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ïlyperflne lnteractlon constants for 29St nelghbours of íntersticlal
transltíon netal lmpurltles Ín sí-llcon have been deternlned !ílth electron
nuclear double resonance. In order Èo converË these results Ínto a
plcture of the wave funcÈLons of Èhe unpalred electrons of che transÍtlon
lons, an LCAO analysls has been developed whlch takes full account of the
spln uultlpllcÍty and Ehe eymetry of rhe.neighbour sltes. Resultlng data
on spí.n delocalÍsatlon of tltanÍun (Sl:Tt+), Íron (St:Feo), and chromÍun
(SÍ:Cr+) are coropared wlth recent ÈheoreÈlcal calculatLons.

1. INTRODUCTION

The extenslve magnetLc resonance studles on trensÍtl.on netal lnpurlties ln
sÍllcon by Ludwlg and Woodbury datê back to nore than 25 years ago [1]. A
renewed inËerest in thelr propertles grew only Ln recent yeera, \then l"t was
reallsed that transl.Èlon nêtals are often presenÈ as unwanted lupurltles 1n
sillcon. Às a result many experÍrnental and theoretlcal studles have been done
1n the last couple of years, algo on very fundanenÈal aspects.

One lntrlgulng problen whlch the cransitLon metal lDpuritles pose ls the
duallty beÈÍreen localleatlon and delocallsation of the lnpurlty wave funcÈLone
[2r31. ExperlnenËally, the observed Lsotroplc conÈact hyperfÍne lnteractions
wtÈh Èhe ËransLtLon lon nuclei are much snaller than in nost other host cry-
stals and than for free lons. As they are generally ascribed Èo exchange
polarlsatlon of paíred shells of core and valence s-êlectrons, thÍs Ís con-
sldered as an lndÍcaElon of delocallsatlon of Ehe polarlslng unpalred d elec-
trona. Conplexes of transLtlon netal Lone wlth other lnpurltles or defects
have lower Èhan cublc syÍtrmetry, whÍch allows the lnPurtty hyperflne lnterac-
tí.ons to be anlsotropíc. These anlsotroples directly reflect the distrlbutÍon
of Èhe lnpurlty d-electrons. Also here the observed values show a narked
reducÈlon nlth respect to free ion values [4r5]. These obeervatLons suggesc an
funporÈanÈ delocallsatlon of the lnpurlÈy d-electrons, probably by covalent
hybrÍdisation wlth sÍllcon nelghbour f.igand orbl.tals. On the other hand' Èhe

sarne elecÈron paranagnetlc reaonance (EPR) studles whÍch gave these lnpurlÈy
hyperfine lnteractlons showed Ëhat hyperflne lnteracËlons !,tlth síl1con nuclel
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were hardly or not resolved [116]. Íhí.e eeened to lodicatê that adolxture of
slllcon 1lgand orbltale could not account for any degree of spln delocallea-
Èlon. Moreover, the successful nodel of Ludwlg and Woodbury relted on the
appllcabllÍty of Hund'e rule and on the coupllng of total electron epí.n and
total effectlve orbltal momentun for the d electrone. Thle le only Justlfied
for locallsed d electrons for nhlch the spÍn-spÍn lnteractlon 18 larger than
crystal fÍelde. Aleo the hÍgh dtffuslon coefflclents of the lnterstltlal tran-
eÍËlon Detals suggest. thaÈ these lone hardly lnterag! wlth fhe eLllcon Lattlce.

In order to obtaln nore lnfornatlon on the 29St hyperflne lnterectlons,
electron nuclear double reaonance (ENDOR) BeasureEenta on a nunber of transL-
tlon netal8 have been perforrned t7-111. The analysis of hyperflne lnteractlons
ln têrms of electron wave functlons Íe noetly perforued by taklng lÍnear conbÍ-
natLona of atonlc orbltals (LCAO). The usual one-electron approach le not
approprlate for these aystene wlth oultlple unpalred electronE whlch couple to
eplne hlgher than S-1-/2. Therefore a nore-e_lectron approach le applled.
Resulrs for the orbital singlet ground states 161 1rr+ [8]),3d5 (cr+ [-10]) and
368 lrgo [7,9]) wÍll be dlscueeed. Fe* nÍth en orbltally degenerate 3d7 ground
staÈe requÍres' a too conplLcated analysle to be dí.ecueeed here [11].

2. AIIALYSIS OT IONE.ELECIROI{ HÍDOR DATA

In the ueual analysls of hyperflne Í.nteractjonateLsors, they are decom-
poeed lnto an í.sotroplc and an aní.sotropic parÈ: À-aI+B. In the slllcon 1at-
tlce a slngle electron LCAO wave functlon ls taken whl.ch contaí.ns aÈonl.c s and
p orbltale. The lsotroplc part of uhe lnteraction nlth a certaln nucLeus glvee
Èhe anount of adraixed e orbltal at that 81te, the anleotrople part the aEount
of adnlxed p orbltal. The anÍeotroplc part rm.rst be axlally synmetrlc ln the
dLrectlon of thê p orbltal Í4,L21.

If nore unpalred electrone are involved ln the total epln of a paranag-
netic ceÍrtre, the analysls Íe leee straightforÍtard. For each of the unpalred
electrons agaLn an LCAO wave functlon can be taken. In the case of transltlon
netat ltrpurltles Ín slLÍcon the unpalred electrons are thought to orl.glnete
prlnarlly fron the lnpurÍty d orbÍcale. $lave functlons for the lndividual
electrons can then be nrl.tten

Y = cdr"* 
Ïnt(9tssÍ 

+ Ytosr + 6tnx,sr. * tÍ*y,sl) (1)
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Flgure 1. Dlrectlons of o
and fi, atomic slllcon P-
orblÈals wlËh respect to Ehe
central transltlon lon (TM).

ïhe three mos t lurportant types of
ln ocËahedral coordinaÈlon as the
tetrahedral coordlnaÈlon Llke the
{ 110} mtrrorpLanes of Èhe slllcon

In thls noÈaÈlon 6 denoÈes a s1llcon P orbl-
tal polntlng towards the central lon, fix and
.rÍ,y are p orbl Ëals ln two Perpendlcular
direct lons , êe lllustraËed ln f lgure l, . The
interactlons from the varlous unpalred elec-
trons musË be added.

ïn the tetrahedral envÍronmenÈ of
lnÈersÈ1tlal transltlon í.ons ln sll-tcon, Èhe
flvefold orbltally degenerate level of the d

eLecÈrons ls spllt lnto a t2 ÈrtpleË state
beLow an e doublet sËaÈe. In a grouP-
Èheoretlcal treaÈmenÈ whlch takes Ínto
accounÈ the symmetry of Èhe varlous d
orbtËaLs and Ëhe slmmeÈry of the dlfferenÈ
klnds of nelghbour slËes, 1È can be deEer-
mlned which slltcon aÈonlc s and p orblÈals
are allowed to admlx. The results from such
analyses [ 8-10 ] are summarlsed ln Table I .
latttce sltes are lncluded. T denoÈes slËes
nexÈ-nearest netghbours (002), "3r' sí.tes ln
nearesE nelghbours (111), and M sit,es ln the

latttce such as posltlon (L L3) .
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Table I. Slmnetry allowed admLxture of
tlal transitlon lon d-orbttals. T, "3",
con netghbours. LÍgand orbitals are as
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s1lÍcon lÍgand orbltals to lnterstÍ-
and M lndlcate three types of s111-

deflned ln flgure 1 and Ref. [8r9J.
orb. r (00k) '' 3 

,' (kkk) M (kkl)
t2 xy

du,
dL*

d s6-
Í; Í,y
ttv 1tx

s 6 (ru*-/3nu)12
s 6 (n*+/3ny)lZ
86-nx

86Ícy
I
I 6 ltx lrv

e d322-72
dx2-v2

s6 (n*-{3nv) lZ
(nu+/3n*) /Z

6
ttx

Tty:

The columns ln table I contaln lÍgand orbltale whlch adnix wlth equal
coefflclents. If two perpendÍcular Í orbÍtala are equally adnlxed to differetrt
d orbltals theÍr (anlsotroplc) hyperflne lnteractÍona add up to an lnteractlon
whlch la axlally synnetrÍc aLong the o dlrectlon, but ltlth opposlte slgn. Thls
can be understood as lt can aleo be descrlbed as a sl.tuatLon where sone apÍn 1n
a o orb-ltaL le lacklng from a cubÍc orbltal envLronuent wlth zero aní.sotropy.
In a 3d3 state nlth thiee unpalred t2 electrong and allowed adnl.xture of o ancl
n orbltal,e, thle oeans that contrlbutLons nay partly cancel and that even the
elgn of the resultl.ng hyperflne Lnteractlon depende conpletely on Èhe relatLve
strengthê of the lndependent adoixtures. As a reeult, the ectual anount of
adnlxed llgand electron can be larger than the hyperflne lnteractÍon seens to
lndicate. Thus for Tí+ wtth three unpalred t2 electrone and for Crf wlth tlro
unpalred e and three unpaí.red t2 êLectrons às well, only a lower 1lnlt of
llgand adnÍxture can be derlved fron the observed hyperflne Lnteractí.ona. For
Feo nith two unpaí.red e electrons the actual adnÍxtures can be calculated.

3. EXPERI}íEI{TAL DATA

Prlnclpal values of experlnental hyperfíne Ínteraction tenaora can con-
venl.ently be deconpoeed ae A1 -a*2br AZ-"-b*e, and A3-.-b-c, where a Ls
the lsotropic part, b le the axlally ByEnetrÍc part, and c 1a the devl.atlon
frorn axÍal Bynnetry. Fron the earller dí.ecueslon lt ls clear that the anleo-
tropic lnteractí.on neede not alwaya to glve a negatl.ve axÍal hyperfine parame-
ter b as ln the one-electron caae, but can be of elthêr slgn. Therefore lt le
í.nportant to deterolne aleo the absolute slgns of hyperfine í.nteractlone.

Moatly ENDOR rneaeurenenta can be deeerlbed wlth a spln hanlltonlan ní.th
zeeman LnteractÍon8 and hyperflne Lnteractlon

X - *ril.Ë.3 + 
,r 
{-e,,uoil.ïr+3.tr.ïrl. e)

ENDOR transltLons are those for whlch the nuclear epin changee; ln flret order:
trv - | en*"8-nrA.16 l, (3)

where ng íe the electron epin quantun number. Thle Eêans thet ENDOR apectra
are Ín prlnclple s]tmetrlc wí-th reepect to the zeenen frequency of the nuclear
spln. In practl.cê thls Ís not alwaye true, honever, as ENDOR ls the observa-
tÍon of nuclear transí.tl.ons through a change ln the lntensÍty of an EPR sÍgnal.
Thle means that only ENDOR transltlons are observed for those [S values whlch
belong to the pertlnent EPR lÍne. For systems wlth low electron spln ln cublc
syBnetry all EPR traÍrsltlon8 colncl.de, so that all ENDOR transl.tÍ.ons are
observed 1n a eingle ecan. Becauee of the symetry wl.th respect to the nuclear
zeenan frequency, the abeolute slgn of the hyperflne lnteractÍon can not be
deternlned ín that case. For the S=5/2 eyaten of Cr* the varÍoue EPR traneÍ-
tlona are apltt by a cubÍc fteld apllttlng têro. That means that EIiIDOR can b€
done on one EPR lÍne at a tLne, between only two adJacent DS valuee. Here Ít
wae flret reallsed that thÍs allowed the experlnental deternÍnatlon of algne by
chooeLng for í.netance the pg-+Ll2++312 trensltÍon t101. For the S-1 and
S'3/2 syetens of Feo and Tl+ the EPR lÍnes for the various &S - 1 transí.tl.ong
are nornally not splÍt. In thêse caaea splÍttlng can be achleved by the
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appllcatlon of unÍaxÍal atreaa. For the hyperflne Ínteractlons of Feo ae fí.rst
neaeured by Greullch-I{eber et al. [7], the eÍgna could be deternÍned ln thle
way [9]. Because of a poor slgnel-to-noÍse ratlo under unlaxÍal strees, algns
for Tl* could not yet bê ascertalned.

ExperLnental valuee of a and b for these three eyetens and reatrlcted to
only the eÍx nearest nelghbour shelle lrlth together 42 atorne, are gí.ven í.n
Table II. In thle table all slgns for Feo and Cr+ are as deternined; for TÍ+
only the reLatÍve eigne between a and b are known. ALl ÍnteractÍons are
approxÍnately ax1ally sl'[netrlc. Unless other!Ílse lndÍcated, the aaes devlate
only 1lttle fron the dlrectlon tonarda the central Íon.

Teble II. Ilyperflne pararletera (kIIz) for the eí.x neareaË ehells of slllcon
aton8 for lnterstltlal Feo, T1+, and Cr*. Shell nunbers refer to Fig. 2.
Dtpole-dtpole lnteractlon bd-d í.s calculated for 1002 locallsed d orbttale.

shel1 no
Feo

be
T1'r

be
Cr

ba
ba-a

3( r.11)
3(???)
3(222)
r( 200)
M(113)
M( 3 31)

1

4
5
2

3

6

+158 +L402
+777 -196

+3245 -L57
-4642 -799
-3870 -$4ll
- 381 -lsíf

-8L24 -442
-L4L7 +67 8
-7 49 -L2
-852 -31 16*

-2246 -160
-2858 -L62

-5067 -728
-3269 -332
+2L7 -L 1,0

+66g -L352*
-2359 -202
-1388 -L45

-1 250
-156
-156
-811
-178
-78

* axLs il f110 x1S È

4. DISCUSSION

I^Ie rrr111 norí review and compare
resulËs for Ëhe three types of nelgh-
bour sltes. When comparing Ëhemr wê
should reallse that the relaÈLon
beÈween hyperflne lnteractlon and
LCAO lrave functÍons contaLns a factor
L/23 [8r9J. Thus a same admixture
result6 1n 2/ 5 snaller í.nteractÍons
ln Cr* than 1n Feo. A flrst contrl-
butlon to the observed anisotrople
hyperflne interactions always comes
from the dlpolar Í.nteraction beÈween
the electron splns at the cenÈral lon
and Èhe 29Sf nuclel. For a com-
pletely locallsed polnt charge the
calculated values of the resultlng
axlally slmmetrlc lnteracÈlons are
also glven Í.n table II . For thls
ÍnÈeractlon the facËor L/ 23 ls
exactly compensated by Ëhe number of

unpalred electrons on the lon whÍch is 25. If there ls epln tranefer fron the
Íon to the e1lÍcon llgands, values are proportÍonally enaller.

For tetrêhedrally coordlnated (111)-axla1 nelghbours (ehelle 1, 4, and 5)
of Feo 13d8re2; only Ldulxture of n orbltals le allowed. Thle glvea a posltlve
contrlbutl.on to b. For the neareat neí.ghbours thÍs contrlbutí.on far outweí.ghs
the dÍpolar effect and lndÍcates a large spin trenafer. No s adnlxture le
allowed. If Ít !íere, lt ehould always conËrLbute a neSatÍve a. Itre aouetines
large posltlve values ehould thus orl.glnate fron other sources. Generally they
are ascribed Ëo exchange polarlaatlon of slllcon core and valence I statea. In
thls case an other, nore probable source le polarleatlon of the coropletely
fllled t2 level where s adnixture ls alloned. This conclueÍon Íg also drawn
fron theoretical calculatí.one [2,3,13]. Aleo the too large negatlve b for

FÍgure 2. S1lÍcon lattlce wlth the
first fÍve shell-s of netghbours of
an í.nterstlÈ1al translÈlon 1on.
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she118 4 and 5 wl11 probabll orlgÍnate fron thie effect. For neighbourg of
thls 6yonetry of T1+ (3d3,t23) all adDlxturea are allowed, so thaÈ no predlc-
tLon aa to the elgn can be o4de. Only a lower llnlt of the apÍn traÍrafer can
be derlved. For Cr* (3d5,t23e2) the aaoe appllee. As there are no palred d
levels the posltlve a for one of the shelle can only be explalned by the ordl-
nery Sl core and valence e-electron polarleatÍon. It seema probable that thÍg
le the sane neighbour shel1 whtch also glvee the large a-+3245 kllz ln Feo.

The octahedrally coordLnated next-neareat neÍghboure (ehell 2) of Feo
alLow only s and o admixture, whlch 1s obeerved lndeed. Conplete hyperfÍne
data for thÍe shell ghow an off-dlagonal elenent of - 500 kIIz whlch ehould be
zero by s)'onetry [91. Exc.hange polarlsatl.on of ftlled t2 states Le agaÍn a
good explanatlon, as for ï1+, where thÍe tensor elenent le állowed, lt ls about
15 tinee as large. For ï1* thÍs elenent causes [110]-axtalÍty of the Lnterac-
Ëlon whlch lndicatee equal adnÍxture of the alloned n* and n, Ln dr" and dr*.
Although ln the sllÍcon lattlce e and o orbltala are foroallf also -alloned for
thls shelLr they are forbldden for a purely octahedral A86 conplêx. FroD
experLuent we rnay thue conclude that thle lnterdictí.on Ís stíll largely obeyed.
For Crt the e states uay adnix s and o orbltals. Yet, the shell 2 lnteractí.on
1s [110]-axÍal as well and much nore reeembl-es Tl* than Feo. The leotropÍc a
Ls even poeltí.ve. Again, exchange polarlsatlon should probably account for lt.
Thls lndicatea at any rate the almost complete abgence of g adnlxture.

For the nlrrorplane nelghbours (sheIls 3 and 6) of Feo all adrnlxtures are
allowed in lndependent proportlons. In practLce .axlallty lg observed whlch
deví.ates only 11ttle (up to 10o) fron <111> lacttce bond dí.rectLons. Thts
night suggest the occurrence of Sl val.ence bond polarl'satlon. Although ln thle
synnetry all adnÍxturea are allowed for Tl* as well, a sound ldentlflcatlon of
all elght expêrl.mental M shells (sÍx nore than shown here) could be nade by
aseumLng that theÍr axLal dlrecÈlone polnt towards the central lon [81. Thle
l-ndÍcates the promLnence of s and o adnlxture, even sonenhat enhanced by the
central dtpoLe-dlpole lnteracÈÍon. Tte large negatlve a valuee support thls
vlew. Results for Cr* are very sí.n1lar to T1+ for the threê obaerved M shells,
although the devlatlong fron the central axLal dlrectÍons are somenhat larger.

Fron Ëhe conplete analysls of the hyperfine í.nteractlonsr for Feo a total
delocallgatlon tq sllÍcon lÍgande of. 251 was found, wlth 162 on she1l 1 t9l.
Thus the d eLectrons ln the e atete aeen to hybrldlee preferentlally Ínto (111)
dl-rectlone. For Tl* a lower llnÍt of 401 was found, wlth Íooat on shelL 2 [8].
This means that thê t2 d-elecÈrons hybrldlse stronger and rather lnto (100)
dÍrectlons. A prellninary analysls for Cr* glves a very sloÍlar reeult, wlth a
nlnl.mum traneferred spln of also about 402. ThÍe ls not eurprlsÍng í.n vLew of
the slnllarltlee whlch ne noted already for the varlous types of nelghbour
slteÊ. In thls 3d5 etate the amounts of epÍn delocalÍsatlon from the e and
fron Èhe t2 states need certalnly not be the sane. The slnllarlty wlth Tl+
lndlcates that they are not the aame, lndeed. Even lf the factor 1/2S betneen
Èhe Feo and Cr* hyperflne interactLona 1s taken Lnto account, one nust conclude
that the ktnd of adnlrtures ag found l-n Feo te largeLy olssí.ng. Although lt ls
fornally not poselble to dtvlde the observed hyperfÍne LnteractLons ln parts
fron e and fron t2 staÈês, comparÍson wlth the Feo and TÍi data shons that the
tZ ere mrch nore delocallsed than the e statea, even whlle present sÍuultane-
ously. Consequently the average Crf delocaLÍsatlon of at leaet 402 nay very
well be constltuted from, for lnscance, 5OI t2 artd 25I e.

5. OO}IPÁRISOI{ WITE TEEORETICAL DATA ÀND @TTCLUSIOI{S

The delocallsatl.on or spln tranafer dLscussed ln the prevLoue sectlon 1e
actually the paraneter 12 fron Eq.(1). Detalled theoretlcal data on lndlvldual
neí.ghboure are nostly nieslng (except [13]). InaÈead, one rather detennines
the locaLÍsatlon c2. Yet, a corp"rieon lá poeeible 

^s o2+ [nt2-t. Calcula-
tÍons of Ëhe anount of nagneÈlc noÍrent or spln wlthin soue Lnpurlty volune have
been perforned bv Beeler et al. Í141 and KetevaDa-Yo6hlda and zunser Í1s1.
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Although they do not calculate the oagneËl.c moment over exactly Ëhe saoe lnpur-
lty space, results fron both are glven Ín Table III.

Another rleaaure for the localleatlon/delocalÍeatí.on of the unpaired elêc-
trone hag already been dlecueeed ln the lntroductlon. ThÍ8 central lopurÍty-
lon hyperflne lnteractÍon neeaurea Èhe s-electron core-polarLsatLon. Ae men-
tloned, the experí.oental valueg [1] ahow a narked reductLon wí.th respect to Èhe
free lon values [16]., a1y.g1' À.aTy.free. Core polarLsatÍon le generally a
good oeaaure for thê áftóunt of polarlelng d electrone. Unfortunately
"covalency effecte", as the preaent spin tranefer is sonetlnes called ae well,
seeo to cooplÍcate thlÊ proporttonaltty [2,3]. Although À and cz are thus no!
exactly the eane, they erê both related to the locallsatLon. Bxperlnental and
theoretical valuee are algo glven ln Table III.

Table III. ExperÍmental and ÈheoreÈlcal values of spln transfer
(tn2 - L - a2) ana reducÈlon of central í.on hyperf lne Lnteractlon ( À) .

tn2
(exp. )

1 d.2

t14l [1s]
L

(exp.) t15l
Fe ()

T1+
Crf

0.25
> 0.40
> 0.40

0.L2 0 .29
0.58 0.34
0.34 0 .25

0.46 0.34
0.25 0 .22
0.46 0.47

The present analysls of Èhe experÍnental hyperflne data lndlcetes that the
actual spl.n transfer froo traneltlon netal lons to eÍllcon llgand orbltals ls
nuch larger than euggested by the abeence of well resolved hyperflne structure
Ín EPR. Ttre experinental aspect of the localleed/delocallsed paradox ls thue
resolved. On the other hand a narked dífference ls found betwêen the e and t2
d-orbltale of the transitLon netals, the e-type orbltats belng nore localised.
Thts le ln agreeoent wlth sone of the theoretical resulte [14] ln Table III.
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