
TECHNICAL REPORT #33

CONTRA CT NONR-N00014-76-C0050

PROJECT NR 017-653

Superviiar : Professor Walter Kohn

,— /

) 
/

DEPARTMENT OF PHYSICS
UN IVERSITY OF CALIFORN IA SAN DIEGO <Th

1’ LaJ olla , California ,c) 
‘~~

C’

Reproduction in whole or in part is permitted for any purpose of the United States
Government .

DISTRIBUTION OF THIS DOCUM ENT IS UN LIMITED

November 1976 ‘
~OPY ‘~ I1ABLE TO t~

r
~
c
~ fl~ES NOT

:~T~~
—— _ _ ~

•
~i :uiiY [ECIBLI

L... _~~stub~~~~~Ua~hm3Ied 
r ~~~~~~ 

tc~ DDC c~~~ ,~o



1 

·•· 

THIS DOCUMENT IS BEST 
QUALITY AVAILABLE. THE COPY 

FURNISHED TO DTIC CONTAINED 

A SIGNIFICANT NUMBER OF 

PAGES WHICH DO . NOT 

REPRODUCE LEGIBLYo 



iF~~ RY (:? SHA L rL W T~ LR S rATES WIT H A ST’~0NG CEN1~PK. CELL PERTUR 3ATICN *

Joan Pt . Cnffroy~~

Dept. of flr~sics , University of California , San Diegc
~a Jolla , California 92093

H
A new theory for shallow donor states with a strong central cell

perturbation is presented. fhe irnnurity wave function is expanded in

terr s of generalized Wa nnier functions , equivalent to the ei~en ”unct i~ns

• of the periodic lattice with the strong central cell Derturbin g potential .

The :-~
41n~ i e  unknown parar~e~ er of this the~ rv can be fit ted by cor1par~~ cn

~:ith the observed binding ene~~ -~r . fh e ther ’ry i~ apo~ ied to the i”. ’rn~r~ t~r

of As , P and Th in ~~~~~~~~ ron .  Th e ~erni ccntact  c~ n~~~ants  for  the

~~~~ ~~ ttine nuclei snr r oun d in ~ the i ii~~~t.v are calculrted and r.o~~~nre d

tc the l~ DL~ e~~ e ’i~~~nts  of Hale and ~‘ieher and to recent calculations ,

u~ in~- a -~i f f e rent “~ethod , by Ivey and ~ieher. W~~~~~~~~~ f-~r sc~ie
-~.~e• —

eluci-~at1~~ns cf the thecr~ cf Tve~ an c~ ~‘~~ he rA  In contr ~ st, to the con-

c~us~ -ns of these authors, ~e~ f~nd tha t a suitah~e fern of the Y’fective

~~~ hpr rv c~n account for the observations within an accuracy of about

1c 15~ .

in ~~rt by the ~ff ice  cf ~aval ~esearch and a ~~SA :rainee~hip . • ‘

In partini. satisfaction of the re’iuirerents for the deg~~e Tk r t :r  of
Th Yo s c p h:~ in h~~~irs , UC SD , ~ ‘ 7.

~~~r~~ent dress~ school of Ph~~ ics and Astrononv, niversit~ cf • • . -
• 4

~in rs’scta , ‘l.nneapolis , ?~innesota ~~~~~~~~~ ,1

~:
‘ /~ /

1

— ‘ S —

L 

( N~
L

~ 

~~~• -~~~~__ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _



r’—. -

~~~~~~~~~

---

~~~~ 

—.--,

~~~~~~~

---“

~

- ,- - 

L
’
~~~~~~~ :l ’*_--

~~~~~~ CF SHAT ~C~- T~ ( nTATF S WIT H A ST~ C)NG CENTRAL CF~~. PF~ TTJ~~BA?IC~:

I. T’TT’ ~CDT C’rION

?~uch theoretical work has been done on the calculation of impuri t.v

energy levels and wave functions. The shallow donor energy levels in

Silicon were qualitatively understood very early in te~~s of a hydr ogenic

riodel called the Effective pass Theory (E~r)
1
, in which the impurity wave

function is exnanded in teii’is of the Bloch waves of the perfect crystal.

For r uf f i c~ e~ t1~r T n c ~~lized pe rtu rb ing potent inls , the Koster- later

thecry 2
~~~, in which the impurity wave f unct icn i9 exp ande d in ter~rr of

~:~~ n ~e :~. •~eo P~~~~~~ V ~) Q r ~~~ ten ti~ T. thec r-.~

has been ad~~ ted to ca~ r’~J a te the inpu~’~ tv ener~ r Levels and ~ave functions .

r ante ides an d Sah ’ , as ~eT~ as Schechter 7~~~, have re fc rnu~ a~ ed the ~~T

in ter~~s of a pseuciopotential scheire. However , in both cases, the use

~f ~he ~~~ -ar ln g ic~~ ’~r not ~~~tified because , altho ’~ :h their ~ reu ic-

r-ote nt i als ~‘~ re we&’, they ue re not slCW17 ~aryinT on the scale of the

• ~tt i ce cell • n ~ i~ n.

Apr r~:.-tr~ tely sirultaneously ~ith th is  ~~oearch , a detailed ,

norr .--band calculation of iripuriti- states in Silicon ‘,•~as undertaken by

Ivey and ~-‘ieher ( I—M ) 10 . Their c alcu l at i rn  was very tho~~u~h and wa s

th~ roc t  oor~ rrhensive  anal~rsis cf the wave functions f or  shallow donor

• state r in ~il iccn to date . TheI r results we re in ru ch better agreenent

with the ex~er i ren taT ~ data , fror~ the ENDO3. experiments of Hale and

Uieber11 12
, than those Tf  an~ previous work . i- ’ compared their results

~-~t-~ t h o r e  -~~‘rn b~ the -~~F a n ~ r rn~-T u d e d  th~ t the c c’~l~~t~ :n o f th e re

‘~~~~~~~~r r ~~~ i~~~~~t •  ~‘ave C n oti~ n~ ~o’ outslle the ~~~ r of the

n~ e we h~ ve ~-:~ t 0 ~r~ ete1 a ra cul~ t~r n  of th er e  d~ nor ~o~ e f~ncticns ,

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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using a generalized fcr~n of the ~~1 , ~;e will conclude with ocne corr’ents

on their method and conclusions.

• i ~e believe that  the present approach succeeds for the first time

in yielding a logically correct one-band thec r~
r of rhnllo~’ irpur~ ty

: 1  states with a strc n~ central cell perturbation. The effects of both

the de~~aticns of the potential fron Coulonbic fo~~ and the i~~ortant

interband effects produced by the central cell potential are describable
I

b~.r r r n e r c T ~ir~ ~Tann ~ er ncti c nc ~G. ’) be~ rn~~ n~ to a sin~ lo ban ’~.
1’

a theoretical ncint the shallow irpurit~ states in Sil~ ccn

are not a ~ar ticularly ideal case for  the application of this thecry

due the r~oaLl ener;y p between the valercE and ccnducL ic n

bands , the ~annier funot ic ’nr are not ve~~r highly localized. the reason

h’~ thear ~e~i :: ve ”c neve~ the er r  chores war  that all the nece s~a~~i

j nf~ ‘~~:t ion  about the ~tnicture of the conduction bands and the irnurity

•~nc~ n.  Another c rss  cf system s that might be successfully

t r e r t e i h~ this arr r’cach are color centers in alkalai hal~ ides.

TI . G~~I T T D  ‘~A’:~ TT;~ TT~~ T 1Ih T~~~ JY C F DTU TT2 :~ 3?ATI S ‘~T~U

A~ F-~.I:AT:L’:S T( Y’~ ( 
~ STATFh~’ IL SILI~ CL

A. ~‘o rn’j latj on of the Theory

• -Then a shal’ ow ~~nor i~~urit~’ is introduced into a perfect lattice ,

the Hani l t on ian for  the electrons ray be writ ten as

= 

~ ~ , ( 1 )

t.~here U~ is the Lanilt on~an of the perfeoo. ~at t ~ re and U is the perturbation

due to the i~ purit~’, which hoc the asvr~ t ct ic  fr ~~~~~~

2
(2 )

• Kr

- -



-,- --~~~.S.

• K is the s tat ic  dielectric constant of the host lat t ice.)  The wav e

fu n c t ions  sa-~isfy the di fTerent ia l  emotion ,

— )W 0. U)

• The oround state wave funn t ior i  no --  he e~-oanded in t~erns cf the

oerfect lattice T
~annier functions, a~~4, as in the cster-Llster

• theory24 ,

W = ~~~~~~ a~ ,5 ( 
~
)

a ~
-
~~

-i
~ 

n h -~- on-~ n is si te  in-thy . The cr ef f T r ~~ no:: sa t~ :f--

the set of difference e -uat~ ono ,

r’~~s ’ ~~~ 
1:1 ~~~ Cny~ I

the e o i n  a r~ o c t L T y  va~~.~~n f ’inot inn of 
~~, 

the r t:*: e Teren t -

20 er o e n t ir l l T -  ~erc unless the band in d i c e s  a’~e the sore-, in

- hi oh case (
~

) re dvcc  to a o n e — h o n I  set of e ;i:oti; no .  :h-~-e~’cr , in

the rhdl lc~ ~rnc r ir uo-u t~ the o’ t e nt i :l  i~ not  snoctn~ u w a s - i n

in the  o n ~~u l  e ’ o  ~c th~~t r c - T u t T ~ r~ of the sot cf o:r ~~~ ‘r ’  ~
)

he rories a - . -~ r --  difficult many-band problem .

• In O 2~~e5 t( 0 Is0u0 veflL thi~ i t’fi~~~T t v  - • c e~~~and the unve f~ nc t i~~ in

term s of an appropriate set of generalized ~annier functions (GT-~T) ,  ‘- -hich

are cenr t ~~icte d sc a~ tI inoure that the r at r iy  elements :f H between

these function-~ is ne~ Ti~~ible unless their  band indices are the sane . T-?e

-
~u’ite the tc ta . ‘c ten t i - ~ as the own of two ten- s

u1(1) + 
~ 2~~

) (6)

_ _
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‘h o ro- ‘ 2~~~ 
i~ a sno~ th~ ;• - 1~ ryin~ funct ion of ~ for o T T  a~, which r e sucer

en b~ (2) in the o:- -oototic ‘ejion an-I i s~ooth]

no~ owe th -’ci’~ hcut  the r ent s-al oe-sic p j p  an arbitrary oa--~ in

::noothin vn:~~ •r e neon thot i~ eooonoi T~~ ccnotan~ over the

scn :c of  a ~annier funct ion.  f rcn  our ro ru iwenent s  0ri L 2 ( r ) ,  u 1 (1~) in

neces r~ r l lu  :host s n-’e .

In a nasiner similar to that described in a recent paper by the

s -~n~ , cc son cc no ~ r ci thE . 0 - Cf~~~~- ‘cc

-‘ the TfenC’~o-’ t I  no

- 
, (7 )

is o-h .~ oh t .c  cho s o - o~~ c tent~ aL 
~ i i” ~nc Ti; 2o~~. these I’ ’ are

• c ’ t cr -o ?oa ,

(:,:Ian~,c~ 6rj 0
1 . (8)

ho îç  the cur e Tc;y’c- e f T o o ~ l 1naticn as the werfect  lott ice

• -~~~~~o~~~ ec ’  ?- -
~~~- ‘Yn-i c tO~

1 a— -~rc -o h thor- e;--~’c ne otT nT in Cc c’ 1 o teice tes

th~ nt f - ’:~ the :it~r si te. Thein ccnptn ~~tj on  insure s that the

ro tc-i :-- e enents of between the~o is zero unTles~ their band indices

are the ~ane. lince U 2 in required to be smooth, all cC its c- ff-

• m oons atr±~ c 1 enentn in both n and s will be negiic-ible .

n-u- - si te the ~:‘cun1 state irrm rit-- wave function as a linear

sorb i n o t i o n  s-f the T~ assccia~~ d with the lowest band (and drcr the

han d in-hu-) ,

WC~) = 

~ e a~~~~)

-here the c5 1 s s a t i — f -  tIO C r e t  of difference ecuat icns

1 ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  -- - •-- _ _ - - -- -_ .-- -~~~~~~~~~~~~~~ = ----- --- --~~~~~~~ -• .
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in s- - o ~~tho in:’ f ~’c r- the m o w  ‘it- ’ oho -I T: me the ncc~ e as the res fos-.

rain ~e- ; a u n m e - f : n -in -uo U 1 (~ is ~~~~~~ ~
r 2~~ ) in ~ivcn h -  ( 2 ) .

Tre:of- re, th~ a~~ inc n Tnn :-o-t :~ - - e ’ r~ c:’. n - n re -- - ‘ tho~ r

2
= (sTir :  ~~~~ — !... 5.~ 5~— A  ,,, (ii)

‘

is the loontion of the n idocint  of the 5th 
~~onu~~~~

r fun~ t in-n an~
t

~

w - - -- tr ix  e T c- r e n t . : -  ~~~~ de:c:’inin~- t h e  c-:’feci of the - - chest 500fc u: Ies—

sin’ , noc - , :‘~ th~- ro’- I , ~~ - so- - n n - r-- --u in c cF: -- :‘ cc

J O )

u o o - t C ’ T u - ’ n ~ e- ’  f’s-iss ioi ne -: ’ inc - - c o i n ;- .

• I .  •-- hic lion to honor Itates in • T i T i c ~ n

- -
~~LL :.Y cc nc- i .co a ;h~~lcc  o:-nc r J : . u i ~~ icc b± ico n . The in-us

~~s ’ o:~~~o h:- s~ -- is .h~ :; s - o l ass s-- :n ~;c I . Ar - a : ’  r0 o~ r. in a

oy ~J :  , in m e - s  c a mn ioccd  ~~~~ - ~f -ou~~ no : -- iry  T c m~ ccr 

~~~~
- —-- , ~ o’ - - - - t ‘ a ’’ inc r I - - e - : f - :-c u . i -n - - a: n ate-in - i t t - there

~~~~~~~~~~~~~~~ ycO o~~~
o 

~~~~~~~~~ ‘- n ::c nf I :~ f ’ :~~ ho: f n  a oci - te- ’ w ith the ~ ;cn
~ :5 : T ~

The- -w~~- ’ — c— ‘-:nc t-~- n ~ s-ui - f c s ’-- ,: aco -~r dj ~ t~ the r-o-’r -etnic

re— ”- csas; i— ’- in c T  t I c -  c~~~ thT rc~~r i ‘sc- u-- T~~. :-: e :acs , thoce expand — n

m e e - -- ’e - - - n - ~~m-~--e- — - - e : . - - i n - ’ -  — thc -
~~~

- -

= ~-~o ’ . , -~is len d - ’  eri e tc -1 r ”j ncc a ne’: set of crthc -nno- -v- ’ bas i s  ±5-p’-oY nm ,

mc “- -s-rti:nol tc tIno n--s -f a ’ ~ • annie :- fo~~:t icn- wh ich ore
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esuivalent under the operations of the grcur T :j . The w av e -  function

is then ‘-c’itten as in (9)~ c-’t’.ere the c ‘s are the cc efficients assc-ciated
S

with this new set of basis functions and satisfy a net of :iff’erence

o n u a t i on s  of the fo~~ (io) .
in the asymptotic region the difference e-iuationr are the sa’ie

as those in the Koster-SLoter th eory24, which can easily he shown to

reduce te- the E!T. Hence the coefficients c~ ray be taken to be

~;‘ - roxinate in- e aual to the values which wa-old be ob tained C nor the IlTi’

fn s  s or~e eoo::~ii 1~~.

in the -inc ,’s no n - r e r sore • i - ~in 
-i” o: --o ’- e~ tho u

A5 , 5 1 = Ai~, 31 ,

- ‘-

~ 
, =

~~~ 6s’i (1~c)- ,  s ,1 ,

x e1enent - : c-f I? between the perfect lattice ya nnier functions

-ore reTote i to t e 3i c ch ener:ies L~~~ and were deter~nine -i h-~ a f i t  Sc

the fill-a- r. encr-~ - conduction bands.

The single rar~ neter A was determ ined by fitting the experimental

b thdm n: ene r~- --, ~exp If we define

2
= (a~~I H 0 I a ~ ) — 

~~~
— ~~~ — E~~_~ ~~~~~~~~~~~ ~ (i s)

- r5

eruatic o ( i ~~) r- a:.- be ‘.-soitten as

~
, ~~~~~~~ — Al 5 , 5, )c 5, = 0, ( 16)

where A ray be regarded as an unknown eigenvalue , given by the stationary

_
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expression

~~ ~~~~~~
~~~~~~~~ 

S , S S (17)A = 

s~ s’ 
c5 15,81 c5, 

‘

which is a ninirrur~ for the correct c ’s. Because of computer limitations

we were only able to determine ~~ unknown coefficient s • We assumed that

the rest were given by their E!IT values. For the impurities Sb , P , and

As , the par ar ~eter s A were determ ined to be . 187 , .219 , and .281 eV

resnectivel-.- . We found that the coefficients for the l~~nnier fun~ tiens

far from the irinurities differed very little from their Elf values.

The Fe~~ i. contact constants , ~~~ at the ~~29 nuclei surroundin g

~he irmur ities (F , As , Sb) have been determined C ron ~~‘y)~~T~ exnerirents

pzi’2c c~ :ed c ri~ inall by C. ~‘eher 17 an-I most recently and completcl :’ bTT

Hale and They are proportional to the wave function density

at the ~th site~~ ,

= 1 .~ 23 x io 2 i’ -~ a~ i ~— 3 
~ ( - i S )

;•there ‘~ a~ is expressed in l’~1z. when the crystal orientation in the

magnetic field is varied, the angular dependence of the E~TD0R signal

allows one to recognize which signals belong to nuclei on sites of

the types <aaa> , ~~Oa) , and (aab’~. A Imowledge of the wave function

at the lattice sites enables one to match observed experimental lines

to specific lattice sites.

In the calculation of the Fermi contact constants we used orthcgo-

nalized, directed tetrahedral orbitals for the Wannier functions. Our
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results, along with those of I-I~~~ and the experimental values’1 , are

presented in T ables I and II. We agreed with i-li on the matching of

slightly more than half of the observed lines with specific lattice

sites 8. Agreenent with I-I? for sites of the type (aaa) and <00a~ was

perfect.  Fcr sites of the ether type, the matching pro cedure is more

anbiguous , an d we have less conf idence in the assignments offered by

either I-! or by us. The overall agreement of our values with experi-

ment is slightly worse than that of I-!~, presumably because of the

• rellt iveThr raor localization of the Silicon Wannier functions.

III. SC:2 cfl~2 F ~ rf (N  THh IVIY-IrIh :~E:~ !TOTHCD AND cc-uc: usIcI:3

:-~-e- -- ~n-~ 
:- me hc - r 0 use a ne -st e-n i tp c o t ir n  t -  o - - inci~ ote- tr: e

pseudo impurity wave function, which satisfies the e-~uation

(~:~ + - E)w = 0, (19)

where U is the pseiidopotential and w is expanded in terms of thep p
pseu -i - ?loch wave s with coefficients ~~~~~ H 0 is the Silicon lattice

Ilaniltonian , which is hifh ly  anisotro-oic. To lowest appro~dnation

the:-- use a function W~(~ ) which has spherical s:amretr~’. To allow

for the anisotropy of the wave function due to the anisotrop :, of H 0
and to obtain the components of the wave function associated with

ether  branches of the conduction and valence bands , they then solve

(H~ 
- :)W = - Up W e- ~20)

This is not a consistent iteration technique for obta ining the ani sotrcw r ,

an.~ the re fo re we ~e -c1 Ie - i t c Jo a siriple calculation in order to obtain

or ~~~~~~~~~~~~~~~~~~~ c-f the crc-c c’s in}ce nerit in this rc’ocedure . On the basis cf

thi° caLouloticn ‘-:e e-o tironte that the anisotropy obtained f 5cr ( 20) is

up to 30% too sriafl .

_ _ _ _ _   -~~~~~- ~~~~
--

~~~~~~•- - ~~~ 
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We ccn~ j - e o -’e.I the c:ae ‘f a ~i 1icon Thtt ice e f f ec~ 4 ie ~ani ;.tcnian

o snail anisotropy,

— — v
2 + ~~~ ( 2-i )

P I
~~~~A~~~~~~~~~~!v 2) . (22)-

~~~~ 0 2n’~ \Oz 3

~he ~ara-’etec’ A is a mea sure  of the anisotrony in the ~cnii tcnian .

The foil . ~ffecaive r ass wave function oati: :fj es

(
~~~2 

v~~~
—- - _

~~~~~~
-
~~~)w =~~~ .

~-a ie  fw.na inon  W0 -a nd enec-~~ I sc t inf ~ the ‘Jc’c- -en
— 

~~~~~~~~~ f~~ - - - : - O ~ c-r E u -  - i~~-o . Woe - r iOr n~ s-c ’c~ t~ - r  th t - -e ene n:--
-
~~~~~

-‘
~~~ an - i  the f ~~r nt coder correction to the wave fon n t . Ion  ~: dete~~’ine d

(~i;~ ~~~~~~~~~~~~~~~~~~~ (2~ )

~e fr l l n -~ the I— ~ ~-once l ’ire ‘
~~~ e o~in-~ on (2 f), I -

~ 
- -h t ~~~i a

f I r st  crie r correction to the w - ve fu nctI on ~hich sotimf~es

(~~~2
• V2 - F ) W 1 = - :~

‘w0 , (2~)

F
a

~is t eo-~ of the -cc rre -m l-, e o- - tion ~2 - )  . The te~”-- -e ‘K r  :~~Itted r the-

ef t  h~n~ nIce - of  e -u:a ’--~n (2~) 
- c-f the- nam e o~’~er s~ th e to- ~~s ke~ t .

•tlth -uf .a ~oe ‘ t ~ -:r,: to (2 1) an~ (2 ~ ) o~~’es f or  ::c .o :e- -’-:

~f the d- -~- - c ’ a-- te r the -~r — - ti-- -~ea rea n o - - to -o -’-o; t ‘f ’ b~ the

ti~ne c”.-~~n , --doere a ±s the a l ’~~500 lattice cons tant .

-
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~‘hi:c- c-me see that use of the aro ceduro (20) introduce s significant

a ~‘cuu’s into ohcse no - ic -tn of the .i ve funct ~j— n ‘- h l c h  aoe arc -c cic-ted ‘-:j th the

two I n c e s t  ac-n h:ct l  on 1oaad ~~. Ca the other  hen -i one c- Si verif - that the

e~uatic r. ~2fl) Joec- ‘no ~c-a-i ~- --n-’o c~ir~-t I o n foo-’ -he nr-~’ts of W

associated c-zith the other br anches cf tin e conducticn anc’ wr ’-o nce bonds .

Th their  ab~tc’c~ct T- state that the H~’I’ restricts itself to

single band ar,c~ tc conduction-band-minima Bloch functions . We woul d

like to rr~~ t out that : (i) Then an ene~’-u- h -and nin 4 mum is near a

han — ~ edo- c , the ‘f’ rust  ernIcy an r :  en ic zone scheme -chich , in a

c-c hcc~ d n — r e  -‘ --doe-- c , ‘. e - -h- :-~ nic~-~r~-on n c- —o - -’~ tho—- one h’n--h (2) The-

~~‘I as- ’u— es t h a t  the ‘-nv ~ ‘u’t~~ ns -a ’e r~r ’~e -- ‘- - of c-yr - ac -~-et~ of

~l :rcth~~ n , ~~~~~~~, ~ -~ r i ~ 
- ci a°- - :’ the- -ccr-i ’:c t~~ o ‘o-’ c ’-i --ini~ a. This

Is , in ~aca , c-c ni’I~~ e- i b~ abc rem~1 tc- of I- ’ , as the-~ f i n d  sh ot the

‘- - c - -c  - a - in n:a r ‘r~~ ap a r  -ne ) -
~~~~: - -r--OO c’o -otr t o ~ ’l -  ~th - -

ah ot t 1-TJ to she c~o-~ cr r to , c t  corstant s.

:~~e--- e- ~~~~ 
- - -  Thvr- I c-f a— v--ca --I rat -~m -r i ~‘-c t € ~ l’U. Cm the 

‘~ ‘ o -  c-: tm,€ c-; .o e - . -or nr~~ 

the T • o -oh - a-;- ’ ace f f ~ a i e r -t: - J~~:) ~t -~ ccn with :‘esnect to the -n~ ‘ os t i  n

ban-f m ni:r~r , ~~
) sa t i s f ie s  an an isotr c~~ c h-od o’ :en :o  type diffe rential

in real -an even In the -nn~-- r ae - - - t -~ of -
~~ ) . Cn

the r -n n-i , T e - s n  ac-cm-a ‘ute, T ew c  of  anooroc-ir:- t ics the lwu - co L t’  c.aoe
-.

— ~~
‘— -‘t v- ’-- — i- — —~~ _ o — — -- .-~

-- — —‘

-~~ -, —~W (i~) =

~~

- 
~~~ ~~~~~~~~~~~~~~~~~~~~

wh ich I-’ base - c ‘n  the : —----‘t-~--n t t h t  the ~c~ ic - 1c nar ~ ~~~~ she

-ye
, 

-:
~~~~. - 
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state wave functions, including strong central cell effects .
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Table I . Calculated and Experimental Values of the Fe rmi
Contact Constants , i/~, a~~ , for Lattice Shells at
Sites on the (001> and <~ 

LI)’ Axes.

Lattice Site
Expt. ( c / 4 )  1 /2  a ,~ (MHz)

o 1/2  a~ (Onffroy 10
Shell Impurity ( M1-Iz) & I -M) Onff r oy l-M

A As 3 . 8 6 0 (0 , 0, 4) 2 . 8 1 8  3 . 8 0 3
- -‘ P 2 . 9 8 1  2 . 5 1 7  2 .924

Sb 3 . 1 0 1  2 . 3 5 7  2 .5 5 4

K As . 758 (0 , 0, 8) . 7 8 1  .649
p .663  . 708 . 5 7 0
Sb .629* .6 6 7  . 529

C As 2. 037 (3 , 3 , 3)  1 . 1 6 8  1 . 9 9 1
P 1 .649  1. 0 6 3  1 .477
Sb 1 . 3 9 7  1 . 0 0 4  1 . 2 6 7

3 As .694  (5 , 5 , 5)  . 752 . 6 5 7
P . 739 . 789 . 686
Sb .761 *  . 788 . 6 8 5

H As . 801 (4 , 4, 4) . 694 . 943
P . 6 8 9  .6 5 8  . 787
Sb . 703 . 6 3 2  . 7 1 3

0 As . 739 (4 , 4 , 4) . 685 . 775
P . 598 . 6 3 2  . 6 5 2
Sb .670 .600 .593

N As . 6 0 7  (7 , 7 , 7) . 488 . 6 4 7
P . 6 1 2  . 5 3 0  . 6 3 4
Sb .629 *  . 538 617

E As .642  (1 , 1 , 1) 2 . 7 4 8  . 003
P . 2 7 0  1 . 2 1 6  . 018
Sb . 293 . 7 8 1 . 045

*This data was missing in Reference i l l  and was later determ i ned

~y I -M 70 .

L_~~~~~._- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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- I Table U - Calcu latt- d and E~ pcr .ment.~l V alues of the Fern ,i
-- l 

Contact Constants , - ~ 4-~ . (or L.,tti~ ,- Shell,,
w ith Posit,0., Vectors of th~- Form (‘-a 3.?.

- ~- F Onlfroy 

—

4 Exp t~ [ La t t i c e  
—

~~~~~~~~~ Lat tice

I 1/ 2  aj Site 1 /~ a~ Site 1 /2
Shell - I r ’ - ~ ’ - r~ t (MHz) (c/4) (M 1-l~~) (c / 4) U~il-1 z)

B As 3.000 (0,4.4) 2-984 (0 ,4 , 4) 2.701
P 2.254 2 .348 1.922
Sb 1 .833 2.08) 1.609

4 D As  1.292 (2 ,2,4) 1. 154 (3,3 ,7) L242
p 1 11 7 .885 1,008
Sb 1 003 . 776 .901

8’ A. 1.121 (2.2.4) 1.006 (1 .3, 3) 1.295
P .840 799 .788
Sb .504” -71 2 .606

C A. .806 (3, 3,7) 859 (3,7 , 7) .861
P .764 .810 ,774
Sb .161 .776 .725

I As .718 (2, 2,8) .720 (2, 2,8) 646
P 685 692 589
Sb .643 .669 .556

L As .741 (0 , 2 ,2) .632 (2 ,2 ,4) ,716
— 

P .582 .486 537
Sb S25~ .426 .462

M As .777 (1 , 3 , 3) ~ 33 (2 ,2 ,4) .819
P .612 .512 .612
Sb .559 459 .528

P A. .696 (2 , 2,8) - 666 (2 ,2,8) .621
P .662 -651 .573
Sb .629 633 .541

Q As .566 (1 , 1 ,5) .498 (1 , 1 .5) . 545
P .524 . 449 .447
Sb .387 .422 .403

~ A s .428 (1 , 1 , 3) .436 (1 , 7,7) .4 49
P ,379 .21 7 .378
Sb .332 ,15 0 .3 44

S As .311 15 .5 , 9) .4 9 4 (2 .2 , 12 ) . 411
- P .410 .823 .424

Sb - 425* - 525 - 422
T A. .364 (2, 2 . Ic - ) .416 (3.2 , 12) .401

P .398 502 .415
Sb .425* 504 . 4 12

U A . .338 (2,2 , 12) .476 (5,5 ,9) .396
P .~~83 .502 . 424
Sb .425* .504 . 428

X A . .242 (1 , 5, 5) .271 (1 ,5 ,5) .337
P .317 .343 .398
Sb . 437 .366 418

W A. a (5,9,9) .275
P .328 - 309
Sb a .318

I A~ S (3 , 7, 1) . 5 7 3
P • .593
Sb * .59 1

A. (1 , 7 , 7) . 2 0 1
P .2 16

— 
Sb 

— ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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