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ABSTRACT

A re-view of the Electric Field Gradient (EFGQG
tensor has been carried out.

The theoretical models proposed by Kohn and vosko
(1960) SI and in and Friedel (1960), Sagalyn, Pashkin
and Harrison (1961), Sagalyn and Al exander (1977) and
Ponnanbal am and Jena (1931) have been revi ewed-

The Ponnambai am and Jena theory (1991) was used
to calculate the EPG tensor tor fourth and fifth row
impurities 1in copper.

Results of first nearest neighbour (1nn) and second
near est nei ghbour (2nn) cal cul ati ons show good
agreenent with experinmental val ues.

For fifth row impurities using the value of row=25.6
andgamm=1.0; the mean percentage deviation between
cal cul ated values and experi nent al val ues was 4,S per
cent for Inn For 2nn, using the value of row=34.0,
gamma=7.5, a mean percentage deviation or 12.5 per cent
was obt ai ned. Where rowand ganma are t he Bl och enhancenent
factor and strain coupling paranmeter respectively.

The® results show that the Ponnambal am-Jena theory
account for the EFG results better than the previous

t heori es.
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e Eleciric Field bBragient {(EFD at a noint in a

charge bearing envirconment may bDe detined ax, the

hearetical stwiies of EFG in cubic metals and
ailays were pionearsed by Bloembergen and  Rowland
(1953, Tn iheir pxperimenital stwbies, hey noticeo

ere was a sharg drop in the muclear Hagnetic Reson-

-
3

ance (NMR) signals for diiute copprer alloys compared:
’

with signais from the pure copper cryscai.
The presence of an mpurity 16 the copuer crystal

fas, 15 the case 1n The cooper alioy) ieads o a loss

of cuhic symmetry. With The absence of cubic asymmetry

There exisis ann vanisning FFB's At Bhie nuciear sites.

pu

he FRFE s atwd RMurlear Buadropole momeni interaciions
perturi e nwuciear engrgy 1eveis, Ssuach that resopance
does ot orocwr at oa singie  frequency. Thie is

rasponstivie For the sherp drop in MR signals.

v
2
=

The Lheory pul forward by Bl oembergen and Sow

e B

{1955

-

y gave resulits that were much iless Than  the
Timiting vaiue of FFe reguired o explain the dis—
appeariance in NRK sigoals.

The nexi step in  tThe jeprovement of the vheory
was oy Mo and Vosko {(1F40)  and Hlandiln and Friedgel

(19407, They were able t0o account seml —quantitativeiy

-

+or ©h

i

experimantal wipe—mui nuamhers, by calculating

= ——

the ©Fir procuced by 1he lonpg-range osciliiaiory scoree—

-

ning charge ciowi, which surrounds the L1mparity atom.



Rasulis aptained from cajcrulations in This work

shnw gnoii  agreeamant with exparimental vaiuwes and an

Fa

overall 1mprovesent over the resulis af BSagalyn and

Alexantier (1777).
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THF FiIiFCTRIT FIFI D GRADTENT

Z.1 Definition of the Electric Field Bradient

The =ieciric fieid {(EFB) at a point in a charge
pearing environmeni s defined as the gradient of the
eleciric fie2id at that point.

1., FFD = VL p i

= TV 2.1.2
where £ and ¥V are the eleciric +ieid and electric
portential at that point respecitively.

The eleciric field gradient gives information
about The wvariartion of ©the eieciric fieid 1n the

char ge bhearing environment .

7.7 The eleciric fieid gradieni due to a singie

poinkt charge

A point charge, 0, situated ait a point r=i{xZ +
¥ 4 2ZTACT 5 i cartesian co-ordinare system

iil give rise ©n a potentiail

b

V = a/r {in Daussian uniis) 2.2.13

art the origin

4

e alen gives rice to an eleciric field

F=-W= - I%s__:_'»‘? + %%; + %%L;] - R 3

Tiwe FFG due bt this point charge is detined as
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Vrx Vny Viz
tFriz = -VOW = - Vyx Vyy Vyz Z2idsd
Vzx Vzy Vzz
wiresr e U‘J = i%w !'.K;. e = K'Y'?} 7.?-4
- . ]
Vas = Qilx x4 — r&i,40/r3 2 2.5

in sphericail polar co-ormiinpaies defined as

¥ = reind cosh y = rsinfsing and 7Ercosd

Viw = ail3sinZThio=Ty — 1ir—=

Vo =qiZsinTPcosy ~ Jir—= 2.2.4
Ve = ailcose2§ — 1lr—=

Vv = Vo = Jar " SsinZisinmcoss

Vux = Vaw = Jar Ssinficosiose e 15 i

Ve = Vay = Jgqr "Ssinbrosising

The FFG tensor 1s a 3X3 second rank tensor. At
firsi plance ihere are oniy six independent eliemenis.
The number of i1ndependent elemenis i1s reduced to

four because Lapiace eqguation must e satistied.

i‘P‘ VZJ had -‘;uu - uvv - .\}-- Lo ﬁ ?-7-9

Tn standardize and simpiify EFG computations, a
uniaue s=ei of axes known as "The principal axis of ihe
R teasor” is defined. This is a unique co-ordinate
system for which all the off diagonal elements are
zero and the diagonal eiements are ordered such that

Vuu € Voo £ Vae - P57 P

The FF5 defined in this manner is said to be in



standdarg form. Ths in  standard Form the EF3 is

ntiepentent  parameiers usuvwaliy

Y 4

gdefined by only Two

chosen as

-

£
]
]

i
)
Wl

and Tne asymmetry Daramster

a= "l“uu - “VV‘J;Vn- F.é- 1
where O < 8 < i o Z2.2.17%

The asymmetry parameier 15 a measiure of deviaition

fram cyiindrical symmstry,

The sieplest approach tor caiculiating The EFG at
A larttive site in a crystal structure is that of the
trystal fieid  theory,. in this approach the FFG io
ralediated relative ta a central ion or nucieus chusen

as the cenirg oFf The co-rrpinate axis, Charges

surrouriing the central 1on are then treated as pount

charges, Tie Pt alt the oripin 15 consequently made

ap of contributions from  two fundamenial  sources,

G GIRA

17 Charges from distant aroms ant 1ons surrounding

the cantral ton. Their contribution is known as

e liganddiattire coniribuwiion o the EFG.

-

The eiectron distribntinn around the central ion

ot 5
-
-

itselift. ThNis 1s known as Tthe valence contribution

tn The EFG.



THE | IGAND/LATTICE CONTRIBUTION 711 THE FFG

This contribution consists of a direct and indirect
efiect. The direci effect is a consequence of the
field of the surrounding ions at the origin.

For a roilection of n charges the nei direct 1igand
contribution tn the FF3 at a reference latitice site

will e iThe piemeniwise sum of the contributions to

Ffne ©Fi by individual charges. That is

\'V;_,FL=I¢. i-s,(... Maes — r%a,} f'r‘*'-' :‘.-3.i
"

whare q 1s ihe charge and (Kyey Huzy Hpx) 1S
Fthe ponsition of the kK" atom.

Due to the symmetrical nature of the FFG tensor,
fhe direct Jigand coniribution to the FFG tensor for a
charge distribution with cubic symmetry 1s zero. The
indireci Tigardi contribuiion consisis of ihe effect of
tne surrounding 1ons on the ambient eiectron idistri-
Pution 10 ihe reference ion.

Sturdies by Sternheimer (1950) have shown that the
eleciron distribniion of the ceniral aiom is distorted
hy the presence of non cubic charge distribution in
the surroumding crystal  Jatiice. This phenomenon i1s
KNinwn A "Sternhelmer anti-shielding” anfi is
compensated for by omudtipiyving the (Vey by ihe
factor {i-Tw ) where Too is known as the Sternheimer

anti—-shielding farior.

THE VN ENCE CONTRIBUTION 70 THE FFG TENSOR

The vaience conitribution 1i1s computed by summing

up Phe mean contrabution To the FRD due Lo pach oFf the



rentral ion eliectrons., This impiies taking the
expacrtaiion wvalue of the quantiiy, -—eillfcosTE-iir—=
+or each electron in the valence orbital state iimid

..

IV aoml war=—e2431m) JeoeZH—] Yimd > Z.3.7

1 v
For a rontipous charge glstributiong
Vom Forms =Jﬁir y By (Feos28-1) r—di 2,%.3

®

—

Stndies by Sternheimer (15307 have snown that this

vaiue of the FFb at the origin has o be correcierdd.

L} + . ] (I -

This arises from tihe fact that due fo the screening of
valens alerirons frowm the nucieuas by the 1nner shell

. -

alactrans, tiwe full effects of the valenre elecirons

are not felt ot the nucieoas. HPNCEe (YVaw) var hHas

-

in ne correcied by multiplying 1t with a facior {i-R

where B 15 known as Sternheimpr shiriding factor. Jn
most chemical appiications onily the p and d eiectrons

~EleCirons rareiy pariticipate in

oy

are tons)iiered. The

he s electrons nave a

ﬂ‘

chemical honding, while
spherically symmeiric distribuation-
For a spherically symmetric distribution,

ir . = Alr)

&
"

ix
thus 'UL-iv-1=[;ir)ﬁr£ﬁ# (oo Zh~1ieinfidd 7.3.4
= O ¥riom the § integration
Thus the s electrons do notf rontribuie directly o the
FFiz. There is nowaver an indirect conitribution due tn
Sternbeimer cinelding ad antr—shielding phenomena.
Tne net FFk due to  valenre amri ligand effect is the

giliven hy



ia
Vaea=1li—T00 (Vaul o #11-R}){Voa? uma e
wners 1 and R are as Jdefined earlier. 1.1 SR N
and {(Vaxle are iihw wvalenne ang ligang Cconiri-

Duncion o the Frio respectiveiy.

The asymmeiry parameier i is dgefined Dy

AiVam 1 ™V V= {1 -T031 (Vaa) 1 +{1-R) iVaa) varlvar 7.3.6
where
(Ve? ..,...=—ei;~fi imi | SeinZcoe Za—1 Jiimi ><r 3, > Z2.3.7
[V I . =—P§‘:] imi [TsinZesinZe—i liimi »<r =3, Z.3.8
The FFi3 caicuiations above are only anpiircablie fo
sysiems (hat  can calisfaciorily e represenied with

Lhe crystal  fieid btheory, such as  i1onically bonded

systems .

7.4 THE FIFCTIRIC FIFID GRANDTFENT TR FETAL S AND A OYS

Tihe method of crysial fiela theory raiculations

b

are nat anoiicable o the sindy of eleciric +ieid
gracienis in meials and Al lays.

This 15 hecause the assumpiion that the surrounding
jons are itreated as poini charges is not applicainie in
this case., The vaience 2lecirons in metails amvd alloys
are M=l ocaliset, a8 S, 1T de dimpraciicailie to
assign nosicion co-ordipares o thea. The unigue
dgistriisnidion ano interaciion of elecirons n metalic

—_
¥

Aand allny syscems Nave Tao he FAaken 1nto arcount in Frn

calculationes.
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n aliny systems +ormed hy the introduaction of an

impuriiy atom Inio & subsiltuiional hoel Jattice site,

the tmpuarity avtom  pertars the host lattice configu-

ratirgy i Lwo main wayss

i) There is Jaifice relavation/diiation as a resuli
nt difference in size between the host and 1mpu—
rity atime, This Jeards 1o 10ss of cunic symmetry
in and initially rubic  system. Thus  a non-—vani-

-

shing Frid exists at the nuclear siies., This effect
15 known as the "size erfece” in FFB calculations,
110 The ambient eleciron disiribotion in the atoms i1s

periturned due to fhe ditference 1n valencyyhetween

h]

ihe lwisl and impariiy atoms, The resuliing non—
symmeiric distribacion of charge leads ©o a non-
vanisiing Fric al nuciear <ities, s eftect 15

e - s

Kinown as ohe “vailence effrece” in FFo calcaiations,

Ther s ens of any Fre theory on alloys depends
N Ene accuracy ©n o which the fwo effecits  abnve and
ofher effecis caused hy (he infradweiion of an Impu—

rity in a @metailic hinst are rdeduaced.

2
H.
:.
]
-+
e
=
-
:
2
Q

chapier , a review 14 mate oFf ine development of Fris

-

iic ailnys.

-

theory in aecs



CHAFTER 111
THEORFTICAL THiTUL ATIONS ON ThF FFB TN TURIT WFTALS

Filoneer ing wori by Bl oember gen and Rowiand (1953
o Ehe studiles of FRG distriburion in cobic mecals had
Been mainly  expoeri mental . They carried oot Noclear
Mlagneiic Resonancs siadies 10 non—-magnatic  dilute
alinve of cupper . Thess experimenise showed that The
inkeasity of NR signals  in metalliic Tu®S decreases
rapidiy when smail quantities of oiher eiemenis were
allioyed wiih 11.
These unexpected experimental recsulis were explal ned
in terms of the nucliear gquadropoie Interactions. in a
pure metal  with perfect  cuivic symmetry, the nuciear

inn is 7ero. The intrndurtion of

-~

Aquadrnopnle 1ncterarn
an impuriily desiroys (hile cuivdeo symmeiry and eleciric
field gradients wilil appear af ourciear siies, The
AUCTEar Macneci 10 resonant @ aissorpiion will be pertur—
her hy Che resulting seocon order eileciric guaidropole
inieraciions.  The maghd iwieo of 1hese eleciric field
gradients 15 snch thah  they act o nuciear quadropoie
mOomente. as Ffar as 1w sixth and sevenin nearesi neilgh-
Dours.

Th acconmiing for ihese eieciric fielod gradients,
Binemhergen and Rowiland (1%53) assumed a  scoreened
Coulomi: poteniial based o The Thomas—rer ml mooel oF
the toram,

V = e/r . .e—kr S (|



A

Differentiating this exuressinon twice.
ea=iF ,/br = (Te/r He K {i+r+i/TEH ) ) .-

iising this expression  they calculated the EFS of § -
Fracs (BO%Tu; 70%n). The calcuiations showed thiat 7n

atom will prmwiuace a gradient at the ist nearest Cu

nuciear «iie ir = Z.530mi1078 cu) of
1 = H.8x1022 oS p 9 (¢

This is much smalier ©han the experiaental limiting
vaiue of

q > 4.8xi023 cp~= T.1.4
Tor the NRR line fto escape detection.

Korm ard Voske (156807 discarded ihe Coulomis type
screensd  paiential wiich  gives AN exponentiaily
decreasing charge density.

They adopied the Tong range screening proposed by
Friedizi {19573, That is a soreening charge that falils
oft muchh are slowly with disfiance, namely as ¢ —=
milEiplied by a sinusnidal function of r.,

They dorived a simpde  expression +or the 1nduced

A4 gradients q wvalid at large distances

-

A P
Al rie

from the impuriiy, namelys

-~ oa
e b

A |

where Bl ie The RAliceh enchancement +factor which

-
v
e
]
g
-
2

o acenwnt the orihogonality of the perturbed
frec—eclecitron-lilke otates to the occupried core
aribitais aof the host ion. The asyaniotic expression
for incured charge density 1 given lwy

inalr) = AGhosiTKer + 8)3/r3 3 1.6

wiere A and 8 are, respectively the ampliitude anad



']
L1

phase factars. ihase parameters denend pn the strengih

oFf the ampuriiy potential  through scattering phase
shifis ai Fermi level.
With thic formudation Kohn ang Vosiko were ablle to

exniain the nualitarive f{features concerning wipe oudt

Aumiter & aAng oependence OFf &ro o immeity vaisnce,

Kriwy and Vosko (i5465), Rlandin and Frisedel (15566G)

Ard FAowianed {(1P&G) in their theories o BF found ondy
minnr carrelations hetween bthe strains expected arownd
ditferent seiuies, and fhelr pfferiivensss Iin remeing

vie raspnance signais. itey therefore considered the
51z efferd contrifndion fe the EFG negliibie. These
theaories that coasidersi the size effect caontribution

insigmificant were then kntan ar Vil ane e-aftect

theories.

Wity the zddvent of miwe scophil st catlen peperiasntal
Ercnnimpues, resuits obtainad showed That the EFG s

hat predicied by the Lest

e

Were muchr greater tihean

valence effect theories. Furtnermore, the valence

erfeci thearies failed to acrcownt for lack of cyiind-

)

rircal symmeiry of SRR oat first nearest neighbour (ion)

I

sites, coniranicting experimenial data wilcir hiad shown
cirat | owvarted virtualily nver tne entire ranpe G < 5 <
1. Fagaiyn, Fashkin v Harrioon (0156800 were abie to

N Show Lhat Lhe size

sl

devaiap a quantitative theory

gftferct contribuiion to the FErG tensor was  not

elr expression for fhe size effeci

Thety ger tved
hy aSSmt NG AT isphropic fietd-graiient —sirain
Nat 16, & Tinesr Nt relaticnsidp 1s

redationsng .

1;

aseomend petwsen the elastic shraitn tensor and e
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eleciric field gradient tansor. Thus the principal

ades of he Field gradient oguadiric ano tiw otrain

quardric always coilncide. Tnis  point relationship 1is

- .

expressiidde in Terms of a fourin order field-gradieni—
strain tensor Fmn, where m,n take vaiues i through A&
in the voighi pnotationg, of elasiicity theory.

iilsing a displacement vector

-1

U = (F/r 3 {AV/ARTY ) Se 37
where § is the displacement of a point defect in a

homogenous elasiic continmum, af a posiiion defined by

ie The CieQe in volume per impariiy
T 15 ENpreassn as Ye = Aii=03/01+0)

15 i@ poilsson racin.

Thwey terived an expression +w the size effert
FFG for an Yoo crystal as

Qun = 170 V=1 /3VR) = —(27/73/TFigla™t

i/a. dadec 15 the fracitional change in latrire para-

meter per andil conceniraticon of impurity h is  a

—

dimensioniess adijustabie parameier. Comzining the
size effect calrulations based on their Theory and the

..

contribution based on Knhn  and Vosko

-

valance eftec
(ITA0Y itheary, Sagaliyn Tet  ald got betier agreement
wiibh experimenial resuits Than previonus theories. The
nexi maijtr siep i the develogpament of FRo theory was
Wy Sagaiyn and Alexander (1577). They used a unique
geameirical mndael Lo account For The valerce effect

contribmibion ta the FFbo. Tney were Able to show that

at near pelghidar e« (o (e daparity, coniribuiions from



;I

nutside the nnst atomic sphere nave the same order of
magnitute as conlribuitions for ik screening charge
insifde the nost atomic  sphere. Frevious valence
ertecl thwories had predicied a contribution of the
arder of 10 per cenit. The Sagaiyn and Alexander set
P 1S as in Figure i,

The FFG coniribuiions due 1o each of these regions is

as auclined helow.

RERINN T
. o (YaAws (2KeR1P) | Zpup Bus(2kpRIY) - Asm (2WpR t )
qj} XA WE ( (kpRY® (kp O )

21-9
where e 15 1he Fermi wave vecior

-

is vhe Bloch enchancemen: ractor detined eariier.
The coefficieniese Ny B aul  phase constanis @ and § may
be deterwmineid wn terms oFf the Hurd-hordon phase

.-

sifis, The term wiilis R was derived by Eohn and
SAD) and by Blandin and Friedel (15403, The
terme wiith R™% were derives by adding ihe Alfred

Van—iistenherg preasymnioiic screening cnarge term to

the asympioiic screening

wihere
e ihe el charge in region a
e Sterpneimer anci—shieliding facior,

th
L]
= —efiniriaw X.48.11

whers énir)  is in the fors given by Alfred and Van

Osiennierg (iSAT)



1#

Region B

Impurity Atom

Region C
e I R _f
Host
Region A Atom
FIG.1:Geomelry used in calculation of valence effect EF g by

Sagalyn and Alexandex (1977 ). The host —impority seperation
is denoted by R.



iniri=A cos{Tker+d) /r T Reos{ T ar+10 Jri S:1.12

where Lhe coetficients and phase constants are the
came as 1n eguation =.1.9 above. . .
For region B fLhey derived

(1 =2 2 =0A R T {1 -Te) [f-.lnk..(--(nr-i'k..u; s i K.-Rﬂ

R & T s T -
KAl ™ m.--n Fope 1 =, 1.13

@3] terme in equation S.5.10 are as defined carlier.

Thus the net valence effect EFG due Lo the three reglons is

QVaa = Q3. + qas: ‘-*chs 3:.1.34

For their sisze effact cairuliations, Sagalyn and
Al exanaer (19777 were able fo distinguisin three
effects which give rise to the size effect

contr ibuiicn.

Twn of hese effects attect the valence eftect

catcniations, awi, are thus, indirect.

ret indiirect effect is thal tihwe host atoms

s
L1

The

in tivr alloy will occapy positions different from

ithey wil

Those that I accupy i ihe real Jattice. Thus

)

the nearest neighbour distames from ©the i1mpurity

woinlil have 1o e deterpined anag vailente effect calou-
fations carried oub abk suach rdistances. The second

Incirect efforT ie Thw efferl of the Rlailtl correciion

nn Eine scabtiering phase shifis and consequentiy the
induced eleciron densiiies, Sagaliyn  and Alexander
{15770 however used the Hord=-Dordon {(19868) scattering

phase ahifte, where aconnd of the Riati correciion is
raken.

The ithird effect is direci. This is basea on the
positniate that the FFis of a lattice site contains a
term proporiional to ihe Jwal strain. Ragalyn and

Alexander (19777 continued with the formuliation of



o

-

Ragalyn Bt ai {(iFH1) Dk with an  imporcant modi fication.
They dropped The isotrppy conditinon adopted by Sagalyn et al
{1941 . instead they aropred a point <harge model wnich
ieafs o a non-yero asvameiry parameter at first  nearest
nelghbour sites. This assumpiion is in Detter agreement with
exporimenial values ithan the isotrupy condiiion whicn ieads
L0 ZBErg Aasyamenry parameber at first nearesit nelghhowr sites,

The resnits of =ive epffert calcuiaillons by Bagaivn  and

Atexamier (19771 are as tolilipws:

(g Tere T TEFY ST, 1 da A , i S
1A% a M o3,
NFa =BiiZ1 175 1 da 3 T.i.i4
i':{‘i’u a o rix,
M= e =Z707%292, ¢ da » 31,17
———y——— —
Lo A e = Or S,
anii at Zhh site
q=$: = qﬁza =_?{!=\=u "‘:'"'?q=v-y Sri-ig
==108{2)12, I da h 2.1.19
1630 A e T,

where ifg.fdafde, A and T are as defined in eqans,. 30 1.7
antd 3.1.8, ¢ and da are ine {first  and second nearesi
neighhour distances respectively. The princinal values of

the Toial Fre teneor At inn srie 15 Then

Fhse T sere 1 S o Z— 1770V, #7205 4, Fe1.19
Qo =V 1+ S =—172aV, . —30% 4 S 1.0
qaa =Y 5 9+ %, s P

Hagalyn and fAlexamier wsing the formulartinn briefiy descrihed



THE FODRNOMRGE AM-JENS THEORY OF THE FFG . '
Fonnamidalam amd Jenae (19581 published a new farmulation
for egelecirie +ield grabtient calculations, Thee detaiied
Aderivations af the vaience and sixe effect contributions are

preseated in the following settdons.

i I

F
-

ne vaienue =ffect contrioution

Frr the valence sfifect derivation the delliue model is

assumeti, where, (e nwetal 16 described by a wnl form posliive

yackground charge together with an intrracting eiectron gas.

-

ine iepurity atom  1s placed 1n a8 substiturional jat—

wy

T

te ami taken as the origin, then the spatial distri-

T

ivep 5

-

pution of positive charages in ihe host metal is given hy

Ao ir) = Feobird + roedir-Kwsi 4.31.1

e

I
;]

s 1e the ratdlus aof the wWigner beiter ceil

I i

Yhe aftomic no. of the impurity

"

Ne is the average mubher density of the post mediom

is Ine magnitwis ofF the elecirrn charge

3

Biry ic Vhe heaviside FTunction which sensures  that ispurity
noccuples a substitutional site. It is defined as

v} e<id

| S LY

The corrFesponding @1eciron ocharge density distribution 1is



FF
distributinns tnduced by the impurity.
The total charge density 18

g 2

ir

Wl

Satisfiss Lhe charge nputrality condiltion:

- -

1.5

o

irds =

3R

assuming a spnerically symmertric distrpution of charae around

T impuritiy atfom, the potential for r2Res 1s givon by

r P
Vir) = Jef'rlﬁ‘ir’}n'sr' + nir[ﬁir'iﬁ:’r ' f.1.6
4
LN - L - o, . . L] ’ E'ﬂ .- w - 4
iry = a/r) 7 | Eir" 0d®™ " — nn )b iRws—r ;nzr]
r
—asr ] inir T s et — —Pﬁnir"}ﬁ;’v' 4,1.7
o [

Tne first term v enquation 4.1.7 arises from ©The impuriby
atom placed avt the origin.

- 3

Thwe sacond fTerm 15 ihwe gieciron contritbution from the Wigoier

o

hird term 15 ihe contribuaiion from the perturved
plectron density in the reagion O < v" e
g finnth term af:ses from the conirihution of the oerturbded

electron tensiny from 77 > r

The squarion above way he rewritten as:

m . Il =l x r-vl'-b - o L B 4 ') I fd' - . ] - - rl LY . .
v "\ =efr7 r-evrnmjsxrsws—r Yo Sy ""E?!I"J Anir xS —fn riaTr 405
v 4 K
E;'r?.x-eirngiﬁ iRwes—r " 16 =efett 41-9
where
Faft = 7y — 7wl + JiTme iFacniaraery = iy dd™ " f4,1.10

nte that This fuorm of Zefd already takes inetn account the

OFFeci ) o,

8|
-
&
=
s
-

wihere Iy arl T are valence oOf impurity and rosi

Te = J{I— /1400
wnere & is Forsson ' s ratio

i/Facda/sdc 1s The frartional change in laitice canstant per



5)
L |

unit atomic concentration of imnurity. Thus,

r ]
Vird = eleid —_g‘inir'rd~r —efeniriaa
r f
- - L LI o £ & - ke -
AITTYErantiI4ting eqn. (i1i1) Lwice glves Ga1eil
d&{ri= 2o fp+‘$ - zmj + ARetir) 4.1.32
arz =
wharen
L 4
7iry = Jtnirios
-]

Binte the polential ig assumed to have spherical symametry
27 a2 Q\\rnhzu—iir “F=a {Froas el nETRie T
cos2l AV /dr Zisin® Vravidr 4.1.14
by rhnnsing =0 to be along direction cnnnecting the host and
impurity aioms,
Vaex = §B/472 = dB/ar=2 §.1.15
Foisson s aguation for riRws
where anir) is as defined in egns 4.1.1—-3.1.4

The tracelese FFO  tensor due to electron screening @& given

ny

FAVRS H.1.37

-h

Bl — '\;x: -
Sunstituting aquartions 4.1.12 ~ 84.1.14 1n 4.1.17 gives
Qa=ir? = BR/Finir? Z/r3{ieti-7iri? 4.7.318

and Taking che Fioch eshancement facthor iAo account

a¥sa = BR/ZHKe { dnirii+ :~:xarrsczeﬁ'—zari] 3.3.19
3.7 THE BUZE FrFCLY COMTRISIT LN 113 HE o3
The size sffect contrimtion is mare up of ehe ‘direci’

artdd Cindirect S BFEBCTS, e TInedirect” etfect consisits

of recaicuiating the wvalence effect conbtributinn at the new

-

gisplaced nearesi nelghiour siies, The difference In size

and plerktrostatic potential betwesn host



. . = - — -
comparing equations 4.2.5 and §4,2,.2
The condition for 1soiropy In a (ubvic sysiem is
Csa - r-ag = ?f.‘-q‘ §,.,2.6

Assuming that the elastic Tielid at on sites 1is isoiropic,

~)

putting equation 4.7.1 in 4.2,

ven Dy

=
=N

The equilibrium condition is g

&
~

TaniZ7Ker+#) = (AK B rT—nin=-311/4{1—71K o 4.2.7
Thus, the phase angle O of equation 4.72.1 may be calcuiated
for various nn Sites using eguation 4.2.7. Ii is worih

noiting that € is not an  adjustable parameier but is fixed by

the equilibrium condiiion.

DETERMUNAT LN OF THE EAFPONENT n

Since the dispiacement @ i1n equation 4.2.1 has to
cecrease with disiance; n > 7

this i1mpiies u = 0 or 4K T = -2

N

whean n =

- e .

Both these conditions are physically unacceptable.

Thus i las values n > 3

llsing equation 4#4.Z.7 ta find ihe relative sirength of

dispiacement bDetween the 1th and Jjih nn

Widi9, ) = cosiZKd5, +d, i { n=1j 4.2.8
uid®,) ¢« Cos Qe 4° 1 @) \ L't

whnere (P, and G%;, are respeciively, ihe ci

sStances

of the 1™ and 1™ peighivour From the impuriily in ihe

tion

s

iitorium cond

N

abpsance Of reiaxation. From ©he egu

equation 4.7.7, 1l can be shown Thats

COSIZHR 08, vy ) = (o . 4.7.9
Q:DB{?F’.‘I;: 1‘6’*,"_ dﬂ‘

CHAILINING PS. F.2.8 and 9.2.% gives



o |
I

ninde,i= (;a’)n 4.2.10G
9.
"ﬁ;;:’ .
taking » = 1 and 3 = 7, ihat 18, first and seconc nearest

neilghbours respecrively

equation 4.7.10 gives

(TRTS S TOCZ for simple cubic and foc Jattice §.7.110

u(d®;) i s s : S 3
{42072 fewr bec Jailice

]

amparison of the results of 2 eq. 4.2.11 and computer

A

simtlatlion stikiles, of Diritalco andd Welzer (15600, The besi

choice tor n 1s found t©to he

TETFRMINGTION OF THE AFPL ITUDE, A, OF THE DISFPIACFRENT VFCTOR

e Daplitude A In gguation 4.7.1 may he determined by
using the reiation (Biact, 15307

AT=7®; —I® A i-3V/i0i=7 2, -7 {i+3/ V. 1/a.dajdc

i = 37V /a.dasac) §.2.13

I i77) ise the valente of impurity {(host) atom. ViR

change in voiume of cell occunied by the

-
a
Hl
5
2
-+
9
by
"
ﬂ.
-l
»
-

other terms are as dofined earliier i1n eguation
4.1.10 values of (/a.da/dc and e are obpfained from tanpul a-

358

ted experimental vaiues (Fearson, 1 )
Thwes all ihe parameters required o calculate 1{he
distance befween tne 1mpurikty and the relaxed inn host atom

are now (eTined.



given ny .
€= ‘h-(a?‘ + 39y, Py 5=3 47,3 3.2.14
WHEIre My, Mus K are rariesian co—ordilnaies and

= Ugay + Umy + Uy 4,7.1D

using equaiion 4.2.1 and the equilibrius condition 4.2.8

Enw = ALOSELTE oF 51} Fin—?} —i B w1 1 2/ 2
2 {in=-2)p o=

Enn  TRCOME {CK e ) tnll—-i P Y 6"-1 . 5.7.14
e &Lin-FiroT r

The other cpaponents nf B, may be obiained From egquaiion

$4.7.16 by cyciic perautation of %, vy, and 2,

The ctrain contrinpution to the FFE Ltensor 1S relaxes to
Bay vy a0 fowrth raniked tensor F.
ASEUMLNYG CHLC  SYmmeTry around the past akom, the stresse
strain relation in a cubldc crystal is

1‘;,,-:34_1 ({C;; '"C:.:!}Eg.a ‘i'cx.:e ZE....?'}f\i-S ‘J‘j?"r‘ﬂé‘_"-“-?- fl‘?

-
s

.
n
ﬂ-
'ﬁ
1]
1
m.l
1 1]
ifi
n
T
)
&)
Iu -
7
-
1]
o
~
[
1]

['n|
ol o
D
|
o

&

li‘._l = .\;1_' - i.;l.,ig.;-zv’ ‘1‘-2.3?

ECqu = ;-F‘l.‘._i: 123 ':euu_if‘:‘-"—& uu) - ‘.'i'n ?-?G
By = F aslZBud

comhining 4.7.16

2
3

n.
¥

N
)
&
-

e gl ves

GL’ZJ = Ly LSU -+ U-EH.)) J(Q_&.,)._ &La&’-&‘] ) 4.2.271



wikth
Ly = iF ao—F 120 -AC0S (T oty + @) n:n-ammj
e ' 2dv Ain—-Z107™= -

(v 36 the relaxes egoillirium distance of VEB an

fas 18 il Eromedier delia.

e components of ihe F iensor are obtained from Faulkner 's
{1959 point charge modiel, namely,

Fas—F am = —3F an = Fhe/d=, Gk oD

wnere d,, 18 ihe Firsi nearesti neilghivur distance K is an
adjustanlie dimensioniess scrain coupling parameier which 1S
cecigned 1o correct For the Facl thal ithe s0Jio is ioealized

hy point charges.

Z ana f'UTt'lﬂQ n=3

N
-
¥
-
n.
-
N)

putting equaiion 4.2.77 in

gives

&
)
A
F

q“JJi~(51,'4;3{1'8."J (?ia,—ékgﬂ_,};dzv

whereas
i,.ji e (7K va) (1+7/3K%Ra7)) 4.2.25
Fquaucmr- 4.7.24 anu #4.7.75 represeni ithe sirain induced

contributinn ta the FEFG as derived by Ponnambalam and Jena.

The equations derived in tie chapior will e uvused Tor

the calrulations 1n this work. it o note that the

e
H‘

5 wWOrcny

D

valence etteci conirinpuiieon  derived hy Ponnambeal am and Jena
WAS NNL hased on any of the previous valence effect theories.
The sire effeci derivalion however cjosely follows the method
of Sagalyn amni Alexander (1577) except for the difference in
ihe displacemeni vecior. The FPonnanialam and Jena (1981)

method has been tested +or various systems with favourable

resuiis (Fonmanialiam and Jena, 1984, 1985, i98BA), 1in ihis

-

work it is appliied Lo dilukte alloys of copper. The detailied
calcuiations inciuding numerical values used and resulis

obtainen are presented 1n che nexs chapter.,



|

i
T
L)
m
)
)
€
]
2
tmd
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3
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Calrulations of ihe imced eleciron charge around

The continuam acdel is  assomed for e valence

ffert calcuiation. 1n ®this movel, the effect nf the

o

attice jons on the eleciron disiribuiion is reglected

—

and Lhe nositive hackgroumi 1s  anproximated by a
homnopenuus densitiy disiribution pumiver, The respective
eircirm idistributions arnound the hpost  and impurity

atoms aocupying the subsiitolional siie are caloulated

hy representing the axcernai peRriuwrtation as
AHeve ir) = Zuir) + nodir-Rws?
NY ity = Ité(ri + Figir ~Rws) H.l.1

WOEFE e ad Iy arp, respectively, ihe host ana
imMpuricy atomic numiers.
The eiecirosiatic potentisl caused py this exteraal

partwrbation is given by

V) = ARenMewelri-n’ uirl)
$z¢’ir3 = BREIN I iFi—N" giri} D.1.2
wherea rftird and ntir) ara respactively the

corresponding  elertron  oumber density distribution
arouna ihe bost and lmpuriiy atom.

The inviced charge 1s obitatnest 1n  Lhe density
funciional Theoury Py =053 Wi nig the variatieonal

At 1ins.



30

- 1 N ¥ 3
[ e Ve, 71} i) - ectien) B.7.3
5.1.4

nee) = "{i"l Hnl?

far both Che bost and impurity atoms saperateliv.

The effeciive potential Vetrd in ean. {37 is

gcained by amlding the electrostanic potential % to

e 100al

"
o
H-
L)
L

the exchanye correlalion poliential Vs )

-—

densihy appraximation. Equatitons D5.1.¢ and 5.1.3 are

Y]

then sclved self consisientiy.

The Aquaniliy relevant in the valence efFfect ©EFi
catcuiation is, however, the difference betwesn Lhe
induced charge arouand ©ie impurity and host aton,
namely,

Ailry = ntiry — nHir) 5.1.5
whiare nhxir)d  amti Nairl are the impuriiy ana  host
etactron densities rasoectively.

AR exart meltnod  for caloulaling ihis densiiy 1o

the densircy Funceional cheorys

In this waik, an attempl was mpade o calcudate

the olertran Jdensities using the pRergy density
fFGrmal 1sm. tinfortunately, seld consietency was noi
artainei.

Fotnanpal as AnRd Jena LiF06)  reporied thel ihey

could oot attain convergence for mMiry for the

COonper Mmist, due ©ta the effect of the d-eliacitrons

whichh tend to usciliate bhetween e Pouvno and

scatiering states. i

Thus for suwh cases ok Alfred and Van Ostenberg

P}

{IF6F: pupression 15 used. In this formuiation inir



3i

is pupressod as an  infinte saries in werms of scatte-
ring phase sHi+ts ani Lhelr derivaltions.

-4
1

e preasymptotic for

K4 . »

Hir)=Acos \Z er+8ir ShousiZiper 4§02 S.5.-7

[

5 used in TRy wWoric.

[N

-— "

whers § and R are ampiiiuvde coefficienis § ana i are
phase constants.

fi, By % and i  may e oelerained using the Hurd—Gordon

phase snifts  and their derivatives in Al fred-Van—

e

Delenhery equall one namel v

Aosy = '”?m“m‘“)(-l‘i"s{n {avgcerd ] 512 )
4R
Agng = ".%}“*" 0 awd Lngten T £.1-9
) 2z

Bws? - %b{.’l{—n)(_—n" E&Lﬂ_‘) S‘;"‘z(-“l""”) + (?\é&*) )hg\;wiz“\kﬁr)]

B

: HR* _
2 (et (Ao + (o) il angles) ]
sy, - 2l Ke 1eler)) w e o
1{ %3-
wnere W Ler) omd %%gno ars che scattering phase
shifts &nd 1hedr nerivaillves at the Fermi ievel.

- -

The Hurd—Gordon 119588) phase shitits used are
reprotuced in Appernnia x ¥ .

The Z-teras i eauatia (D.71.567 had

i
)
pu
i)
%
2
3
m
L
)
T
a8

hy Fonnambalam and Jena (1Y584) as

T -2tvy « 4R E-Atps.t{)(‘.f{,x.) - ﬁsdup {Wz.-SCf::L)}

t ﬂkp&:cs"? {"5%_3' -+ SO} "’Vz}—- Q\AFE'S“}\-'?{SM% -Cg‘,(,u.)}]

5"(!2-
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where b, T, d and ¥ are as sariier defined.

LY ] —

A 2 herg wid 3 e

)

-

i i) snn d i) are the sine  and

P

insine inftagralis given by

x
S—::mhj%sﬁucm 5.1, 37
.14

éxuu-njzgﬁﬂch* - o
The wvaluas of the wsins and fosine  inbaegrals  for
FELvant M VAT Ues CorTeepontl g o oo df st ances were
afrrained Frowm Gincamswei sz and Skegun (197737, i e

Zhin diaijawon, The asyvnpl ol ic ORprEoRs on P

ey
=
Lk
r
Lk
v

Cilud = cinmiu — ¢oadin™

ajpl

M
-
-
Tt
-
Lk
gy
"

Silxi = cosMiR ~ sines/x™ 1 L7

i Fa Napgalyn and Alexarvier (VP77 ware used.

- » . . . - ] L] N - L] -
[N Lo VEAFTMEy SN IVEr O nciced ohar o OERARISGI TY Lo

7—rearasl wara caloutanmi ailn ohe dlsplaresd 41ves,. T0n

diepiaced Tnn posivyons were evaiuat e with Yhe ase of
e enperimentally daerivesd values of VW 8 thal 1s tha

Ffraciimal ciwnge 11 sive oFf the cell ocoupien by

tmparity.  The values used in this work wers phtained

——— }
-

from Rlati V1% Thies surw ddsplacen st sides for
i Lo ware  avaiuabsd nsing che follomwing simpie
redatd tmsho g

Fev AR 0SS APEA, 830 Gas v e, 37

-t

. o F_ rw o
s AP

W w16 11 TR GIRDTacesi hosel v ie,

rois fiue radius aof e call ocoapiasd by cnpper atom
(= D20 w G778, Riaii {(I9071%.

c.m,
A3.830 Aa.a is the relawad tan distance for Fhe purs

CFAppEr 0 vEt ot

-

e Sy ES R TIA ag ¥ emirtbmticn, the =
For {ihe Tl valemse  effert roniritnmdica the same
preapzemtore ontlined above ig inliowi. The calrulation

Nt (he dieplaced st sl tes 15 hwwever didderent,



4
Calrulartions wera Jdone for the [wn values of )
given hy Ponnambalam and Joena (1984): that is § = 33.0
and T77Tn 6. The resulis of ihese caicudations siowing
the 7 berm and Toral valenre conbributions are given

in Tabdes 1 and 7.

5.2 BI7E FFFFECTOHLCHLAT TING

As discusseri pariiler, the size effect introduces
three coniribuaitons 1o ihe FRo Tensor, Two indireci
etfects and one direct effece.

e Trrsl dmviirect effeci, which 36 the displace-
mank of hnst atoms dae ©n the preasence oF impurity,
Nas already  been faken into arcoant and  evalualed
unider ihHe vaience effect caicuiations. The second
indirect coniriimiion, e the effect of the Blaii
correcieion on The iniuced eleciron deasity diskri-
buticumr, Thie effecit 16 taken care of by Tthe use of
Fhe Hrd—6ordon scatbering phase shnfis. There Hord-
Bordon (oefficients ifake inio account  the FRlati
correcgion in thelir derivation.

Thue, 1hie Teavee only ihe direci effect contribution
w0 e evaluacerd. The exnressinn for the direct effect

is given by emuations 4.7.71 and 4.7.77 namelys:
1= ,1"':1—-.,{31. _1"‘..;/'?"{1"’11 233 (P8 _1":‘1’( ad g7

wier e

:,=n.d?m, ACLe (I ety g.; JI4Z/TKD. P

Av

whnre L is the VER 0 distance

his a dimensioniess adjustahlie parameter (straim,
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Table i Dispiaced positions of hosi atoms and
valenre cftoct contriiwition to the FFG for
i nn distance. & = 75.48; in, Z-term in uniks
of (105w~

Impurity Displacement Bn-term 7—-term Total

Flement
n 4.844 -0.05% -0.024 -0.084
Ha 4.0874 w0112 -0, 0467 -0,179
e 4.884 -0.437 -0.073 -0.510
A 4.508 —-1.034 -0.010 —-1.044
Cd §.955 -0.0%97 ~0.038 -0.135
in 4.975 =0, 703 -0.073 ~. 276
Sn 4.983 -, 330 -3.044 -0.374
Sis 4,999 ~0, &30 0,062 -0, 068

Mg §.921 G, 085 0.025 0.110




IH

Tahie Z Valenre effect contribuvion to the FFG for

uoing the valiue i) = 34.0; in, 7-term,
and total in wnits of (1Fne=
Impurity Diaplacement in—ierm 7-ierm Toiai
Eiement
Zn 4.846% -0.078 -0.034 -0.11%
Ga A.874 -0.748 -0. 088 ~Q, 237
Ge 4.584 -0. 580 ~0.0%97 -0.478
fre 4,508 -1.373 -0,0i3 -1.387
(] 4.955 -0.129 ~0.050 -0.179
in 4.975 =0, 7RT -0.097 ~0. 364
5n 4.983 -0. 4538 ~0. 005 -0. 496
Sh 3.999 -0.8%4 +0, 087 ~0,. 755
Ag 4.521 G.113 0.033 O.1446




-

=&
coupiing parameter wilch compensates for the fack

that ihe cndid jo Joealized by podind charges) egbalion

—

5.72.7 may he rewritten as

. s
p

1.‘;--3-.35;1_} _g_!i + Z/TKEZ.r®)
' 5.2.3
whers a 1s the displacement of thwe 10n aft the distance
d.
For an fcc crystal along the (1i0) direction
{e.d. I8k or 4th on'si.

e = Ky = adv/{Z)2r2 ® =0 R

Thus eqgns ahove heromo

- 7 @
=i, | 27 -1 o 5.2.5
o o 2

Niagonalizing, The principal componenis of sirain are

Fen
(1%, = Le B. 2«8
pBis, = 21 o 2 T
=, = =3L. h.2.8

in an frec crystal alnng the (i00) direcrion {(second

and eigin nn =)

Xs = (o Ry = My R2.9
s Ehat
-4 O O
T =L, Y 7 G 5.7.10

] 0 2
Vefining ihe paraiiel direciion io e ajong ihe line
connecting the impurity and resonating host atom, the
principal componenis of iThe sirain lensor areg
. = -4 5.72.11

A=, = q2%, = 2. 5.7.17

1"



=7
in a cubic crystal, (100 ,{110), ami (111} are
aymmei ry direciions, The principal axes of the size
amvi vailence effect contributions coincide, thus, the
component s ofF nv anii as may feer andien (g

aigehraically tn get total EFG 0.

ffas = OQV2a + %1, 5 2,13
at =tV + yi® = -1/PaV,, + ql= 5.7 14
e =2 3+ a2 = -1/2qV,. + 028, K. 2.15

Noie ihat aiong (106) and (iil) directinns gt=, =
Ee=—1 /705, . Ieading io nl=n= = e L P
consequentiy k=0 along these directinons. Thus for

the 2NN calculated in this worik the principal

component oF rhe Fi 1s Mea=qY¥ 2 1 #1544 &
Along the direccion where the imnm lies ({1107
Q5. =PS ., Thus, 3% 1is pnt pnssibhde 1o say

a uyriori wiich wmid be the largest component of the
FFi and 37 has & nin—7ern asymmeiry parameter A,

For cthe lon the prinocipal  values aof the FFG are given

vy
N2 2 =1.+F n 12, =21 ~F7/7 (82 =T} -F/7
wihere
L= . 5% yii+2/3K3.2)
ar A £.2.17
an

M) = (NKY /3, HIK ) {sn (P 3 iZ/8%r S Zeif{-2ir }] 5. 7.10

Feandie for ihe eize eoffect calcudations have been
caombined wikh the vaience effect rasaits. The aidijus-
iahie parameters In ihe talcudations are EilKe) for
fthe vaience efferi calculavions amvi k ¥or the size
gffict caleuwdations, Resulis presenten are for BiKe)
= Z0.4; h = —1.0 and ~-1i.4 for inn amni H{K-7=34.0p »

= 7.9 fo  Znn.



Vaienme anl size mffect rmaiculatbtions were carrisd ogut

with the aid of a compusier program, reproduced in

-

appendin 1V,

Tables I and § show  The Final resuits of the FFG
compAtATIONS T gQroup VO iapurlities 10 copper at ionn
culumg one ofF these tables show  the impurity element
while colwmns twn and  three show the valence and size

pfteci coniribuiions respectaively. The principal

valums o+ the EFG  obtained by use nf equation 5.1.12-

i0 are given Iy coluahs  Fouor, Five and six. ne
component naving the largest magnitude 1is underiined

[

and, 1t is jw definition ithe theoretlcal FFE a.

saventh and =ignt columns give the superimentally
phiainet Friv’'s and percentagoe deviation with {heore—
tical valurs respectively.

Tahioe T sivws a romparison of The resulis obtained
friva this Wk and Lhat by Bagaivn and  HAleExander
(I9770, Tiolumn cme of thies tabie shows The impuarity
girment. Coiluen  Ewne shows the calcnlated BEFhD values

» . .

while cojuen Thres shows the experimentally obiained

FFi7  walues. Column  four  show 1) EF3 wvalues

be1

~

calcuiated by Sagaiyn and Afexander {19777, Golumns

Ffive amnd 5i¥ show CThe peroenitage deviatinns  for the
————

catcniated FF6 valivwes for this work and that by

Sagaiyn ami Alexamnvier respechively.

%)

Table & shoms the resulis of FRG calcoulations at

Tty

-
=0

i diaplaced post gites. Column one shows The tmpur
aiepent. oFf The alioy sysiesn. Lolomn twh shows the new
displarerd 7 nn sites. Lnilamns three, four and five

=i Ther valenoe, size and total FRE's respectively.



A
]

Column one of Table 7 shows the impurity valence.

Column iwo, three and {four shiow the compuied, experi-—

mental and Sagalyn  and Alexander FEFG's respectively.

Columns Five aauwl six show the mean percentage devia—

tions of ©ne computed FFR in this work and that by

Sagalyn and Alexander {(1977) respectively.
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Tabie 3 Impurities in Copper §=25.4: W=—1.0. Resuits of inn EFG
calrulations for §3§in row iopuriiies in copper. Ald
resuits are in univs (ienm =)

i 3 i v = 1 > ‘ l ?0
:_f:\Pl } .Y Q " “n T oy aL B e danatlion
ilemant
24 -0.135 =G.i19 -0.254 -0.171 0.425 G.414 2.6
in —i3, Z7¢ -0,1i38 -0.4i4 =-0,13% G.553 0,407 5.5
Sn —0,3X74 =0,144 =0.570 —-0,105 06,625 0,632 1.1
S —0.5A8 =0,ié61 ~0,77% G055 0,768 0,719 H. 5
-~ . . . . = - .
FAVEr il (' TRy al)e neviIarion = H,1 fEn CEYYT o

———— -

The principal vaioe nf R for each daparlty 15 unneriined,
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Tanie 4 Results nf inn EFG calculations for fifth
row impuriiies in ropper E=75.6; »=—1.43.
ALl results are 1n units (iD=

Impurifv Vs (3 B! ffaa nt, N2 707 aupse % dukhwbn
Fiement
i -0.135 —0.147 G. 032 0.407 -0.434 G.4143 4.8

in ~0.774 -0,i1%4 ~G,0R7 0,570 -0.553 0.407 13.5
&n =0.374 =0.704 ~0.3149 0.0554 -0.675 0,637 5.6
S =G. 568 ~0.276 -0.347 0.734 -0.768 6,719 2.3

Average percencage deviation = 4.55 per cent.

The principal value of FFG for each impurity is underiined.
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ahie 5 Comparison nf Sagaiyn and Alexander {i%77) resaits
with those obtained in ithis work. FEFD values in
uniets (1IN =), Resulils are for inn sites

iy, 1T OTEE e AT T wop
e 5. 475 0.414 0. 367 2.4 1.0
in 0. 553 0. 607 0.507  -R.8® 7.0
Sn 0. 475 0. 432 0.672 -i.i b On
S 0. 768 0.719 3,042 b. 8. 5.0

Fieran percentage deviaiion for fihhis work = 4.8 per cent.

fiean percentage deviatinn for Sagalyn and Alexander —= 19.7 per cent.



A & +

Tanle & Results of FFH calculiations at 2nn disnlared nost
5 A1l FFE values are in units of {10 m™3;,
A

I?puriFy ﬁiSP??ne@ ‘ tMas n%, , 0V o F0JF 2 4

21 2EnT v BSLOrR vawv)}
n &.843 0.011 0.022 5.033
Ba b Ba7 G, G40 3,079 G, 049
=] H. 6730 0,204 i3, 0350 d. 3259
An &b, 58 G, 004 i, 0489 G.o503
Cd H.H73 0,029 . 0BG 0. 109
in &. 883 O, Oh1 G, 093 G 1560

s &4.0B05 O 149 O. 097 0.244




A3 g 'jj‘f

Tanpie 7 Domparison of calcuiated BEFG values with that of
Bagalyn and Alexander (15773, Al1 EFG values in
units (iPAM =, Rosuwits are for 7nn siies

Tmpurity gensc QexeT Dmn To driation Qo dLomiron
Siemant ' e t) (ea)
Zn 0. 033 3. 0%4 G. G35 ANy _ 41. A
Gian i, 257 O, 240 i, 754 0.4 zZ.5D
2d . 109 0.112 5. 149 .5 331
8n e fel: ¥ 8 G.3i6 (i, X7 2.1 4.4
8l G, 406 0. 477 J. 483 S.H G.3

Mean peroentaje deviation for Chis wirk = 12.53 per cent.

Hean percentage deviation for Bagaiyn and Alexander = 1&.4 wr cent.




an

From fThe resulis tabudated above, 1t is clear
that the FF5's compuisi using the Poanambalam—Jena
Theory gives heiiter agreement with experimenial
results than that computed using the Sagalyn and
Alexander {i577) theory.

The mean percentage deviaiion beiween compuied
anfd experimental wvaiues for Fifith row impurities in
copper af 3 o is 4.8 per ceni. whiist for 7 nn is
i7.5 ner cent. it is eaxperted ©that 1f the energy
dgensity funciional  formalism s used fo  compuie The
invinced  elpctron densities, still heiber agreement
will e achneved hewiween iheoreiical and experimenial
valuss.,

This work has  shown that The Poonamibal am Jena
theory accnunts for FF’s  for dilute allnys of caopper
at 3 o oarki 7 oo with remarkanie swcess.  The

deficiencies of this theory as a momplete quantitative

theory of thwe FFEe are as fnilowss The separation of
the valeme ot the valence and size effect
calcuiations, The absence of an apriori  scheme to

pvaluabte bthe strain coapliing parameter n, and the
Ffailure of ihe ifthoeoary 1o take infto accouni  the
perindic array of lattice inons. It suffices here to
say than the Fonnamiialam—Jena iheory s a surcessful
sami —(quantitative theory for FF3 calculations in
metals as iliunstiraien iy resuiis of sEveral

computations,
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APFENDIX T The Hurd-Bordon scatiering phase shifis for Fermi

ievel for copper solvent

S/Na Boiunte * o #* 4 * o *a
i 7n 0, 3307R 0,74R15 0.0043R8 0,0057% 0. 00039
2 Ba 0.57929 0. 34004 0.12135 0.01i87 0. 00077
3 e 0, FOLGY 0.89796 0,14747 G,0i072 0. 00051
a As i.29487 1.32427 0. 11130 0.00477 0.00016
- . 0,29977 0. 14456 0,0213%9 0,00167 0. 00008
& in 0.59275 0. 433568 0.07123 G, 005379  0.00031
7 5n 0, R20564 0.76778 0.12641 0, 00932 . 00048
] Hn i.08774 i.12579 0. 146889 0. 00858 0, 00035
g Ao 0.74711 =0,71110 -0.00916 ~0,00047 ~0.00003
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AFFENDTEY 11 Derivatives of the Hurd-Bordon scaiiering phase
shitis at Fermi level for copper solvernt

5/h0r Bonjuie F o * 4 #2 * *oa

i in -0, 99439 0. 33802 G,374659 0. 06584 0. 00605
2 Ha -1.65053 0. 20935 0.A5766 0.18HA7 0.01194
= Re -7.1338% 0,08108 i.16337 0.17291 0. O0BGY
a e -2.33763 -0.1725% 0.99402 0.05991 0.00261
5 rd O.A7145 0.40134 G.16460G 0,01990 0.003132
A in ~1.934943 U, AB4TT 0. 54052 0. 06845 0. 004972
7 Bn -7. 03053 0. 31384 D,.98147 0.11140 G, 00762
&} 1] -2.27323 -0.22467 1.2485%0  0.10791 0. 00573
g g 0,09377 -0.276a89 -0,07205 -0.00745 -0,00041
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Tanhlin 3 HResults of inn &EFG calcalations for Ffifth
row Imperities i copper & o= Ph.6:; h =—1.0.
All results are in units 1P nE =)
Impurity qVas 04%sa e at, 0122 qQ wxp=
Elaement

o ~3. 135 -0.119 -0.754 -0.171 $.495 0.414 Foh
in ~3. 8746 ~G.138  ~0.41% -0.139 D.053 0.607 5.8
8n ~0.374 0,146 ~0.3%0 -G.100 0.480 0.632 i.1
Hin ~J kG 3. 161 —G.725 -G0G35 0.768 §.71Y 5.8

Nverage percentape odeviation 4.8 per cent.

The principal value nf EF5 for sach impurity is underiined.



axw THIS PROGRAM COMPUTES THE ELECTRIC FIELD GRAPL

A
=== FCR DILUTE ALLOYS OF CO”P“R. F*'* "

-

CUBERAGRAS IR EREABASROIBORENRG Y 4#:##:#*#:#########

C

G I NP UT P LR AMETSHE RHS

c TToTmmTmes ittt daie) .. itntataty 7 ) &

C  ALLOY=w===-=- I4PURITY : B |
c Falh ==—m——— FRACTIONAL CHANGE IN VOL. O’CUP!ED BY 1ﬂ-
C A1 =m===e- HURD=-GORDOH PHASE SHIFTS i
c l mmm———- DIRIVATIVES OF THT HURD=GORDON PHASE sn:
C  CIX =====e- CISINE INTEGRAL i

C 31X meweme- SINE INTEGRAL - 'jg ,
o iR
Craancs

' *
RSl ':::..'.'-"".c‘:.‘z;#-’fdtf.‘.f#.‘-'-‘-‘w-‘-’ri‘-':1-‘?#-’:‘#‘-'1‘.“#####!!3###‘_’

projran final(us1,712,tapes=usi,tanee=usl) ' 3
cinension a1€17),a2¢10)»2camma(10),91(10)» q’(TO)wq3f1ﬂot

dimension s2r1(10),357r2¢10),s:r3(10 )rznr1(10);qqr2(10)ag
jimension inr{1d),znr(10),<2 r(1”)ffnwd(10)rf(10):gq
dinensicn 2nr(10).th2ta(10d) -
charactar*2d alloy(10) 7
urit2(z,167)
dirites(6,192) N
writa(5,107) v

writa(o,102)
writz(a,113)

g kg g .
< - - :
= e + By L
1 o 4 sy
1 aale Ol e 38 .1 e el o3
L e e i, e — - - - - g
1 i % RS - " R

rite(es,127) =
0 12 4=1,7 f; '
ot TN § A JhEe
raad(ss3)alloy(k) Aocs i
r.:.r,-1{3,1)Fr.::: : }lﬂ
3 (Sl Ci)si=10s5) a3 1]
r;4h.,,-)( 2(8),12145) Ay gy (R
read(s,»)cix.six el Yt
writeC4,112)alloy(k) Y Pygy i+ Al
writel5,12530a101),22¢01),121,5) 4SS cH¥ ]
call fnn(frac,fnnd,k) *fii' 41
call vanus(a1.,32,fsg,thetas amnask) R9) ¢ 1
c2ll valance(f.fnndsthatas ey -'na,gnrfcix:six;rnraqn i fy
10 continua ) $iLap
writelo,1:5) g 3 g
write(s,135) 3 :E.%

writel(o,137)
ao e J‘.;:‘:l-}

write(s,173alloy(kk)Fflck), (ki) ,the fa(kk),]amma(kk)
12 Senuindo : :

b o

._i—..'—-‘-
u——q‘_ﬂ.

W

S bl oy

'._.r_.pwf“' =



31

L
i

v

C

193
102
102
1310
113
12
125
13U

13°%
136

157
132
139
140
141

Tec

143
Tas
145
14

et B
L i
4 B |
'lﬁ‘fr“,. &
it g i
t
; : -
' FeDual BL
W
e T
write(é,142) & el b
write(o,141) | f}j o
write(é,112) 5 :
call efglsersranr,g1,92,93) o fﬁ}
ac 31 k=1.9 &

write (o,1cg)alon(k)pdnr(k);znr(k),cnr(k)rq1{k}:62(k)
continue ) 4 ‘; 1.
Jdec 22 ji=1.% - 'mf
szr{fJ)==szr(j)=1.4
continu:
do 33 i=1.,9% - el
qnrl{i)=qnrdl)=346,725,6 . JW
Continue i il
writc(o,144) e
write(s,142) j
cal) z2fz(szreonr,a1,92,93) : ﬂ;,,
Us >4 K=1,3 5 -
Hrlt’(0:1--3411WY(h):Jﬂf(k)olﬂr(ﬂ)fan(K):11(k)lq2(k}Iq3(E :
con%inu=2 , "-.;
fornat(d20)

format(//. 1 %™ RESULTS OF EFG SALCULATIONS®™ .

1o

._-’1-
~
O

| ‘-
R
1355

>

» 9 1M 2ILUTE ALLOYS UF CAPPER™, 1))

formac17 ;"TL FERME WAVE VECTZR I3 119 autuYs410)
formasliTras"s>Le4A3D 1 iN 2I3TAMC 13 42830 asyu “2811)
formati-uxe." 1 WP QYT P A2 8 METERS "
formatf{l2dxs3.2)

farmat{e3xs"THE HURD GOROTH COEFFICIENTS™,//)
formax(2Cx,"1! ’HR'TV" 12X7"PHAS" :HIFTS",1’X,"DERIVATIVES";I)
FOrMatlil®1S,.3,1° f5«5) |
fornat(1Gas"7R LZ':“WAL CHANGE 1" VOLUME-OF CELL“;
+% GCCUPIED Y I'TPURITY",F4,4./)

format(ZAx./ /11, C OMP UT 23 VM ALUYNWE S ",/ Rt
Tormut{_x,“lﬁ‘u I™Y",32x,"4LFP N VA*'YY OSTENBERG CGNSTAMtS"; ;
“OISPLACED 101" /1) ag.ff_f-
FOrmat( Qras"a 216X, "B 014y ,"2RI",12x,"JATI",9X%x," (2, u)“)
formav{a2C+40f15.%)25%2F8.37)

formatC102,"DI3PLACED 4t DISTAIC™ IS "™,f2.3)

formac{-oxeS Sl f»2T 1T N A L .o S U LT S Y“ttd
fOrmatCIuvs"FNR ALPHAR23GS 2 Lr1:iDAs =1,0%,24)
format{204."dal nr' Sx,"z=teroM,a2."t0tal ", 8%," gl

‘S.(’H .‘l‘: Il'{‘"" -.‘T !I)

formatlaZl 2 {f17.3-,22)) .
fornazlionelll,"FIR ALPHA=2S,.4 * LAMBDA==1,4%,7)
for:.}u:,(“':,;"'f:"‘-'. ALP"I&=3:¢.'] . LX"M7DA=s 1.:"1’)

format(15<,"FPR ALPHAS3EL, N £ L:ii30Aa= =0,9%,/)

STOpP
2nd
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THIS SUSRCUT ING CALCULATES THC DISPLQQED gy &
FIAST NEAREST NEIGHBOUR DISTANCE, Bt
subroutine TAN(f1,f2,k) ad it

THIS SUSROUTINE CALCULATES THE ALFRED-

1rac{(l12»cos5(2"al (11222 5

dimension f2(13)
ri=(ceb6 >3 30 {1+f1)
‘-'10}30
ré={ri»=cl=-2,646
f2iK)=(6.,3202+r2/2.)/sqre(2.)
return
en

VAl OSTEN3ERG CONSTANTS

sucroutineg vanos(al,32,v2,v4isV5,V6.K) ; 5
dimansion a1(10),a2010) v 7 (1‘):vk(10):v5(10)pV6(1Ql'.'
fR=,713 ;
acosp=0.0

Asinp=d,.0

PCOS j=Jau

3inj=0.0

d4o 20 11=1,:5

1=11-1

AC05P=acosp+((2+1+41)x(=1)»+1 )= (siNn(2*21(11))) .
azinp=a3inp+((2«1+ 1)< (=1)=»1)x((sSin(a1(11)))nx2) '?5"
€03 j=oCcus j*( (221 ¥ 1)~ l=1)+x] ) (((2#)2(}e1)/fKk)> {st
1222(11)«sin(2»27C11)))) L _
95inj=osinj*( (241 +1 3% (=1 )vw] )= (((1-(1+1)!fk)*s!n(2*a}4]pr“%L"

e
ol ees

continue )

dCosp=~acosp/ (4= (22, /7 )2*2) i

@sinu==asinp/(2~(22./7.)"~2) Eé

fLUaJ uboajffc*(cﬁ./? Ir=2) i
d8inj==bsinj/4*(22./7 " *2) : o8

tnn =esinp/dcosy 14 114

vi(xkl)=atan(ranp) -{. ¥

vitk)=esinp/sintvi(%)) 24

tenj=g3inj/fcosj &

vi({k)=atan(zanj) 3!

ve(rRI=goinf/ainlva(i)) 2

return £

ena

-
]
.
?
']
|
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THIS SUSRUUTING ZALCULATES THE YAL“MCE AND

S1Zc CLFFRECT TOMFRAUICSUTIONS TO THE EFG

T
suorcoutine valancalvat,va?,va®,vas,vaS,vab,va7.val,vad Ja
1ovatosvaTlen)d ' )
dimension f11(1U)pva2(1ﬁ);v;?(‘H),va6(1D);vaS(10)zva6§j§a
a#VaS(10),v3120102) 2va11(19) ¢ o 14
fR=,717 . :
ar={val(xk)=cos (T vfkwva2(k)+va3(k))II/(va2(K)xx3)
ar1=(vab k) cos(2.=fk=va2 (k) +vai(k))II/(va2(kI*»wnb)5
drz=arl+dr .
VAo lk)=(1e/(a32%9 =3) Y wdr2+«8,~ (2. /7+0%25,5/3.
A=ZamTk=vaZ(n)

21==val(k)=cos(vallk)I=va?
z2==(val(k)=sin(va3(k)))»(11,/7,.-v3Bd) 3
2i=l xfhxvab()rcosl{vasi(k))=(co () /X+vad=11./7.)
Zlz==2 xfk=vas(K)»3in(vas(k)Is(sin(x)/x=-va?l)
22=21+22+23+25%

VaRUKIZZz7 4, 70224 ITs ) uCS o 27 v ZR)n ,S29)Iu%3))
valldlr)=vaS{k)+vasik)

Wb s35aSE?) il

vall(k)==& 3 (vud (K)=4&,53)=2 047

FeLUurn

eNJ

JUTAY

3 3URCUTIUZ CALCULATES THE COMPOMINTS OF THE EFG

-

suvroutine afalel,asclezb,25)

dimznsion ¢1(10),22¢10),23¢ 1M ,24(€10),e5(10)
40 €1 1=1,%

el{1)=e1(1)+27(1)

a6 (1)=2Z,=21C1)=22(1)/2,
eS(1)=s~Z."e1(1)~e2(1) /2.

conzinu.



