k

en tanglemen t in man y-fermion systems

V. V. F rança and K. Cap elle
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Universidade de São Paulo, 13560-970 São Carlos, SP, Br azil

Abstract

W e calculate the entanglement entrop y of blo cks of size x emb edded in a la rger system

of size L, b y means of a combination of analytical and numerical techniques. The complete

entanglement entrop y in this case is a sum of three terms. One is a universal x- and L-dep endent

term, �rst p redicted b y Calab rese and Ca rdy , the second is a nonuniversal term a rising from the

thermo dynamic limit, and the third is a �nite size co rrection. W e give an explicit exp ression

fo r the second, nonuniversal, term fo r the one-dimensional Hubba rd mo del, and numerically

assess the imp o rtance of all three contributions b y compa ring to the entrop y obtained from fully

numerical diagonalization of the many-b o dy Hamiltonian. W e �nd that �nite-size co rrections a re

very small. The universal Calab rese-Ca rdy term is equally small fo r small blo cks, but b ecomes

la rger fo r x > 1. In all investigated situations, ho w ever, the b y fa r dominating contribution is the

nonuniversal term stemming from the thermo dynamic lim

(Phys. Rev. A 77, p. 062324 (2008))

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)
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Orbital-p olarization terms: from a phenomenological to a

�rst-principles description of orbital magnetism in

densit y-functional theory

J. M. Mo rb ec and K. Cap elle
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Universidade de São Paulo, 13560-970 São Carlos, SP, Br azil

Abstract

Phenomenological o rbital-p ola rization (OP) terms have b een rep eatedly intro duced in the

single-pa rticle equations of spin-densit y-functional theo ry , in o rder to imp rove the description

of o rbital magnetic moments in systems containing transition metal ions. Here w e sho w that

these ad ho c co rrections can b e interp reted as app ro ximations to the exchange-co rrelation vecto r

p otential A xc of current-densit y-functional theo ry (CDFT). This connection p rovides additional

info rmation on b oth app roaches: Phenomenological OP terms a re connected to �rst-p rinciples

theo ry , leading to a rationale fo r their empirical success and a reassessment of their limitations

and the app ro ximations made in their derivation. Conversely , the connection of OP terms with

CDFT leads to a set of simple app ro ximations to the CDFT p otential A xc , with a numb er of

desirable features that a re absent from electron-gas-based functionals.

(Int. J. Quantum Chem. 108, p. 2433 (2008) )

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)
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Empirical analysis of the Lieb-Oxford b ound in ions and

molecules

M. M. Odashima and K. Cap elle
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Universidade de São Paulo, 13560-970 São Carlos, SP, Br azil

Abstract

Universal p rop erties of the Coulomb interaction energy apply to all many-electron systems.

Bounds on the exchange-co rrelation energy , in pa rticula r, a re imp o rtant fo r the construction

of imp roved densit y functionals. Here w e investigate one such universal p rop ert y � the Lieb-

Oxfo rd lo w er b ound � fo r ionic and molecula r systems. In recent w o rk [J. Chem. Phys. 127 ,

054106 (2007)], w e observed that fo r atoms and electron liquids this b ound ma y b e substantially

tightened. Calculations fo r a few ions and molecules suggested the same tendency , but w ere

not conclusive due to the small numb er of systems considered. Here w e extend that analysis

to many di�erent families of ions and molecules, and �nd that fo r these, to o, the b ound can

b e empirically tightened b y a simila r ma rgin as fo r atoms and electron liquids. Tightening the

Lieb-Oxfo rd b ound will have consequences fo r the p erfo rmance of va rious app ro ximate exchange-

co rrelation functionals.

(Int. J. Quantum Chem. 108, p. 2428 (2008))

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)
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Energy of b ond defects in quan tum spin c hains obtained from

lo cal appro ximations and from exact diagonalization

V. L. Lib ero, K. Cap elle, F. C. Souza, A. P . F ava ro

Dep artamento de Físic a e Informátic a, Instituto de Físic a de São Carlos,

Universidade de São Paulo, 13560-970 São Carlos, SP, Br azil

Abstract

W e study the in�uence of ferromagnetic and antiferromagnetic b ond defects on the ground-

state energy of antiferromagnetic spin chains. In the absence of translational inva riance, the

energy sp ectrum of the full Hamiltonian is obtained numerically , b y an iterative mo di�cation of

the p o w er algo rithm. In pa rallel, app ro ximate analytical energies a re obtained from a lo cal-b ond

app ro ximation, p rop osed here. This app ro ximation results in signi�cant imp rovement up on the

mean-�eld app ro ximation, at negligible extra computational e�o rt.

(J. Magn. Magn. Mater 320, p. E418-E420 (2008), p ro ceedings of LMMM conference)

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)

F riedel oscillations in one-dimensional metals: from Luttinger's

theorem to the Luttinger liquid

Daniel Vieira, Henrique J. P . F reire, V. L. Camp o Jr. and K. Cap elle

Dep artamento de Físic a e Informátic a, Instituto de Físic a de São Carlos,

Universidade de São Paulo, 13560-970 São Carlos, SP, Br azil

Abstract

Cha rge densit y and magnetization densit y p ro�les of one-dimensional metals a re investigated

b y t w o complementa ry many-b o dy metho ds: numerically exact (Lanczos) diagonalization, and the

Bethe-Ansatz lo cal-densit y app ro ximation with and without a simple self-interaction co rrection.

Dep ending on the magnetization of the system, lo cal app ro ximations rep ro duce di�erent F ourier

comp onents of the exact F riedel oscillations.

(J. Magn. Magn. Mater. 320, p. E421-E424 (2008), p ro ceedings of LMMM conference)

Contact p erson: Klaus Cap elle (cap elle@ifsc.usp.b r)
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E�cien t O(N) In tegration F or All-Electron Electronic Structure

Calculation Using Numeric Basis F unctions
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Abstract

W e consider the p roblem of developing O(N ) scaling grid based op erations needed in many

central op erations when p erfo rming electronic structure calculations with numeric atom-centered

o rbitals as basis functions. W e outline the overall fo rmulation of lo calized algo rithms, and sp ecif-

ically the creation of lo calized grid batches. The choice of the grid pa rtitioning scheme pla ys an

imp o rtant role in the p erfo rmance and memo ry consumption of the grid based op erations. Three

di�erent top-do wn pa rtitioning metho ds a re investigated, and compa red with fo rmally mo re rig-

o rous y et much mo re exp ensive b ottom-up algo rithms. W e sho w that a conceptually simple

top-do wn grid pa rtitioning scheme achieves essentially the same e�ciency as the mo re rigo rous

b ottom-up app roaches.

(submitted to: Journal of Computational Physics)

Contact p erson: Ville Havu (Ville.Havu@tkk.�)
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Assessing the e�ciency of �rst-principles basin-hopping sampling

Ralf Gehrk e and Ka rsten Reuter
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F ar adaywe g 4�6, D-14195 Berlin, Germany

Abstract

W e p resent a systematic p erfo rmance analysis of �rst-p rinciples basin-hopping (BH) runs,

with the ta rget to identify all lo w-energy isomers of small Si and Cu clusters describ ed within

densit y-functional theo ry . As rep resentative and widely emplo y ed move classes w e fo cus on single-

pa rticle and collective moves, in which one o r all atoms in the cluster at once a re displaced in a

random direction b y some p rescrib ed move distance, resp ectively . The analysis p rovides detailed

insights into the b ottlenecks and governing facto rs fo r the sampling e�ciency , as w ell as simple

rules-of-thumb fo r nea r-optimum move settings, that a re intriguingly indep endent of the distinctly

di�erent chemistry of Si and Cu. A t co rresp onding settings, the observed p erfo rmance of the BH

algo rithm emplo ying t w o simple, general-purp ose move classes is already very go o d, and fo r the

small systems studied essentially limited b y frequent revisits to a few dominant isomers.

(submitted to: Phys. Rev. B)

Contact p erson: Ralf Gehrk e (gehrk e@fhi-b erlin.mpg.de)
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Nature of Ar b onding to small Co

+
n clusters and its e�ect

on the structure determination b y far-infrared absorption

sp ectroscop y

Ralf Gehrk e, Philipp Gruene, André Fielick e, Gera rd Meijer, and Ka rsten Reuter

F ritz-Hab er-Institut der Max-Planck-Gesel lschaft,

F ar adaywe g 4�6, D-14195 Berlin, Germany

Abstract

F a r-infra red vib rational sp ectroscop y b y multiple photon disso ciation has p roven to b e a very

useful technique fo r the structural �ngerp rinting of small metal clusters. Contra ry to p revious

studies on cationic V, Nb and T a clusters, measured vib rational sp ectra of small cationic cobalt

clusters sho w a strong dep endence on the numb er of adso rb ed Ar p rob e atoms, which increases

with decreasing cluster size. F o cusing on the series Co

+
4 to Co

+
8 w e therefo re use densit y-

functional theo ry to analyze the nature of the Ar-Co

+
n b ond and its role fo r the vib rational sp ectra.

In a �rst step, energetically lo w-lying isomer structures a re identi�ed through �rst-p rinciples basin-

hopping sampling runs and their vib rational sp ectra computed fo r a va rying numb er of adso rb ed

Ar atoms. A compa rison of these �ngerp rints with the exp erimental data enables in some cases

a unique assignment of the cluster structure. Indep endent of the sp eci�c lo w-lying isomer, w e

obtain a p ronounced increase of the Ar binding energy fo r the smallest cluster sizes, which

co rrelates nicely with the observed increased in�uence of the Ar p rob e atoms on the IR sp ectra.

F urther analysis of the electronic structure motivates a simple electrostatic picture that not only

explains this binding energy trend, but also rationalizes the stronger in�uence of the ra re-gas

atom compa red to the p receding studies b y the small atomic radius of Co.

(submitted to: J. Chem. Phys.)
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First principles elab oration of lo w band gap ladder-t yp e p olymers
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Abstract

Ladder-t yp e p olymers, obtained b y small mo di�cations of the atomic structure of ladder-t yp e

p olythiophene, a re studied using densit y- functional theo ry calculations. Within the lo cal-densit y

(LD A) and GW app ro ximations it is found that up on a simple substitution of the sulfur atoms

b y nitrogen and b o ron atoms, the band structure of the resulting p olymer exhibits bands overlap

b et w een the o ccupied and the uno ccupied states. Ho w ever, the three-pa rameter Beck e hyb rid

functional (B3L YP) p redicts these p olymers to b e small band gap semiconducto rs. Finally , results

of time-dep endent densit y-functional theo ry (TDDFT) a re rep o rted on increasing length oligomers

indicating that the p olymers w ould have very lo w excitation energies.

(A ccepted to Journal of Chemical Physics )

Contact p erson: Michel Côté (Michel.Cote@umontreal.ca)
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Abstract

An ab initio study of magnetic exchange interactions in antiferromagnetic and strongly co r-

related 3 d transition metal mono xides is p resented. Their electronic structure is calculated using

the lo cal self-interaction co rrection app roach, implemented within the K o rringa-K ohn-Rostok er

band structure metho d, which is based on multiple scattering theo ry . The Heisenb erg exchange

constants a re evaluated with the magnetic fo rce theo rem. Based on these the co rresp onding Néel

temp eratures TN and spin w ave disp ersions a re calculated. The Néel temp eratures a re obtained

using mean �eld app ro ximation, random phase app ro ximation and Monte Ca rlo simulations. The

p ressure dep endence of TN is investigated using exchange constants calculated fo r di�erent lattice

constants. All the calculated results a re compa red to exp erimental data.

(Submitted to Physical Review B )
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8 Presen ting Other Initiativ es: A tomistix T o olKit (A TK)

This is just to info rm all who kno w ab out o r a re interested in A tomistix T o olKit that since Decemb er

2008 it is b eing develop ed and distributed b y a new company called QuantumWise.

F o r mo re info rmation see

http://quantumwise.com/comp onent/content/a rticle/6-announcement-from-the-ceo.

A t A tomistix w e could clea rly see ho w app reciated the Psi-k net w o rk w as, and w e got a lot of referrals

from the link list the Psi-k p rovides. W e w ould naturally lik e that p eople also in the future could �nd

their w a y to us and the latest versions of A TK via the Psi-k net w o rk.

The new link fo r "A tomistix T o olKit" is its new home page:

http://www.quantumwise.com.

Anders Blom, Ph.D.

Sales, Ma rk eting and Supp o rt Manager

QuantumWise A/S

Gyvelvej 20, 2680 Solrød Strand, Denma rk

Anders.Blom@quantumwise.com
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9 SCIENTIFIC HIGHLIGHT OF THE MONTH

Using Cheb yshev-Filtered Subspace Iteration Metho ds to Solv e the
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Abstract

The ground state electronic p rop erties of a material can b e obtained using densit y func-

tional theo ry as emb o died b y the K ohn-Sham equation. T ypically , one emplo ys eigensolver-based

app roaches to solve this equation. These app roaches can b e computationally demanding and

have la rgely limited the applicabilit y of the K ohn-Sham framew o rk to systems of no mo re than

a few hundred atoms. Here w e discuss a di�erent app roach based on a nonlinea r Cheb yshev-

�ltered subspace iteration, which avoids computing explicit eigenvecto rs except to initiate the

p ro cess. Our metho d centers on solving the o riginal nonlinea r K ohn-Sham equation b y a non-

linea r fo rm of the subspace iteration technique, without emphasizing the intermediate linea rized

K ohn-Sham eigenvalue p roblems. The metho d achieves self-consistency within a simila r numb er

of self-consistent �eld iterations as eigensolver-based app roaches. However, r eplacing the stan-

dar d diagonalization at e ach self-c onsistent iter ation by a Chebyshev subsp ac e �ltering step

r esults in a signi�c ant sp e e dup over metho ds b ase d on standar d dagonalization, often by mor e

than an or der of magnitude. Algo rithmic details of a pa rallel implementation of this metho d

a re discussed. Numerical results a re p resented to sho w that the metho d enables one to p erfo rm

a class of highly challenging applications that heretofo re w ere not feasible.

1 In tro duction

Electronic structure calculations based on �rst p rinciples use often emplo y a very successful combi-

nation of density functional the ory (DFT) [1, 2] and pseudop otential the ory [3� 6]. DFT reduces

the o riginal multi-electron Schrö dinger equation into an e�ective one-electron K ohn-Sham equation,

where the non-classical electronic interactions a re replaced b y a functional of the cha rge densit y . Pseu-

dop otential theo ry further simpli�es the p roblem b y replacing the �all electron� atomic p otential with

43



an e�ective �pseudop otential� that is smo other, but tak es into account the e�ect of co re electrons.

Combining pseudop otential with DFT greatly reduces the numb er of one-electron w ave-functions to

b e computed, but mo re imp o rtantly the energy and length scales a re set solely b y the valence states.

As such, sp ecies such as a ca rb on and lead can b e treated on equal fo oting. Ho w ever, even with

these simpli�cations, solving the K ohn-Sham equation remains computationally challenging when the

systems of interest contain a la rge numb er, e.g. , mo re than a few hundred, atoms.

Several app roaches have b een advo cated fo r solving the K ohn-Sham equations. They can b e classi�ed

in t w o majo r groups: basis-free o r basis-dep endent app roaches, acco rding to whether they use an

explicit basis set fo r electronic o rbitals o r not. Among the basis-dep endent app roaches, plane w ave

metho ds a re frequently used in applications of DFT to p erio dic systems where plane w aves can

easily accommo date the b ounda ry conditions [7, 8]. In contrast, lo calized basis sets such as Gaussian

o rbitals a re very p opula r in quantum-chemistry applications [6, 9]. Sp ecial basis sets have also b een

designed fo r all-electron DFT calculations, which do not mak e use of pseudop otentials. These basis

sets include: linea rized augmented plane w aves, mu�n-tin o rbitals, p rojecto r-augmented w aves. A

survey of advantages and disadvantages of these explicit-basis metho ds can b e found in [6, 10].

Here w e will fo cus on a di�erent app roach based on r e al sp ac e metho ds, which a re �basis free.� Real

space metho ds have gained ground in recent y ea rs [11� 14] o wing in great pa rt to their simplicit y and

ease of implementation. In pa rticula r, these metho ds a re readily implemented in pa rallel environments.

A second advantage is that, in contrast with a plane w ave app roach, real space metho ds do not

imp ose a rti�cial p erio dicit y in non-p erio dic systems. In contrast, plane w ave basis techniques can b e

applied to clusters (o r molecules) b y placing the system of interest in a la rge sup ercell. Provided the

sup ercell is su�ciently la rge so that the cluster of interest is removed from neighb o ring replicants, the

electronic structure solution will co rresp ond to that of the isolated cluster. Ho w ever, the p otentials

from neighb o ring cells can b e an issue. This mak es sup ercell solutions converge slo wly with the size of

the cell [15]. A related, and p erhaps mo re signi�cant issue, is that sup ercells complicate the handling

of systems that a re not electronically neutral. Cha rged systems can b e handled within plane w ave

metho ds b y including a comp ensating unifo rm cha rge [15]. Real space metho ds need not address

such complications. A third advantage is that the application of the Hamiltonian to electron w ave-

functions is p erfo rmed directly in real-space. Although the Hamiltonian matrix in real space metho ds

is t ypically much la rger than with plane w aves, the Hamiltonians a re highly sp arse and never sto red o r

computed explicitly . Only matrix-vecto r p ro ducts that rep resent the application of the Hamiltonians

on w ave-functions need to b e computed.

As in plane w ave metho ds, the chief imp ediment to solving the K ohn-Sham p roblem is �diagonalizing�

the Hamiltonian and obtaining a self-consistent �eld (SCF) solution. W e p resent examples of a

recently develop ed nonlinea r Cheb yshev-�ltered subspace iteration (CheFSI) metho d, implemented in

our o wn DFT solution pack age called P ARSEC (Pseudop otential Algo rithm fo r Real-Space Electronic

Calculations) [11, 12]. Although describ ed in the framew o rk of real-space DFT, CheFSI can b e

emplo y ed to other SCF iterations. The subspace �ltering metho d tak es advantage of the fact that

intermediate SCF iterations do not require accurate eigenvalues and eigenvecto rs of the K ohn-Sham

equation.
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The �standa rd� SCF iteration framew o rk is used in CheFSI, and a self-consistent solution is obtained

as with p revious w o rk, which means that CheFSI has the same accuracy as other standa rd DFT

app roaches. Unlik e, some so-called �o rder-N� metho ds [16, 17] CheFSI is equally applicable to metals

and insulato rs. One can view CheFSI as a technique to tackle directly the o riginal nonlinea r K ohn-Sham

eigenvalue p roblems b y a fo rm of nonlinea r subspace iteration, without emphasizing the intermediate

linea rized K ohn-Sham eigenvalue p roblems. In fact, within CheFSI, explicit eigenvecto rs a re computed

only at the �rst SCF iteration, in o rder to p rovide a suitable initial subspace. After the �rst SCF step,

the explicit computation of eigenvecto rs at each SCF iteration is replaced b y a single subspace �ltering

step. The metho d reaches self-consistency within a numb er of SCF iterations that is close to that

of eigenvecto r-based app roaches. Ho w ever, since eigenvecto rs a re not explicitly computed after the

�rst step, a signi�cant gain in execution time results when compa red with metho ds based on explicit

diagonalization.

When compa red with calculations based on e�cient eigenvalue pack ages such as ARP A CK [18] and

TRLan [19, 20] an o rder of magnitude sp eed-up is usually observed.

CheFSI enabled us to p erfo rm a class of highly challenging DFT calculations, including clusters with

over ten thousand atoms, which w ere not feasible b efo re without invoking additional app ro ximations

in the K ohn-Sham p roblem [21� 24].

2 Eigen v alue problems in densit y functional calculations

The K ohn-Sham equation as de�ned in densit y functional theo ry is given b y

�
�

~2

2m
r 2 + Vtotal (� (r ); r )

�
	 i (r ) = E i 	 i (r ); (1)

where 	 i (r ) is a w ave function, E i is a K ohn-Sham eigenvalue, ~ is the Planck constant, and m is

the electron mass. (W e will often use atomic units: ~ = m = e = 1 in the follo wing discussion.)

The total p otential Vtotal , is the sum of three terms,

Vtotal (� (r ); r ) = Vion (r ) + VH (� (r ); r ) + Vxc(� (r ); r ); (2)

where Vion is the ionic p otential, VH is the Ha rtree p otential, and Vxc is the exchange-co rrelation

p otential. The Ha rtree and exchange-co rrelation p otentials dep end on the char ge density � (r ) , which

is de�ned as

� (r ) = 2
noccX

i =1

j	 i (r )j2: (3)

Here nocc is the numb er of o ccupied states, which is equal to half the numb er of valence electrons in

the system. The facto r of t w o comes from spin multiplicit y , if the system is non-magnetic. Eq. (3)

can b e easily generalized to situations where the highest o ccupied states have fractional o ccupancy

o r when there is an imbalance in the numb er of electrons fo r each spin comp onent.

The most computationally exp ensive step of DFT is in solving the K ohn-Sham Eq. (1). Since Vtotal

dep ends on the cha rge densit y � (r ) , which in turn dep ends on the w ave functions 	 i , Eq. (1), can
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b e view ed as a nonlinea r eigenvalue p roblem . The SCF iteration is a general technique used to solve

this nonlinea r eigenvalue p roblem. The iteration p ro cess b egins with an initial guess of the cha rge

densit y usually constructed from a sup erp osition of free atomic cha rge densities, then obtains the

initial Vtotal and solves Eq. (1 ) fo r 	 i (r ) 's to up date � (r ) and Vtotal . Then the K ohn-Sham (Eq. ( 1))

is solved again fo r the new 	 i (r ) 's and the p ro cess is iterated until Vtotal (and also the w ave functions)

b ecomes stationa ry . The standa rd SCF p ro cess is describ ed in Algo rithm 2.1 and illustrated in Fig. 1

Algorithm 2.1 Self-c onsistent-�eld iter ation:

1. Pr ovide initial guess for � (r ) , get Vtotal (� (r ); r ) .

2. Solve for 	 i (r ); i = 1 ; 2; :::; fr om

�
�

1
2

r 2 + Vtotal (� (r ); r )
�

	 i (r ) = E i 	 i (r ): (4)

3. Compute the new char ge density � (r ) = 2
P nocc

i =1 j	 i (r )j2 .

4. Obtain new Hartr e e p otential VH by solving: r 2VH (r ) = � 4�� (r ) .

5. Up date Vxc ; get new

~Vtotal (�; r ) = Vion (r ) + VH (�; r ) + Vxc(�; r ) with a p otential-mixing

step.

6. If k ~Vtotal � Vtotal k < tol , stop; Else, Vtotal  ~Vtotal , goto step 2.

The numb er of eigenvecto rs needed in Step 2 of Algo rithm 2.1 is just the numb er of o ccupied states.

In p ractice, a few mo re eigenvecto rs a re usually computed. F o r complex systems, i.e. , when the

numb er of valence electrons is la rge, each of the linea rized eigenvalue p roblems can b e computationally

demanding. This is comp ounded b y the fact that Hamiltonian matrices can b e of very la rge size.

Assume initial density:  !

Solve:  ! 2VH = " 4#e$

Form:  VT = Vion
p +VH +Vxc

 
Solve:  

! ! 2" 2

2m
Vion

p +VH +Vxc

#

$
%

&

'
( ) n = En) n

Form:  ! =e " n
n, occup
#

2

Figure 1: Flo w diagram for obtaining a self-consisten t solution of the K ohn-Sham equation.

F o r this reason, one hop es to lessen the burden of solving Eq. 4 in the SCF iteration. There a re several
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options here. One could use some physical a rguments to reduce the matrix size o r zero some existing

elements. Or, one could attempt to avoid diagonalization altogether, as is done in w o rk rep resented

b y linea r-scaling o r o rder-N metho ds (see e.g. [16, 17]). This app roach, ho w ever, has other limitations.

In pa rticula r, the app ro ximations involved rely heavily on some deca y p rop erties of the densit y matrix

in certiain function bases. In pa rticula r, they can b e di�cult to implement in real-space discretizations

o r fo r systems where the deca y p rop erties a re not optimal, e.g. , in metals. Another option is to use

b etter (faster) diagonalization routines. Ho w ever, this app roach is limited as most diagonalization

soft w a re is quite mature.

Our app roach avoids standar d diagonalizations , but otherwise mak es no new app ro ximations to the

Hamiltonian. W e tak e advantage of the fact that accurate eigenvecto rs a re unnecessa ry at each SCF

iteration, since Hamiltonians a re only app ro ximate in the intermediate SCF steps, and exploit the

nonlinea r nature of the p roblem. The main p oint of the new algo rithm is that once w e have a go o d

sta rting p oint fo r the Hamiltonian, it su�ces to �lter each basis vecto r at each iteration. In the

intermediate SCF steps, these vecto rs a re no longer eigenvecto rs but together they rep resent a go o d

basis of the desired inva riant subspace.

3 Numerical metho ds for parallel platforms

The motivation and o riginal ideas b ehind our real space metho d (P ARSEC) go back to the ea rly

1990s, see [11, 12]. Within P ARSEC, an unifo rm Ca rtesian grid in real-space is placed on the region

of interest, and the K ohn-Sham equation is discretized b y a high o rder �nite-di�erence metho d [25]

on this grid. W ave functions a re exp ressed as values on grid p ositions. Outside a sp eci�ed sphere

b ounda ry that encloses the physical system, w ave functions a re set to zero fo r non-p erio dic systems.

In addition to the advantages mentioned in the intro duction, another advantage of the real-space

app roach is that p erio dic b ounda ry conditions a re also reasonably simple to implement [26].

The latest version of P ARSEC is written in F o rtran 90/95. P ARSEC has no w evolved into a mature,

massively pa rallel pack age, which includes most of the functionalit y of compa rable DFT co des [27].

The reader is referred to [28, 29] fo r details and the rationale of the pa rallel implementation. The

P ARSEC soft w a re can b e obtained from

h ttp://parsec.ices.utexas.edu/

The follo wing is a b rief summa ry of the most imp o rtant p oints. P ARSEC allo ws fo r either pa rallel o r

sequential excecutions. When run in the pa rallel mo de, P ARSEC uses the standa rd Message P assing

Interface (MPI) lib ra ry fo r communication. P a rallelization is achieved b y pa rtitioning the physical

domain which can have va rious shap es dep ending on b ounda ry conditions and symmetry op erations.

Fig. 2 illustrates four cub e-shap ed neighb o ring sub-domains. F o r a generic, con�ned system without

symmetry , the physical domain is a sphere which contains all atoms plus some additional space (o wing

to delo calization of electron cha rge).

In recent y ea rs, P ARSEC has b een enhanced to tak e advantage of physical symmetry . If the system

is inva riant up on certain symmetry op erations, the physical domain is replaced with an irreducible

w edge constructed acco rding to those op erations. F o r example, if the system has mirro r symmetry
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Figure 2: Sample decomp osition of a ph ysical domain used in the P ARSEC pac k age.

on the xy plane, the irreducible w edge covers only one hemisphere, either ab ove o r b elo w the mirro r

plane. F o r p erio dic systems, the physical domain is the p erio dic cell, o r an irreducible w edge of it if

symmetry op erations a re p resent. In any circumstance, the physical domain is pa rtitioned in compact

regions, each assigned to one p ro cesso r only . Go o d load balance is ensured b y enfo rcing that the

compact regions have app ro ximately the same numb er of grid p oints.

Once the physical domain is pa rtitioned, the physical p roblem is mapp ed onto the p ro cesso rs in a

data-pa rallel w a y: each p ro cesso r is in cha rge of a blo ck of ro ws of the Hamiltonian co rresp onding

to the blo ck of grid p oints assigned to it. The eigenvecto r and p otential vecto r a rra ys a re ro w-wise

distributed in the same fashion. The p rogram only requires an index function indx (i; j; k ) which

returns the numb er of the p ro cesso r in which the grid p oint (i; j; k ) resides.

Because the Hamiltonian matrix is never sto red, w e need an explicit reo rdering scheme which renum-

b ers ro ws consecutively from one p ro cesso r to the next one. F o r this purp ose w e use a list of p ointers

that gives fo r each p ro cesso r, the ro w with which it sta rts.

Since �nite di�erence discretizetion is used, when p erfo rming an op eration such as a matrix-vecto r

p ro duct, communication will b e required b et w een nea rest neighb o r p ro cesso rs. F o r communication w e

use t w o index a rra ys, one to count ho w many and which ro ws a re needed from neighb o rs, the other

to count the numb er of lo cal ro ws needed b y neighb o rs. With this decomp osition and mapping, the

data required b y the p rogram is completely distributed. In other w o rds, the co de runs in the so-called

�Single Program Multiple Data� app roach. F o r la rge p roblems it is quite imp o rtant to b e able to

distribute memo ry loads among p ro cesso rs on high p erfo rmance computers. F o r example, certain

la rge jobs can simply not b e run on a small numb er of p ro cesso rs on go o d-size distributed memo ry

machines.

P a rallelizing subspace metho ds fo r the linea rized eigenvalue p roblems (rep resented as Eq. 4) b ecomes

quite straightfo rw a rd with the ab ove mentioned decomp osition and mapping. Note that the subspace

basis vecto rs contain app ro ximations to eigenvecto rs, therefo re the ro ws of the basis vecto rs a re

distributed in the same w a y as the ro ws of the Hamiltonian. In this w a y , all vecto r up dates (e.g.,

linea r combinations of vecto rs), can b e executed lo cally (i.e., without communication). Matrix-

vecto r p ro ducts, and matrix-matrix p ro ducts, can b e easily executed in pa rallel but ma y require some

communication with a few neighb o rs. Reduction op erations, e.g., computing inner p ro ducts and

making the result available in each p ro cesso r, a re e�ciently handled b y the MPI reduction function
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MPI_ALLREDUCE() .

4 The nonlinear Cheb yshev-�ltered subspace iteration

Since the Hamiltonians of the intermediate SCF steps a re app ro ximate, there is no need to compute

eigenvecto rs of the intermediate Hamiltonians to a high accuracy . Mo reover, as observed in Refs. [13,

17, 22, 30� 32], the (discretized) cha rge densit y is the diagonal of the �functional� cha rge densit y

matrix de�ned as P = �� T
, where the columns of the matrix � a re discretized w ave functions

co rresp onding to o ccupied states. Notice that fo r any o rthono rmal matrix Q of a suitable dimension,

P = (� Q)(� Q)T : Therefo re, explicit eigenvecto rs a re not needed to calculate the cha rge densit y .

Any o rthono rmal basis of the eigensubspace co rresp onding to o ccupied states can give the desired

intermediate cha rge densit y .

The p rop osed metho d combines the outer SCF iteration and the inner iteration required fo r diagonal-

ization at each SCF step into one nonlinea r subspace iteration. In this app roach an initial subspace

is p rogressively re�ned b y a lo w degree Cheb yshev p olynomials �ltering. This means that each basis

vecto r ui is p ro cessed as follo ws:

ui;new := pm (H )ui

where pm is some shifted and scaled Cheb yshev p o ynomial whose goal is to enhance eigencomp onents

of ui asso ciated with the o ccupied states. Throughout the a rticle the integer m denotes the degree

of the p olynomial pm which is used fo r �ltering.

If it w ere not fo r the nonlinea r nature of the SCF lo op, i.e., if H w ere a �xed op erato r, this app roach

w ould b e equivalent to the w ell-kno wn Cheb yshev accelerated subspace iteration p rop osed b y Bauer

[33], and later re�ned b y Rutishauser [34, 35]

4

.

Cheb yshev p olynomial �ltering has long b een utilized in electronic structure calculations (see e.g.

[30, 36� 40]), fo cussing p rima rily on app ro ximating the F ermi-Dirac op erato r.

Cheb yshev p olynomials of rather high degree w ere necessa ry and additional techniques w ere required

to supp ress the Gibbs phenomena. In contrast, the p olynomials used in our app roach a re of relatively

lo w degree (sa y < 20). They exploit the fast gro wth p rop ert y of Cheb yshev p olynomials outside the

interval [� 1; 1] to �lter out undesired eigencomp onents.

The main idea of CheFSI is to sta rt with a go o d initial subspace V co rresp onding to o ccupied states of

the initial Hamiltonian, this initial V is usually obtained b y a diagonalization step. No diagonalizations

a re necessa ry after the �rst SCF step. Instead, the subspace from the p revious iteration is �ltered b y

a degree- m p olynomial, pm (t) , constructed fo r the current Hamiltonian H . The p olynomial di�ers

at each SCF step since H changes. Note that the goal of the �lter is to mak e the subspace spanned

b y pm (H )V app ro ximate the eigensubspace co rresp onding to the o ccupied states of the �nal H .

A t the intermediate SCF steps, the basis need not b e an accurate eigenbasis since the intermediate

4

Rutishauser published an Algol routine called ritzit in the v olume: �Handb o ok for automatic computations:

linear algebra�, see [35]. This v olume w as largely at the origin of the EISP A CK pac k age (whic h later b ecame a

part of LAP A CK), but Rutishauser's ritzit Algol routine w as not translated in to EISP A CK.
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Hamiltonians a re not exact. The �ltering is designed so that the resulting sequence of subspaces will

p rogressively app ro ximate the desired eigensubspace of the �nal Hamiltonian when self-consistency

is reached. A t each SCF step, only t w o pa rameters a re required to construct an e�cient Cheb yshev

�lter, namely , a lo w er b ound and an upp er b ound of the higher p o rtion of the sp ectrum of the current

Hamiltonian H in which w e w ant pm (t) to b e small. These b ounds can b e obtained with little

additional cost, as will b e seen in Section 4.2.

After self-consistency is reached, the Cheb yshev �ltered subspace includes the eigensubspace co r-

resp onding to o ccupied states. Explicit eigenvecto rs can b e readily obtained b y a R ayleigh-R itz

r e�nement [41] (also called subsp ac e r otation ) step.

4.1 Cheb yshev-�ltered subspace iteration

The main structure of CheFSI, which is given in Algo rithm 4.1, is quite simila r to that of the standa rd

SCF iteration (Algo rithm 2.1 ). One majo r di�erence is that the inner iteration fo r diagonalization at

Step 2 is no w p erfo rmed only at the �rst SCF step. Thereafter, diagonalization is replaced b y a single

Cheb yshev subspace �ltering step, p erfo rmed b y calling Algo rithm 4.2.

Although the cha rge densit y (Eq. (3)) requires only the lo w est nocc states, the numb er of computed

states, which is the integer s in Algo rithm 4.1 , is t ypically set to a value la rger than nocc, in o rder to

avoid missing any o ccupied states. In p ractice w e �x an integer nstate which is slightly la rger than

nocc, and set s = nstate + nadd with nadd � 10.

The pa rallel implementations of Algo rithms 4.1 and 4.2 a re quite straightfo rw a rd with the pa rallel

pa radigm discussed in Section 3 . W e only mention that the matrix-vecto r p ro ducts related to �l-

tering, computing upp er b ounds, and Ra yleigh-Ritz re�nement, can easily execute in pa rallel. The

re-o rthogonalization at Step 4 of Algo rithm 4.2 uses a pa rallel version of the iterated Gram-Schmidt

DGKS metho d [42], which scales b etter than the standa rd mo di�ed Gram-Schmidt algo rithm. This

p ro cess is illustrated in Fig. 3.

The estimated complexit y of the algo rithm is simila r to that of the sequential CheFSI metho d in [22].

F o r pa rallel computation it su�ces to estimate the complexit y on a single p ro cesso r. Assume that p

p ro cesso rs a re used, i.e., each p ro cesso r sha res N=p ro ws of the full Hamiltonian. The estimated cost

of Algo rithm 4.2 on each p ro cesso r with resp ect to the dimension of the Hamiltonian denoted b y N ,

and the numb er of computed states s, is as follo ws:

ˆ The Cheb yshev �ltering in Step 3 costs O(s� N=p) �ops. The discretized Hamiltonian is spa rse

and each matrix-vecto r p ro duct on one p ro cesso r costs O(N=p) �ops. Step 3 requires m � s

matrix-vecto r p ro ducts, at a total cost of O(s� m � N=p) where the degree m of the p olynomial

is small (t ypically b et w een 8 and 20).

ˆ The o rtho-no rmalization in Step 4 costs O(s2 � N=p) �ops. There a re additional communication

costs b ecause of the global reductions.

ˆ The eigen-decomp osition at Step 5 costs O(s3) �ops.

ˆ The �nal basis re�nement step ( � := � Q ) costs O(s2 � N=p) .
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If a standa rd iterative diagonalization metho d is used to solve the linea rized eigenp roblem (Eq. 4)

at each SCF step, then it also requires (i) the o rthono rmalization of a (t ypically la rger) basis; (ii)

the eigen-decomp osition of the p rojected Ra yleigh-quotient matrix; and (iii) the basis re�nement

(rotation). These op erations need to b e p erfo rmed several times within this single diagonalization.

But Algo rithm 4.2 p erfo rms each of these op erations only once p er SCF step. Therefo re, although

Algo rithm 4.2 scales in a simila r w a y to standa rd diagonalization-based metho ds, the scaling constant

is much smaller. F o r la rge p roblems, CheFS can achieve a tenfold o r mo re sp eedup p er SCF step,

over using the w ell-kno w e�cient eigenvalue pack ages such as ARP A CK [18] and TRLan [19, 20].

� � � � � � � � � � � � � � 	 � � � � � � � 
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Figure 3: Flo w diagram for obtaining a self-consisten t solution of the K ohn-Sham equation using

damp ed Cheb yshev subspace �ltering.

In summa ry , a standa rd SCF metho d has an outer SCF lo op�the usual nonlinea r SCF lo op, and

an inner diagonalization lo op, which iterates until eigenvecto rs a re within sp eci�ed accuracy . Algo-

rithm 4.1 essentially b ypasses the second lo op, o r rather it merges it into a single outer lo op, which

can b e considered as a nonline ar subsp ac e iter ation algorithm . The inner diagonalization lo op is

replaced b y a single Cheb yshev subspace �ltering step.

4.2 Cheb yshev �lters and estimation of b ounds

Cheb yshev p olynomials of the �rst kind a re de�ned, fo r k = 0 ; 1; � � � ; b y (see e.g., [41, p.371],

o r [43, p.142]):

Ck (t) =

8
<

:

cos(k cos� 1(t)) ; � 1 � t � 1;

cosh(k cosh� 1(t)) ; jt j > 1:
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Algorithm 4.1 CheFSI for SCF c alculation:

1. Start fr om an initial guess of � (r ) , get Vtotal (� (r ); r ) .

2. Solve

�
� 1

2r 2 + Vtotal (� (r ); r )
�

	 i (r ) = E i 	 i (r ) for 	 i (r ); i = 1 ; 2; :::; s.

3. Compute new char ge density � (r ) = 2
P nocc

i =1 j	 i (r )j2 .

4. Solve for new Hartr e e p otential VH fr om r 2VH (r ) = � 4�� (r ) .

5. Up date Vxc ; get new

~Vtotal (�; r ) = Vion (r ) + VH (�; r ) + Vxc(�; r ) with a p otential-mixing

step.

6. If k ~Vtotal � Vtotal k < tol , stop; Else, Vtotal  ~Vtotal (up date H implicitly),

c al l the Chebyshev-�lter e d subsp ac e metho d (A lgorithm 4.2) to get s appr oximate wave func-

tions; goto step 3.

Algorithm 4.2 Chebyshev-�lter e d Subsp ac e (CheFS) metho d:

1. Get the lower b ounds blow and 
 fr om pr evious R itz values (use the lar gest one and the

smal lest one, r esp e ctively).

2. Compute the upp er b ound bup of the sp e ctrum of the curr ent discr etize d

Hamiltonian H (c al l A lgorithm 4.4 in Se ction 4.2).

3. Perform Chebyshev �ltering (c al l A lgorithm 4.3 in Se ction 4.2) on the pr evious b asis � ,

wher e � c ontains the discr etize d wave functions of 	 i (r ); i = 1 ; :::; s:

� = Chebyshev_ filter (� ; m; blow ; bup; 
 ):

4. Ortho-normalize the b asis � by iter ate d Gr am-Schmidt.

5. Perform the R ayleigh-R itz step:

(a) Compute Ĥ = � T H � ;

(b) Compute the eigende c omp osition of Ĥ : ĤQ = QD ,

wher e D c ontains non-incr e asingly or der e d eigenvalues of Ĥ , and Q c ontains the c or-

r esp onding eigenve ctors;

(c) 'R otate' the b asis as � := � Q ; r eturn � and D .
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Figure 4: Degree 8 Cheb yshev p olynomial on the in terv al [-1, 1] scaled to one at 
 = � 0:2.

The shaded area corresp onds to eigen-comp onen ts that will b e ampli�ed relativ e to the other

eigencomp onen ts, those corresp onding to the in terv al [� 1; 1], whic h will b e damp ened.

Note that C0(t) = 1 ; C1(t) = t . The follo wing imp o rtant 3-term recurrence is easy to derive from

p rop erties of the cosine function,

Ck+1 (t) = 2 t Ck(t) � Ck� 1(t); t 2 R: (5)

By �ltering w e mean a p ro cess applied to a vecto r that has the e�ect of magni�ant desired eigen-

comp onents of this vecto r relative to other, undesirable, comp onents. If the p ro cess is rep eated

inde�nitely , the resulting vecto r will have zero comp onents in the undesirable pa rt of the sp ectrum.

In our context, w e need to �lter out all comp onents asso ciated with the non-o ccupied states, o r,

equivalently to enhance the comp onents asso ciated with o ccupied states, relative to other comp onents.

Filtering can b e readily achieved b y exploiting w ell-kno wn p rop erties of Cheb yshev p olynomials. It is

kno wn that among all p olynomials of degree k , which have value one at a certain p oint j
 j > 1, the

p olynomial Ck(t)=Ck (
 ) is the one whose maximum absolute value in the interval [� 1; 1] is minimal.

Thus, Ck (t)=Ck (
 ) can b e view ed as an optimal p olynomial if one wishes to damp en values of the

p olynomial in [� 1; 1] among all p olynomials p of degree k , scaled so that p(
 ) = 1 . The 8th degree

Cheb yshev p olynomial scaled at 
 = � 0:2 is sho wn in Figure 4.

Assume that the full sp ectrum of H (denoted b y �( H ) ) is contained in [
; b ]. Then, in o rder

to app ro ximate the eigensubspace asso ciated with the lo w er end of the sp ectrum, sa y [
; a ] with


 < a < b , it is necessa ry to map [a; b] into [� 1; 1] b efo re applying the Cheb yshev p olynomnial. This

can b e easily realized b y an a�ne mapping de�ned as

L (t) :=
t � c

e
; c =

a + b
2

; e =
b� a

2

where c denotes the center and e the half-width of the interval [a; b]. The Cheb yshev iteration utilizing

the three-term recurrence (5) to damp en values on the interval [a; b] is listed in Algo rithm 4.3, see
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also [22]. The algo rithm computes

Y = pm (H )X where pm (t) = Cm [L (t)] : (6)

This yields the iteration

X j +1 =
2
e

(H � cI )X j � X j � 1; j = 1 ; 2; :::; m � 1:

with X 0 given and X 1 = ( H � cI )X 0 .

The ab ove iteration is without any scaling. In the case of the interval [� 1; 1] w e scaled the p olynomial

b y Ck(
 ) in o rder to ensure that the value of the p olynomial at 
 equals one. F o r general intervals,

this leads to the scaled sequence of p olynomials [43]

~X j =
Cj [2

e(H � cI )]

Cj [2
e(
 � cI )]

X 0:

Thus, the scaling facto r is � j = Cj [2
e(
 � cI )] . Clea rly this requires an estimate fo r 
 which, in our

case, is the smallest eigenvalue of the Hamiltonian. Ho w ever, since this is used fo r scaling, fo r the

purp ose of avoiding over�o w, only a rough value is needed. F o r the �rst SCF iteration, w e can use

the smallest Ritz value of T from the same Lanczos run (Algo rithm 4.4 b elo w) as used to obtain the

upp er b ound b fo r 
 . F o r the latter SCF steps, the smallest Ritz value from the p revious SCF step

can b e used. Clea rly , the vecto r sequence is not computed as sho wn ab ove b ecause � j itself can b e

la rge and this w ould defeat the purp ose of scaling. Instead, each

~X j +1 is up dated using the scaled

vecto rs

~X j and

~X j � 1 . The co rresp onding algo rithm, discussed in [43] is sho wn in Algo rithm 4.3 (the

tildes and vecto r subscripts a re omitted).

The eigen-comp onents asso ciated with eigenvalues in [a; b] will b e transfo rmed to small values while

those to the left of [a; b] will b e a round unit y o wing to the p rop erties of the Cheb yshev p olynomials.

This is the desired �ltering p rop ert y when computing an app ro ximation to the eigensubspace asso ciated

with the lo w er end of �( H ) . As seen in Algo rithm 4.3 , a desired �lter can b e easily controlled b y

adjusting t w o endp oints that b ound the higher p o rtion of �( H ) .

The w anted lo w er b ound can b e any value which is la rger than the F ermi-level but smaller than the

upp er b ound. It can also b e a value slightly smaller than the F ermi-level; thanks to the monotonicit y

of the shifted and scaled Cheb yshev p olynomial on the sp ectrum of H , and the fact that w e compute

s > n occ numb er of Ritz values, the desired lo w ered end of the sp ectrum will still b e magni�ed

p rop erly with this choice of lo w er b ound.

Since the p revious SCF iteration p erfo rms a Ra yleigh-Ritz re�nement step, it p rovides naturally an

app ro ximation fo r the lo w er b ound a. Indeed, w e can simply tak e the la rgest Ra yleigh-quotient from

the p revious SCF iteration step as an app ro ximation to the lo w er b ound fo r the current Hamiltonian.

In other w o rds, a is tak en to b e the la rgest eigenvalue computed in step 5-(b) of Algo rithm 4.2 from

the p revious SCF iteration, with no extra computation.

The upp er b ound fo r the sp ectrum (denoted b y b) can b e estimated b y a k -step standa rd Lanczos

metho d. As p ointed out in [23], the higher endp oint b must b e a b ound fo r the full sp ectrum of

H . This is b ecause the Cheb yshev p olynomial also gro ws fast to the right of [� 1; 1]. So if [a; b]
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Algorithm 4.3 [Y ] = Chebyshev_ filter (X; m; a; b; 
 ) .

Purp ose: Filter c olumn ve ctors of X by an m de gr e e Chebyshev p olynomial in H that damp ens

on the interval [a; b]. Output the �lter e d ve ctors in Y .

1. e = ( b� a)=2; c = ( b+ a)=2;

2. � = e=(
 � c); � 1 = � ; 
 = 2=� 1 .

3. Y = � 1
e (HX � cX );

4. F or i = 2 : m

5. � 2 = 1=(
 � � );

6. Ynew = 2� 2
e (HY � cY) � �� 2X ;

7. X = Y;

8. Y = Ynew ;

9. � = � 2;

10. End F or

with b < � max (H ) is mapp ed into [� 1; 1], then the [b; � max (H )] p o rtion of the sp ectrum will also

b e magni�ed, which will cause the p ro cedure to fail. Therefo re, it is imp erative that the b ound b

b e la rger than � max (H ) . On the other hand it should not b e to o la rge as this w ould result in slo w

convergence. The simplest strategy which can b e used fo r this is to use Gerschgo rin's Circle Theo rem.

Bounds obtained this w a y can, ho w ever, overestimate � max (H ) .

An inexp ensive w a y to estimate an upp er b ound of �( H ) b y the standa rd Lanczos [44] metho d is

describ ed in Algo rithm 4.4, to which a safegua rd step is added. The la rgest eigenvalue

~� of the

tridiagonal matrix T is kno wn to b e b elo w the la rgest eigenvalue � of the Hamiltonian. If ~u is

the co rresp onding Ritz vecto r and r = ( H � ~�I )~u then there is an eigenvalue of H in the interval

[~� � k r k; ~� + kr k] (see e.g. [41]). Algo rithm 4.4 estimates � max b y max(~� ) + kf k, since it is kno wn

that kr k � k f k. This is not theo retically gua ranteed to return an upp er b ound fo r � max - but it is

generally observed to yield an e�ective upp er b ound. The algo rithm fo r estimating b is p resented in

Algo rithm 4.4 b elo w. Note that the algo rithm is easily pa rallelizable as it relies mostly on matrix-

vecto r p ro ducts. In p ractice, w e found that k = 4 o r 5 is su�cient to yield an e�ective upp er b ound

of �( H ) . La rger k values (e.g., k > 10) a re not necessa ry in general.

In the end w e can see that the extra w o rk asso ciated with computing b ounds fo r constructing the

Cheb yshev p olynomials is negligible. The majo r cost of �ltering is in the three-term recurrences

in Algo rithm 4.3, which involve matrix-vecto r p ro ducts. The p olynomial degree m is left as a free

pa rameter. Our exp erience indicates that an m b et w een 8 and 20 is go o d enough to achieve overall

fast convergence in the SCF lo op.
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Algorithm 4.4 Estimating an upp er b ound of �( H ) by k -step L anczos:

1. Gener ate a r andom ve ctor v , set v  v=kv2k ;

2. Compute f = Hv ; � = f T v; f  f � �v ; T(1; 1) = � ;

3. Do j = 2 to min (k; 10)

4. � = kf 2k;

5. v0  v; v  f=� ;

6. f = Hv ; f  f � �v 0;

7. � = f T v; f  f � �v ;

8. T(j; j � 1) = � ; T(j � 1; j ) = � ; T(j; j ) = � ;

9. End Do

10. R eturn kT2k + kf 2k as the upp er b ound.

5 Diagonalization in the �rst SCF iteration

Within CheFSI, the most exp ensive SCF step is the �rst one, as it involves a diagonalization in o rder to

compute a go o d subspace to initiate the nonlinea r SCF lo op. This section discusses options available

fo r this task.

In p rinciple, any e�ective eigenvalue algo rithms can b e used fo r the �rst SCF step. P ARSEC o riginally

had three diagonalization metho ds: Diagla, which is a p reconditioned Davidson metho d [28, 29]; the

symmetric eigensolver in ARP A CK [18, 45]; and the Thick-Resta rt Lanczos algo rithm called TRLan

[19, 20]. F o r systems of mo derate sizes, Diagla w o rks w ell, and then b ecomes less comp etitive relative

to ARP A CK o r TRLan fo r la rger systems when a la rge numb er of eigenvalues a re required. TRLan

is ab out t wice as fast as the symmetric eigensolver in ARP A CK, b ecause of its reduced need fo r

re-o rthogonalization. In [22], TRLan w as used fo r the diagonalization at the �rst SCF step.

Another option suggested and tested in [32] but not implemented in P ARSEC, is to reso rt to the

Lanczos algo rithm with pa rtial reo rthogonalization. P a rtial reo rthogonalization Lanczos w ould run

the Lanczos algo rithm without resta rting, reo rthogonalizing the vecto rs only when needed, see [41].

This is a very e�ective p ro cedure, some w ould even sa y optimal in some sense, except that it t ypically

requires an eno rmous amount of memo ry . As illustrated in [32] the metho d can b e 5 to 7 times faster

than ARP A CK fo r mo derate size p roblems. It is p ossible to address the memo ry p roblem b y reso rting

to seconda ry sto rage, though pa rallel implementations w ould b e tedious.

A t the other extreme when considering memo ry usage, one can use the Cheb yshev �ltered subspace

iteration in its linea r implementation . This means that w e will no w add an outer lo op to the p ro-

cedure describ ed b y Algo rithm 4.2 and test convergence fo r the same Hamiltonian (the initial one)

without up dating p otential from one outer lo op to the next. Practically , this is simply as a va riant of
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Algo rithm 4.1 , whereb y step 2 is replaced b y as many �ltering steps of Algo rithm 4.2 as a re required

fo r the subspace to converge. This p ro cedure is the most economical in terms of memo ry , so it is rec-

ommended if memo ry is an issue. Ho w ever, it is w ell-kno wn that subspace iteration metho ds (linea r)

a re not as e�ective as the Lanczos algo rithm, and other Krylov-based metho ds, see, e.g., [41, Chap.

14].

Even with standa rd resta rt metho ds such as ARP A CK and TRLan, the memo ry demand can still

remain to o high in some cases. Hence, it is imp o rtant to develop a diagonalization metho d that is

less memo ry demanding but whose e�ciency is compa rable to ARP A CK and TRLan. The Cheb yshev-

Davidson metho d [23, 24] w as develop ed with these t w o goals in mind. Details can b e found in [23,

24]. The p rinciple of the metho d is to simply build a subspace b y a p ro cedure based on a fo rm of

Blo ck-Davidson app roach. The Blo ck-Davidson app roach builds a subspace b y adding a 'windo w' of

p reconditioned vecto rs. In the Cheb yshev-Davidson app roach, these vecto rs a re built b y exploiting

Cheb yshev p olynomials.

The �rst step diagonalization b y the blo ck Cheb yshev-Davidson metho d, together with the Cheb yshev-

�ltered subspace metho d (Algo rithm 4.2 ), enabled us to p erfo rm SCF calculations fo r a class of la rge

systems, including the silicon cluster Si9041H1860 fo r which over 19,000 eigenvecto rs of a Hamiltonian

with dimension a round 3 million w ere to b e computed. These systems a re p ractically infeasible with the

other three eigensolvers (ARP A CK, TRLan and Diagla) in P ARSEC, using the current sup ercomputer

resources available to us at the Minnesota Sup ercomputing Institute (MSI).

Though results obtained with the Cheb yshev-Davidson metho d in the �rst step diagonalization a re

satisfacto ry , there is still much w o rk to b e done in this a rea. W e do not kno w fo r example ho w accurate

the subspace must b e in o rder to b e a go o d initial guess to ensure convergence. It ma y p ossible to

further reduce execution times b y changing the stopping criterion needed in the �rst SCF step. It ma y

b e also p ossible to exploit w ell-kno wn �global convergence� strategies utilized fo r non-linea r iterations

(such as continuation, o r damping) to avoid completely the �rst step diagonalization.

6 Numerical Results

P ARSEC has b een applied to study a wide range of material systems ( e.g. [12, 26, 27]). The fo cus of

this section is on la rge systems where relatively few numerical results exist b ecause of the infeasibilit y

of eigenvecto r-based metho ds. W e mention that Ref. [46] contains very interesting studies on clusters

containing up to 1100 silicon atoms, using the w ell-kno wn e�cient plane w ave DFT pack age V ASP

[8, 47]; ho w ever, it is stated in Ref. [46] that a cluster with 1201 silicon atoms is �to o computationally

intensive.� As a compa rison, P ARSEC using CheFSI, together with the currently develop ed symmetric

op erations of real-space pseudop otential metho ds [48], can no w routinely solve silicon clusters with

several thousands of atoms.

The ha rdw a re used fo r the computations is the SGI Altix cluster at MSI, it consists of 256 Intel

Itanium p ro cesso rs at CPU rates of 1.6 GHz, sha ring 512 GB of memo ry (but a single job is allo w ed

to request at most 250 GB memo ry).

The goal of the computations is not to study the pa rallel scalabilit y of P ARSEC, but rather to use
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P ARSEC to do SCF calculation fo r la rge systems that w ere not studied b efo re. Therefo re, w e do

not use di�erent p ro cesso r numb ers to solve the same p roblem. Scalabilit y is studied in [29] fo r

the p reconditioned Davidson metho d, w e mentioned that the scalabilit y of CheFSI is b etter than

eigenvecto r-based metho ds b ecause of the reduced reo rthogonalizations.

In the rep o rted numerical results, the total_eV/atom is the total energy p er atom in electron-volts,

this value can b e used to assess accuracy of the �nal result; the #SCF is the iteration steps needed

to reach self-consistency; and the #MVp counts the numb er of matrix-vecto r p ro ducts. Clea rly #MVp

is not the only facto r that determines CPU time, the o rthogonalization cost can also b e a signi�cant

comp onent.

F o r all of the rep o rted results fo r CheFSI, the �rst step diagonalization used the Cheb yshev-Davidson

metho d. In T ables 4�11 , the 1st CPU denotes the CPU time sp ent on the �rst step diagonalization

b y Cheb yshev-Davidson; the total CPU counts the total CPU time sp ent to reach self-consistency

b y CheFSI.

dim. of H nstate #MVp #SCF total_eV/atom 1st CPU total CPU

1074080 5843 1400187 14 -86.16790 7.83 hrs. 19.56 hrs.

T able 4: Si2713H828, using 16 pro cessors. m = 17 for Cheb yshev-Da vidson; m = 10 for CheFS.

(First step diagonalization b y TRLan cost 8.65 hours, pro jecting it in to a 14-steps SCF iteration

cost around 121.1 hours.)

The �rst example (T able 5 ) is a relatively small silicon cluster Si525H276, which is used to compa re

the p erfo rmance of CheFSI with t w o eigenvecto r-based metho ds. All metho ds use the same symmetry

op erations [48] in P ARSEC.

metho d #MVp #SCF steps total_eV/atom CPU(secs)

CheFSI 189755 11 -77.316873 542.43

TRLan 149418 10 -77.316873 2755.49

Diagla 493612 10 -77.316873 8751.24

T able 5: Si525H276, using 16 pro cessors. The Hamiltonian dimension is 292584, where 1194

states need to b e computed at eac h SCF step. The �rst step diagonalization b y Cheb yshev-

Da vidson cost 79755 #MV p and 221.05 CPU seconds; so the total #MV p sp en t on CheFS in

CheFSI is 110000. The p olynomial degree used is m = 17 for Cheb yshev-Da vidson and m = 8 for

CheFS. The �st step diagonalization b y TRLan requires 14909 #MV p and 265.75 CPU seconds.

F o r la rger clusters Si2713H828 (T able 4) and Si4001H1012 (T able 6), Diagla b ecame to o slo w to b e

p ractical. Ho w ever, w e could still apply TRLan fo r the �rst step diagonalization fo r compa rison, but w e

did not iterate until self-consistency w as reached since that w ould cost a signi�cant amount of our CPU

quota. Note that with the p roblem size increasing, Cheb yshev-Davidson compa res mo re favo rably over

TRLan. This is b ecause w e emplo y ed an additional trick in Cheb yshev-Davidson, which co rresp onds

58



to allo wing the last few eigenvecto rs not to converge to the required accuracy . The numb er of the

non fully converged eigenvecto rs is b ounded ab ove b y actmax , which is the maximum dimension of

the active subspace. T ypically 30 � actmax � 300 fo r Hamiltonian size over a million where several

thousand eigenvecto rs a re to b e computed. The implementation of this trick is rather straightfo rw a rd

since it co rresp onds to applying the CheFS metho d to the subspace spanned b y the last few vecto rs

in the basis that have not converged to required accuracy .

dim. of H nstate #MVp #SCF total_eV/atom 1st CPU total CPU

1472440 8511 1652243 12 -89.12338 18.63 hrs. 38.17 hrs.

T able 6: Si4001H1012, using 16 pro cessors. m = 17 for Cheb yshev-Da vidson; m = 8 for CheFS.

(First step diagonalization b y TRLan cost 34.99 hours, pro jecting it in to a 12-steps SCF iteration

cost around 419.88 hours.)

F o r even la rger clusters Si6047H1308 (T able 8) and Si9041H1860 (T able 7), it b ecame imp ractical

to apply TRLan fo r the �rst step diagonalization b ecause of to o la rge memo ry requirements. F o r

these la rge systems, using an eigenvecto r-based metho d fo r each SCF step is clea rly not feasible.

W e note that the cost fo r the �rst step diagonalization b y Cheb yshev-Davidson is still rather high,

it to ok close to 50% of the total CPU. In compa rison, the CheFS metho d (Algo rithm 4.2) saves

a signi�cant amount of CPU fo r SCF calculations over diagonalization-based metho ds, even if very

e�cient eigenvalue algo rithms a re used.

dim. of H nstate #MVp #SCF total_eV/atom 1st CPU total CPU

2992832 19015 4804488 18 -92.00412 102.12 hrs. 294.36 hrs

T able 7: Si9041H1860, using 48 pro cessors. m = 17 for Cheb yshev-Da vidson; m = 8 for CheFS.

dim. of H nstate #MVp #SCF total_eV/atom 1st CPU total CPU

2144432 12751 2682749 14 -91.34809 45.11 hrs. 101.02 hrs.

T able 8: Si6047H1308, using 32 pro cessors. m = 17 for Cheb yshev-Da vidson; m = 8 for CheFS.

Once the DFT p roblem, Eq. (1), is solved, w e have access to several physical quantities. One of

them is the ionization p otential (IP) of the nano crystal, de�ned as the energy required to remove one

electron from the system. Numerically , w e use a � SCF metho d: p erfo rm t w o sepa rate calculations,

one fo r the neutral cluster and another fo r the ionized one, and observe the va riation in total energy

b et w een these calculations. Fig. 5 sho ws the IP of several clusters, ranging from the smallest p ossible

( SiH 4 ) to Si9041H1860. F o r compa rison, w e also sho w the eigenvalue of the highest o ccupied K ohn-

Sham o rbital, EHOMO . A kno wn fact of DFT-LD A is that the negative of the EHOMO energy is

lo w er than the IP in clusters [6], which is con�rmed in Figure 5. In addition, the �gure sho ws that

the IP and � EHOMO app roach each other in the limit of extremely la rge clusters.

59



0 2 4 6 8
Cluster Diameter (nm)

0

2

4

6

8

10

12

14

E
ne

rg
y 

(e
V

)

IP (DSCF)
EA (DSCF)
-EHOMO

-ELUMO

Figure 5: Ionization p oten tial, IP , (crosses) and electron afÃ žnit y , EA, (�plus� signs), for v arious

clusters with diameters ranging from 0 nm (SiH 4 ) to 7 nm (Si 9041H 1860). �Squares� denote the

negativ e of the highest o ccupied molecular orbital ( � EHOMO ) eigen v alue energy of the neutral

cluster. �Diamonds� denote the negativ e of the lo w est uno ccupied molecular orbitaleigen v alue

energy ( � ELUMO ).

Fig. 5 also sho ws the electron a�nit y (EA) of the va rious clusters. The EA is de�ned as the energy

released b y the system when one electron is added to it. Again, w e calculate it b y p erfo rming

SCF calculations fo r the neutral and the ionized systems (negatively cha rged instead of p ositively

cha rged no w). In P ARSEC, this sequence of SCF calculations can b e done very easily b y reusing

p revious info rmation: The initial diagonalization in the second SCF calculation is w aived if w e reuse

eigenvecto rs and eigenvalues from a p revious calculation as initial guesses fo r the ChebFSI metho d.

Fig. 5 sho ws that, as the cluster gro ws in size, the EA app roaches the negative of the lo w est-uno ccupied

eigenvalue energy . A p o w er-la w analysis in Fig. 5 indicates that b oth the ionization p otential and

the electron a�nit y app roach their bulk values acco rding to a p o w er-la w deca y Rn
with n � 1. The

numerical �ts a re:

IP = IP 0 + A=D �
(7)

EA = EA 0 � B=D �
(8)

with IP0 = 4.50 e V, EA0 = 3.87 e V, � = 1.16, � = 1.09, A = 3.21 e V, B = 3.13 e V. These values

fo r A and B assume a cluster diameter D given in nanometers. The di�erence b et w een ionization

p otential and electron a�nit y is the electronic gap of the nano crystal. As exp ected, the value of the

gap extrap olated to bulk, IP0 � EA0 = 0.63 e V, is very close to the energy gap p redicted in va rious

DFT calculations fo r silicon, which range from 0.6 e V to 0.7 e V [6, 49]. Owing to the slo w p o w er-la w

deca y , the gap at the la rgest crystal studied is still 0.7 e V la rger than the extrap olated value.

Other p rop erties of la rge silicon clusters a re also exp ected to b e simila r to the ones of bulk silicon,

which is equivalent to a nano crystal of �in�nite size�. Fig. 6 sho ws that the densit y of states already
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assumes a bulk-lik e p ro�le in clusters with a round ten thousand atoms. The p resence of hydrogen

atoms on the surface is resp onsible fo r subtle features in the DOS at a round -8 e V and -3 e V. Because

of the discreteness of eigenvalues in clusters, the DOS is calculated b y adding up no rmalized Gaussian

distributions lo cated at each calculated energy eigenvalue. In Fig. 6, w e used Gaussian functions with

disp ersion of 0.05 e V. Mo re details a re discussed in [50].
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Figure 6: Densit y of states (DOS) of the cluster Si 9041H 1860 (upp er panel) compared with p erio dic

crystalline silicon (lo w er panel). As a consequence of the large size, the DOS of the Si 9041H 1860

cluster is v ery close to that of bulk silicon (the inÃ žnite-size limit).

H size nstate #MVp #SCF total_eV/atom 1st CPU total CPU

2790688 1812� 2 9377435 110 -795.18064 16.16 hrs. 112.44 hrs.

T able 9: Fe302 , using 16 pro cessors. m = 20 for Cheb yshev-Da vidson; m = 19 for CheFS.

H size nstate #MVp #SCF total_eV/atom 1st CPU total CPU

2985992 1956� 2 10241385 119 -795.19898 11.62 hrs. 93.15 hrs.

T able 10: Fe326, using 24 pro cessors. m = 20 for Cheb yshev-Da vidson; m = 19 for CheFS.

W e also applied P ARSEC to some la rge iron clusters. T ables 9�11 contain three clusters with mo re

than 300 iron atoms. The numb er of states, nstate , is multiplied b y t w o b ecause these clusters a re

magnetized and spin degeneracy is b rok en. These metallic systems a re w ell-kno wn to b e very di�cult

fo r DFT calculations, b ecause of the �cha rge sloshing� [7, 8]. The LD A app ro ximation used to get

exchange-co rrelation p otential Vxc is also kno wn not to w o rk w ell fo r iron atoms. Ho w ever, P ARSEC

w as able to reach self-consistency fo r these la rge metallic clusters within reasonable time length.

Physical signi�cance of the computed data will b e discussed in [51]. It to ok mo re than 100 SCF steps
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H size nstate #MVp #SCF total_eV/atom 1st CPU total CPU

3262312 2160� 2 12989799 146 -795.22329 16.55 hrs. 140.68 hrs.

T able 11: Fe360, using 24 pro cessors. m = 20 for Cheb yshev-Da vidson; m = 17 for CheFS.

to reach self-consistency , which is generally considered to o high fo r SCF calculations, but w e observed

(from calculations p erfo rmed on smaller iron clusters) that eigenvecto r-based metho ds also required a

simila r numb er of SCF steps to converge, thus the slo w convergence is asso ciated with the di�cult y

of DFT fo r metallic systems. Without CheFS, and under the same ha rdw a re conditions as listed in

T ables 9�11 , over 100 SCF steps using eigenvecto r-based metho ds w ould have required months to

complete fo r each of these clusters.

7 Concluding Remarks

W e develop ed and implemented the pa rallel CheFSI metho d fo r DFT SCF calculations. Within

CheFSI, only the �rst SCF step requires a true diagonalization, and w e p erfo rm this step b y the blo ck

Cheb yshev-Davidson metho d. No diagonalization is required after the �rst step; instead, Cheb yshev

�lters a re adaptively constructed to �lter the subspace from p revious SCF steps so that the �ltered

subspace p rogressively app ro ximates the eigensubspace co rresp onding to o ccupied states of the �nal

Hamiltonian. The metho d can b e view ed as a nonlinea r subspace iteration metho d which combines

the SCF iteration and diagonalization, with the diagonalization simpli�ed into a single step Cheb yshev

subspace �ltering.

A dditional tests not rep o rted here, have also sho wn that the subspace �ltering metho d is robust

with resp ect to the initial subspace. Besides self-consistency , it can b e used together with molecula r

dynamics o r structural optimization, p rovided that atoms move b y a small amount. Even after atomic

displacements of a fraction of the Bohr radius, the CheFSI metho d w as able to b ring the initial subspace

to the subspace of self-consistent K ohn-Sham eigenvecto rs fo r the current p osition of atoms, with no

substantial increase in the numb er of self-consistent cycles needed.

CheFSI signi�cantly accelerates the SCF calculations, and this enabled us to p erfo rm a class of la rge

DFT calculations that w ere not feasible b efo re b y eigenvecto r-based metho ds. As an example of

physical applications, w e discuss the energetics of silicon clusters containing up to several thousand

atoms.
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