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Abstract
Magnetlc resonance has nade eignlfÍcant contrlbutí.ona to the charac-
têrÍsatlon of polnt defecte and sna11 aggregates Ín gemÍconductors. A
partÍcularly clear demongtratlon of the potentlal of thlÊ technlgue
ls provÍded by research on transÍtÍon aetals Ín sllLcon. Basíc atoElc
and electronlc structural Ínforoatl.on of theee centrea nas revealed
by nagnetlc reaonance. Two aspecte of such studLea, both deallng wÍth
the degree of covalency of the 3d transÍtlon netaL lopurlty í.ron í.n
sÍ11con, wl11 be dlscueged Ín the present paper. ïhe fine structurê t.n
the electron parauagnetlc reaonance (EPR) spectre le analyaed by
taklng lnto account the cryÊta1 fteld of the relevant syDaetry and
spÍn-orblt Lnteractlon. Agreenent wLth experlnenÈal data requLree stg-
nÍflcant covalent delocell.gatlon of lnpurity electrong. This ls then
dlrectly verlfled and conflrued by electron nuclear double reaonance
(ENDOR). Fro8 the hyperflne ÍnterectÍons tith the 1Ígand 29-ell1con
nuclel the epln denslty around the lnpurlty Ls uapped Ín detall. Con-
sÍstent wlth thê observed delocallsatíon the central lnpurity hyper-
fí.ne coupllng le reduced conaÍderably when coupared wlth the free-í.on
va1ue.

IntroductÍon

!íagnetÍc reaonance cao provl.de detalled ÍnforDetlon on the etoBlc and

electronlc structure of paranagnetlc lupurl.tles Ln a dLanagDetlc host
eryatal. By applyÍng a nagnetlc fteld energy levela are spllt lnto
magoetic eublevele, an Lnterectl.on known aa the Zeenan effect. The

spllttlng ls quentltatlvely degcrlbed by the epectroecoplc spllttlng
teosor, Dore conuonly called thê g-tensor. The tenaor Íe ueually neaa-
ured by electron paranagnetlc reaonence (EPR). The structure of
tensor directly provldee e classifÍcatlon of the symmet ry of
defect í.n terrs of a crystallographÍc systeD. The prÍncipal valuee of
thê g-tendor wÍ11 devlate fron the free-electron value Ae-2.OO23, for
a apÍn S-Ll2 ayateD,lf orbltal contrlbutlooe to the Dagnetlsu are
prêsent. For hlgher valueg of the epln, effecte of orbital Do[eotun

the
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naní.fêst themselveÊ through crystal flelds based on hÍgher-order
lnterectlons. In these caaea Èhe g-values bear lnforoatÍ.on on the
orbltal atructure of the centre. Thts lnfor[etlon í.s, however, usually
dffflcult to extract, as knowledge on !Íavê functLone and energy levels
of ground and excÍted etaÈes ls requlred t1]. The uee of the g-tensor
to galn a detailed lnslght lnto defect structure ls therefore rere.
The present paper wl11 atteupt to carry out euch an analysl.e for the
speclflc case of posltlvely charged lron ln slllcon.
AE opposed Èo the flne sËructure wlth lts relaÈed g-tensor, the
ínterpreÈatlon of hyperflne lnteractíons í.s ouch more sÈralghtforward.
Thege lnteractlons, epeclfled by the A-tenaors, can be ueasured with
great preclslon and over a wlde range of coupllng strengths, by the
nethod of electron nuclear double reaonance (ENDOR). Fron theBe hyper-
fine data the dlsÈrlbutlon of spln and charge around the lBpurlty can

be rnapped 1n great detall Í2,3,4,51 . SectÍon 3 of thls paper w111

present such an analysls, also for posÍÈlve Íron Ín sÍ1lcon, and the
conslsÈency tílth the results from the g-teosor data wÍ11 be checked.
Beeldes the lnfornatlon based on experLaental reeearch oethode, 1n

recent years the thêoretlcal descrlptlon of Íupurltles ln seulconduc-
tor hosts hae nade consÍ.derab1e progress. Recent celculatlons have

erployed Green'g functí.on nethods to solve the SchriidÍnger equatlon
[6], or the Dultlple scattêrtng Xa nethod Ín a nolecular cluster nodel

[7], all tn a self-conslstent manner. The detalled dlecueslon of theee
reeulta ls beyond the scope of the preaênt paper.

2. Flne structure

2.1 Axtal crystal fÍeld
Iron aa an íopurlty ln eÍ1lcon wl11 occupy lnterBtltlel lattlcê sí.tes.
Accordlng to the Ludwlg and lloodbury nodel all valence electrond are
traneferred to the 3d-she11 t81. In the poeÍtlve charge state the ,.ron

Íon haa conflguratlon 3A7 . wtth paral1e1 exchange coupllng of the
three holes ln the d-she11 the epl.n of Èhe centre ls S-3/2. The trl-
p1eÈ ground statê has effectl.ve orbÍta1 moDentuD 1'-1. Iron 1n thls
lsolated forn hag been observed by EPR [9'10]. BesLdea' EPR obeerva-
tlons have been uade for cooplexes where lron hag forued an LDpurlty
palr wlth an acceptor on a substltutlonal lattlce site [10 ' 

11 r 12 r 13 ] .

In table I the g-tensore of thêae centrea are glven. In addltíon' tro
other centrea, A27 and 428, whlch apPeer to have a related atructure'
are nentloned t141. In all caaes the analyela of the EPR sPectra hag

used effectlve spln J-1/2. Aa table I ghowe an lnterestlng set of 8-
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values , ranglng fron ae low ag 0.59 to as htgh aa 6.389 le found ln
the experluente. Thelr LnterpretatÍ.on Ís a challenge for Èhe

theoretí.ce1 analysls.

Table I. Spectroacoplc dete for posltÍve ínterEtÍtÍa1 lron and related
eouplexee ln el.1lcon.

Centre Synnetry g-Value s

gz 8* 8,

q.A^ ax rh
(neV) (meV)

Fe

FeB

FeAl ( 1 )

(2)
(3)

FeGa( 1)
(2)
(3)

FeIn
A27

L28

Cubl c

TrÍgona1
TrÍgonal
Orthorhonbtc-I
Orthorhomblc-I
Tr Í gona 1

OrthorhombÍc-I
Orthorhonbt c-I
OrthorhombÍc-I
Monocllnic-I
líonoclÍnÍc-I

3.524 3.524 3.524 -0.286 0 0

2 .067 6 4 .0904 4 .0904 -0 . 256 -16 0

6.389 1.138 1.138 -0.346 +43 0

5.885 L.236 L.6L2 -0.3 +66 13

L.73 2.5L 5.36
5.087 2.530 2.53A -0.284 +11 0

6.19 0.59 0.69
2.O2 3.37 4.65
2.070 3.78 4.40 -0.268 -1,6 1.3
1.96 3.24 4.78 -0.188 -13 2.6
2.L5 4.10 4.20 -0.360 -18 0.3

Table ïI. Spectroscoplc data
relaÈed complexes ln sÍ11con, Ín

for posltlve Ínterstltlal í.ron and

axlal approxLnat 1on.

Centre Synmetry g-Va1ue s

g I gr
A / q,l'
ax ^ax

(neV )

Fe

FeB

FeAl ( 1 )

(2)
(3)

FeGa(1)
(2)
(3)

FeIn
A27

A28

Cubic
ïrigonal
Trl gona 1

Orthorhonblc-I
Orthorhonbtc-I
Tr t gona 1

Orthorhonbi c-I
Orthorhonblc-I
OrthorhonbÍ c-I
Uonocllnic-I
MonoclÍnlc-I

3 .524 3 .524
2.A676 4.09A4

6.389 1.138
5.885 L.424
L.73 3.935
5.087 2.53A
6.19 0.64
2.O2 4.01
2.070 4.09
1.96 4.01
2.L5 4.15

-0 . 296

-0 . 256

-0.346
-0 . 16 5

-0.284
-0.140

-0 . 256

-0.360

2

7.513
0.318
a .420

0.933
0.170

7.444

6.O29

0

-4.44
+8.71
+7 .09

+2 .6L
+L7 . 91

0

-16
+43

+L7

+11

+36

-4'-40 -16

-3.52 -18
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Although 6one of Èhe centres actually have lower symEetry thêy wl11

all be treated as axía1 1n a flrst analysle. Thls assuDptlon slll
al1ow an analytlcal nore Èransparent treatuent, whích 1e presented
flrst. Where necessary Èhe tensors of Èhe lo!'er syEEetry centree nl11
be forced to appear as axlal by averaglng the tlío g-valuea which are
elready closely equal ln geveral ca6es. An approxloate perpendlcular
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g-velue gl ls deflned aa gI - (gx * gr)/2. The resultlng data are
found ln tabLe II. The oore general case taklng account of the
orÈhorhoublc or nonoclí.nlc synnetry, whlch requlres computer Dethodg
to be eolved, wl11 be dlscuseed oore brlefly ln paragraph 2.2.
Fígure 1 presents a schenatÍc energy level dÍagran of poeltlve Íron,
electronl.c conflguratlon 3d7, on an lntêrsÈltía1 s1!ê ln a sl.llcon
crystal. The free-t on ground 6tete 4, ls spllt by thê cublc crystal
fteld (cf) leavÍng a 12-fo1d degenerate Or, 

"tetê loneat. In complexee
of lower than cublc ay[netry the crystal fle1d, of trlgonal or
orthorhonblc Bymoetry, wl11 further ap1lt thÍe leve1. Spln-orbÍt (so)
lnteractÍoa wlLl flnally 1Íft the four-fo1d epln degeneracy, reaultlng
Ín the spllttlng of the Or, leve1 lnto alx Krenera doublete. Theee
lnteractlonB are represented by th e sp 1n-haml 1 t on í. an H :

H-H-+H.ct so - (1)

(2)

(3)= +cI(1'S + 1'S + 1'Sso x x y y z z

The hanlltooÍan wlII operate on the twelve basie states of the Or.
-1

ground state Ín cubÍc synmeÈry. ThÍe state whlch 1e orbitally three-
fold degenerate, wÍ11 have an effectlve angular oouêntun 1'-1. The

aÊsoclated orbltal g-factor gÍvlng the nagnetlc mooênt has the
theoretlcal value o.--3/2. To ftnd eÍgenstates and correepondlng ener-
gÍee the l2x|2 uatrlx <afrlffl4fr> has to be dlagoaallsed. Due to the
Kranera degeneracy there ere actually trro ldentlcal 6x6 Detrl.cea.
Theee are found fron table III by settlng À.n eeual to zero. By forn-
Íng euitable lÍnear coEblnatlon6 the ratrlx can be decoupoeed Lnto one

cublc, onê quadratlc and one llnear matrÍx, aa speclfÍed ln table IV.
The aolutÍon of the assocÍated elgenvalue equatÍona doeg not preaent
any speclal probleu. The energles El to E6 of the doubleta aa a func-
tlon of the arLal fÍeld streng-th À"*, both ln unlts cI, are preseoted
as flgure 2. For Lron ln 3dt conflguratlon the aptn-orblt coupltng
constant lr, ts negatí.ve. IlavÍng found theae solutlone the effect of a

nagnettc fteld I 
".n 

now be evelueted. The haulltonÍan of the Zeenan

effect, treated ae a eua11 perturbatlon on the doublets, hae thê orbl-
tal and apln parts

Hrf = *rhil.i' + zt1í.1. (4)
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Table III. MatrÍx eleoenta of Èhe crystalllne fle1d, axÍa1 and

orthorhonblc, and spln-orbl! coupllng ln the 4r, 
"a"a".

(-x,*3 l2l
(*x, -3 /21

<-1ï,*3/21
<-Í y ,-3 / 2l

(-x,-1 /21
(*xr*1 /21

<-Íy,-L/21
<-ty,*L/21

(*2,-3 /21
(tz, *3 / 2l

(*2,*1 /21
(*2, -L l2l

f -x,*3 /Z>

l+*,-3 /Z>

-^.-À llrn ax

-3 aX/2

I r y , *3 / z>

lry,-3 /z>

-3 clr/2

+^.-A lzrh ax

f -x, -1 / Z> lry, -1 /z> l+r, -3 lz> l*r,*1 / z>

l+*,*1 / Z> lry,*1 / Z> l*r,*3 / Z> l+,, -1 /Z>

0

-^.-A ltrn ax

+ a,\t/ 2

-/3ax/2

* alr

0

-/3aX/2

- /3 sl'/ 2

- {3 q.l\/ 2

* cÀ

- clr

0

+2L

+A.-^ /l -/3q,lr/Zrn ax

- /3 q,7\/ 2 +2 Lax/ 3

0

+ aly/ 2

- cÀ- /3 aï,/ 2 - /3 q,^,/ 2 /s

fhe nagnetÍc fleld wl11 ltft the remaÍnÍng Krarnere degeneracy Ín the
doublets ag ghown Ín flgure 1. Usua1ly, the nagnetÍc resonancê experí.-
nent ls carrled out beÈween the levels orlglnatÍng fron the ground
atatê doublet. FLgure 2 shoI's that í.rrespectLve of the slgn or
strength of the axÍal fleld Èhe doubl-eÈ Et alwaye hae lowegÈ energy.
For thle ground atete, rrhlch ls derlved fron the cublc equatÍon, the
regulÈa for the g-tenaor are aun[arieed by

^___ 
I q,t, :, -(x-2)(x+l ) (x*6) I Zx(x*2),ax

El q,l, - -(x3+S *2*1 3x+6 ) I lx(x* 2) ,

(5)

(6)

g 

' 
- +2 1 x4+4x3+t4 *2 *7 zr*7 z*2 s,(x2 -L2x-t2) | / (x4 +4*3+1812+24 x+2h), (7 )

g I ' +4 [*4*4*3+16x2*z4x- 2 ax'(** 2)l | (x4+4*3*18x2+z4x+24) (8)
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Table IV. Matrlx
orblt coupLtng Ín

<-1,*3 /21
<+1 ,-3 l2l

elements
rnodtfÍed 4

l-r , +3 /2>

f *r , -3 /z>

of
Tt

251

the axlal crystallÍne
states.

lo,*Llz>
fo,-L/z>

+ /6 alrl 2

+2À /3

+ {2 q,l\

l+t , *t / z>

| - r , -L / 2>

fteld and spln-

I+r,-1 lz>

f -r,*1 /z>

+ /2 q.t,

-^ ll qX/2
ax

s 0,*Ll2l
o,-L/21

/l 3q,'t/2(

+ /6 a)r/ 2

0,*3/2>
o,-3/2>

+2L

+{6sX/2

<+1,-1 /21
<-1,*1 /21

o,+3 /21
o,-3/21

<+1 ,*1 /21

<-1,-t l2l

/t + /6 q,lr/ 2

ll + at,l 2-^

l+r,*3/z>
l-r,-3/z>

<+1 ,*3 l2l
<-1 , -3 / 2l

The dunny varlable x reletee the axlal fteld 4., to energy and g-
valuea. A useful way to reprêaent the regult Ís the ellnlnatlon of x
between thê equetlons (7) and (8), obtalnlng e dí.rect relatLon between
g; and 8t. A graphlcal representatíon of the reeult la glven ln flgure
3. The speclal ceae of cubíc synnetry, wlth Arr-0 and x-2, leada to
I l-gI-13/3, and le appllcable for lsolated lnterstltlal Lron. In the
upper left corner of thê plot the solutlona for Aex/aÀ<0, when the
elngulet level forns the ground staÈe, are shovn. The lower rlght part
gÍves the solutl.otr8 correapondlng to A.*/ cÀ)0 and the 4, doublet
ground state. Included ln the fÍgure are aleo the experlnental data
polnts, ae teken from table II. Although a tendêncy of the meaaured
g-valuea to fo1low the theoretLcal relatíooshlp le epparent, not an
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entLrely BetlBfactory agreement 1s observed. The dí.ecrepancy nay be

explíained by a reductÍon of the orbÍta1 contrlbutlon to the [agnetlsm.
Couplete quenchlng, expreesed by a-0 ln the fornuLas and ln flgure 3,
leadg to an undereeÈLoatlon of the g-va1ues. Another curve, for r-1
can also be JuatÍfÍed theoretlcally, ae wl1l be dlscuesed ln paragraph
2.4. A best agreenent í.s obtelned for the enplrlcal value of the orbl-
ta1 g-factor a--(0.310.05).

t0
9tt

Flg. 3 Theoretlcal relatlona and experloental data for the Zeenan
spiltttttg factorg S I and gl for a 3d 7 lron Íon 1n an axlal crystel
fteld.

Some epeclal attentlon Eay be gLven Èo the data polnts cloee to
gr-2t gr-4. The slgnÍflcance of theae polnts aay be questloned, ae lt
ía known that a eplo quartet spllt by a strong axÍal fteld wÍ11 alwaye

yleld one doublet wtth gl=8eo2 and Er=28"o4, ln the J'1/2 foruallgn.
To check nore carefully on thlg espect, the portÍon of fÍgure 3 oear

8r'2 and 8r-4 ls ahown in cloae-up ln flgure 4. It shovs clearly that

/r

A"r / 9,7, / ax

q,=01 l-0.3 \-f \-1.5



also the data poÍnts
lnterpretatlon.
Havlng selecÈed the
the re sul t s ls shown

apparent. Values for

253

for these cases require a value c=-0.3 for Èhelr

value ct!-0.3 an aLternatlve way of representlng
as flgure 5. AgaÍn, of course, the agreement 1s

^-__ 
/ q,l" for whÍch thts agreemenE 1s obtalned canax

5

g
I

t,

4.5

35

l.g5 2.0 2.05 2.t

Fig. 4 Theoretlcal relatlons and experÍmental data
splÍttlng factors g. and gr for a 3d7 lron Íon 1n
crystal field wlth 

^"*/aL(0. 
-L

2.15 2.2

ett

for the Zeeman
a large axlal

be read froD thê botton scale. In table II thê results of the analyeÍs
are suuuarlsed. To calculate the axÍa1 field À"" the value I--14.3 ueV

wag uaed for the apln-orblt coupllng cooatant t151. In the analyala as

pfeseflt€d the tgo unknown quantitles c aad x, or alternatÍvely c and

À"", are calculated from the ueaaured quantltleB B, and gr. If the
equatlons allow for a aolutí.on, the agreenent s111 then be exact.

= -1.5

ï
- 1.0

eA27

- 0.5
- 0,4
- 0.3
- 0.2
- 0. I

0.0

X
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r00 t0 0.1 x 0.01

l , , ,,t,,, r, , t I

-s0 -20 -r0 -5 -2-t o 1 2 5 r0 20 s0 t00

0

Flg. 5 TheoretÍcaL and experimental Zeeman
g, as a functlon of the axlal crystal fte1d,
g*f actor cr-0.3 .

2.2 Orthorhomblc crystaL fÍeld
For thls nore general case the crystal fleld llamlltonÍan
form

Aa x/al
splltttng factore g, and
for an ef fect Lve orËÍ tal

H - takes theet

Ecf - +Le.-(213-L''> * a"n{r'2-r;2), (9)

replaclng equatlon (2). OperatÍon of the orthorhoublc hanÍltonlan on

the besis states of 4t, wlll produce thê oatrixelements of table III.
for solutl.on of thê elgenvalue equatlon nunerlcal nethods are
requlred. A solutlon for thê êLgenstatea can be wrl.tten as
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l+>-.1-x,+3 l2)+blty,+3/2>+cl-x,-t lz>+all-y,-ll2)+el+2,-312)+f l+2,+ll2),
(t0)

l->-. l*x,-3 /Z>+alty,-3 lZ)+cl+x,+1/2)+dlry,*L/2)+el+2,+3/2)+f. l+2,-Ll2).
(ll)

l:,a"rr" 
ot Èhe coefflcí.ents a to f the prlncÍpa1 g-values are derLved

8--- 2<+f 1+ct-'+zs-) l->-l -4c2 +4d,2+4t2-4,/3ac+4y'3bd+4/3ef-c(4be+4df ) | , (12)xxx

Ey-21<+l {+ct,+2sr) l->-l+4c2 -4a2+4f2-413ac+4t3bd-4y'3ef+s.(4ae+4cf ) l, (13)

Er= z(+l t+ oL;+2s ,)l+)=f *e 
^2*6b2-zc2-zd2-6"2+zf2-q,(4ab+4cd) I

(1t1

5

9;'9y

4.5

3.5

1.95 2.0 2.05

Ftg. 6 ïheoretÍcaL relatlons and
spllttlng factors near (g_rg.,rg-)
and orthorhonblc crysÈa1^ fIelfis,
(Ir-0.3.

3

2.1

experÍmental data for the Zeeman
- (4r4r2), as a functlon of axial

for ef.fectÍve orbtÈa1 g-factor

2.15 2.20

gz

1.0

0.9

0.6

4.4

0.2

0
A27

0.2

0.t,

0.6

0.8
5 Ar h/ aÀ

A a*/ crÀ 3.6 1.0
3.1
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AgaÍo Èhe nunber of unknowns to be deÈernlned, í..e. À"*, Àrh and c

equals the. nunber of equaÈlons Èo be saÈlsfled, l.e. for g*, 8, and

gz. In the reglon near (g* tE",g.)-(4,4,2) the solutlon ls nuoerlcally
etable. Thls cen be llluetraÈed by reference to the flguree 4 and 6.
From flgure 6 tt le concluded thaÈ Arh 1s nalnly detern.lned by the
dÍfference g -g r rather lndependênt of g_. The averagê value ofyxz
g* rrd gy essêntÍa1ly de,terulnes the factor tr. The effects of (t,

A---, and À_- are sufflcLently orthogonal to al1ow the accurate deter-ex - rn
uí.natLon of the paranetere frou the 8-values. As a reeult the unanbl-
guoua solutlone ae glven Ín Èab1e I are obtalned for the centres à27,
428 and FeIn. The foroer centrê for whtch lt was not poeslble to fÍnd
a solutLon ln the axlal approxÍuaÈ1on does not present any dlfftculty
uslng the generalleed crystel fteld of equatlon (9). The analysls of
thesê orthorhooblc and nonocllnLc centres conflrns the reduced g-
factor c--0.3. Unfortunatelyr in other regí.ons of the paraDetêr space

the nagnLtude of c ls strongly correlated !í1th the crystal fleLds, and

unambiguous solutions can not be obtalned. For lnstance, Èhe parane-
tera c--0.3r À""=*66 neV and À"n-*13 neV reeult ln g*-1.240, gy-1.609
and g =5.885. On the other hand, the qulte dlfferent parameter selec-'z
tÍon c--1.5, Á""-1579 uev and Àrn'390 nev gÍvee sx-1.238r 8r-1.611 and

sz-5.885, representÍng a flt sÍÈh cooparable good agreeoent for the
FeAl(2) epectrun. In these casea therefore the argunent 1e reversed
by requlrlng a--0.3 for conslstency wlth other results. fhe crystal
fÍeld para[êtera can then be deÈerulned.

2.3 Exclted stateg
In flgure 2 the energy 1eve1g are shown ín thelr dependence on axlal
fÍeld and spln-orbÍt lnteractlon. For posltlve valuea of the reduced
axlal ftel.al À /aÀ the four doublets derlved from the 4" stetê areex
lowegt Ín energy. For large valuee of Èhê crystal fÍeld the leve1a
approach equal seperatlon by the euount cÀ. Ittth the reeults of the
prevloue analysÍa, cr--0.3 and 1t--14.3 neV, thls can be estlnated as

4.3 neV, or T-50K ln teuperature uults. Excêpt at the lowêat terpera-
tures, the exclted levela t2, tL and E, DaJ, becone appreclably PoPu-
lated thernally and regonance Lo then Eey be obeervable. For negatl.ve

axlal fleld the excÍted level E4 even tends to coíncí.de wlth the
ground level El. Under such condltÍons the observatLon of resonetrces

ln both doublete derlved fron the 4O. spín quartet Eey be êÍpêcted.
I

A1eo, thê essuoptlon of ana11 Zeenan energles coopared to the doublet
eêparatlon nay then break dosn. Thls ls nore quantltatlvely dlscussêd
by Gehlhoff, et al. t131. Theee authors actually rêPort resooatrcea ln
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exclted doublets for FeA1, FeGa and poeeÍbly FeIn.

2.4 Orbltal g-factor
Obvlously, the selectlon on enplrlcal grounds of a s.trongly reduced
effectlve orbltel g-fector c--0.3 needs Justlflcatlon. The theoretÍcal
value r,-'312 reflects the transfor[atlon propertÍes of a Pure 

4r,
- -1

ground staÈe ln cublc syuuetry. Any devlatLon from thÍs deecrlptlon
nay lead to changes Ín o,. In a flret attenPt the quenchÍng of orbltal
EomentuE due to Jahn-Te11er dletortlon mey be consÍdered. For lsolated
lnterstltlal í.ron, whÍch has cublc syDDetry; wlth À""'0 and x-2 í.4

equatlon (5), thê theoretlcal g-value' g-(10/3r-(213) c ranges frou
g-L3/3 for a--312 wlthout any quenching, to c-0 and g-LOl3 for com-

pletê quenchlng of the orbltaL [onent. The experí.mental value g'3.524
thus correspords to c--0.286 or 812 quenchlng. ThÍg reductíon obeerved
for Íron Ln undl.etorted cubÍc syBnêtry wae explained by IIan Ín a clas-
elcal paper aa a nanlfeetatlon of a dynamlcal Jahn-Te1ler effêct of

L
Èhe -T. orbÍtal trlplet atate [16J. ApplylnS thÍs concept to thê pal.re

I
FeGa and FeAl one note6 that also for these cenÈres the auccegeful
analyeie requlree c--0.3. It le congldered renarkeble that these Palrs
rrlth an E doublet grouod state expêrl.ence an equal Hen reductlon fac-
tor ea the triplêt atate for Íron. Even more surprÍsÍngly' the palre
FeB, FeIn, and the A27 and A28 defects algo have c--0.3. Slnce thêsê
centres have an A2 orbttel eingulet ground state no Jahn-Teiler Lnsta-
bÍ1tty and assocl.ated quenchlng ls exPected. On the baalg of theBe

results thê Jahn-Te11er mechanÍan as an explanatÍon for the reductÍoÍr
of c eppears un1lkely. A recent theoretÍcal analyele coofl.rng thÍe
concluelon [17].
líodiflcatÍon of the ground state I'avê functlon by hybrtdtsatlon offera
enother explanatlon for the reductlon of c. Besldee llfttng the
degeneracy of ah.4F free-lon ground stete, the cubÍc fteld also hae

natrlxeleuenta between ah. 4" .od 4P terna. Soue p-character, derived
t.L

frou the -P tern, wt11 be adnlxed to the -Tl grouod state t181. Aa

lnproved expreesÍoo for the save functlon 1a thue of the forr

4, ' \,Qr+bop'

noroalÍeed ty nf*{-f. The effectí.ve orbttal g-factor aaaoclated wÍth
the hybrldlged wave functlon 1s

(15)

q, r -(3 t2)4*4.

AdnÍxture of p-funct lons through the eublc fteld hae

(16)

a rnaxÍmun 4- A.2.
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Correspondlng to thls maxÍnun, equatlon (16) gÍves a lower llnlt of -1
for a. Therefore, Èhe effect of hybrldÍsatlon, leadlng to -3/21e(-L,
nay account for a reductlon of d, but lt6 posslble effect lB too snal1
to fu1ly explaln the observed reductlon to -0.3. In addltÍon, the
lower 1i.nlÈ a--1 corresponds to an lnflnlte cublc fteld. A uore
rêallstlc estluate for the cublc field nay glve lt e strength compar-

t^ t'able Èo Èhe 'P-'F splÍttLng, whlch equals =1.4 eV t19]. This estÍoate
ral.see the lower 1Ínlt of d to =-1.4.
Along slullar llnes the effect on the ground sÈaÈe nave functÍon by

covelent hybrídlsatlon wlth host atorns Day be examLned. Although the
defecË elecÈrons nlll certalnly be found ln the lnpurlÈy space, appre-
clable covalenÈ delocallsaÈ1on nay occur. A recent experLuent ln whlch
the electron dÍsÈrlbutlon around the poslÈlve lron lon ln sÍllcon rras

neasured by electron nuclear double reaonance wl11 be dí.scueeed Ín
sectlon 3 of thls peper t201. A euítab1e wave functí.on Eay be con-
structed as a 1Ínear conbÍnatlon of 3d Í.ron and 1lgand slllcon orbl-
tals:

0 = rF"0p"*t]stOst'

Agreement wÍ th the measured value ca-O.3 1s

Thts numerlcal exanple shows that the reduced
be unders tood by assuming consÍderable covalent

3. Hyperflne structure

(17)

agaln noruellsed by nf.*nlr't. tn the lnpurlty space che electrons
w11l be descrlbed naÍn1y by d-electrons !rÍth a--3/2 and, for Í.ron, a

spln-orblt couplÍng conatant À--14.3 neV t151. In the crystal around
the lapurÍÈy the 3p orblÈa1s on Èhe slllcon atoms appearlnS ln the
expanslon (17) wl11 have c-*1 and )r--20 ueV t21]. The effective orbl-
ta1 g-factor tnay be approxÍn.ated by Èhe welghted average

s = _(3 /2) (18)

obtained ' 2f or nif =0.48.
orbltal conÈribuÈ1on can

deLocalÍsatloo.

3.1 LCAO analyela
fo analyse the hyperfÍne lnteracttons the one-electron wa,ve functlon
for the unpaired electrons le expanded Ín atooic orbÍte18, aa Índ1-
cated scheoatlcally ln equatÍon (17). At the central slte the 3d orbÍ-
tals of the lron ÍopurÍty are lncluded. The tern nSf0St actually Í8 a

sunmatlon over hybrtd 3e3p orbltale centered on slllcon sÍtea aur-
roundÍng the lDpurlÈy. For the analysls lt 18 approprlate to deco[pose

22
h.+ lst



the measured hyperflne
t .f, wtth a-( L/3)Tr(Í'),
lsoÈroplc ÍnteracËlon a

to contacÈ spln denslty
expressed by:
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lnteractlon tensor Ít lnÈo an lsotroplc part
and Ëhe remainÍng anisotroplc tensor Ét. The

wlth a partlcular nucleus can then be related

lOft)( on the site r of that nucleus. Thls ls

a - (2/3) poB"BN h ryl OCr) l2 (1e)

AnÍsotroplc tenaor Ít reaults fron dÍpole-dlpole lnteractlon between
the nucleug and elecÈronlc spln ln the s111con 3p orbÍta1e. The prln-
elpal valuee of thls ax1a1 tenaor (2b,-br-b) are relatêd to the 3p-
orbltelÊ by

b = (2/5)( Vo/4I)B"BNhh{<r-3)lo ( 20 )

RelatÍons (19) and (2O) al1ow the calculatlon of lO<"112 ".rd 
a"-trro

valld for the defect electron wave functlon frou the neaeured a and b.
By conparlson nÍth tabulated atoEr.c values for fully occupled orbl-
tala í221 the coefflcÍente Ín the expansÍon are obtatned.

3.2 InpurÍty ENDOR

ttith thê lron lon, Í.e. wÍth thê 57-lron laotope nhl.ch haa nuclear
spln Í-L12, the observed hyperflne lnteractl.on ie Íeotropic. ItB
atrength a-2.985t10-4 cn-1 hae been neagured accurately by ENDOR 1231.
I{tth equatlon (19) one ftnde I OcOl I 

2-0.25 x1030 n-3, whLch la very
suall Ín comparleon to the free-íon value I Ofol I 

2-5.65 t1030 r-3. rt
leade to thê conclusí.on thet only about 57 of the electrone Ís accotr-
uodated ln lupurlty orbltala. ThÍa result should, however, be con-
aldered wlth aonê reaerve. The lopurlty d-orbltals themselves do uot
have any contect denslty. Thelr effect 1g only lndlrect through spln
polarlsatlon of the s-electrong í.n the corê. Calculatlong of thls pro-
cesa nere perforned by Wateon and Freeman Í,241. The accuracy of euch

calculatlons 1e not se11 knosn.

3.3 Ltgand ENDOR

rn a recent gxperlnent the hyperfine interactlong nlth "r, nucleÍ
near the Lroa lnpurlty eere accurately ueagured by ENDOR Í201. The

Ltrteractí.ona wlth 98 atoEB 1n I she1le of synnetry related 3lteB
around the centre eere reeolved. Ànalyelng these data Ín a one-
electron node1, usí.ng the equatÍona (19) and (20), the coefflclenta of
the expanaÍon ln alllcon 3s and 3p orbitale srê obtaÍred. The total
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anount of spln densÍty trangferred to the eurroundlng cryetal space le
found to be 262, lndÍcatlng eubetantlal covalency. Uore than 9OZ of
thls spln denalty le 1n elllcon 3p orbÍtala. Eowever, adding epln den-
sÍtles on lnpurlty and sllÍcon 6ltês, one concludeg that only Juet
over 302 of the electrona havê been revealed ln thê ENDOR experÍEent.
Thie cen be underetood aa END0R neaaurea epln denelty whereae charge
deneÍty ls requlred. Spln, beÍng e vector qgantltyr nay cancel for
dÍfferent electron8, whlle charge dlrectly adde. A ueaaureDent of apln
denslty Dey therefore eeverely undereêtLaete charge den8lty. The fÍg-
ure of 262 reported above represents a lover llnlt.

4. Conclust on

An analyeÍa of the flne atructure, neasured by electron epln reao-
oance, and of the hyperfr.ne atructurê, obtelned frorn electron uuclear
double rêaonance, for the posltlvê1y charged lnterstltÍ41 lron lupur-
tty Ín alllcon waa prêsented. The g-valuee deecrlbÍog the Zeenan

splltting of the l[purÍty, elther Ln leolated forn or eÉ part of e

conplex, could be underetood by conslderÍng the actlon of cry8tal
fleld and spln-orblt coupllng or the 4T. ground state of a 3d7 conft-

I

turetlon. The reductÍoo of the orbltal g-value 1s Doat 1Íbely Dot
related to Jahn-Te11€r dlstortl.ons, nor to lntra-atomÍc hybrldleatÍon
on the Ínpurlty. Covalent delocallsatlon of the defect electrone over
e111con atoDa ln the vlclnÍty of thê lupurlty nay have the predo8inant
effect. The plcture of gubetantlal covalent cheracter ls supported by

thê low epln densÍty found by ENDoR on the tron Íon. In addltlon, the
extended dlstrlblrtlon of electrons over lattl.ce eto[a íe evldenced by

observatlona Ín ENDOR of hyperflne Ínteractlons sÍth 98 etll.con atora.
The accurate napplng of epatÍal extent of the wave functLon ls unfor-
tuoaÈely severely hanpered by dlfferencea betreen thê epia and charge
dlstrlbutlon, whlch are apparent for thÍs nany-electron aysten.
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