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OZET

Bu cahymada, baz ikili (binary) ve dortlii (quaternary) alasimlarm &rgii
dinamigi incelendi. Incelenen ikili [Nig.y -Cry (x=0,196), Co(.4-Niy (x=0,50;
0,32; 0,25; 0,10)] ve dortlii (Fe-%18Cr-%10Mn-%16Ni, Fe-%18Cr-%12Ni-
%2Mo) alagimlar: icin MBP 'yi tanimlayan parametreler, Akgiin ve Ugur (1, 2)
tarafindan tammmlanan metoda gore hesaplandi. Alasimlarin fonon frekanslar:
temel simetri dogrultulart boyunca, hesaplanan iki ve ii¢-cisim kuvvet sabitleri
kullanilarak bulundu. Alasimlarm baz elastik ¢zellikleri; ikinci mertebeden
(C11, C12, Cyy) ve ligiincii mertebeden (Cy11, C112=Cr16, C123=C144) elastik sabitleri,

isisal genlesme katsayisi (o), hacim (bulk) modiilii (B) ve ikinci dereceden

- oc,
elastik sabitlerinin basincla degisimleri K%) ve ”J, Young modiilii (E),
T

oP

anizotropi ¢carpam (A4) ve kesme (shear) modiilii (G) gibi nicelikler, Akgiin (3)

tarafindan tanimlanan kristal modeli kullanilarak hesaplandi.
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ABSTRACT

In this work, the lattice dynamic of some binary and quaternary alloys are
studied. The parameters defining the MBP for the examined binary [Ni.y) -
Cry (x=0.196), Co(-x-Niy (x=0.50, 0.32, 0.25, 0.10)] and quaternary (Fe-18%Cr-
10%Mn-16%Ni, Fe-18%Cr-12%Ni-2%Mo) alloys have been computed
following the method defined by Akgiin and Ugur (1, 2). The phonon
frequencies of the alloys along the principal symmetry directions have been
computed using the calculated two-and three-body force constants. Some elastic
properties of the alloys; such quantities as the second-order (Ciy, Ci2, Cy44) and
third-order (Ci11, C112=Ci16, C123=Cl44) elastic constants, the thermal expansion

coefficient (o), the pressure derivatives of the bulk modulus (B) and second-

8B ac,
order clastic constants P ve 5 |’ the Young's modulus (E), the
,

anisotropy multiplicr (4), and the shear modulus (G) have been computed using

the crystal model defined by Akgiin (3).
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1. GIRIS

Orgii  dinamiginde yapisal ve dinamik 6zelliklerin hesaplamalar, kuantum
mekaniksel yaklagim ve kuvvet alani metotlart olmak {izere iki ayrt boliimde
incelenir. Kuvvet alam metodu; daha ¢ok molektiler biyoloji, DNA ve organik
molekiillerin incelenmesinde kullamlmaktadir. 1970°li yillardan sonra kuvvet alam
metotlart sivilarin dinamik davranisinin simiilasyonu (4) ve makro molekiiller igin
(5) kullamilmaya baslandi. Bu metodun inorganik sistemler, metaller, alasimlar,
yariiletkenler ve oksit tabanli yalitkanlar i¢in basarili sonuglar elde ettigi séylenemez

(6).

Kuantum mekaniksel yaklasim metodu termokimyasal, elektronik, optik ve manyetik
ozelliklerin  arastirilmasinda, kuvvet alami metoduna gore daha basarihdir. Bu
yaklasim baglangigta temel olarak yarr deneysel (semi-emprical) ve ab-initio metodu
olmak {tizere iki bsliime aynilir. Ab-initio metodu yogunluk fonksiyon teorisi (DFT)
veya Hartree-Fock yaklagimlarindan birini kullanir. Bugiine kadar yapilan ¢alismalar
yogunluk fonksiyon teorisinin, Hartree-Fock (7) yaklasimimna gére daha giiglii bir

metot oldugunu ortaya koymustur.

Hartree (7) degisim metodunu kullanarak. ¢ok-elektronlu sistemin Hamiltoniyen
denklemini ifade etmis ve ¢ok-cisim dalga fonksiyonlarmin formu hakkinda bir
varsayim yaparak ¢ok-cisim dalga fonksiyonlarim tek elektron dalga
fonksiyonlarinin bir seti olarak iiretmistir. Homojen, degismeyen bir sistem iginde,
bu dalga fonksiyonlart basit diizlem dalgalar olarak alinabilir. Bu varsayimin
yapiimastyla degisim ilkelerini kullanmak miimkiin olmaktadir. Toplam encrjiyi
minimize cden parametreler ayni zamanda sistemin taban durum &zelliklerini

olduk¢a dogru bir sekilde agiklayan parametre degerlerinin bir setidir.

Hartree-Fock yaklagimi (7) ise anti-simetrik dalga fonksiyonlarini kullanarak tek-
elektron dalga fonksiyonlarindan, ¢ok-elektron dalga fonksiyonunu Hartree

teorisinden daha iyi ifade etmistir. Bu yaklagimda dalga fonksiyonu, Hartree dalga



fonksiyonundan daha karmasiktir. Fakat bu fonksiyon Slater determinanti ile

tanmimlanabilir.

Yogunluk fonksiyon teorisi (DFT); herhangi bir Schrédinger denkleminin ¢dzimi
disinda, temel durum 6zelliklerini agiklamak i¢in teorik bir ¢ergevedir. Elektronlarin
ctkilestigi bir sistemde ¢ok-cisimli dalga fonksiyonunun hesaplanmas: elektronlarin
sayilarinin  az olmastyla tanimlanabilir (8). Cok-cisim dalga fonksiyonlarini
hesaplamak olduk¢a zordur. Ancak bu zorlugu asmanmin bir yolu, tamimlanan
nicelikleri elektron yogunlugunun bir fonksiyonu olarak yazmaktir. DFT iginde
genellikle Kohn-Sham (9) denklemleri kullanilir. Bu denklemler etkin bir potansiyel
icinde hareket eden bagimsiz pargaciklart agiklar. Bu sekilde DFT, Kohn-Sham
elektronlart denilen etkilesmeyen hayali bir sistem lizerinde etkilesen gercek bir
sistemin aciklanmasint saglayan Kohn-Sham denklemlerini hesaba katar. Elektron-
elcktron ctkilesmesi (Coulomb potansiyeli) bilinmesi nedeniyle g¢ok-clektronlu
kuantum mekaniksel sistemin Hamiltonyen operatorii, elektronlarin hareketiyle
tanimlanan bir dis potansiyelle agiklanir. Problemin en temel yaklasimi Schroédinger
denkleminin tam olarak ¢6zimiinli elde etmektir. Yogunluk fonksiyonu tcorisini
kuran Hohenberg ve Kohn teoremi (10), temel durum elektron yogunlugu ve dis

potansiyel arasindaki iliskiyi agiklar.

Bu tez ¢alismasinda kullanilan yar1 deneysel metot tizerindeki teorik orgli dinamigi
calismalari, bazi elementlerin elastik sabitleri ve 6z 1silarinin hesaplamalan ile
baslamistir (11, 12). Bu ¢aligmalarda genellikle kuvvet sabiti metotlar: kullamlmigtir.
Bu metotlar arasinda Merkezi Ikili Etkilesim Potansiyeli (CPP), Genel Tensor
Kuvveti (GTT9), del.aunay Agisal Kuvvet (DAF), Eksensel Simetrik (AS) ve Clark-
Gazis-Wallis (CGW) (13 — 16) sayilabilir. Ayrica iyon-elektron etkilesmelerini de

icine alan bir ¢ok modele literatiirde rastlanabilir (17 - 29).

Ik olarak Fuchs yaptigi ¢alismada (30), kristalin baglanma enerjisine gelen katkinin
iki kisma ayrilabilecegini gostermistir. Bu etkilesmenin birinci kismi iyonlarin ikili-
etkilesimlerinden gelen katki, ikinci kismi ise iletkenlik elektronlarindan gelen katki

olusturmaktadir. Daha sonralar1 bu etkileri igeren ¢ok-cisim etkilesmeleri ile ilgili
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degisik ¢aligmalar yapilmistir. Bu ¢ahsmalar Onceleri elektron gazi modelleri
seklinde gelismistir. De Launay (14), Bhatia (17), Krebs (19), Chéveau (31)

modelleri 6rnek gosterilebilecek ¢alismalardir.

Bundan baska yar1 deneysel metodu kullanarak ¢ok cisim potansiyeliyle yapilan 6rgii
dinamigi ¢aligmalar1 arasinda Tersoff Potansiyeli (32), Stillinger-Weber Potansiyeli
(33), Pearson-Takai-Halicioglu-Tiller Potansiyeli (34). Efthimios-Pandey Potansiyeli
(35) ve Erkog Potansiyeli (36) sayilabilir. Ayrica yine yari deneysel metot arasinda
sayilan ve ¢ok cisim etkilesmelerini igine alan modellerden bir tanesi de “Embedded
Atom Modeli (EAM)” dir (37). Birgok metale uygulanan EAM modeli genelde iyi
sonuglar vermistir (38-40). Halen katilarin 6rgti dinamigi incelemeleri i¢in genel bir

teori olusturulmasi problemi giincelligini korumaktadir.

Bu tez ¢alismasinda Akgiin ve Ugur (1, 2) tarafindan tanimlanan ¢ok-cisim etkilesme
potansiyeli ve Akgiin tarafindan gelistirilen kristal metodu (3) kullanilarak bazi ikili
[Nig1.xy -Cry (x=0,196), Co(1-x-Niy (x=0,50; 0,32; 0.25; 0,10)] ve dortlii (Fe-%18Cr-
%10Mn-%16Ni, Fe-%18Cr-%12Ni-%2Mo) alagimlarin 6rgli dinamigi incelemeleri
yapildi. Bu tiir alasgimlarin ve metodun segilmesinin sebebi ise; (i) kullanilacak kristal
metodu ile ¢ok-cisim etkilesme potansiyelinin sadece ikili alagimlara uygulanmis
olmas: (1, 2, 3, 41-57) fakat dortlii alagimlara hi¢ uygulanmamis olmasi, (ii)
incelenecek alasimlarin 6rgii dinamiginin teorik olarak hi¢ incelenmemis olmasi, (iii)
secilen kristal metodu ile ¢ok-cisim etkilesme potansiyelinin o6zellikle dortlii
alagimlara uygulanabilirligini test etmek ve genel bir teori olusumuna yardimci

olmaktir.



2. Fe-%18Cr-%10Mn-%16Ni DORTLU ALASIMININ ELASTIK
OZELLIKLERININ ve FONON FREKANSLARININ HESAPLANMASI

2.1. Giris

Mn ile Fe periyodik tabloda birbirlerine yakin olmalarina ragmen biytik dlgtide farkls
dzellikler gosterirler. e i¢inde ¢6ziinen Mn; Mn iginde ¢6ziinen Mn ‘dan ¢ok daha
farkli davranmis gosterir. Fec yapidaki Fe-Cr-Mn-Ni ¢elikleri kuvvet, dayaniklilik ve
yiiksek korozyon direngleri nedeniyle ilgi ¢ekici alagimlardir (58) ve ticari paslanmaz,

celik olarak bilinir.

Bu alasimlarin oda sicakliginda Mn oranina bagli olarak elastik sabitlerindeki
degisim, 1985 wyilinda Ledbetter (59) tarafindan deneysel olarak incelenmistir.
Yapilan bu ¢alismada tiim elastik sabitlerin Mn’in azalmasiyla lineer olarak arttig1

gozlenmistir (59).

Alasim i¢indeki Mn oraminin %10%a varan oranlarda artmasiyla Young modiilii (E)
ve kesme modiilii (G) nin lineer olarak arttig1 ayrica Poisson ve B/G oraninin Mn

oo

konsantrasyonuyla yavas olarak degistigi gozlenmistir (59).

Diger taraftan Kim ve arkadaglar tarafindan (60) ultrasonik metot ile dortlii
(quaternary) Fe-Cr-Ni-Mn alagimlarinin elastik sabitleri deneysel olarak incelemis ve
Mn miktarinin, tiim elastik sabitleri ve Poisson oranini digtirdiigii gézlenmistir. Bu
diismenin sebebi hacimdeki degismeye baglanirken, Cr ve Ni ’in miktarlarindaki
artisin is¢ hacim (bulk) modiiliinti yiikselttigi, kesme (shear) modiiliinii ise diisiirdiigii

belirtilmistir (60).

Danilkin ve arkadaslari da, Fe-Cr-Mn-Ni austenitik ¢eliginin elastik ¢zelliklerini ve
fonon dispersiyonunu ¢alismislardir (61). Yapilan ¢alismada Fe-%18Cr-%10Mn-
%I16Ni ¢eliginin Cyy clastik sabitinin, Fe-Cr-Ni alagimlarinda hesaplanandan daha

diisiik degere sahip oldugu bulunmustur.



2.2. Alasimin Elastik Ozellikleri
2.2.1. Cok-Cisim etkilesme potansiyeli

Metallerin ve alagimlarin clcktronik, 6rgii ve elastik 6zelliklerinin incelenmesinde,
birgok ampirik ve yari-ampirik atomik potansiyel enerji  fonksiyonu
kullanilmaktadir. Bugiin bu alandaki ¢alismalara halen siirekli ilgi devam etmektedir.
Ayrica metal ve alasimlarin bazi 6zelliklerinin  belirlenmesinde, iyon-iyon ve
elektron-iyon-clektron etkilesmelerinin Gnemi biiyiiktiir. Ug-cisim etkilesmelerinin
katkist i¢in bir¢ok farkh varsayimlar amaglanirken, iki-cisim etkilesimlerinin katkist

genelde bir merkezi atomik potansiyel enerji fonksiyonu ile tanimlanmigtir.

N-atomlu bir sistemin toplam etkilesme enerjisi.
p=¢, +¢, +...+ 9, +.. [2.1]

seklinde yazilabilir. Burada ¢, ¢ ve ¢, swasiyla iki-cisim, {ig-cisim ve n-cisim
etkilesme potansiyel enerjilerini gdstermektedir. Bu ¢alismada bir sistemin toplam

ctkilesme enerjisi, iki-cisim ve fig-cisim etkilesme enerjilerinin toplami olarak alindi:

¢ = ¢z + ¢3 [2.2]

Bu ¢ahismada, Akgiin ve Ugur (1, 2) tarafindan tanimlanan esitlik [2. 3] ve [2. 4] ile
verilen iki-cisim ve tlig-cisim etkilesme potansiyellerinden olusan, bir “¢ok-cisim

etkilesme potansiyeli” (MBP) kullanildi:

9, ()= 2(TD_15 2 {:/J [ﬂ "exp(-mar,) - mBexp(-ar, )] [2.3]

Burada m ve a sirasiyla potansiyelin genislik ve derinlik kontrolii i¢in kullantlan

parametrelerdir. D ayrisma enerjisi, r, atomlar aras1 denge uzaklif1 ve f=exp(ar, )
Iy

dir. (L’j terimi ise Ozellikle kisa mesafelerde kuvvetlerin gercek yapisini ortaya

¢ikarmak i¢in genellestirilmis Morse potansiyelini diizenler. ry; i. ve j. atomlar

. . . . 2 2 2,172 . .
arasindaki uzakliktir. Fee ve bee kristaller i¢in ry=a(m;” + ny* + 1,;/)'? seklinde ifade



edilir. my, ny ve I atomlarin Srgiideki koordinatlari, a ise kristalin drgii sabitidir. Ug-

cisim etkilesme potansiyeli ise
e CD ( T
VoFy )=
¢3C’ w) 2(/11~l)§zl: s

scklinde tanmmlanmistir (1. 2). Burada C belirlenecek lig-cisim potansiyel

)][ " exp(=ma((r, +r,))— mpexp(~a(r, +r, ))] [2.4]

parametresidir.
2.2.2. Potansiyel parametrelerini parametrize metodu

Bu boliimde Fe-%18Cr-%10Mn-%16Ni alasiminin elastik &zellikleri ve fonon
frekanslart Akglin (3) tarafindan gelistirilen kristal modeline gére hesaplandi ve
deneysel sonuglarla karsilastirildi. Bu kristal modeline gore alasimin yapisi referans
yapt olarak segilir ve alasimi tanimlayan potansiyel parametreleri alasimin kendi
Orgii sabiti, baglanma enerjisi ve hacim (bulk) modiilii kullanilarak dogrudan alagim
icin hesaplanir. [2. 3] ve [2. 4] esitlikleri ile verilen MBP'nin parametreleri (&, r,. D.
), Fe-%18Cr-%10Mn-%16Ni alasimi i¢in hesaplanirken dogrudan alasimin o6rgii
sabiti, hacim (bulk) modiilli, baglanma enerjisi ve bu ecnerjinin iyonik kismi

kullanildi. Bu kristal metoduna gore, @, denge konumunda ¢, ve ¢=¢, +¢, (MBP)

potansiyel enerji fonksiyonlarr agagidaki sartlar1 saglamalidir:

$207)]5,-0, = Eov [2.5]
¢2 (l_‘;/ ) 1=, + ¢3 (FI/}?A) 1 =Tk =4, = ¢ [26J
o, (7
¢_( (/) L = 0, [2.7]
dr, I
3¢, (F O’ p,(F F
¢,(7{/) . 4 ¢1( 1 /k) o :9(;(103. [28]
or, v G T

Burada &, toplam baglanma enerjisinin () iyonik kismi, B toplam hacim modiilii ve
¢ geometrik sabittir (fcc kristaller i¢in ¢=2). FORTRAN IV ve BASIC programlama
dillerinde yazilan bilgisayar programlari ile kristalin a, &, ¢ ve B deneysel degerleri

kullanilarak; m ve »n 'nin farkli degerleri i¢in sirasiyla esitlik [2. 5] ‘den D, [2. 6] ‘dan



C, [2. 7] *den r,, ve [2. 8] ‘den «a potansiyel parametreleri hesaplanacaktir.
Programda hem iki-cisim hem de {ig-cisim etkilesmelerindeki toplamlar 6rgiide 10.

komsuluga kadar dikkate alindi.

F'e-%18Cr-%10Mn-%16Ni alasimi igin esitlik [2. 3] ve [2. 4] ile verilen MBP'nin
parametreleri (a, 1, D, C), esitlik [2. 5 - 8] kullanilarak m ve » 'nin farkli degerleri
icin hesaplanacaktir. Esitlik [2. 5 - 8]' de kullanilacak giris verileri Cizelge 2. 1. de
verildi. Alasim i¢in MBP' i en iyi tammlayan m ve » 'nin uygun degerlerini bulmak
amactyla, 6nce ikinci-dereceden clastik sabitleri (Cy) hesaplandi. Bu clastik sabitleri
icin yalniz iki-cisim etkilesmelerine gore verilen (62)

c :izzznﬁ 0%¢ [2.9]
v o) '

c om o on |

. a y 2 079
CIJ—EVZZZW n 6(1,2)2 [2.10]

(S I

esitlikleri, tig-cisim etkilesmelerinden gelen katkilar1 da igerecek sekilde yeniden

diizenlenerek (63, 64):

; PG [, PG
14 S o () ' orlor,

¢ Jrk !
N N ) —~ ] 2 bodibnd
. a, » 070, (7,) % ¢3('}/'3k)
Cyy =—Z Z My, == || M My Ay~ | [2.12]
VL J#k i & ( iy ) & rlj ﬁ rlk

elde edilir. Ifadelerdeki a, orgii parametresi, V. birim hiicre hacmi, m. n ve [
atomlarin drgiideki koordinatlart ve r= (m’+ n’+ I2)"? ¢ 'dir. Toplamlar, kristaldeki
atomlar tizerindendir. Esitliklerdeki toplamlar fcc yapinin 10. komsuluguna kadar
genisletildi. m ve n nin farkli her degeri i¢in hesaplanan ikinci dereceden elastik
sabitlerin deneysel degere en yakin degerlerini tamimlayan parametre degerleri,
alasim icin MBP parametreleri (a, r,, D, C) olarak segildi. Bu parametrelerin
degerleri Cizelge 2. 2. de ve hesaplanan Cj'ler Cizelge 2. 3. de verildi. Cyy igin

C,, =C,, Cauchy esitligi kullanild.



Cizelge 2. 1. Fe-%18Cr-%10Mn-%16Ni alagiminin oda sicakligindaki girig verileri
(61)

a(A) -&, (€V) B(10"'Nm™) -p (V)
3,59 1,23528 1,59 4,2344

Cizelge 2. 2. Fe-%18Cr-%10Mn-%16Ni alasim igin hesaplanan MBP parametreleri

nom D (eV) a (10" m™) ro(A) C

0,89 1,25 0,1883258 2,9062000 2,594305  0,362582

Kiibik kristallerde alt: tane ligiincii dereceden elastik sabit vardir ve bunlar Cyy,, Cii,

C123, Casg, C144, Ci66 'dir. Bu sabitler arasinda asagidaki Cauchy bagintilar1 gecerlidir.
C112 = Cns > C123 = C456 = C144

Boylece birbirinden bagimsiz iigiincii dereceden elastik sabiti sayist iige iner ve

bunlar da agagidaki bagintilarla

_a 6 ¢
Cm"ch; Zn: Zm 6(}’2)3 ; [2.13]

Ca =23 T Y min? 00 [2.14]
2Vc m n i 6(72)3
6 63

Cis =2ﬁV—§ Z Zmz”z’za—(;zﬂ): [2.15]

tammlanabilir (65). Yukaridaki esitlikler iig-cisim etkilesmeleri de dikkate alinarak
(63),

3 YA 3. (F. 7, F,
Cp=2% z{ msM}L mmym’ $20y7uTy) ﬂ [2.16]

ij 243 Jk 2 2 2
V/aek i 3 5("11) ﬁryﬁr}kﬁrjk

c

3 [ 2% ()] 5 (F 77
an =&Z Z{ m4n2~¢—2(ﬁ’—) +|:m§m3‘n2 ¢3(rurlk7'jk) }}’ [2.17]

¥y 23 Jk 2 2 2
Vjaek il 5(’};) ] 5}‘,751‘,.,‘57‘],‘

c

3 [ 2, 5.7, F,
Cin =32, Z{ m;,,;;;_"‘%(_'lem;n;z; 50T ) ﬂ [2.18]

23 2 2 2
c jek i 7 ﬁrijé’rikarjk




172 12

seklinde tanimlandi. Burada, r,~j=a(m,~j2+n,~jz+ly~2) , rik=a(m;k2+nik2+lik2) ve

rjk=a(mjk2 +njk2 +ljk2 )2 dir. Hesaplanan Cix'lar Cizelge 2.3. de verildi.

Cizelge 2. 3. Fe-%18Cr-%10Mn-%16Ni alasimi i¢in oda sicakliginda hesaplanan
ve dlgiilen elastik sabitler (10" Nm™?)

Ch Ci Cas Cin Ciz Ci23  Referans

2,18 125 125 22,63 -13,18 0,19 Bucalisma
2,18 129 0,79 - - - (61)

Sabit basingta 1sisal genlesme katsayis1 (&) igin

Cv ¢m(ao)
a =|- — [2.19]
[ 2aoj{(¢ (ao>)}

ifadesi ile verilir (66). Burada C, sabit hacim altindaki 6z1s1, ¢ (ag) ve ¢ (ap) ise

potansiyelin atomlar arasi mesafeye gore sirasi ile ikinci ve iglincii tiirevlerinin
denge durumundaki (ag= a/2) degerleridir. [2. 19] esitligi [2. 2 - 4] yardimu ile gok-

cisim etkilesmelerini igerecek sekilde

r 3

[ﬁaﬁz(ﬁ,)H RAGTD ]
or’ or,0r, Or,
a’ - Cv Z Z< i i ik Jk

2
2ay % 5 52¢2(Ej) + 0"2(“53(’_’;]'—:1'1:)
| 4 rijz or; Iy

yeniden diizenlendi (66). Alasimin 6zisis1 (C,) hesaplamirken Neumann-Koop

[2.20]

kuralindan yararlanildi. Bu kurala gére alasimin 6z1s181, Cyatagm=N4 Cyoa+Np Cyp +...
seklindedir. Oda sicakliginda Cyp = 6,99 Jmol'lK'I, Cycr = 5,58 Jmol'IK'l, Corn =
9,05 Jmol 'K ve Cyi = 6,23 Jmol K™ 'dir (67). Cyrecramni = 6,8206 Jmol "K' olarak
hesapland. Esitlik [2. 20] ‘den hesaplanan (o) degeri Cizelge 2.4. de verildi.

Hacim modiiliiniin basingla degisimi,



(a_Bj I 0'¢ [2.21]
oP ), 27B czaro3 oa’ a=d -

a=a,

esitligi ve esitlik [2. 2-4] kullanilarak bulunan

[6—3} LG [T | O GRT) 2.22]
or). 2Bra < o Ory, By dry |

bagintist ile hesaplandi ve degeri Cizelge 2.4. de verildi.

Esitlik [2. 11 - 12] ve esitlik [2. 16 - 18] ile verilen ikinci ve lglincli dereceden
clastik sabitleri, ¢ok-cisim ctkilesmesinden gelen katkiyr da icerdiginden bu clastik
sabitlerine bagl olarak hesaplanan diger elastik ¢zelliklerde dolayli olarak bu katkiyi

icerecektir. Young modiilli (),
goBG [2.23]
(3B8+G)

kesme modiilii (G),

— _!_[19C44 (Cll _C12)+6C424 +3(Cll —CIZ)Z]

G= 0 3 . [2.24]
|i2C44 + 5 (Cn - CIZ )}
kesme sabiti (C),
¢ =Gz [2.25]
2
boyuna elastik sabit (C})
C, = (¢, +C,+2C,) ’ 2.26]
' 2
ve anizotropi ¢arpant ()
A= _2Cy [2.27]
(Cn - CIZ)

esitliklerinden hesaplandi (66, 68) ve degerleri Cizelge 2.5. de verildi.



ikinci dereceden etkin elastik sabitlerinin basingla degisimleri

aC:lll aCI,Z ac«;tt iSC
oP '\ oP '\ opr )

oC, _ [2C,+2C, +C,, +2C,, (28]
or C, +2C, ’ o
aCllz | Cn - Clz + Cm + 2an [2.29]
oP C, +2C, ’ '
aC;J — Cll + 2C|2 + C44 + Cl44 + 2C166 {2 30]
oP C, +2C, ‘

esitliklerinden hesaplandi (69) ve degerleri Cizelge 2. 4. de verildi.

Cizelge 2. 4. 1°e-%18Cr-%10Mn-%16Ni alasimi i¢in oda sicakliginda hesaplanan
bazi elastik 6zellikleri

6B/OPYr  6C /0P oC /0P OC 44/0P a(10°K™)

8.033 9.01 6.33 4,33 1,29

Cizelge 2. 5. Fe-%18Cr-%10Mn-%16Ni alagim1 igin oda sicaklifinda hesaplanan bazi
elastik zellikleri (C’, Cy, £ ve G 10" Nm™ biriminde)

C’ &) A E G

0,465 2,965 2,707 2,213 0,872

2.3. Alasimin Fonon Frekanslari

Bir orgiiniin ilkel teleme vektorleri a,, a@, ve a, ile gosterilirse genel Srgii vektorii
X, =la, +la,+1a, [2.31]

olarak yazilabilir. Burada /; , /5 /3 pozitif veya negatif tamsayilar olup sifir degerini

de alabilirler. Eger birim hiicre basina sadece bir atom varsa bu esitlik ayn1 zamanda



atomlarin konumlarm tayin etmekte kullanilabilir. Eger birim hiicre p atom
iceriyorsa ve p>1 ise p atomlarinin birim hiicre i¢indeki yerleri X (b) vektérleri ile
verilir. Burada b birim hiicredeki farkli atomlar1 gosterir ve 1,2,....,p" ye kadar
degerler alir. Béylece b inci atomun / inci birim hiicredeki pozisyonu

F(b) = ¥() + ¥(P) [2.32]
ile verilir. Eger u (/b). b inci atomun denge konumundan yer degistirmesi ise
kristalin kinetik cnerjisi

=13 M, i () [2.33]

2/_b,u

olarak yazilabilir. Burada Mp, b inci atomun kiitlesidir ve u,(/b) yer degistirmenin x,
y, 7 kartezyen koordinatlarii ifade eder. Kristalin potansiyel enerjisi yer
degistirmenin kuvvetleri cinsinden Taylor serisine agilirsa,

6=g,+ ¢, (b, (Ib) +%Z¢aﬂ(lb,l’b’)ua (IbYu, (I'D")... [2.34]

lha lha
I'n'p

olur. ¢ kristalin denge halindeki potansiyel enerjisi olup, dinamik problemler igin bir

onem tagimaz. Esitlikteki ¢.(7b) ve ¢,p(/b./'b") degerleri

o¢
1b) = .
¢, (Ib) o, (1B), [2.35]
. o’¢ \
b.l = .36
P :15) aua(lb)auﬂ(l’b’)'o =3

olarak wverilir. Burada |y isareti denge konumunu gostermektedir. Denge halinde

@u(Ib) degeri sifirdir. Potansiyel ve kinetik enerji degerleri cinsinden kristalin

Hamiltoniyeni
H=¢,+ %ZMhz?i (Ib) +—;— Z¢aﬂ (Ib,1'b"Yu, (lb)uﬂ (I'b") [2.37]
lha lha
s

olarak yazilabilir. Bu Hamiltoniyende, / inci birim hticredeki b inci atomun hareket

denklemi

.. o¢
M, ii (Ib)=- = 1b,1'6" Yu ,(I'b’ 2.38
llua( ) 6]/[(1 (/b) I:/Z;;¢“ﬂ( ) /]( ) [ 3 ]



seklindedir. Burada @, (/6./'h") kuvvet sabitlerini ifade eder. Bu kuvvet sabitleri iki

onemli simetri sartint saglar. Birincisi rgliniin teleme simetrisinden
Dos (Ib,I'b") = Dos (0b.(I' =1)b") [2.39]

clde edilir. Ikincisi ise kristaldeki herhangi bir atom {izerindeki toplam kuvvetin,
diger biitiin atomlarim csit bir sekilde yer degistirmesi sonucu sifir olmasi

gerceginden

¢u/f (Ib.1b) =~ Z¢a/}’ (16,1'0") [2.40]

I'b' #lh
kaynaklamir. Kuvvet sabiti @,p(/hJb), 6z-terim olarak adlandinilir. Orgii gegis
simetrisinden harcket denklemi

M,ii, (1b) ==Y ,,(0b,I'0 Y, (I'b") [2.41]
s

'y

olarak yazilir. Bu denklem i¢in asagidaki formda

u, (Ib.g) =

/ DU, (b.g)explilg i) - wt]} [2.42]

\IA{/, J
bir ¢6ziim aranabilir. Burada ¢ orgii vektorii ve Uy (q .b), I' den bagimsizdir. Bu

esitlik hareket denkleminde yerine konursa,

©*U,(G.b) =) D, (bb',)U ,(,b") [2.43]

b'p
esitligi elde edilir. Burada D, (bb',q)'ya dinamik matris denir ve bu matrisin

ifadesi
I
N M,,Mh,

seklinde verilir. Sonug olarak fonon modlarr ,

(bb',§) -’55

afy™ phy '

D,,(bb',§) = Zqﬁaﬁ(()b,l'b’)exp{ic?.)?(l’)} [2.44]

D

o =0 [2.45]

denklemini ¢dzerek elde edilir. Burada D, dinamik matrisi, birim hiicredeki atom
sayisina bagl olarak boyutlaﬁd1r111r. Birim hiicrede p tane atom varsa, her bir atomun
{i¢ tane serbestlik derecesi oldugundan bu dinamik matris 3px3p boyutundadir. Eger
kristalin birim hiicresinde sadece bir atom varsa matris 3x3 boyutundadir. Bu

durumda sadece akustik modlar elde cdilebilir. Eger kristalde birden fazla atom varsa

(6rnegin NaCl) dinamik matrisi 6x6 boyutunda olur ve optik modlar da clde



edilebilir. Bu kristal i¢in secilen her g degerinde 6 tane fonon frekans degeri bulunur

ve bunlardan 3 tanesi akustik, 3 tanesi de optik fonon frekanslaridir. Sonug olarak bir
genelleme yapilirsa p atomlu bir kristalde 3p modunun, 3p-3 tanesi optik, 3 tanesi de

akustik olur.

Bu c¢alismada Fe-%18Cr-%10Mn-%16Ni alasimlarimin  fonon frekanslarinin

hesaplanmast igin esitlik [2. 45] 'de verilen Dyp dinamiksel matrisi, iki-cisim

ctkilesmesinin ( D) ve tig-cisim etkilesmesinin ( Dy,

) toplami olarak dusiintldi,
Dr(/f = D(ll./f+ D,’:}; [2'46]
D,, dinamik matrisinin diagonal ve diagonal olmayan eclamanlart Shyam ve

arkadaslar1 (70) tarafindan tanimlanan bagntilar ile belirlendi:

D=2, + B N2 -CCy = CC) 48, (1-CoCy ) +2(ay = B N1 = Cyy )+ 28,3 Ty = Csy)
= ('23)+§(a3 =B X6 = C,CoCoy = C,Cay Ty = 4C5,C,C3 )+ 835 (3~ C,C,Chy = €10y
~CyyCyC4)+2(0, =By J2=CyCan=CpCay= CryCoy )+ 4B, (3= C5,Cry= C5,Cy)

, 8 o 2 . .
—('JJCJ.€)+_((I’ BsN2-Cy 2—(31(«3)+§(“5—/35)(2“Clcsz"(1(.:3) 3((11 )

36 16
(1_C21C22C23)+SB(‘( CnC”Cn) ( BXZ C;,CnCs-C5,C,y Cvz)+7( “[57)

(2= 5 CisCy= CayCsCis ) + ;((17 s )(2 CC,CpCis= CyC35Ca3 )+ 8 i (6 — C 31T
—C3,C5C 3= C3yC35C 3~ CyyCoC 5= C1C 5,C 33~ C1C35C 3 )+ 2ag— B N1 = C )+ 2 Bu(3 -
(= C i)+ % (@ B )2 = C)CsCos— C1C1nC 3 )+ 6—9" (1 —C 0, C—C,CC)
+8f,(3-C,C,C 5~ C',C43C'_;— C,CCs5)+ 2oy~ By N2 —C;,CQ— C;,Cs3)+48,(3-C4C s
“C.:/Css‘CJJC.?.:)“L ((lm /))m)(2 CpCpn—CyC 4?)+ (a,,, ﬁ/o)(z CyCo—CyC >»)
+ 4ﬁl() (6 - C21C42 - C2IC43 - C4IC22 - C4IC23 )“ C22C43 - C42C23) [247]

4 . y
Dy :2((‘/~ﬂl)S1S2+_(a3_ﬂ.\‘)(SISJC.’S'*'ZSISZZC 23+2858,Cs )+ (= B1)SS 2+ ( - [5)
(8:,5,- 5,5, )+ ((z, £.)S21S5s (,+ (m PSS~ Sy S )+ = (w [
12(

(S’Iq C»? S”S C,,)+7 ”_ﬁ7)(SIS.?QC.Z.?_SZS.?ICZS)'*'2(a9—ﬂ‘))S3/S32+Z(av_ﬂ’))

SISJCan ((1'/ ByNSyS:C5+8,8,2C3 )+ J(0‘/1) BioXS2S12+S,S2) [2.48]



Burada C, =cos(zrak,), S, =sin(rak,). C, =coszwak,), S, =sinrak,).
C,, =cos(Bmak,), S, =sin(3rak)). C, =cos(4rak,), S, =sin(4rak)ve i=1,
2. 3 diir.

Bu bagintilardaki birbirinden bagimsiz kuvvet sabitleri, esitlik [2. 3] ‘te tanimlanan

potansiyelin birinci ve ikinci tiirevlerinden bulunur;

_1—_ (7¢2 (}_‘;/ )

= 2.49
R [2.49]
B (73¢3(;';,) 12.50]

' or’ -

1
Burada f; agisal, ¢; radyal kuvvet sabitleridir ve /=1, 2,...,10 degerlerini alir. Te-
%18Cr-%10Mn-%16Ni1 alagtminin 6rgli sabiti ve Cizelge 2. 2'de verilen MBP
parametreleri kullanilarak kuvvet sabitleri hesapland: ve degerleri Cizelge 2. 6. da
verildi.

Cizelge 2. 6. Fe-%18Cr-%10Mn-%16Ni alasimi i¢in hesaplanan radyal (&;) ve agisal
(5;) kuvvet sabitleri

SeriNo. | e;(10°Nm™) B(10°Nm ™)
1 23413.16 2219.8243
2 -1296.963 143,5962
3 -163.3133 12,98447
4 2323424 1.550336
5 -3,961706 0,233693
6 -0,785892 0042111
7 -0,176235 0,008725
8 -0,043699 0,002023
9 -0,011782 0.000514
10 -0,003411 0,000141

Ug-cisim etkilesmesinin dinamik matrisi (D). Mishra ve arkadaslarinin (71)

tanimladigr bagintilardan



D(/:rx :4 }/ [4_2021 —Cl(cj +ck )]9 [25]]
Dus=4ylc(c, +c,)-2] [2.52]

hesaplandi. Burada ¢;=cos(mak;), cs=cos(2mk;) ve y, lig-cisim etkilesme potansiyeli
@3(ryri)'nin ikinei tiirevi:

2 - -
= 7 ¢3(1‘”)',A,)

2.53
(Z’I‘Uﬁi'lk 12.53]

dir. Ug-cisim kuvvet sabiti y, Fe - %18Cr - %10Mn - %16Ni alagiminin Srgii sabiti
kullamlarak 892.831x10™ Nm™' olarak hesaplandi.

Fe-%18Cr-%10Mn-%16Ni alagiminin fonon frekanslarinin hesaplanmasi icin esitlik
[2. 45] ile verilen determinantin ¢oziilmesi gerekir. Egsitlikte verilen D,s (3x3)
boyutunda bir dinamik matristir. Bu esitligin ¢6ziimiinden, [100], [110] ve [111]

temel simetri dogrultularinda enine ve boyuna modlar igin fonon frekans bagintilari;

Mw; [100]= D,,[100]
Mew?[100]= D;;[100)
Mew}[110]= D, [110]+ D,,[110]
Mei [110]= D, [110]- D,,[110] [2.54]
Mwi,[110]= Dy;[110]
Moi[111]= D, [1111+2D,,[111]
Maw7[111]= D [111]=D;5[111]

seklinde bulunur. Esitlik [2. 54] 'deki M alagimin iyonik kiitlesidir ve degeri ise;
M (Fe - Cr - Mn - Ni) = 0,56 M (Fe) + 0.18M (Cr) — 0,10M (Mn) — 0,1 6M (Ni) [2.55]

bagintisindan hesaplandi.

Esitlik [2. 46 - 55] kullanilarak, Fe-%18Cr-%10Mn-%16Ni alasiminin fonon

frekanslart hesaplandr ve Sekil 2. 1. de fonon frekans egrileri verildi.

Sekil 2. 1. den de goriildiigli gibi alagimin hesaplanan fonon frekanslart dalga

vektoriintin kiigtik degerleri i¢in deneyle uyum igindedir.
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Sekil 2.1. Fe-%18Cr-%10Mn-%16Ni alagiminin oda sicakliginda fonon frekans
egrisi. Stirekli ¢izgiler hesaplanan, (o, v) (72), (A) (73) ve (®) (61)
sembolleri ise baska yazarlar tarafindan elde edilen alagimin
deneysel frekanslarint géstermektedir



3. Fe-%18Cr-%12Ni-%2Mo DORTLU ALASIMININ ELASTIK
OZELLIKLERININ VE FONON FREKANSLARININ HESAPLANMASI

3.1. Girig

Fe-%xCr—%11Ni-%0.5N (x = 15 - 29) nitrojen austenitik ¢eliklerinde atomlar aras
baglanmaya Cr’un etkisi Beskrovni ve arkadaslari tarafindan incelenmis ve Cr
miktarmm artmasiyla alasimin fee orgii sabitinin lineer olarak arttign bulunmustur

(74).

Austenitik paslanmaz ¢elikler yitksek korozyon direngleri ve iyi mekanik
ozelliklerinden dolay1 genis uygulama alani bulunmustur (75). Fe-Cr-Ni sistemine
Mn, Mo. Ti ve N gibi elementler ilave ederek alagimin mekanik ve kimyasal

ozellikleri degistirilebilir (75).

Polikristal austenitik paslanmaz g¢eliklerde, ultrasonik &Sl¢timler ile inelastik nétron
sagilma deneyleri, atomik yapr ve elastik 6zelliklerinin incelenmesinde alasimlarin
karmasik yapisinin agiklanmasina yardimer olmustur (58 - 61, 74). Bu celiklerde
elementlerin konsantrasyonunun degismesi elektronik yapida anlamli degisimler

gosterir (75).

ilk defa Hoelzel ve arkadaslan Fc-%18Cr-%12Ni-%2Mo paslanmaz celiginin tek
kristalinde fonon dispersiyon egrilerini incelemislerdir (75). Onlar yaptiklan
calismada bu cgrilerin dalga vektorlerinin kiigiik oldugu yerlerde y-Fe ve Feg7Niy;
alagtmlarmin (75) dispersiyon egrilerine ¢ok benzedigini bulmuglardir. Ayrica elastik
sabitlerinin degerlerini fcc Fe-Cr-Ni alasgimlarmin elastik sabitleri arasindaki

deneysel iliskileri kullanarak atomlar aras: kuvvet sabitlerinden tiiretmislerdir.



3.2. Alasimmn Elastik Ozellikleri

300-600 K arasinda Mn-Fe, Cr-Ni ve Fe-Ni~Cr-Mo alasimlarinin elastik 6zellikleri
ile ilgili deneysel ¢alisma Lenkkeri tarafindan 1981 yilinda yapilmistir (76). Bazi

ikili ve dortlti alagimlarinda yapilan deneysel sonuglara gore;

Cr-Ni ve Fe-Ni-Cr-Mo alagimlar oda sicaklifinda paramanyetik, Mn-Fe alasimlari
isc 470 K'in altinda antiferromanyetik ve yiiksek sicakliklarda paramanyetik 6zellik
gosterir. Ayrica (', (" ve B gibi bazi parametre degerlerinin, Cr-Ni, FFe-Cr-Ni-Mo

alagimlarinda sicakligin artmasiyla lineer olarak azaldigi bulunmustur (76).

Bu kesimde Fe-%18Cr-%12Ni-%2Mo alasminin elastik 6zelliklerinden ikinci

dereceden (C'yy, Cha. Cyy = Cpa Cauchy bagintist) ve tigiincii dereceden (Cyyq, Cj2 =

Ciies Cr2z = Cha4) elastik sabitleri, 1s1sal genlesme kat sayisi (), hacim modiilii ve

oy . . . . . “s . . B it IR

ikinci dereceden clastik sabitlerinin basingla degisimleri (— ,——), kesme sabiti
oP oP

('), boyuna elastik sabiti(C'1), Young modiilii (£), anizotropi ¢arpam (A4) ve kesme

modiilii () hesaplanacaktir.

Esitlik [2. 3 — 4] de verilen MBP'nin parametreleri (e, r, D, C), Fe - %18Cr -
%I12Ni - %2Mo alagimi igin esitlik [2. 5 — 8] kullamilarak m ve » 'nin farkh
degerlerinde hesaplanacaktir. Esitlik [2. 5 - 8] 'de kullanilan giris verileri Cizelge 3.
1. de verildi. Alasim i¢cin MBP'ni en iyi tanimlayan m ve » 'nin uygun degerlerini
bulmak amaciyla, &nce [2. 11 - 12] esitlikleri kullanilarak ikinci - dereceden
clastik sabitleri (C%;) hesaplandi. m ve n'nin farkli her degeri i¢in hesaplanan ikinci
dereceden elastik sabitlerinden deneysel dedere en yakin olanlart MBP parametreleri
(a. r,. D, C) olarak secildi. Bu parametrelerin degerleri Cizelge 3. 2. de ve

hesaplanan C; degerleri Cizelge 3. 3. de verildi.
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Cizelge 3. 1. Fe-%18Cr-%12 Ni-%2Mo alagiminin oda sicaklifindaki giris verileri
(75)

a (&) -&, (eV) B(10"'Nm™) - (eV)

3,590 1,26816 1.575 4,3236

Cizelge 3. 2. Fe-%18Cr-%12 Ni-%2Mo alagimi i¢in hesaplanan MBP parametreleri

n m D (eV) a (10" m™ Fo(A) C

0.82  1.17  0.1945511 2,906750 2,5977290  0.,342227

Alagtmin {iglincii - dereceden elastik sabitleri (Cij) ise esitlik [2. 16 — 18] den

hesapland: ve degerleri Cizelge 3. 3. de verildi.

Cizelge 3. 3. Fe-%18Cr-%12 Ni-%2Mo alasimi i¢in oda sicaklifinda hesaplanan ve
Sliilen clastik sabitler (10" Nm™)

Ch Ch2 Cu Ciy Crz Crs Referans

2,06  1.21] 1,21 -20,759 12285 -0,215 Bu ¢alisma
2,06 133 1,19 - - - (75)

Sabit basingta 1sisal genlesme kat sayist () esitlik [2. 20] ‘den hesaplandi ve
hesaplanan degeri Cizelge 3. 4. ‘de verildi. Esitlik [2. 20] deki alasimin 6zisis1 (C),
Kesim 2. 2 de bahsedilen Neumann-Koop kuralindan bulundu. Oda sicaklifinda
Cyre=5.99 jmol 'K ve C,,=5.58 i'’K™' Cyn= 6,23 jmol 'K ve Cy3,=6,86 jmol 'K’
(67) olup Cirecrnvine,=7.1972 jmol'IK'] olarak hesaplandi. Esitlik [2. 22] 'den hacim
modiillinlin basingla degisimi ((OB/OP)t) ve esitlik [2. 28 - 30] 'dan ikinci dereceden

oC, oC,, .
ctkin clastik sabitlerinin basingla degisimleri Al it OCay hesaplandi
oP oP oP

ve degerleri Cizelge 3. 4. de verildi.

Esitlik [2. 23] 'den Young modilii (£), [2. 24] 'den kesme modiili (G), [2. 25] 'den
kesme sabiti (C'"), [2. 26] 'dan boyuna elastik sabit (C}), [2. 27] 'den anizotropi

carpant (A) hesaplandi ve degerleri Cizelge 3.5. de verildi.
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Cizelge 3. 4. Fe-%18Cr-%12 Ni-%2Moalasimt i¢in oda sicaklifinda hesaplanan
bazi elastik 6zellikleri

(OB/OP)r  0C/oP  0C /0P  3C4/0P o (107K

7,61 8,65 6.16 4,16 3,73

Cizelge 3. 5. I'e-%18Cr-%12Ni-%2Mo alasimi igin oda sicakliinda hesaplanan ve
sleiilen bazi elastik szellikler (€7, Cy, E ve G 10" Nm™ biriminde)

C’ C; A E G Referans
0,425 2,845 2,805 2,117 0,829 Bu ¢alisma
- - 3,51 - 0,70-0,71 (75)

- - - - 0.752 (77)

(izelge 3. 3 - 5.den goriildiigi gibi Fe - %18Cr - %12Ni - %2Mo alagiminin mevcut
deneysel elastik 6zelliklerinden ikinci dereceden elastik sabitleri (Cyy, Cpa, Cyy= Cya
Cauchy bagintist) anizotropi ¢arpani (4) ve kesme modiilii (G) deneye ¢ok yakin

bulunmustur.

3. 3. Alasimin Fonon Frekanslar:

Fe - %18Cr - %12Ni - %2Mo austenitik alasiminin fonon frekanslari [100], [110] ve
[111] simetri dogrultusu boyunca Hoelzel ve arkadaslar: tarafindan deneysel olarak
oletildit (75). Elde edilen kuvvet sabitleri elastik moduliinii hesaplamak igin
kullanildi. Fe - %18Cr - %12Ni - %2Mo ’nin elde edilen dispersiyon modlarinin
1428 K (75) de ol¢iilen y-Fe, Feg7Nig3 (78) ve Fe - %18Cr - %10Mn - %16Ni (61)

*in dispersiyon modlarina benzerlik gosterdidi vurgulanmistir.

Bu kesimde alagiminin fonon frekanslari, iki-cisim ve {ig-cisim etkilesmelerini igeren

MBP kullanilarak Kesim 2. 3. de anlatildig1 gibi hesaplanacaktir.
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Cizelge 3. 2 de verilen MBP parametreleri kullanilarak Kesim 2. 3 de anlatildig1 gibi
temel simetri yonlerinde fonon frekanslarmi bulmak igin radyal (&) ve agisal (f3)
kuvvet sabitleri hesaplandi ve degerleri Cizelge 3. 6 da verildi. Esitlik [2. 53] *den
tig-cisim kuvvet sabiti v, Fe - %18Cr - %12Ni - %2Mo alasimi igin 5131.871x107°
Nm™' bulundu.

Cizelge 3.6. Fe - %18Cr - %12Ni - %2Mo alagimt i¢in hesaplanan radyal («;) ve
agisal (/) kuvvet sabitleri

Seri No. a(10°Nm™) B(10°Nm™)
1 2282237 -243,3205
2 -1363.229 158,2303
3 -189.3236 15,55341
4 -28,70595 1,965995
5 -5.126328 0,308970
6 -1,053315 0,057473
7 -0.000243 0,012208
8 -0,061546 0,002887
9 -0,016895 0,000746
10 -0,004964 0,000208

Bu kuvvet sabitleri ve esitlik [2. 46 - 55] kullanilarak hesaplanan Fe - %18Cr -
%12Ni - %2Mo alagiminin fonon dispersiyon egrileri Sekil 3. 1 de verildi. Sekilden
goriildiigti gibi tiim simetri yonlerindeki hesaplanan degerlerin kiigiik dalga vektorii

degerlerinde deneysel frekans degerleri ile daha uyumludur.
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Sekil 3.1. Fe-%18Cr-%12Ni-%2Mo alasiminin oda sicakliginda fonon frekans
egrisi. Siirekli c¢izgiler hesaplanan, semboller ise baska yazarlar
tarafindan elde edilen alasimin deneysel (75) frekanslarini
gostermektedir
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4. Ni(1.y) - Cry (x=0,196) IKILI ALASIMININ ELASTIiK OZELLIKLERINIiN ve
FONON FREKANSLARININ HESAPLANMASI

4. 1. Giris

Ni-Cr alagimlarinda orgii parametresi Cr konsantrasyonunun ¢ok kiigiik artisiyla

degisim gosterir (80).

Lenkkeri (76) yaptig1 calismada Niy.y) - Cry (x=0,196) alasiminin elastik 6zelliklerini
sicakhgin 300-600 K arasindaki degerlerinde 6l¢mustiir. Bu galigmada Nij.y, -Cry
(x=0.196) alasiminin hacim modiiliiniin Fe-Ni-Cr-Mo ve Fe-Mn alagimlarina oranla
¢ok daha yiiksek degerlerde oldugu ve sicaklik arttik¢a hacim modiiliiniin diistiigii
gozlenmistir.  Ayrica C;, €' ve ( degerlerininde artan sicaklikla azaldif

vurgulanmistir (76).
4.2. Alasimin Elastik Ozellikleri

Bu kesimde Nijj.xy- Cry (x=0,196) alasiminin elastik &zelliklerinden ikinci dereceden
(Ch1, Cra, Cyy = Cyy Cauchy bagintisi) ve lglineli dereceden (Ciyy, Ci12=Ciie,

C123=C144) elastik sabitleri, 1s1sal genlesme kat sayis1 (¢;), hacim modiilii ve ikinci

dereceden elastik sabitlerinin basingla degisimleri (5, 51’” ), kesme sabiti (('),

boyuna elastik sabiti (C';), Young modiili (£), anizotropi ¢arpani (A) ve kesme

modiilii () MBP kullanilarak hesaplanacaktir.

Lisitlik (2. 3 - 4) de verilen MBP'nin parametreleri (@, 1o, D, C), Ni(1x)-Cry(x=0,196)
alasgimi icin esitlik [2. S - 8] kullanilarak m ve » 'nin farkli degerlerinde
hesaplanacaktir. Esitlik [2. 5 - 8] ‘de kullanilan giris verileri Cizelge 4. 1. de verildi.
Alagim i¢in MBP ‘ni en iyi tammlayan m ve »n 'nin uygun degerlerini bulmak
amaciyla, once [2. 11 - 12] esitlikleri kullanilarak ikinci-dereceden elastik sabitleri

(%) hesaplandi. #1 ve n “nin farkls her degeri igin hesaplanan ikinci dereceden clastik



25

sabitlerinden deneysel degere en yakin olanlari MBP parametreleri (e, r, D, ()

olarak se¢ildi. Bu parametrelerin degerleri Cizelge 4. 2. de ve hesaplanan Cjj “ler

Cizelge 4. 3. de verildi.

Cizelge 4.1. Ni(j.)- Cry (x=0.96) alasiminin oda sicakliindaki giris verileri (76, 82).

a(A) -5 (eV) B(10""Nm™) ¢ (eV)

3,540 1,011552 1,849 4,36934

Cizelge 4.2. Ni(1.x)-Cry (x=0,196) alasimi i¢in hesaplanan MBP parametreleri

n m D (eV) a (10" m™y roA) C

044 2.11 0,279400 2,028270 2.568652 0.133164

Alagimin {iglincli - dereceden clastik sabitleri (Ci) ise esitlik [2. 16 - 18] “den

hesaplandr ve degerleri Cizelge 4. 3. de verildi.

Cizelge 4. 3. Ni(j.x)-Cry(x=0,196) alasimi i¢in oda sicakhifinda hesaplanan ve Slgiilen
baz1 elastik sabitler (10" Nm™)

Cn Ci2 Ca4 Ci Cr2 Cin Referans
2472 1,501 1,501 -24,338 -14,788 0,411 Bu ¢alisma
2,472 1,537 1,284 - - - (76)

Sabit basingta isisal genlesme kat sayist () esitlik [2.20] den hesaplandi ve
hesaplanan degeri Cizelge 4. 4. de verildi. Esitlik [2. 20] dcki alasimin 6z1sist (C),
Kesim 2. 2 de bahsedilen Neumann-Koop kuralindan bulundu. Oda sicakhiginda
Cov= 6,23 Jmol 'K ve Cyer = 5.58 Imol'K™! (67) olup Cywicr = 6,1026 Jmol 'K
olarak hesaplandr. Esitlik [2. 22] 'den hacim modiiliiniin basingla degisimi ((0B/0P))

ve esitlik [2. 28 - 30] ‘dan ikinci dereceden etkin elastik sabitlerinin basingla

degisimleri [( agli’ j[aaclf ](6{;’; ]] hesapland: ve degerleri Cizelge 4. 4. de verildi.



Esitlik [2. 23] “den Young modiilii (£), [2. 24] 'den kesme modiilii (G), [2. 25] 'den
kesme sabiti (C"), [2. 26] 'dan boyuna elastik sabit (Cy), [2. 27] 'den anizotropi

¢arpani (4) hesapland: ve degerleri Cizelge 4. 5. de verildi.

(izelge 4. 4. Nigr.yy - Cry (x=0,196) alasimt i¢in oda sicakliginda hesaplanan bazi
clastik ¢zellikleri

(OB/OP)r oC /6P oC 1»/0P 0Ca/0P  a(10°Kh

-7.843 -8,397 -6,053 4,053 238,9285

Cizelge 4. 5. Ni(1.y) - Cry (x=0,196) alagimi i¢in oda sicakliginda hesaplanan ve
sl¢iilen bazi elastik dzellikler (C”, Cy, E ve G 10" Nm™ biriminde)

C’ C; A E G Referans
0.486 3,488 3,094 2,117 0,829  Bugalisma
0,468 3,288 2,746 - - (76)

Cizelge 4. 3 - 5. den goriildiigi gibi MBP ile Ni.y - Cry (x=0,196) alasimiin

hesaplanan elastik 6zellikleri deneysel degerlerle uyum i¢indedir.

4.3. Alasimin Fonon Frekanslar:

Ni-%11Cr alagiminin Orgii titresimleri {izerine Bosi ve arkadaslari 1980 yilinda
deneysel c¢alismalar yapmuglardir (83). Ancak Ni(-Cry(x=0,196) alasiminin
fononlar1 lizerine literatiirde bir ¢alismaya rastlanmamistir. Bu kesimde Nigj_y-
Cry(x=0,196) alasimimn fonon frekanslarnn hesaplanacak ve deneysel Ni-%11Cr

alasiminin fonon frekanslar ile karsilagtirilacaktir.

Bu alasim i¢in oda sicakliginda Cizelge 4. 1 ‘deki giris verileri ile Cizelge 4. 2 *de
verilen MBP parametreleri kullanilarak Kesim 2. 3 ‘de anlatildig: gibi temel simetri

yonlerinde fonon dispersiyon egrilerini bulmak i¢in radyal (&) ve agisal (f;) kuvvet
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sabitleri hesapland: ve deferleri Cizelge 4. 6 da verildi. Esitlik [2. 53] den {i¢g-cisim
kuvvet sabiti y, 2637.934x10™ Nm™ olarak hesaplandi.

Cizelge 4.6. Ni(1.y-Cry(x=0,196) alagim1 i¢in hesaplanan radyal (&) ve agisal (53,)
kuvvet sabitleri

Seri No. a(10°Nm™) B10°Nm™"
I 29534,08 -481881.2
2 -1837.928 277.6197
3 -412.6174 46.30336
4 -103.9082 10.04518
5 -30,60799 2,653925
6 -10,16582 0,807251
7 -3,701264 0,272864
8 -1,449059 0,100157
9 -0,601840 0,039295
10 -0,262583 0,016291

Bu kuvvet sabitleri ve esitlik [2. 46 - 55] kullanilarak hesaplanan Nigyy - Cry
(x=0,196) alagimimin fonon dispersiyon egrileri Sekil 4. 1 de Ni - %I11Cr ile
karsilastirildi (83). '
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Sekil 4.1. Ni(jx-Cry(x=0,196) alasiminin oda sicakliginda fonon frekans
cgrisinin Ni-%11Cr ile karsilagtirilmasi. Stirckli ¢izgiler hesaplanan,
semboller ise baska yazarlar tarafindan elde cdilen denecysel (83)
freckanslari gostermektedir
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5. Co(1.y-Niy (x=0,50; 0,32; 0,25; 0,10) IKILI ALASIMLARININ ELASTIK
OZELLIKLERININ ve FONON FREKANSLARININ HESAPLANMASI

5.1. Giris

Co-Ni alasim sistemleri yiiksek sicakliklarda fec kristal yapidadir. Ni ve Co benzer
fiziksel, kimyasal ve elektronik &zelliklere sahiptir (84). Kobaltga zengin Co-Ni
alasimlart diisiik sicakliklarda hep kristal yapr gosterir. Saf Co’da fec-hep donlisiim
sicaklign (85) yaklagik 420 °C" dir. Co-Ni alagimlarimin faz doéntsiim c¢alismalan
deLemotte ve Altstetter (84), Adams ve Altstetter (86), Rashid ve Altstetter (87)
tarafindan yapilmistir. Fec ve hep yapidaki Co-Ni alagimlarimin ikinei ve iigiincii

derece elastik 6zelliklerini Weston ve Granato (88) galismislardir.
5.2. Cogx-Niy (x=0,32) Alasimm Elastik Ozellikleri

Co-Ni alasimlarinin  elastik  sabitleri Ni konsantrasyonlarina baglt olarak
ferromagnetik ve paramagnetik durumlar igin birgok arastirmact tarafindan
Sletilmiistiir (89 - 91). Co(r.x-Niy (x=0,32) alasiminin elastik sabitleri ve sicaklikla
degisimleri ise Weston ve Granato (88) ile Fuller ve Weston (92) tarafindan ayri ayn

Slgiilmiistiir.

Bu kesimde Co(j.x-Nix (x=0.32) alagimmin ikinci dereceden (Chy, Cia, Cyy = Oz
Cauchy bagintis1) ve iigiincii dereceden (Cy1, C112=Cli6. C123=C144) elastik sabitleri.

1s1sal genlesme kat sayist (), hacim modiili ve ikinci dereceden elastik sabitlerinin

oC
basingla degisimleri (—a—];, GPU ). kesme sabiti (C"), boyuna elastik sabiti (C'}),

Young modiilii (£), anizotropi ¢arpant (4) ve kesme modiilii (G) esitlik [2. 3 - 4]

verilen MBP ile hesaplanacaktir

Esitlik [2. 3 - 4] ‘de verilen MBP'nin parametreleri (e, r,, D. C), Coi.x) - Nix (x=0.32)
alasimi igin esitlik [2. 5 - 8] kullamlarak m ve » 'nin farkh degerleri igin

hesaplanacaktir. Esitlik [2. 5 - 8] “de kullamlan giris verileri Cizelge 5. 1. *de verildi.



Alasim i¢in MBP'ni en iyi tanimlayan m ve n 'nin uygun degerlerini bulmak
amactyla, o6nce [2. 11 - 12] esitlikleri kullanilarak ikinci - dereceden elastik
sabitleri (Cj) hesaplandi. m ve n 'min farkhh her degeri igin hesaplanan ikinci
dereceden elastik sabitlerinden deneysel degere en yakin olanlart MBP parametreleri
(a. ro, D, C) olarak segildi. Bu parametrelerin degerleri Cizelge 5. 2. ‘de ve
hesaplanan Cj'ler Cizelge 5. 3. ‘de verildi. Cy4 icin C,, =C,, Cauchy esitligi

kullantld:.

Cizelge 5. 1. Coqj-Niy (x=0,32) alagiminin oda sicakliginda giris verileri
(93, 94)

a (A) -&, (eV) B(10"'Nm™) ¢ (eV)
3.531 1,30776 1,89672 4,4044

Cizelge 5. 2. Cogy.g-Niy (x=0.32) alagiminin hesaplanan MBP parametreleri

n m D (eV) a (10" m™ ro(A) C
0,75 1,93  0,1953065 2,3955663 2,549214  0,329332

Alagimin tgtincii-dereceden elastik sabitleri (Cjx) ise esitlik [2. 16 - 18] ‘den

hesaplandi ve degerleri Cizelge 5. 3. ‘de verildi.

Cizelge 5.3. Coj-x-Niy (x=0,32) alagiminin oda sicaklifinda hesaplanan ve 6l¢iilen
ikinci ve tiiincii dereceden elastik sabitleri (10" Nm™)

Ci Ciz Cas Cin Cinz Ci3 Referans

2387 1,368 1,368  -25,939 -14.921 0,220 Bugalisma
2,387 1,553 1,315 -2548 -12,12 0,14 (88)

Sabit basingta 1sisal genlesme kat sayisi (o) esitlik [2. 20] ‘den hesapland: ve
hesaplanan degeri Cizelge 5. 4. ‘de verildi. Esitlik [2. 20] ‘deki alagimin 1s1 kapasitesi
(Cy), Kesim 2. 2. 2 de bahsedilen Neumann-Koop kuralindan bulundu. Oda
sicakligida Cyeo= 5.93 J mol'K ™! ve Coy= 6,23 J mol'K™ (67) olup Cyeon= 6.0396



J mol"'K ! olarak hesaplandi. Esitlik [2. 22] ‘den hacim modiiliiniin basingla degisimi
((6B/OP)r) ve esitlik [2. 28 — 30] ‘dan ikinci dereceden etkin elastik sabitlerinin

basingla degisimleri ([ aaC[:’ )(6(;;’ ](8;‘];,4 D hesapland1 ve degerleri Cizelge 5. 4.

“de verildi.

Esitlik [2. 23] ‘den Young modiilii (£), [2. 24] ‘den kesme (shear) modiilii (G), [2.
25] “‘den kesme sabiti (C'), [2. 26] ‘dan boyuna elastik sabit (C;), [2. 27] ‘den

anizotropi ¢arpani (A4) hesaplandi ve degerleri Cizelge 5. 5. “de verildi.

Cizelge 5. 4. Co1.4-Niy (x=0,32) alasiminin oda sicakliinda hesaplanan ve 6lgiilen
bazi elastik 6zellikleri

(OB/OPYr  0C /OP  0C12/0P  8C4w/0P  o(10°K™)  Referans

7.725 9,421 6,514 4514 885,741 Bu caligsma
- 7.35 - 2,65 - (88)

Cizelge 5. 5. Coqix-Niy (x=0,32) alasiminin oda sicaklifinda hesaplanan elastik
ozellikleri(C’, C1, E ve G 10" Nm™ biriminde)

C’ Cy, A E G

0.5095 3,0649 2,687 2,459 0,957

Cizelge 5. 3. - 4. den de goriildugt gibi MBP ile Co(j.x)-Niy (x = 0,32) alasgiminin

hesaplanan bazi elastik 6zellikleri deneysel degerlerle uyum igindedir.

5. 3. Co1.5-Nig (x=0,32) Alagiminin Fonon Frekanslar

Co(1x-Niy (x=0,32) alasimi i¢in Cizelge 5. 2 deki hesaplanan MBP parametreleri
kullamilarak Kesim 2. 3 ‘de anlatildifi gibi temel simetri y&nlerinde fonon
dispersiyon egrilerini bulmak i¢in radyal (o) ve acisal (f;) kuvvet sabitleri
hesaplandi ve degerleri Cizelge 5. 6 da verildi. Esitlik [2. 53] ‘den {ig-cisim kuvvet
sabiti v, 3458.234x10° Nm™ olarak hesaplandi.



Cizelge 5. 6. Co(1x)-Nix (x=0,32) alagimi i¢in hesaplanan radyal (&) ve acisal

(f;) kuvvet sabitleri (y)(10'3Nm"l)

Seri No. a(10°Nm™) B10°Nm™)
1 25421,08 -256,4898
2 -1330,797 159.4907
3 -199,1384 18,11015
4 -36.72250 2,850538
5 -8,066911 0,569559
6 -2,084405 0,134957
7 -0,603842 0,036336
8 -0.191440 0,010810
9 -0,065309 0,003486
10 -0,023681 0,001202

Esitlik [2. 46 — 55] kullanilarak, Cogx-Niy (x = 0,32) alagiminin fonon frekanslari

hesaplandi ve Sekil 5. 1. ‘de dispersiyon egrileri verildi. Co(.-Niy (x = 0,32)

alagiminin

deneysel

fonon frekanslar

izerine

literatiirde

bir

calismaya

rastlanmadigindan Sekil 5. 1. ‘de Nikelin deneysel frekanslar ile kargilastirildi.
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Sckil 5. 1. Cox-Niy (x=0,32) alagiminin oda sicakliginda fonon frekans
edrisi. Stirekli ¢izgiler hesaplanan, “A, v, " sembolii isc bagka
yazarlar tarafindan elde edilen 296 K’de Ni’in deneysel (97)
frekanslarint géstermektedir
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5. 4. Co»-Niy (x=0,50; 0,25; 0,10) Alasimlarmin Fonon Frekanslan

Co-Ni alasimlarin ilgi ¢ekici 6zelligi, alasimin iki elementinin farkh kristal yapilarda
olmasidir. Co oda sicaklifinda bee, Ni ise fcc yapiya sahiptir (95). Co-Ni alagimlan
ise oda sicaklipinda fcc yapiya sahiptir. Alasgimlarin fonon frekanslarini hesaplamak
icin kullanilacak esitlik [2. 3 - 4] ile verilen MBP parametreleri (e, o, D, C), Cogixy-
Niy (x=0.50; 0.25; 0.10) alasimlarinin her biri i¢in f.c.c. yapida ve kendi oOrgii
sabitleri kullanilarak ayri ayrt Co ve Ni elementleri igin esitlik [2. 5 - 8] kullanilarak
m ve n 'nin farkli degerlerinde belirlendi. Esitlik [2.5 - 8] ‘de kullanilan girig
verileri Cizelge 5. 7. ‘de verildi. Co ve Ni i¢in MBP'ni en iyi tammlayan m ve n
degerlerini bulmak i¢in ikinci-dereceden Cy, C\; elastik sabitleri esitlik [2. 11 - 12]

‘den hesaplandi ve Cyy igin C,, = C,, Cauchy esitligi kullanildr.

m ve n 'nin farkli her degeri i¢in hesaplanan ikinci derece elastik sabitlerden deneysel
degere en yakin degerleri veren parametre degerleri Co ve Ni igin, MBP
parametreleri (@, r,, D, C) olarak segildi. Hesaplanan elastik sabitler Cizelge 5. 8. *de

ve parametre degerleri ise Cizelge 5. 9.” da verildi.

Cizelge 5. 7. Co ve Ni igin oda sicakhiginda girig verileri (96, 97, 98). & Co1.x-Nix
(x=0,50; 0,25; 0,10) alagimlarimn 6rgii sabitidir (93)

CopsNips Co7sNigas  Cop.ooNig 10

Element -g (V) B(10'"Nm?) -g@V) a(A) a(A) a(A)

Co 0.95 1914 4,39 3,527 3,522 3.518
Ni 2,068 1,860 4,435 3.527 3,522 3,518




Cizelge 5. 8.

Co ve Ni igin oda smakh?
elastik sabitler (10" Nm™)

ginda hesaplanan ve &lgiilen ikinci dereceden

Incelenen

Alasim

Co

Ni

n m  Cn Cp Cay

n m Cny Cp Cy

Ref.

CoosNig 5

Cog 7sNip 25

CO(),‘)()NiO,IO

0.85 3,00 2,21 1,22 1,22

0,91 2,89 2,21 1,21 1.21

0,85 2,98 221 1.22 1.22

1.47 -

0,43 2,03 2.47 1,51 1,51

0,40 2,69 2,47 1,49 1,49

0.38 2,61 2.47 1,50 1,50

2,47 1,50 -

97)

Bu Calisma

Bu Calisma

Bu Calisma

Cizelge 5. 9. Co1.x)-Niy (x=0,50; 0,25; 0,10) alasimlarmin her biri i¢in Co ve

Ni elementlerini tanimlayan MBP parametreleri

Alagim Element »n m D(V) a(l 0" m™) Fo (A) C
) Co 0.85 3.00 0.140770 2,09750 2,5408402 0.486028
Cog.s0Nig.s0 .
Ni 0,43 2.03 0286365 2.,04756 2,5612372 0,129244
o Ni Co 0,91 2.89 0,142025 2,16026 2,5369434 0,499576
00.75 N1y 2
PPTEE LN 040 269 0275964 179920 2.5585556  0.115598
) Co 0,85 2,98 0,140717 2,10332 2.,5347170 0,485618
Cop.90N1g.10 )
Ni 0,38 2.61 0275557 1,81320 2,556237 0.115378

Kesim 2. 3 ‘de ayrintilartyla verilen dinamik matrisin ¢6ziilebilmesi i¢in kuvvet

sabitlerinin hesaplanmasi gerekir.

Co(xNiy (x=0,50; 0,25; 0,10) alagimlarmin orgli sabitleri kullanilarak her bir

element i¢in agisal (5;) ve radyal (&) kuvvet sabitleri hesaplandiktan sonra asagidaki

lineer bagintilar ile alagimlarin kuvvet sabiti bulunur:



B (Co-Ni)=(I-x)B{(Co)+xB(Ni),

o;(Co-Ni)=(-x);(Co)+ xa(Ni) .

Burada x alagimlardaki Ni konsantrasyonudur (x=0,50; 0.25; 0,10).

[5.1]
[5.2]

Co, Ni ve Co.x-Niy (x=0,50; 0,25; 0,10) alagimlarinin hesaplanan kuvvet sabitleri
Cizelge 5. 10 - 12. “de verildi. Coyjy- Niy (x=0,50; 0,25; 0,10) alagimlarinin iyonik

kiitlesi ise esitlik [2. 55] ‘den hesaplandi.

Cizelge 5. 10. Co, Ni ve Coq-x-Niy (x=0,50) alagimi i¢in hesaplanan radyal ()
ve agisal (f;) kuvvet sabitleri

Seri (10 °Nm™" B(10°Nm™)

No Co Ni Cog.50Nig 50 Co Ni Cogs50Nig 50
1 23423.39 29811,79 26617,59 -192.5258 -499,9414 -346,2336
2 | -858.7754  -1942.847 -1400.811 105,6494 2929280  199,2887
3 |-136,8684  -435,2721 -286.,0703 13,70535 47,84102  30,77319
4 1-29,11940 -106,5799 -67,84965 2,557333  10,03432  6,295827
5 1-7,573070  -30.40068 -18,98688 0,600333  2,562238  1,581286
6 |-2.265980 -9,785197 -6,025589 0,165090 0,754767  0,459929
7 1-0,752740  -3,458813 -2,105777 0,051040 0,247611  0,149326
8 |-0,271360 -1,317008 -0,794184 0,017284 0,088382  0,052833
9 1-0.104510 -0,532839 -0.318675 0,006298  0,033774  0.020036
10 | -0,042520  -0,226773 -0.134647 0,002438 0,013658  0,008048




Cizelge 5. 11. Co, Ni ve Coj.x-Niy (x=0,25) alagimi igin hesaplanan radyal (&) ve
agisal (f;) kuvvet sabitleri

Seri a,(10°Nm™) B(10°Nm™)

No Co Ni Coy7sNig .25 Co Ni Coo.7sNig.25
] 23053,22 | 30390.19 | 24200,61 -187,5675 | -527,7939 | -277.2373
2 | -871.6484 | -1752,154 | -1092,570 103.8121 | 281,8107 | 151,2993
3 |-130,6851 | -431,9316 | -213,0514 12,65157 | 53,00671 | 23,71142
4 |-26,37364 | -122,2499 | -52,74725 2.,239739 | 13,01226 | 5,178278
5 |-6,552292 | -40,24904 | -15,75279 0,502401 | 3,849381 1,405261
6 |-1,882347|-14,80924 | -5,373074 0,132676 | 1,297871 | 0,443063
7 | -0,602603 | -5,926343 | -2,023183 0,039536 | 0,482304 | 0,156012
8 |-0,209953 | -2.533591 | -0,822698 0.012941 | 0,193343 | 0,059830
9 |[-0,078333 | -1,142875 | -0,355871 0,004569 | 0,082392 | 0,024567
10 | -0,030955 | -0,539115 | -0,161993 0,001717 | 0,036933 | 0,010670

Cizelge 5. 12. Co. Ni ve Co1y-Niy (x=0,10) alagim1 igin hesaplanan radyal ()

ve acisal () kuvvet sabitleri.

Seri a(10°Nm™) B(10°Nm™)

No Co Ni Coo.90Nig.10 Co Ni Coo.90Nig.10
1 22351,12  29749,06  23090,91 -193,7391 -527,7317 -227,1384
2 | -867,8009 -1766,877 -957,7085 106,5970 285,4062  124,4779
3 |-137,8561 -438,6373 -167,9342 | 13,75781  53,57225 17.73925
4 |-29,17813 -123,4546 -38,60578 2,553397 13,05292  3.603349
5 1-7,552360 -40.35403 -10,83253 0,596539  3,831427  0.920028
6 |-2.250045 -14.74216 -3.499257 0,163335 1,282247  0,275226
7 1-0,744479 -5.859296 -1.255961 0,050296 0,473160  0,092582
8 1-0,267382 -2,488644 -0,489508 0,016968 0,188417 0,034113
9 |-0,102620 -1,115624 -0,203920 0,006161 0,079784  0,013523
10 |-0,041616 -0,523122 -0,089767 0.002377 0,035548  0,005694




Uc-cisim kuvvet sabiti y, 6nce Co(.-Nix (x=0,50; 0,25; 0,10) alasimlarimin &rgii

sabitleri kullanilarak her bir element i¢in ayr1 ayr1 hesaplandiktan sonra alasimlar igin

¥(Co-Ni)=(1-x)y(Co) + xy(Ni) [5.3]

lincer bagintisindan hesapland: ve degerleri Cizelge 5. 13 ‘de verildi.

Cizelge 5.13. Co, Ni ve Co(x-Niy (x=0,50; 0,25; 0,10) alasimlarinin {ig-cisim
kuvvet sabitleri (»)(1 0°Nm™)

Alasim v (Co) ¥ (Ni) v (Co-Ni)
C00.75Nig 25 4773.64 2328,15 4162,268
Feg s0Nig.s0 4591,76 2762,11 3676,935
Feg.09Nig 10 4645,65 2248.,85 4405,970

Esitlik [2. 46 — 55] kullanilarak, Co(;.x-Niy (x=0,50; 0,25; 0,10) alagimlarinin fonon

frekanslart hesapland: ve Sekil 5. 2 - 4. “de fonon frekans egrileri verildi.
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Sckil 5. 2. Co(-Nix (x=0.50) alagiminin oda sicaklifinda fonon frekans
egrisi. Siirekli gizgiler hesaplanan, “o, ®, v” sembolleri 296 K’de
Ni’in deneysel frekansimi (97), “A” sembolli ise baska yazarlar

tarafindan

elde edilen

gOstermektedir

alasimin  deneysel

(99)

frekanslarii
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Sckil 5. 3. Coq.x-Niy (x=0.25) alasgimimnin oda sicakliginda fonon frckans
egrisi. Stirekli cizgiler hesaplanan, “o, e, v” sembolleri 296
K*de Ni'in dencysel frekansimi (97), “A™ sembolil ise bagka
yazarlar tarafindan elde edilen alasimin deneysel (99)
frekanslarini géstermektedir
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Sckil 5. 4. Co(x-Niy (x=0.10) alagimmin oda sicaklifinda fonon frekans

egrisi. Stirekli ¢izgiler hesaplanan, “o, e, v” sembolleri 296
K’de Ni'in deneysel frekansimi (97), “A” sembolii ise bagka

yazarlar

tarafindan elde

frekanslarini gostermektedir

edilen alasimin deneysel

(99)



42

6. SONUC VE ONERILER

Literatlirde alagimlarin orgii dinamigi lizerine bir ¢ok teorik model vardir. Bu
modellerin hemen hemen hepsi metallere ve ikili alagimlara uygulanmistir. Higbir
model Gi¢lii ve dortlii alasimlarin 6rgii dinamigini incelemek i¢in test edilmemistir.
Yapilan bu tez calismasinda Akglin tarafindan (3) gelistirilen kristal modeli ile
Akgiin ve Ugur tarafindan gelistirilen MBP (1, 2), ilk defa bazi dértlil alasimlarin
Orgli dinamigini incelemek i¢in kullanildi. Bunun yani sira bazi ikili alagimlarin da
clastik 6zcellikleri ve fonon frekanslart hem bu modeli (3) gliclendirmek hem de MBP

'in uygunlugunu test etmek icin hesaplandi ve deneysel sonuclarla karsilastirildi.

ikinci ve tigiincii bsliimde Fe-%18Cr-%10Mn-%16Ni ve Fe-%18Cr-%12Ni-%2Mo
dortlii alasgimlarinin bazi elastik ozellikleri ve fonon frekans egrileri hesapland:.
Alasimlarin ikinci dereceden elastik sabitleri deneyle uyumlu olmasina ragmen diger

bircok elastik 6zelliginin deneysel verisi olmadigi i¢in bir degerlendirme yapilamadi.

Her iki dortlii alasimin hesaplanan fonon frekans egrileri dalga vektoriintin kiigtik
degerleri igin deneyle olduk¢a uyumludur. Fakat Brillioun Bolgesi smirinda

deneyden yaklasik %10 kadar daha diistik hesaplandi.

Dérdiincti boliimde, endiistride pek ¢ok uygulama alani olan Ni(.¢-Cry(x=0,196)
alasgiminm teorik olarak hesaplanan elastik 6zellikleri deneyle olduk¢a uyumludur.
Alasimin deneysel fonon frekans degerleri olmadigi igin Ni — %11Cr alagiminin

deneysel degerleri ile karsilastinldiginda sonuglarin iyi oldugunu sdyleyebiliriz.

Besinei boliimde Cogiy-Niy (x=0,32) alagimimnin clastik zellikleri dcncyc yakin
bulundu. Yine bu alasimm fonon frekanslart hesaplandi fakat literatiirde deneysel
veri bulunamadi@ i¢in 296 K “de Ni *in deneysel frekanslartyla kargtlagtinldr. Cogy.
o-Niy (x=0,50; 0.25; 0,10) alasimlarinin elastik Ozellikleri, literatiirde deneysel
degerler bulunmadigindan hesaplanmadi. Ayrica bu ikili alasimlarin deneysel hig bir

giris verileri de olmadigindan fonon frekanslari, literatiirde oldukga sik kullamlan
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elementlerin deneysel giris verilerini baz alan metoda gore hesaplandi. Sonuglar hem

Ni ’in hemde alagimlara ait deneysel frekans degerleri ile karsilagtirilda.

Sonug olarak; kullanilan ¢ok-cisim-etkilesme potansiyelinin (MBP) (1, 2) ve kristal
modelinin (3) dortlii ve ikili alagimlarin 6zellikle elastik 6zelliklerini tanimlamada

basarili oldugu goriilmektedir.

Her iki tiir alasimlarin, MBP ve kristal modeli ile hesaplanan fonon frekanslarinin
tutarligi hakkinda olumlu veya olumsuz iddiali yorum yapilamaz. Ciink{i fonon
frekans degerleri hesaplanirken kullamilan alagimlara ait giris verileri elementlerin

degerlerini kullanan lineer bagintidan hesaplanmugtir.
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Computational Methods for Atomistic Simulations of Materials
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Atomistic simulations and quantum mechanical calculations are becoming increasingly
important in industrial research. However, a somewhat confusing variety of methods has
emerged, each having particular strengths and limitations. This document surveys the
most common methods and provides and assessment in terms of six criteria, namely
capability, generality, accuracy, accessible system size, accessible time spans for
simulations of dynamic phenomena, and computational efficiency. It is hoped that, for a
given problem, this will serve as guide for choosing the most appropriate approach.
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Introduction

With the fundamental laws of quantum mechanics and statistical physics, the availability
of high-performance computers, and with the growing range of sophisticated software
systems accessible to an increasing number of scientists and engineers, the goal of
designing novel materials from first principles seems to be closer than ever. Yet the
complexity of real materials with their intriguing interplay between chemical composition,
atomic arrangements, microstructures, and macroscopic behavior seems to elude any
attempt of such first-principles materials design. Therefore, neither has first-principles
materials design become a generally accepted practice nor is it a complete fiction, far
from any reality. The truth, it seems, is somewhere in between, with the frontier moving
from fiction to fact at a steady and quite predictable pace. It is the aim of this document
to provide a perspective of this development (Wimmer, 1993) and to show how the
frontier of atomistic approaches in materials design moves forward, driven by the
development of novel theoretical approaches, new algorithmic implementations, and
increasingly faster and more powerful hardware.

The goal of materials design is the optimization of specific properties such as high
strength and low density together with a number of other critical aspects including
manufacturing cost and environmental acceptability. Computational materials design
should help to address all these aspects. Because of their intrinsically high level of order
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and the tight control of their fabrication, functional materials as used, for example, in
microelectronics, opto-electronics, and magnetic recording are much more amenable to a
first-principles design than complex structural materials such as composites for which the
detailed atomic arrangement is less understood and controlled. The simulation of
mesoscopic structures and the quantitative description of dynamic phenomena such as
diffusion, fracture, and corrosion involves vastly different time scales and thus presents
perhaps the most difficult challenges for first-principles design of materials. In contrast,
the step from atomistic calculations on small fragments or repeat units to the prediction
of macroscopic electronic, optical, or magnetic behavior is more promising, especially
because of the continuing miniaturization of electronic devices.

Computational materials design has a corollary in molecular design, where the control of a
single molecule, in particular its three-dimensional structure and its binding to an
enzyme, is the crucial step in the molecular design process. The relevant structural and
energetic properties are now directly available from atomistic simulations. Hence,
computer-aided molecular design has become part of industrial pharmaceutical research.
Another area where calculated properties of individual molecules can be directly used to
predict macroscopic behavior is the thermochemistry and phase behavior of gases and
fluids. The usefulness of first-principles calculations in this field has been successfully
demonstrated, for example, in the development and process design for catalytic
isomerization of diaminobenzenes, as needed for the synthesis of high-performance
aramid fibers (Dixon, 1989), and in the context of CFC replacements (Dixon and Smart,
1990). As the distinction between solid state physics and molecular chemistry is
diminishing, these successes of atomistic first-principles approaches in the molecular
sciences will definitely have an impact on materials design, for example in the area of
functional polymers. To this end, the present article will also include molecular aspects.

Traditionally, quantum chemistry, theoretical solid state physics, and statistical mechanics
have evolved as separate disciplines. However, the solution of materials design problems
requires a combination of these approaches. A clear understanding of the underlying
concepts, strengths, and limitations is critical to harvest the full benefits from these
computational methods while avoiding misuse due to a lack of expertise. The present’
article puts the major current atomistic computational approaches into perspective by
discussing their evolution, their present capabilities, and their potential for future
developments. However, given its scope, this perspective provides an orientation rather
than a comprehensive survey and the reader is referred to the excellent review articles
that describe in detail the various fields addressed here. In the present paper, the major
computational approaches are assessed in terms of six criteria:

(i) capabilities,

(ii) generality,

(iii) accuracy,

(iv) accessible size of systems,

(v) accessible time-scales (i.e. the possibility of describing dynamic phenomena), and
(vi) computational efficiency.

Atomistic approaches should be capable of predicting a wide range of materials
characteristics such as structural, energetic, electronic, optical, and magnetic properties.
An important characteristic of a computational approach is its generality. One should be
able to treat any element in the periodic table in any bonding situation with the same
reliability. Computational approaches should be accurate. It should be possible to increase
the accuracy of any computational approach systematically (by trading computational
speed) such that in the limit the results become as accurate as corresponding
experiments. In the early design stages of a material, it is usually more important to gain
a fast survey of many design alternatives at a crude level rather than to have the highest
possible accuracy for a few cases. To this end, the computational results should have a
known and controllable error. In other words, the computations need to be reliable within
a given tolerance.
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Computational approaches have to be applicable to a certain system size or number of
atoms per molecule, cluster, or unit cell. Many molecules of practical interest have less
than 100 atoms. The unit cells of many important crystalline phases also have less than
100 atoms. Because of their reduced symmetry, it is more difficult to establish reasonable
system sizes for surfaces, interfaces, and amorphous systems. While 100 atoms per
(artificial) repeat unit allow the study of many model systems, the more desirable limits
are in the range of thousands of atoms. The accessible time scale is perhaps the greatest
computational challenge. Electronic transitions and the fastest periodic motions of atoms
occur on a time scale of about 10-15 seconds. Structural changes (for example diffusion
and phase transitions) may involve macroscopic time scales of seconds or minutes.

Finally, computational approaches need to be efficient. In particular this should be true for
implementations on parallel computers. Computer programs should be fast for a given
system size and the computationail effort should grow slowly (linearly, if possible) with the
number of atoms. Table 1 defines quantitatively the desirable features of first-principles
calculations. Present methods do not meet these goals, but come close in some cases
while falling short significantly in other aspects. Therefore, this table will be used to
assess the current status and to map out the progress and trends.

Table 1. Goals for atomistic computational methods. These criteria are used in the text to
assess present methods and to put development trends in perspective. The goals are
ambitious and in some aspects such as the tractable time scales, current methods are far
meeting these requirements.

Criterion | Goal

GENERALITY all atoms of the periodic table
all types of bonding situations

equilibrium and non-equilibrium geometries

oon

ACCURACY crystallographic positions £0.001 &

bond lengths +0.001 A

bond angles + 1°

dihedral angles + 1°

binding (dissociation) energies 0.1 k3/mol
vibrational frequencies 1 cm™

dipole moments 0.01 Debye

visible and UV spectra 0.01 eV
photoemission spectra 0.01 eV

magnetic moments 0.01 Bohr magnetons

ooopoooonooao

10* atoms on ab initio level of theory

SYSTEM SIZE 10% atoms with parameterized approaches

aoa

TIME SCALE | O 1 second

Choices of Methods

The major atomistic approaches for the simulation and prediction of structural and
functional properties are shown in the figure "choices". The first decision is between
quantum mechanical and force field methods. If only structural and energetic questions
need to be answered, which is often the case in the first stage of modeling and simulation
of materials, force field methods are preferable because of the high computational
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efficiency. However, one needs to be aware that the generality and transferability of force
fields cannot be taken for granted and the results obtained from force field calculations
can be misleading. .

Among quantum mechanical methods, the next choice is between first-principles and
semiempirical approaches. The latter approach is preferable because of the speed.
However, as with force field methods, semiempirical methods need to be used with great
care and the range of applicability of the inherent approximations and parameters needs
to be controlled. First principles methods typically provide reliable results, but the
sensitivity of the results on the choice of computational parameters, in particular the
choice of the basis functions and the level of correlation requires attention. Experience so
far has shown that density functional methods tend to be more robust than Hartree-Fock
methods in the sense that with a reasonable choice of basis functions and other
computational parameters, the geometric structures, the vibrational frequencies, and the
electronic structure obtained from DFT calculations usually do not give strong and
unexpected deviations from experiment, while this may be the case with Hartree-Fock
calculations for systems where a single determinant is not appropriate (which may not be
a priori obvious to the non-expert). Correlated post-Hartree-Fock methods such as
coupled-cluster theory are very time consuming and require a careful control of the
computational parameters such as basis functions. This level of computation is possible
only for rather small systems and the relevance to the actual materials design problem
might thus be questionable, despite the high accuracy of the resuits.

As hinted in the figure "choices”, there are many choices possible within semiempirical
and force field methods, which are linked to the availability or applicability of parameters.
This is not the case with first-principles methods. In fact, the number of choices possible
to run a Hartree-Fock calculations are actually quite limited. For example, only Gaussian-
type basis sets are practical and the computational task is reduced to the evaluation of
analytic expressions. This is not the case for density functional calculations, where the
greater formal simplicity of the Hamiltonian enables greater freedom in the choices of
algorithmic implementations.

The major choices for DFT calculations are shown in the figure "implementations". The
center of this figure shows the Kohn-Sham equations, which are the effective one-
electron Schrédinger equations of density functional theory. The solutions of these
equations give access to the total energy as a functional of nuclear position as well as all
properties that can be derived from this theory. The three terms in the square bracket
(see figure "implementations") represent the kinetic energy of electrons, the Coulomb
potential due to the all charges in the system, and the exchange-correlation potential.
The definition of the system and the level of the theoretical approach are given by these
three terms. The one-particle wave functions are labeled according to the number of
electron level, i. In a periodic system, the wave functions are characterized by an
additional quantum number, k, which corresponds to the momentum of the electron in
the crystal. The one-electron eigenvalues carry the same labels. DFT calculations for
systems with lighter elements (up to about Z=54) are usually done non-relativistically. It
is possible to include relativistic effects through a scalar-relativistic or a fully relativistic
description. Scalar-relativistic treatment means that the important kinematic effects due
to the high kinetic energy of electrons near heavy nuclei are taken into account, but that
one averages over the spin-orbit splitting of the electronic levels (Koelling and Harmon,
1977). The chemical and structural definition of a system is contained in the Coulomb
potential term V(r). DFT calculations are possible for non-periodic systems such as
clusters and molecules and for systems with one-, two-, and three-dimensional
periodicity. The use of point or space group symmetry can lead to significant reduction in
computational cost as well as to a clearer interpretation of the resulting wave functions
that reflect this symmetry. '

In all-electron full-potential calculations, the Coulomb singularities arising from the
nuclear charges and the full three-dimensional structure of the potential are being taken
into account without any approximations. In densely packed systems such as metals and
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alloys, the effective potential is quite well represented by a muffin-tin shaped potential.
Around each atom the potential is assumed to be completely spherical up to a certain
radius, which is typically about 1 A. Between these atomic spheres the potential is
assumed to be constant. In this approximation, the Coulomb singularities at the atomic
positions as well as the steep variation of the potential near the nuclei is still present.
Another shape approximation to the potential has become widely used in the form of
pseudopotentials (Philips, 1958; Cohen and Heine, 1970; Payne et al., 1992; Bachelet et
al., 1982). The objective of pseudopotentials is the elimination of the Coulomb
singularities at the nuclear positions and the smoothening of the potential near these
singularities. However, no other shape approximations such as constant potentials
between the atoms are made in pseudopotential calculations.

The simplest description of the potential arising from the atomic nuclei is the complete
homogenization of the positive charges. This is done in the jellium model, where the
discrete atomic nuclei are replaced by an averaged positive background. This approach is
sometimes used to describe metal surfaces.

The exchange-correlation term captures the many-body interactions between electrons.
Hartree-Fock theory (Hartree, 1928; Fock, 1930) and density functional theory
(Hohenberg and Kohn, 1864; Kohn and Sham, 1965) provide the two major current
approaches to describe these complex interactions. For magnetic systems or molecules
with open shelis one has to use a spin-polarized form of the exchange-correlation
potential, as given, for example, by von Barth and Hedin (1972). The local density
approximation tends to overestimate binding energies. Generalized gradient corrections
(sometimes also called non-local corrections) are intended to remedy this situation. In
fact, molecular dissociation energies and the geometry of weakly bound systems
involving, for example hydrogen bonds or carbony! bonds, seem to be significantly
improved by using gradient corrected potentials as suggest, for example, by Perdew

(1986) and Becke (1988).

The choice of basis sets is a critical step. In fact, DFT methods are usually named after
the particular type of basis functions. For three-dimensional periodic systems, the
eigenfunctions are most naturally expanded in plane waves (Fourier expansion). The
analytic form of these basis functions is simple, the mathematical properties are
extremely convenient, and systematic convergence can be achieved by increasing the
cutoff for the highest frequency. The major disadvantage arises from an extremely slow
convergence of a plane wave basis set for a full potential because of the Coulomb
singularities and the rapidly varying electron density due to the inner electrons. If these
singularities are removed through the introductions of pseudopotentials, then plane waves
are a natural choices as basis functions. Therefore, pseudopotentials and plane waves are
often mentioned together. If one wants to maintain the detailed features near the nuclei,
one can augment the plane waves with localized functions centered at the nucleus of each
atom. Here, the plane wave expansion is used only in the interstitial region between
atomic spheres. Inside the atomic spheres, each one-particle wave function yi is
expanded in a linear combination of products of radial functions times spherical
harmonics. This augmented plane wave (APW) method (Slater, 1937) is actually fairly
closely related to the linear-combination-of-atomic-orbitals (LCAO) method in the sense
that in the regions near and around the atoms, the one-particle wave functions are
expanded in combinations of radial functions times spherical harmonics. The major
difference is in the treatment of the tails of the atomic-like functions. In the APW
methods, these tails outside the originating atomic sphere are not used whereas in LCAO
methods these tails penetrate the neighboring atoms. In the APW method, the localized
functions in each atomic spheres are smoothly connected by plane waves in the
interstitial region between the spheres.

A similar description is employed in the Korringa-Kohn-Rostoker (KKR) method (Korringa,
1947; Kohn and Rostoker, 1954) and the linearized-muffin-tin-orbital (LMTO) method
(Andersen, 1975), except that these approaches do not use plane waves, but scattering
functions to join the localized functions in each sphere. For more open structures such as
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molecular crystals or the description of molecules on surfaces, the LCAO method s still
one of the most appropriate description. The molecular or crystal wave functions are
expanded in a series of atomic functions. As stated earlier, the LCAO approach with
Gaussian-type bases functions is the standard in Hartree-Fock calculations. Gaussians
have also been applied in density functional calculations on molecules {Sambe and Felton,
1975), solids (Wang and Callaway, 1974), and surfaces (Gay et al, 1979). Slater-type-
orbitals (STO's) represent another possibility for basis functions (Baerends et al., 1973).
An elegant solution to the choice of LCAO basis functions is the use of numerical atomic
functions, which are obtained by numerical integration of the Kohn-Sham equations on
free atoms and ions (Delley, 1990 and references therein). Finally, it is possible to solve
the Kohn-Sham eigenvalue problem fully numerically without a linear expansion of the
solution into known basis functions (Becke, 1988).

Each method that results from a particular choice given in the figure has its merits and
limitations. It is perhaps useful to illustrate specific choices with examples and to point
out the rationale of the choices. One of the most accurate, but computationally most
demanding choices is implemented in the full potential linearized augmented plane wave
(FLAPW) method as reviewed by Wimmer et al. (1985). This approach treats the electrons
in a scalar relativistic form, it includes all electrons self-consistently using a full potential
(no shape approximation) for the valence electrons. The method uses two-dimensional
(thin film or single slab) and three-dimensional periodicity, it is based on the LDA in spin-
polarized and non-spin polarized forms. The basis functions are linearized augmented
plane waves. The application of this approach range from the prediction of the
reconstruction of the W(001) surface (Fu et al., 1985), the understanding of alkali atom
adsorption on transition metal surfaces (Wimmer et al., 1982), the prediction of surface
and thin film magnetism (Fu_and Freeman, 1982), the investigation of the electronic
structures of high T, superconductors (Yu et al., 1987), and the calculation of magnetic
anisotropy energies (Freeman and Wu, 1992). Despite these impressive capabilities, there
are serious limitations to the FLAPW approach. The method works best for densely packed
systems and becomes increasingly inefficient for more open structures that exhibit both
short interatomic distances and large voids. For example, the calculation of magnetic
overlayers on perfect metallic or insulating surfaces can be done at an impressive level of
accuracy and efficiency while a full geometry optimization of a molecule with perhaps 10
atoms on a metal surface, represented by a supercell geometry with 100 atoms could not
be reasonably done with today's computational resources. Given the computational
demands of this approach, the study of dynamic processes is even farther out of reach.
Thus, the FLAPW method, at least at present, can be seen as a precision tool for static
calculations, an accurate tool for the prediction of electronic, optical, and magnetic
properties and as a reference for more approximate methods.

A muffin-tin shape approximation to the electron density and the effective potential and
the use of localized functions from scattering theory, together with the concepts of
augmentation and linearization lead to a group of methods related to the linearized-
muffin-tin-orbital (LMTO) method as described in detail by Skriver (1984). The LMTO
method has also been implemented in a full-potential form (Methfessel, 1988) with an
accuracy close to that of the FLAPW method. The approximation of overlapping spheres,
known as atomic sphere approximation (ASA) leads to additional simplifications and a
gain in computational speed as implemented, for example, in the augmented spherical
wave (ASW) method which had been developed earlier (Moruzzi et al., 1978). With this
approach, systems with about 100 atoms per unit cell can be calculated rather quickly
and even larger unit cells can be treated, thus permitting model calculations of disordered
systems and more realistic interfaces. However, except for the full-potential
implementation, these approaches are restricted to densely packed systems. An
important application area for this approach is the prediction of magnetic ordering in
heterostructures and the calculations of Kerr rotations (Oppeneer et al., 1992).

A significant simplification can be achieved by replacing the core electrons by a
pseudopotential (Philips, 1958; Cohen and Heine, 1970; Payne et al., 1992; Bachelet et
al., 1982). Other than the elimination of the core electrons, these pseudopotentials do not
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introduce further shape approximations and thus are comparable in accuracy with full-
potential all-electron methods. The major advantage of this approach is the possibility to
use pure plane waves as variational basis functions. The mathematical simplicity of plane
waves enables extremely efficient computational implementations, also on parallel
computers (Stich et al, 1992; Brommer et al., 1992). The calculations of forces within this
pseudopotential plane wave approach is straightforward and efficient, thus making it
possible to simulate dynamical phenomena. Again exploiting the mathematical simplicity
and elegance of plane waves, one can calculate subtle quantities such as optical
properties for quartz (Gonze et al., 1992). Compared to localized basis sets, a large
number of plane waves is necessary to reach convergence in the total energy. While it
has been demonstrated that iterative methods can be used to circumvent the direct
diagonalization of the resulting large matrices, the treatment of very open structures
containing perhaps hundreds of atoms per unit cell or per super-cell faces in principle the
same obstacles as augmented plane wave methods discussed above.

The choice of non-pericdic systems, all-electron, full potential, spin-polarized, LDA +
gradient corrections with localized LCAO-type basis functions allows the investigation of
molecules and clusters including the description interactions of atoms and molecules with
surfaces. An example for this approach is the investigation of alkali atoms on
semiconductor surfaces (Mangat et al, 1993), allowing to map out the relative binding
energies of the atom at various adsorption sites and to predict the geometric structure .
Together with the capability to calculate thermochemical data of free molecules and
radicals (see, for example, Andzelm and Wimmer, 1992), this approach could become
very important in the systematic improvement of surfaces processes such as chemical
vapor deposition (Coronell and Jensen, 1993).

Hartree-Fock Methods

The Hartree-Fock picture (Hartree, 1928; Fock, 1930) starts from the consideration of
each electron and its interactions with all other electrons and nuclei. The "exact" quantum
mechanical Hamiltonian operator is used to describe explicitly the motion of each electron
and its Coulomb interactions with all other charged particles in the system under
consideration. While the "exact" many-electron Hamiltonian operator can be written
down, the corresponding exact many-electron wave function is not known. Hartree-Fock
theory builds on the simplest possible approximation to such a many-body wave function,
namely a product of one-electron wave functions, where each one-electron wave function
corresponds to an individual electron (Hartree approach). In Hartree-Fock theory, one
additional aspect is included in the many-body wave function, namely the Pauli principle
(electrons with the same spin cannot occupy the same orbital). To this end, the product of
one-electron wave functions is generalized to a sum of such products with alternating sign
(conveniently written in the form of a determinant). This accounts for the Pauli exclusion
principle: electrons with the same spin avoid each other. One could say that each electron
is surrounded by a region in space (called the "exchange hole") which is depleted of
electrons with the same spin. Energetically, the exchange hole leads to a reduction in the
Coulomb repulsion among electrons with the same spin and thus acts on the electrons as
an effective attractive potential.

Ab initio quantum chemistry methods based on Hartree-Fock theory thus use an exact
Hamiltonian and approximate many-electron wave functions, the simplest of which is a
single Slater determinant. More accurate many-electron wave functions such as a series
of Slater determinants lead to so-called correlated methods. Quantum chemists often
refer to computations using a single Slater determinant as "calculations on the SCF (self-
consistent-field) level". In these calculations, the essential task consists in an iterative
self consistency procedure required to solve the Hartree-Fock equations.

Because of the mathematical nature of the Hartree-Fock approach, Gaussian-type
functions turn out to be the most efficient and perhaps the only practical way to expand
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the one-electron wave functions. Since their introduction (Boys, 1950) Gaussian-type
orbitals have dominated Hartree-Fock based approaches for almost half a century and
enormous efforts have been devoted to the development of "optimal" Gaussian basis sets
for quantum chemistry. The quality of basis sets is one possibility to control the trade-off
between speed and accuracy. By the 1960's Hartree-Fock methods have been
implemented in self-consistent computer programs using Gaussian basis functions and
applied to simple molecules consisting of a few atoms. In essence, the computational
procedure in such programs is as follows: one chooses a certain position of the atomic
nuclei, then one selects a certain set of Gaussian basis functions, guesses an initial form
of the one-electron wave functions by choosing the coefficients of the Gaussian basis
functions representing each molecular orbital, and one solves the Hartree-Fock equations
resulting in a new set of one-electron wave functions (i.e. coefficients for the basis
functions). These are taken as new input and the procedure is repeated until the input
and output wave functions are the same within a certain numerical tolerance, i.e. a self-
consistent solution has been found. At that point, one can evaluate the total energy of the
system originating from the kinetic energy of the electrons and the various electrostatic
attractions and repulsions between electrons and nuclei while respecting the exchange
holes around each electron. The self-consistent procedures can be repeated for different
nuclear positions thus allowing a point-by-point mapping of the total energy of a molecule
as a function of its internal geometry.

The following important observations were made. For many molecules such as H,, H,0,
CH,4, CoHg, CgHg, CO, N5, and NHs the predicted equilibrium interatomic distances and
bond angles were within a few percent of experiment. Even the vibrational frequencies,
derived from the curvature of the total energy as a function of nuclear separations, were
found to be within about 10% of experiment. Hartree-Fock theory has thus been
demonstrated as a successful ab initio approach to molecular properties and a2 major
conceptual step towards first-principles design of molecules and molecular materials had
become reality! The values of the total energies were less satisfactory. In principle, the
difference between the total energies of, for example, a N; molecule and those of two
isolated N atoms should give the binding energy of the molecule. It was found that the
values of the total energy were quite sensitive to the quality of the Gaussian basis set and
even for large basis sets the agreement between theory and experiment was not very
satisfactory. It was easier to obtain reasonable molecular geometries than to obtain
accurate energetics. Furthermore, while the Hartree-Fock approach seemed appropriate
for many molecules, some systems posed serious problems. For example, the F; molecule
was predicted to be less stable than two isolated F atoms. The calculation of the geometry
and vibrational properties of O; (ozone) also turned out to be quite difficult. Despite these
limitations, which were carefully identified and mapped out, the accuracy of predicted
structural and vibrational properties for many molecules were often very impressive. It
also turned out that while absolute binding energies posed a problem, relative energies,
for example between two different conformations of a molecule or between two different
isomers were often accurate to within 10 k3/mol (about 0.1 eV) or better. In some cases,
the accuracy of such computed values is better than that of experimental thermochemical
data!

At this point, however, Hartree-Fock theory had been applied essentially to small
molecules. The domain of solids and surfaces was left to physicists. The prediction of
energy differences is only possible if the equilibrium geometry of molecules can be
determined efficiently. A point-by-point search of all possible nuclear positions is practical
only for very simple molecules and more efficient geometry optimization techniques are
called for to investigate larger molecules. This required the calculation of the forces acting
on each atom, i.e. the gradient of the total energy with respect to the displacement of
each nucleus. In the 1970's, analytic gradient methods were developed and successfully
implemented in Hartree-Fock programs as described in the literature (see, for example,
Hehre et al., 1986). This computational capability, together with the availability of well-
tested, documented, and user-friendly computer programs made ab initio molecular
orbital theory a widely used tool for the organic chemist. The prediction of molecular
geometries, the relative stabilities of various conformations and isomers, and the
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systematic estimation of thermochemical data from first principles had become possible.
The calculation of vibrational frequencies as well as the search for minima and saddle
points on the energy surface (e.g. transition states of chemical reactions) is greatly
facilitated if the second derivatives of the total energy with respect to nuclear coordinates
can be evaluated from analytical formulas. In Hartree-Fock methods, this capability
became available in the 1980's (as reviewed, for example, by Hehre et al., 1986).
Electron correlation effects beyond the single-determinant approximation can be included
in a systematic way by expanding the many-electron wave function in a series of Slater
determinants representing different electronic configurations. Formally, such a
"configuration interaction" (CI) expansion converges to the exact many-body solution,
albeit at substantially increasing computational effort. Alternatively, many-body
perturbation theory can be used to include the major correlation effects. In view of the six
criteria stated above, the present status of Hartree-Fock based quantum chemical
methods can by described as follows:

Capability: The major capability of Hartree-Fock methods is the prediction of the total
energy as a function of atomic arrangements enabling geometry optimizations, searches
of energetic transition states, and the calculation of vibrational spectra. Among the
electronic, optical, and magnetic properties obtainable from Hartree-Fock (and post-
Hartree-Fock) calculations, perhaps the most prominent are electronic charge
distributions, infrared frequencies and intensities, polarizabilities, hyperpolarizabilities and
NMR shifts. The one-electron energies of occupied levels can be used to interpret
photoemission spectra, but only in a semi-quantitative way. The prediction of optical and
UV spectra requires methods beyond a single determinate. While possible in principle, this
capability is not practical with Hartree-Fock methods for most systems of industrial
relevance.

Generality: Hartree-Fock based methods work best for stable organic molecules and small
molecules or clusters of atoms from the main group of the periodic table. For certain
molecules such as F,, ozone, and nitro-compounds a single determinant representation is
inadequate and the Hartree-Fock SCF level leads to unsatisfactory results. Furthermore,
the approach is not well suited for transition metals, rare earth metals, actinides, and
their compounds. In an admirable effort, the Hartree-Fock approach has also been
implemented for periodic systems (Dovesi et al., 1992). This approach is particularly
suited for oxides and crystals of small organic molecules. The use of this approach for
metallic systems is questionable.

Accuracy: For systems where the Hartree-Fock approach is applicable, bond lengths are
typically predicted to within £0.03 A and bond angles and dihedral angles to within a few
degrees. Binding energies are typically underestimated by as much as 50%. Relative
energies between isomers or different molecular conformations can be calculated to
within about 5 kJ/mol provided that basis sets and other computational parameters are
carefully controlled. Typically, vibrational frequencies calculated on the Hartree-Fock SCF
level are too high by about 10% compared with the harmonic part of experimental data.
Because of the completely analytical nature of the computational implementation, the
numerical precision {(but not-the physical accuracy!) of total energies, forces and
vibrational frequencies can be close to machine precision (usually about 14 significant
digits). In principle, the accuracy of the many-body wave function can be systematically
improved through the successive inclusion of correlation terms.

System size: The practical limit for accurate geometry optimizations and determinations
of relative energies with the above mentioned Hartree-Fock calculations is in the range of
about 50 carbon-like atoms. Single SCF energies can be evaluated for molecules
containing up to several hundred atoms. Inclusion of correlation reduces the accessible
system size to perhaps 10-20 atoms, depending on the level of theory. The most accurate
correlated methods are restricted to molecules with just a few atoms. However, in these
cases the accuracy in predicted spectroscopic properties such as equilibrium bond lengths
and vibrational modes comes close to the goals of Table 1, except for the absolute binding
energy, which may be still off by 5 to 10 kJ/mol.
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Time scale: At present, Hartree-Fock calculations are too slow for performing dynamical
simulations even for very small molecules and time scales in the pico-second range.

Computational efficiency: Hartree-Fock calculations on molecules of the above mentioned
sizes can be carried out on present high-performance workstations in the range of 10-100
hours and on vector supercomputers approximately 10-100 times faster. For molecules in
the range of 10-50 atoms the computational effort is dominated by the evaluation of four-
center integrals of products of Gaussian functions. Formally, the computational effort
increases with a fourth power in the number of basis functions. However, for larger and
open molecular structures, many of these integrals vanish and can be eliminated in
advance so that for large molecules the computational effort grows with a third power in
the number of basis functions because of the matrix diagonalizations involved in the SCF
scheme. The inclusion of electron correlations in ab initio calculations dramaticaily
increases the computational effort while the accuracy of the results is improved only
gradually. Especially configuration interaction expansions, while formally exact, are
impractical for all but very small systems consisting of a few atoms. Among practical
correlation treatment based on Hartree-Fock theory, second-order Mgller-Plesset
perturbation theory (often referred to as MP2) is a reasonably efficient approach provided
that a single Slater determinant is an appropriate description of the system. Coupled-
cluster theory, (see, for example, Balkova and Bartlett, 1993) can give quite accurate
results even for "difficult” molecules like ozone. However, such calculations are very
sensitive to the choice of basis sets and the computational effort scales approximately
with a seventh (1) power in the number of basis functions. Hence, the practical value of
such an approach is limited. The Hartree-Fock picture is best suited for small organic
molecules and compounds of main group elements which do not contain large number of
electrons and where the electrons are fairly localized. In other words, the Hartree-Fock
picture seems to be adequate as long as the "individual character” of electrons is
reasonably maintained. Hartree-Fock theory is less appropriate for systems with high
electron density such as transition metals or systems with delocalized metallic like states.
In fact, the theory breaks down qualitatively for the perfect metal, because it fails to
account for collective Coulomb screening in a completely delocalized electron system
(Pines, 1951).

Density Functional Theory (DFT)

Shortly after the formulation of quantum mechanics in the mid 1920's, Thomas (1926)
and Fermi (1928) introduced the idea of expressing the total energy of a system as a
functional of the total electron density. Because of the crude treatment of the kinetic
energy term, i. e. the absence of molecular orbitals, the accuracy of these early attempts
was far from satisfactory. It was not until the 1960's that an exact theoretical framework
called density functional theory (DFT) was formulated by Hohenberg and Kohn (1964) and
Kohn and Sham (1965) that provided the foundation for accurate calculations. Earlier,
motivated by the search for practical electronic structure calculations, Slater (1951) had
developed an approach, later to become the Xa method (Slater, 1974) which was
originally intended as an approximation to Hartree-Fock theory. Today, the Xa method is
generally viewed as a simplified form or precursor of density functional theory.

In contrast to the Hartree-Fock picture, which begins conceptually with a description of
individual electrons interacting with the nuclei and all other electrons in the system,
density functional theory starts with a consideration of the entire electron system. In
density functional theory, the total energy is decomposed into three contributions, a
kinetic energy, a Coulomb energy due to classical electrostatic interactions among all
charged particles in the system, and a term called the exchange-correlation energy that
captures all many-body interactions. This decomposition is formally exact, but the actual
expressions for the many-body exchange and correlation interactions are unknown. The
local density approximation (LDA) turned out to be computationally convenient and
surprisingly accurate. In this approximation, the exchange-correlation energy is taken
from the known results of the many-electron interactions in an electron system of
constant density ("homogeneous electron gas"). The LDA amounts to the following
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picture: at each point in a molecule or solid there exists a well defined electron density; it
is assumed that an electron at such a point experiences the same many-body response by
the surrounding electrons as if the density of these surrounding electrons had the same
value throughout the entire space as at the point of the reference electron. The
exchange-correlation energy of the total molecule or solid is then the integral over the
contributions from each volume element. The contributions are different from each
volume element depending on the local electron density. The LDA is exact for a perfect
metal (which has a constant electron density) and becomes less accurate for systems with
varying electron density. Remarkably, the LDA is also quite well suited for systems with a
high electron density such as transition metals. In DFT, the total electron density is
decomposed into one-electron densities, which are constructed from one-electron wave
functions. These one-electron wave functions are similar to those of Hartree-Fock theory.
For molecular systems, DFT leads to a molecular orbital (MO) picture in analogy to the
Hartree-Fock approach.

DFT has been successfully extended to open-shell systems and magnetic solids (von Barth
and Hedin, 1972; Gunnarsson et al., 1972). In these cases, the local exchange-
correlation energy depends not only on the local electron density, but also on the local
spin density (which is the difference between the electron density of spin-up electrons
and that of spin-down electrons). The resulting generalization of LDA is called local spin
density approximation (LSDA).

A priori it is not clear which of the two pictures, the Hartree-Fock approach or the local
density functional approach gives better results. In fact, the applicability of the Hartree-
Fock picture vs. the local (spin) density approximation depend on the effective range of
many-body interactions between electrons. If these interactions are of dimensions of
several interatomic distances, then the Hartree-Fock description is better. The
mathematical objects used in Hartree-Fock based approaches to describe these many-
body or electron correlation effects are molecular orbitals which are quite large, extending
over many interatomic distances. If, however, these many-body effects are of a more
short-range nature, perhaps smaller than interatomic distances, then the local density
approximation is more appropriate. In such a case, a description of these short-range
phenomena with large mathematical objects such as molecular orbitals is extremely
slowly converging. As quantdm chemists are painfully aware of, this is indeed the case
with configuration interaction methods.

Experience shows that for many systems including metals, transition metal compounds,
but also organic and inorganic molecules, the LDA gives surprisingly good results,
especially for the prediction of structural properties. Configuration interaction expansions,
on the other hand, are known for their notoriously slow convergence. This may be taken
as evidence of the more local character of many-body interactions for many systems of
interest.

Evolution of DFT methods

Prior to the developments of density functional theory, the calculation of energy band
structures for crystalline solids had become a major goal of computational solid state
physics. During the 1960's (see figure evolution), when quantum chemists began
systematic Hartree-Fock studies on small molecules, energy band structure calculations of
solids were possible only for simple systems such as crystals of copper and silicon
containing one or a few atoms per unit cell. The aims of these efforts in solid state physics
were different from those of quantum chemistry. Whereas quantum chemistry focused on
the ab initio determination of molecular structures and energies, the goal of energy band
structure calculations for solids was the understanding of conducting and insulting
behavior, the elucidation of the types of bonding, the prediction of electronic excitations
such as energy band gaps, and the interpretation of photoexcitation spectra.
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To this end, semiempirical pseudopotential theory (Phillips, 1958; Cohen and Heine,
1970) became a successful and pragmatic approach especially for semiconductors. All-
electron band structure calculations were applied mostly to transition metals and their
compounds. Initially, these calculations were carried out non-self-consistently. For a given
crystal structure and atomic positions in the lattice, a crystal potential was constructed
from superposed atomic densities and the energy bands evaluated for selected points in
momentum space without improving the electron density through a self-consistency
procedure. The shape of the crystal potential was simplified in the form of a "muffin-tin"
potential (Slater, 1937) with a spherical symmetric potential around the atoms and a
constant potential between the atomic spheres. For close-packed structures such as fcc
Cu, this is an excellent approximation and substantially simplifies the calculation of the
energy bands. During the 1960's (cf. Fig. 2), self-consistency was introduced still using
the simplified "muffin-tin" potential. Around 1970, self-consistent muffin-tin energy band
structure calculations were possible for systems containing a few atoms per unit cell. At
that time, quantum chemists had already recognized the power of total energies as a tool
for geometry optimization of molecules and had developed analytic energy gradients
(forces) that greatly facilitated geometry optimizations. Shape approximations to the
potential are questionable for open molecular structures and hence the use of the muffin-
tin approximation in the form of the so-called multiple-scattering X-alpha method (Slater,
1974) for molecules and clusters met with skepticism among many ab initio quantum
chemists.

In computational solid state physics, total energy calculations as a predictive tool for
crystal structures and elastic properties of solids came into general use only in the mid to
late 1970's, which was almost 10 years later than the corresponding development in
Hartree-Fock theory for molecules.

By 1970, density functional theory had become a widely accepted many-body approach
for first-principles calculations on solids, superseding the X-alpha-approach. Initially,
energy band structure methods such as the augmented plane wave (APW) method
(Slater, 1937) and the Korringa-Kohn-Rostoker (KKR) method (Korringa, 1947; Kohn and
Rostoker, 1954) were very tedious since the system of equations to be solved in each
iterative step of the self-consistency procedure were nonlinear (the matrix elements
depended on the energy). Furthermore, the computer hardware at that time was limited
both in processor speed, but perhaps even more by memory size. A major step forward
was the introduction of linearized methods, especially the linearized augmented plane
wave (LAPW) method (Koelling and Arbman, 1975; Andersen, 1975) and the linearized
muffin-tin orbital (LMTO) method (Andersen, 1975).

By 1980, quantum chemists had developed analytical second derivatives in Hartree-Fock
theory for the investigation of structural and vibrational properties of molecules. During
the same time, computational solid state physicists worked on the formulation of all-
electron self-consistent methods without muffin-tin shape approximations, such as the
full-potential linearized augmented plane wave (FLAPW) method with total energy
capabilities as reviewed by Wimmer et al. (1985). Analytic first derivatives (forces) within
solid state calculations were first introduced in pseudopotential plane wave methods as
reviewed by Payne et al. (1992) and only fairly recently in other solid state methods.
Larger unit cells of bulk solids with more degrees of freedom and especially the
investigation of surfaces required tools for predicting the position of atoms, for example in
the case of surface reconstructions. Hence, total energy and force methods for solids and
surfaces became more urgent.

In solid state calculations, the emphasis had shifted from the prediction of electronic
structure effects for a given atomic arrangement to the prediction of structural and
energetic properties as revealed by novel techniques such as extended x-ray absorption
fine structure spectroscopy (EXAFS) and the scanning tunneling microscope.
Pseudopotential theory, originally used in the form of a parameterized semiempirical
approach for calculating energy band structures of semiconductors, had been developed
into a first-principles method with rigorous procedures to construct reliable
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pseudopotentials (Bachelet et al., 1982). Pseudopotentials turned out to be particularly
elegant and useful for the investigation of main-group element semiconductors. Using the
pseudopotential plane wave approach, Car and Parrinello (1985) made an important step
in the unification of electronic structure theory and statistical mechanics. In this
approach, it is possible to simulate the motions of the atomic nuclei as they would occur,
for example, in a chemical reaction while at the same time relaxing the electronic
structure, all within a single theoretical framework. Until then, molecular dynamics had
been mostly the domain of empirical force field approaches which are not intended for
describing the formation and breaking of chemical bonds. (A discussion of force field
methods is given separately.)

Density functional theory, originally intended for metallic solid state systems, turned out
to be also surprisingly successful for describing the structure and energetics of molecules.
First clear evidence for the capabilities of the local density functional approach for
molecular systems was given already in the 1970's, but only recent systematic
calculations on a large number of typical molecules together with the introduction of
gradient corrected density functionals (Perdew, 1986; Becke, 1988) have made density
functional theory an accepted approach for quantum chemistry (Labanowski and Andzelm,
1991). These capabilities of density functional theory as tool for molecular and chemical
problems is remarkable, since the theory was originally developed as approach in solid
state physics.

Assessment of DFT methods

In view of the criteria introduced earlier, the status of density functional calculations for
solids, surfaces, and molecules can be characterized as follows.

Capability: Like Hartree-Fock methods, density functional calculations provide structural,
energetic, and vibrational properties. More than Hartree-Fock calculations, density
functional calculations enable also the prediction of electronic, optical, and magnetic
properties of condensed phases.

Generality: The density functional approach is applicable to all atoms of the periodic table,
provided relativistic effects are taken into account for heavier elements such as third-row
transition metals, rare-earths, and actinides. The approach can be used for metallic,
covalent, and ionic bonds. Its greatest strength are metallic condensed systems, yet its
range includes as well organic molecules. With the inclusion of gradient corrections for the
exchange-correlation term, even weaker interactions such as hydrogen bonds can be
reasonably well described. Furthermore, so-called "difficult” molecules such as ozone
seem to be treated by density functional methods with the same level of accuracy as
other molecules. Within molecular applications, the approach is particularly useful for
organometallic systems. Thus, in terms of generality and robustness, density functional
theory seems to be superior to the Hartree-Fock approach. Local density functional
calculations do encounter problems for narrow-gap insulators and certain oxides. The LDA
tends to overemphasize the metallic character and one needs to be careful in the
interpretation of the density functional one-electron energies. Furthermore, weaker bonds
such as hydrogen bonds are significantly overestimated in the LDA. The primary results of
density functional calculations are the electron density, the spin density, the total energy,
and the one-particle energies and wave functions. From these quantities, one can derive
important electronic, optic and magnetic properties including dipole (and higher)
moments, polarizabilities and hyper-polarizabilities, and magnetic moments. LDA
calculations for systems in their electronic ground state can be used to estimate electronic
excitation energies including work functions, optical and UV spectra, and core leve!
spectra for solids, surfaces, and molecules.

Accuracy: Quite consistently, for a great number of strong bonds in solids, molecules, and
surfaces, interatomic equilibrium distances are predicted by precise density functional
calculations to within about 0.02 & of experiment; bond angles and dihedral angles are
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found within-a few degrees of their experimental values. Within the local density
approximation, binding energies are typically overestimated, sometimes by as much as a
factor of two. Inclusion of non-local gradient corrections (Becke, 1988; Perdew, 1986)
improve the values of binding energies and bring them to within about 10 kJ/mol of
experiment. The results obtained at this level of theory are comparable with sophisticated
correlated quantum mechanjcal methods such as coupled cluster theory. Vibrational
frequencies are predicted to within 10-50 cm™. In terms of the goals for accuracy stated
in Table 1, density functional theory comes to within a factor of 10-100. At present, there
is no clear theoretical path that would allow the systematic improvement of the accuracy
of density functional methods. This is a major conceptual difference to Hartree-Fock
based methods, where at least in principle there is a way for systematic improvements.
Practical density functiona! calculations involve numerical integrations in addition to the
evaluation of analytical expressions. These numerical integrations introduce a numerical
noise which can be noticed, for example, in geometry optimizations of highly flexible
molecules. By increasing the size of the numerical grid, this numerical noise can be
controlled, albeit at the expense of computational effort. This is in contrast to Hartree-
Fock methods, which are usually implemented in a completely analytical way. Thus, the
numerical precision of Hartree-Fock calculations is limited by the machine precision
(typically 14 decimal figures) whereas the precision of density functional calculations is
governed by the grid resolution. One could argue that if a theory has a certain intrinsic
error compared with experiment, any computational approach that gives results within
that error range is acceptable and any improvement in numerical precision has no
physical meaning. On the other hand, it can be desirable, for example in the investigation
of subtle trends, to have a high numerical precision.

System size: Density functional calculations are possible for systems of the order of 100
atoms. By exploring point-group symmetry, calculations for clusters of over 1000 atoms
have been demonstrated for fixed geometries. While the self-consistent-field procedure
converges typically in 10-20 iterations for organic materials and semiconductors, metallic
systems and especially magnetic transition metals such as Fe and Ni are very difficult to
converge. In practice, this limits the size of systems that can be treated to perhaps less
than 50 atoms per unit cell or cluster. (5) Tractable time scale: With the work of Car and
Parrinello, density functional calculations have become possible for studying dynamic
phenomena. However, for a system with about 100 atoms, accurate density functional
calculations are about 1000 times slower than force field calculations, thus reducing the
accessible time scales to the range of picoseconds. In practice, the Car-Parrinello method
is presently used for structure optimizations by simulated annealing rather than for
dynamic simulations, which has been done so far only for a few cases.

Computational efficiency: Depending on the system under investigation, for example a
metallic alloy or a molecular crystal, density functional theory can be implemented in
quite different ways (see discussion below) thus leading to efficient methods for particular
materials. On the other hand, practical Hartree-Fock methods require the use of Gaussian
basis functions, which can be fairly inefficient, for example for close-packed systems.
Thus, in general, density functional theory tends to be computationally more efficient that
Hartree-Fock calculations. Without doubt, compared with correlated post-Hartree-Fock
methods, density functional calculations are by far more efficient computationally, scaling
at worst with a third power in the number of basis functions. In fact, significant effort is
dedicated to the development of so-called order-N methods, i.e. methods for which the
computational effort increases linearly with system size. Such methods have been
successfully demonstrated, yet the pre-factor is rather large so that these methods are
competitive with conventional density functional implementations only for systems with
several hundred atoms (see, for example, Mauri et al., 1993; Li et al., 1993). In
molecular calculations it can be important to calculate vibrational frequencies in order to
determine ground state structures, transition states, and to predict infrared spectra. In
Hartree-Fock theory, this approach is well established, whereas the evaluation of
vibrational frequencies (i.e. the calculation of the second derivatives of the total energy
with respect to nuclear displacements) for molecular density functional is been done by a
finite difference technique using analytic first derivatives. This is computationally not very
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efficient compared with analytical methods. While this type of calculations has been used
for density functional methods within the pseudopotential plane wave approach for some
time, the implementation of analytic second derivatives in localized orbital density
functional calculations is a fairly recent development (Komornicki and Fitzgerald, 1993).
However, this type of calculation is quite time consuming and may require supercomputer
resources for larger molecules.

Semiempirical and Simplified Quantum Mechanical Methods

One of the most widely used computational tools in the study of small organic molecules
is a semiempirical approach known as modified neglect of diatomic overlap (MNDO)
method (Dewar and Thiel, 1877). This approach and its further developments are
implemented in programs such as MOPAC (Stewart, 1990). Its usefulness comes from the
balance between several characteristics, namely theoretical rigor and pragmatism, speed
and accuracy, specific parameterization and generality. This method captures the
essential aspects of a quantum mechanical approach including electronic levels, charge
transfer, and spin polarization; it allows the making and breaking of chemical bonds; it
provides geometric structures, heats of formation, infrared spectra, normal modes, as
well as electronic charges, electrostatic potentials, dipole and multipole moments,
polarizabilities, hyperpolarizabilities and, with the proper parameterization, also optical
spectra. The heavy computational effort of first-principles calculations is avoided by a
number of algorithmic simplifications such as minimal basis sets and the elimination of
difficult integrals, which are either made small by proper mathematical transformations
and then ignored or by using them as parameters to fit experimental data such as
geometries, heats of formation, and ionization potentials. It is of course the latter aspect
that limits the generality and transferability of the methods. In fact, most of the efforts in
MNDO and related methods have been devoted to the description of organic molecules.
Hence, this approach is useful for organic synthetic polymers and functional organic
materials.

In solid state physics, the equivalent semiempirical approach became known as tight-
binding theory. Similar to MNDO, the integrals can be parameterized, as was already
done by Slater and Koster (1954). This method has been successfully developed into
powerful tools for the study of inorganic materials including, for example, the atomic and
electronic structure of surfaces (Lannoo and Friedel, 1991) and the interplay between
structural and electronic properties of semiconductors with their defects, surfaces, and
interfaces (see, for example, Lefebvre et al., 1989).

The computational advantage of tight-binding methods over first-principles density
functional methods is not as large as between Hartree-Fock and MNDO methods.
Therefore, first-principles methods have started to play an increasingly important role in
the investigation of electronic properties of systems such as semiconductors and
heterostructures. Using the concepts of the tight-binding approach, significant efforts are
being made to improve the speed of tight-binding methods in order to study dynamic
processes such as the deposition of Ag atoms on Cu surfaces (Mottet et al., 1992) and the
effect of irradiation on the stability of materials (Salomons et al., 1992).

The tight-binding recursion method, which was developed in the early 1970's (Haydock et
al., 1972; Turchi and Ducastelle, 1985) presents a promising approach for the fast
evaluation of total energies and forces in covalently bonded systems such as transition
metals, their alloys, and their compounds. A novel scheme by Aoki (1993) leads to a
rapidly convergent bond order expansion, thus overcoming some of the earlier difficulties
of this approach. This is a promising approach for the investigation of structural and
perhaps dynamic properties of novel materials, in particular alloys (Aocki et al., 1993).

A simpler approach to interatomic potentials in metals has been proposed in the form of
the embedded atom method (EAM) (Daw and Baskes, 1984) and the related effective
medium theory (Nielsen et al., 1993). In these approaches, one uses the essence of
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density functional theory, namely the dependence of the total energy on the electron
density to capture some electronic aspects to the bonding, and then adds empirical pair
potentials which are fitted to reproduce experimental geometries, bulk moduli, and
related data. These methods are intended for metallic systems. It overcomes some of the
difficulties of pair potentials for metals, but retains their computational simplicity. Thus,
the method lends itself to the study of dynamic phenomena of systems containing
thousands of metal atoms. There is hope that this method and further extension will allow
the study of complex processes such as failure mechanisms in the context of materials
design (A recent review of this type of approach is given by Raeker and DePristo, 1991).
One should keep in mind, though, that the validity of interatomic potentials needs to be
carefully assessed before quantitative predictions or even qualitative pictures are derived.
For example, isotropic compressions may be well described, while the shear modulus may
be unreliable because of the lack of directional bonding in this model.

Quantum mechanical calculations typically involve a self-consistency procedure to solve
the Hartree-Fock or the Kohn-Sham equations. It has been shown (Harris, 1985) that one
can formulate a computationally much more efficient non-self consistent approach which
leads to surprisingly good resulits, especially if there is not much charge transfer involved.
Calculations based on this "Harris functional" are about 10 times (or more) faster then
self-consistent procedures and thus present in interesting route to fast calculations of
structural and electronic properties.

As can be seen from this very short (and thus incomplete) review that great efforts are
being made by a number of research groups to develop tight-binding and other methods
into practical tools for the materials designer. This area is less settled than, for example,
the Hartree-Fock methods of quantum chemistry or the first-principles density functional
methods discussed earlier. However, it is reasonable to assume that the success of
atomistic approaches for inorganic materials will very much depend on the developments
of these fast structural and dynamic methods. In view of the six criteria used above, the
common features of these semiempirical and simplified quantum mechanical methods can
be summarized as follows.

Capability: Semiempirical guantum mechanical methods allow in principle the evaluation
of the same properties as first-principles methods, i.e. structures, energies, electronic
states, charge distributions, spin distributions, and related quantities. The embedded
atom method and effective medium theory, however, do not provide details of the
electronic structure and thus are closer to force field methods than to full quantum
mechanical methods.

Generality: Simplifications of first-principles methods and the introduction of system
specific parameters limits the generality. Depending on the type of system under
investigation, for example a transition metal alloy, a semiconductor, or an organic
polymer, different methods and parameterizations have to be selected.

Accuracy: The introduction of parameters can make these methods fairly accurate in
some cases, but rather unpredictably inaccurate in others. Overall, the accuracy is
reduced perhaps by an order of magnitude compared with precise first-principles
methods.

Accessible system size: Some of the methods mentioned above such as the bond order

methods scale linearly in system size and are designed to handle hundreds and perhaps
thousands of atoms. The simpler EAM and related methods have been used for systems
up to about one million particles. In comparison, the semiempirical methods of quantum
chemistry such as MNDO are practically restricted to about 1000 atoms.

Computational efficiency: Great efforts are devoted to the development of fast methods
and their implementations on parallel machines. Some of the semiempirical approaches
involve direct or iterative matrix diagonalizations which becomes one of the computational



bottlenecks (the difficult integrals of first-principles methods are reduced to fairly simple
arithmetic expressions). The goal, however, are actual order-N methods with high
computational efficiency.

ForceField Methods

Experimental progress in molecular biology, the development of sophisticated x-ray and
NMR techniques for protein structure determination, and the enormous impact of these
techniques on the development of human therapeutics make it an urgent priority to
understand, simulate, and predict the structure, dynamics, and functionality of proteins
and DNA helices which are typically molecular assemblies consisting of the order of
10,000 atoms. Obviously, a simulation technology capable of describing biologically active
organic compounds and biopolymers can readily be adapted to the study of organic
compounds at large as well as synthetic polymers.

Given the heavy computational demand of quantum mechanical approaches, it is obvious
that the simulation of the dynamic behavior of these complex macromolecules cannot be
done directly with first-principles methods, but require a level of drastic, yet well
controlled simplifications. These simplifications should reflect just the relevant degrees of
freedom. If the parameters introduced in the description are obtainable from first-
principles theory, one could consider such force field based approaches indirectly to be
still "first-principles" in the sense that for any new system there exists a logical, unbiased
procedure to evaluate these parameters. In practice, however, force field parameters are
often adjusted to fit experimental data rather than being taken from first-principles
calculations. In this case one needs to be really careful about the predictive capabilities of
simulations based on such parameters. However, the accuracy of well tuned force fields
can be superior to the accuracy of standard quantum mechanical calculations, for
example in the prediction of bond distances, albeit only for the molecules close to the
initial training set.

Early attempts to represent the interactions between atoms in organic molecules by
quasi-classical force fields were quite successful in predicting molecular structures and
relative energies. The first stage of this development was molecular mechanics, -aimed at
the prediction of static molecular structures. As long as no chemical bonds (other than
hydrogen bonds) are broken and as long as there are no rearrangements of electronic
charges, fairly simple analytical expressions of the total energy as a function of atomic
positions can be formulated.

In the 1970's and 1980's (see figure "evolution™"), force field methods were increasingly
used for the simulation of the dynamical behavior of liquids (Allen and Tildesley, 1987)
macromolecules (van Gunsteren and Weiner, 1989). Since the usefulness of force field
methods hinges on the quality of the potential energy functions (force fields), a
tremendous effort has been (and still is) devoted to the development and improvements
of potential energy functions and force field parameters (see, for example Allinger et al.,
1989). An important conceptual step was the systematic use of quantum chemical first-
principles (ab initio) methods for the development and calibration of potential energy
function (Maple et al., 1988). In this way, force field parameters can be obtained by an
unbiased procedure without prior experimental information about a system. If available,
experimental data can then be used to fine-tune the parameters, thus achieving for the
particular systems an accuracy which is superjor to the quantum mechanical calculations.

The major advantage of force field methods is their computational simplicity and speed
which allows molecular dynamics and Monte Carlo simulations on fairly large systems and
significant statistical sampling. Using the methods of statistical mechanics one can
evaluate thermodynamic properties such as entropy and free energy, which are at the
heart of any chemical and physico-chemical behavior.
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For inorganic systems, the use of force field methods is not so straightforward and their
successes depend strongly on the type of compound under investigation. Synthetic
polymers have many physical and chemical characteristics in common with bio-polymers.
Hence, the experience gained in the development of force field methods for bio-
macromolcules has been ttransferred to synthetic polymers. However, the lack of any
secondary and tertiary structure in most synthetic polymers makes it very hard to build
realistic structural models for polymers. Furthermore, while the simulation of bio-
polymers is aimed at controlling their chemical functions, the industrially most important
properties of synthetic polymers are their mechanical, thermoelastic, and diffusive
characteristics. The link of these macroscopic properties to the atomistic behavior is not
fully understood, it involves vastly different length and time-scales, and is thus much less
amenable to quantitative predictions based solely on atomistic simulations.

The use of force field methods for inorganic systems such as metals, alloys,
semiconductors, and oxide-based insulators encounters difficulties and often fundamental
limitations. Whereas the character of organic or biochemical molecules allows a natural
separation into bonding and non-bonding interactions, this separation is usually not
possible for inorganic systems such as metal alloys. Furthermore, force fields usually
assign static point charges to atoms to simplify the description of electrostatic
interactions. This is a reasonable approach for organic molecules, but can be difficuit to
define for inorganic systems. However, for silicates, zeolites, and other oxides it is
possible to create model potentials and meaningful structural results can be obtained, in
particular if electronic polarizability is taken into account by approaches such as the shell
model as revied by Catlow and Cormack (1987). If a clear separation between bonding
and non-bonding interactions can be defined for a material, then force field approaches
are quite useful. This is the case, for example, in the description of the physi-sorption of
molecules on surfaces (see, for example Kim et al., 1994) or the diffusion of molecules in
the cage structure of zeolites (Catlow and Thomas, 1992).

As opposed to quantum mechanical first-principles methods, there are many choices for
the analytic form of force fields and the corresponding parameters. In fact, each force
field has its particular strengths and weaknesses and an assessment of its quality
depends on the property for which the particular force field is intended.

In terms of the six criteria established above, force field methods can be characterized as
follows:

Capability: Force field methods give information on structure and dynamics, total
energies, entropies, free energies, and diffusive processes. By construction, any property
related to the electronic structure such as electrical conductivity, optical, and magnetic
properties are not accessible from force field calculations. In essence, force field
approaches are structural tools.

Generality: Despite major efforts to develop transferable force fields, this approach has
intrinsic limitations in describing, for example, charge transfer. Force fields are best used
within the class of compounds or systems for which the parameters have been fitted and
the domain of applicability has to be clearly understood and identified. Valence force fields
which rely on the concept of well defined chemical bonds obviously are meaningful for
most organic and bio-organic molecules, whereas this concept is less appropriate for
organometallics such as metallocenes and becomes ill-defined in metals and alloys.
Interatomic potentials based on the Born model have been successfully used to describe
the structure and dynamics of oxides. To this end, one can use nominal charges such as
+4 for Si and -2 for oxygen in quartz. However, it has to be understood that this is a
model, not reality!

Accuracy: Within the domains for which force fields have been optimized, this approach
can actually give an accuracy in bond lengths and bond angles which can be superior to
first-principles calculations. Especially in the important field of proteins, highly accurate
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force field have been developed. However, accuracy and generality do not necessarily go
hand in hand. Great caution is appropriate if a certain force field is applied to a new class
of compounds or bonding situation. One cannot estimate the accuracy of a force field in a
new situation. The predictive capability of this approach for novel compounds is limited.
In fact, the results can be outright misleading without warning.

System size: Sophisticated valence force fields allow molecular dynamics simulations of
systems containing tens of thousands of atoms. With simpler force fields, for example
Lennard-Jones pair potentials, systems of the order of a million atoms are accessible.

Time-scales: The greatest strength of force field methods is their ability to access time
scales into the nanosecond range. In typical force field molecular dynamics calculations,
time steps of about 1 femto-seconds are being used in order to account for the fastest
atomic motions in the system.

Computational efficiency: For systems with about 100 atoms, force field methods are
about 1000 times faster in the evaluation of total energies and forces compared with first-
principles methods such as density functional calculations. If the pair-wise interactions,
especially the long-range Coulomb interactions, are truncated, the computational effort
increases linearly with the number of atoms in the system. Force field methods can thus
be considered as order-N methods. Of course, the computational effort increases linearly
also with the simulated time span or the number of Monte Carlo moves. Because of the
mathematical simplicity of force field methods, there have been several efforts to use
hardware specific implementations. However, given the speed and low cost of present
general-purpose reduced-instruction-set-computing (RISC) workstations, these efforts
have never become widely popular. Force field methods can be implemented on parallel
machines. However, compared with the number of arithmetic operations, there is
significant data transfer between memory and processors, so that communication
between memory and processors and between different processors becomes a decisive
factor for overall computational efficiency.
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