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I. INTRODUCTION

Among all the known defects ln sllÍcon the
vacancy has probabLy recelved the greatest
lntereet over the last 20 years r ês well Ín
experÍmental as Ín theoretlcal physÍcal
research. The vacancy ls an lmportant defect as
tt ls ln fact one of the two prlmary defects ln
the lrradlatÍon damage process. Moreover tt Ís
one of the sÍnplest defect structurês ln the
dlanond lattÍce to perform calculatlons on.

Back ln 1965 t{atkÍns Ídentt f ted the EPR

spectra St-Gl and St-G2 wÍth the vacancy ln Íts
posltlve and negatlve charge state, respectlvely
II J. More recently lnsÍght nas galned ln the
level structure of the varÍous charge states of
the vacancy by EPR and DLTS measurements
í2,3,41. Especlally lhe negatÍve-U characÈer of
the charge states Éf , tÉ and yo gaÍned utrch
attentí,on. Also Ín recent years lmportant pro-
gress nas nade Ín the development of new
theoretlcal technÍques such as the selfcon-
slstent pseudopotentlal Green's functlon method
[5,6J.

In thÍs paper we report electron nuclear
double resonance (ENDOR) neasurements on the EPR

spectrum SÍ-G2, assoclated wÍth the vacancy ln
íts negatlve charge state (V-). The ENDOR tech-
níque can be used to obtaÍn very accurate values
for the hyperflne Ínteractlon parameters wÍth a
Large number of 29Sf nuclei on lattice sÍtes
surroundtng the vacancy. As these hyperflne
ÍnteractÍons reflect the local denslty dlstrÍbu-
tlon of the unpaÍred defect electron, lnforma-
tlon on lts nave functÍon Ís obtalned.

In sectlon 2 a short descrÍptlon of our
experÍments ts gÍven, ln sectlon 3 rre present
the lsotropÍc parËs of the hyperfÍne Ínterac-
tlons for 27 shells of lattlce sÍtes, contaÍnÍng
73 atoms. Sectlon 4 Ís attrlbuted to a dÍscus-
elon on the tnpltcatlons of our results for the
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LCAO scheme sqmmonly used for descrlptÍon of the
vêcêÍrc|. Also ln sectlon 4 a dlscussÍon ls glven
on the possible extensÍon and shape of the elec-
tron rdave functl.on.

2. D(PERIMENTAL

As vacancÍes ln slllcon are htghly nobíle
at room temperature, the sample has to be kept
at low temperatures durlng ÍrradÍatlon and neas-
urements.

I{e produced vacancÍes by ÍrradÍatlon of 0.9
Ocm alumÍnUq doped float-zone stlÍcon, contaÍn-
Íng 2 x 1016 Al.cn-3, wÍth 1.5 MeV electrons at
temperatures below 20 K to a fluence of 1017

Fig. I . Model of the negatÍvely charged vacancy
1n orlenÈation ad. The nagnetic field can be
rotated in the (0Tl )-plane.

ITIE NEGATTVELY CHARGEDVACATICY IN SILtrCON:
IIYPERFINB INTERACTTONS FRCIïI ENDOR MEAST.'REMENTS

i

M. SPRENGER, S JI. MULLER and C J, J.,UTIUBRT.NAN

Natuurhtndig laboratoium, Universiteit van Amsterdam
Valckenierstraat 65, 1018 XE Amsterdarn, The Netherlands
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electrons. cr-2. Af ter the ÍrradiatÍon V- Idas the
stable charge state, of the 

"vacancy 
ln a concen-

tratíon of about 1 0 I o . cm-J, ês well before as
after a 30K anneal.

EPR and ENDOR ueasurements were performed
usíng a superheterodyne spectrometer operatÍng
at 23 GHz. The rnagnetÍc f íeld could be rotated
Ín the ' (0T1 ) plane of the sÍlÍcon sample. Best
results for ENDOR were obtaÍned at a temperature
of 18 K, usíng a double phase sensitÍve detec-
tíon at the frequencles of 83 Hz for the EPR
magnetic f teld nodulatÍon and 3.3 ï12 f or the
square wave modulatlon of the RF-fíeld for
ENDOR. Except for the cryostat most of the
experlmental set-up was equal to that used by de
Wít 17 I and SÍeverts [8].

3. OUTLINE OF D(PERIMENTAL RESULTS

The EPR and ENDOR spectra of the vacancy
are accurately descrlbed by the spÍn HanÍ1-
tonÍ an :

The fÍrst term 1s the Zeeman lnteractÍon
between the unpaíred defect electron 3 (S=1 /t )
and the rnagnetÍc fteld È. The summatlon runs
over lattÍce sÍtes t tf ls the hyperflne tensor
of the lnteractlon of the defect electron wÍth
ttre nuclear spin I (Í=1 /2, 4.7% abundant) of a
29sf nucleus at sÍte Í The second term in the
sumnatÍon Ís the nuclear Zeeman term. The EPR

transÍtlons are def lned by Arng=tl , AmI=0, the
ENDOR trans í t Í ons by An1= tl , AIng=O .

Flg. 1 shows a model of the vacancy ln one
of lts six posstble orÍentatlons. Thís orÍenta-
tlon, denoted by êd, Ís our standard orlentatlon
to which all orientatÍon-dependent Íu-formatÍon
refers. The symmetry of the g-tensor ls 2*,
havlng 3 Índependent parameters. The symmetry
of the A-tensor, be^lng the slmmsglt of the sys-
tem (vacancy plus zvst atom at sÍte Í) depends
on the locatÍon of the rnagnetÍc nucleus wlth
respect to the vacancy. It ls 2nn for sltes on
the twofold axÍ s of the vacancy (tensors of
twofold-axls class T), m for sÍtes ln one of
both mlrrorplanes (nírrorplane class tensors Mad

or Mbc) and 1 for sltes Ín none of the mÍrror-
planes (general class tensors G). Properties of
these four tensor classes are given Ín table I.

Table I. PropertÍes of the different types of
hyperfine tensors and assocíated shells for the
vacancy V-. Nat= number of atoms per shell.
Nel= number of Índependent tensor elements.
Atom posltions refer to orÍentation ad.

Class Symmetry Nel Nat Atom positions

T2mn31
Madm42
Mbcm42
c164
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t1901-axís
(01 1 )-plane
(01 I )-plane
oEhers

(1)
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The nuclear Zeeman ÍnteractÍon Ís Ís'otropic and
described by 1 parameter.

Parameters were determlned by computer
dÍagonallsatlon of the 4 x 4 HamÍltonian and
fttttng ln a least squares program. From EPR

data flrst the g-tensor rilas fltted, glvÍng
gl=2.01 51 , gZ=2.0028, and g3=2.0042, Ín close
agreement wÍ th I'Ia tkl ns t va lues [ 1 ] . The nuc lear
Zeeman lnteractÍon parameter nas determÍned to
be 8 .4592 l{Ílz .T- I , also by computer f t t of one
speclfÍc hyperfÍne tensor of whÍch the ENDOR

transitÍons were neasured for both ng=+l /2 and
ns=-l /2 . In order to ft t the hyperfÍne tensor
elements, these electronlc and nuclear g-values
rirere kept cons tant . Only the hÍgh f requency
ENDOR transÍtlons were used. In all cases flts
rrere achieved to wÍthÍn half of the lÍnewidth at
half height, mostly better. Línewldths ranged
f rom 1 .5 kIIz for the smaller hyperf Íne Ínterac-
t Íons to 60 kllz for the larges t , Madl at f re-
quencl es of 1 60 2OO Wz . Tht s tensor Í s the
one that can be determÍned ln EPR also, with
much less accuracy [1].

Ftg.Z shows an exanple of an ENDOR spec-
trum, clearly showlng the synmetry around the
nuclear Zeeman frequency yz, whlch ls about 7

Wz for our values of the magnet I c f Íeld . Thl s
spectrum shows the resolvÍng poner of ENDOR,
however our sÍgnal to nolse ratlo was better Ín
most cases than Ín thÍs extremely compressed
spect fulll.

So far 27 hyperflne tensors have been
unraveled. Values for the lsotroplc part of the
hyperfÍne ÍnteractÍons al are ltsted Ín table
II. These lsotropíc parts orÍgÍnate from the
FermÍ contact lnteractÍon:

.Í, = Bl3nehsnhu lqCf, )l ' e)

gívÍng a relatÍon wlth the probabÍlÍty densÍty
of the defect electron on the nuclear sÍte Í.
Thus, the value I Ocir ) | 

2 can be calculated
numerically from:

ar(Mrz) = 131 .ellx lO<i, ll2 (8 -'). (3)

Table II. IsotropÍc parts of the hyperflne
Ínteractlon tensors afl/3 Tr( 81 ). EnumeratÍon
I s Ín decreas lng nagnl tude of al . Unl ts are l4Ílz .

Number G Mad I'Íbc T

I 3 .359 355 .845 2 .106 0 .666
7 .963 50 .203 1 . 998
4 .844 30 .521 0 .830
2 .7 05 1 3 .468 0 .203
2.062 6.319
2.020 3.077
2 .005 2 .37 5
7 .7 52 1 .520
1 .390 1 .1 84
1 .381 1 .O72

1 .063
0.913

1

2

3
4

5

6
7

I
9

10
11

12
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Fíg.2 . Endor spectrum for vacancy
parallel to [1 00] , demonstratlng
}ÍilJ^z.

6.5 75 8.5 I 9.s
----> v(MHzl

orÍentatÍons ad and bc, with the rnagnetic f ield 8=827 .82 mT

the symmetry around the nuclear Zeeman frequency, yz=7 ,0027

As an íllustration of the propertÍes of the
hyperfine tensors figures 3 to 6 show the angu-
lar dependence of the largest tensor of every
class (uaat , Gl , Mbcl , Tl ). plotted is the
quant i ty v yz, wi th v the ENDOR frequency , cal-
culated wi th the fi tted parameÈers and vz the
nuclear Zeeman frequency. These values are, to
f Írst order, equal to +8.8. B, wÍth È a uni t vec-
tor in the directÍon 

"'f 
the magnetic f ield r so

that these plots give 1n fact the angular depen-
dence of the hyperfine Ínteractions. Tensors
Madl and Gl clearly show nearly <1ll)-axÍal sym-
netry, whereas the others do not.

4. DISCUSSION

The fÍrst poÍnt to be dÍscussed 1s the mere
exlstence of contact hyperflne lnteractlons wÍth
atoms Ín the plane of the atoms b and c for
vacancy orÍentatlon ad.

In the one-electron LCAO nolecular orbital
nodel commonly used for descrÍptlon of the elec-
tronÍ c structure of the vacancy I I ,9 J , the
unpaÍred electron of V- has a b1 type wave func-
tÍon. conslderíng only the dangling bonds of the
four nearest neíghbours a, b, c and d thÍs LCAO
rf,ave functÍon Ís a-d. Fig.7(a) shows the revel
scheme and rilave functÍons of the vacancy ín this
LCAO model. However, an electron ln the b1 level
has a wave functÍon which ls antÍslmmstric wÍth
respect to reflectlon in the plane of b and c.
Thtl .lequlres a vanlshlng electron densÍ ty
fO<ír)l 

z on sltes Ín thts plane. As can be
Ínferred from the exístence of hyperfine tensors

of classes Mbc and T with a*0 this is clearry
not the case, although they are small compared
to the largest Ínteractions of the classes G and
Mad.
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Fig.3 . Angular dependence of the larges t hyper-
fine tensor of the class Mad. This interaction
has nearly <1 1 1 )-axlal symmetry.



To allow for non-zero contact hyperfíne
lnteractíons on all atom sltes Ín the one elec-
tron nodel a wave functÍon of synlnetry type al
ls requíred. Thts is the only s|mmsgrt tyPe
wÍthÍn the poÍntgroup 2mur 1n whlch s-type orbÍ-
tals can exÍ s t on atoms Ín both rnl rrorplanes and
on the twofold axls. In the usual energy level
diagram, flg.7(a), the ground state Ís b1. How-
everr 8D alternatlve level orderlng, as Ín
fig.7(b) nay be considered. In thÍs case a

larger shÍft of the b1 level due to the trigonal
dÍstortlon Ís assumed. ThÍs large effect of the
trÍgonal dlstortlon, compared to the effect of
the precedlng tetragonal dÍstortÍon, ls ln fact
corroborated by estlmates of the corresPonding
Jahn-Teller energÍes t1 0l . The effecÈ of the
trÍgona1 dlstortÍon Ís estlmated to be about
equal to that of the tetragonal distortl.on. As

a consequence of the one-electron ground state
of fÍg. 7 (b) , the electron occupíes the al level
corresponding to the molecular orbltal a*d. To
thls state an adníxture l,(b+c) of the other al
s ta te can exi s t . The ful 1 wave func t Í on
atd*},(b+c) then allows for an adequate descrlp-
tlon of the contact hyperfÍne terms. Assuming
for the moment thaE tensor Mbcl is assocÍated
wlth the shell of atoms b and c one estÍmates
À=0 .07 .

t100I t1 111 tór r i__
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lnteractlon these -excÍted states wÍll mÍx Ín to
the ground state. Of these only the thÍrd has a
non-vanÍshlng spín denslty at the mÍrrorplane
bc. In thls concept, the contact terms of the
tensors of type Mbc are a measure of correlatÍon
effects. ExperÍmental values ln table II show a
faÍrly snall contact term for class Mbc compared
to class Mad. Therefore the effect of correla-
tlon on Ëhe \ilave functlon ls snall. Thls can be
an explanatlon for the success of the one-
electron treat,ment.
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Flg.S. Angular dependence of the largest tensor
of class I'Íbc.
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Fig.6 . Angular dependence of the largest hyper-
fine tensor of class T.
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FÍg.4 . Angular dependence of the largest gen-
eral class hyperfíne tensor Gl ' This interaction
has nearly <1 1 I )-axÍal symmetry.

An alternat,lve explanatlon can be found by
considerlng the effect of correlatlon, which
goes beyond the one-electron descrÍptlon. The
ground state of the S-electron syst,em V- I s
glven by the conf Íguratlon {aiEialAïbt ), where
the bar denotqs antlparallel spln. Thls
corresponds to a 2gt state. The other configura-
tlons wÍth the same synnetry are (ai ái b1 b2E2 ) ,
(ai'áibt b252 ) and (aiáib1 b2E2 ) . By conf igurátton
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vacancy Ín its various charge states from [9].
the trigonal dÍstortion of V- Ís so large, that the b1 level
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t9.7. (a) LCAO level scheme of the
(b) as in (a), assuming that
lies under the ai'-level.
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Fig.8. HyperfÍne Ínteractions of the negatÍvely
charged vacancy Ín silicon, converted to values
for the wave functi.on, plotted agaÍnst distance
from the vacancy. Full lines are approximatíons
wÍth exponentÍal decrease.
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Table III. Parameters of
fitted to the values of
and dÍvacancy Ín slltcon.

Defect Type of shell

the fuuctÍon A2 e-2r / ro,
I O<D I 2 of the vacancy

along the [01 1 ]-chaÍn, see

A second poÍnt of dlscussÍon is the spatÍal
extensí.on of the electron wave function. An
ínportant objectlve of measuring hyperfÍne
parameters by ENDOR Ís to bring about a complete
as s ignment of hyperf lne tensors to shells of
lattÍce sítes. Apart from the classification of
tensors Ín classes, the experimenËal results
gÍve no further di rect clues to Èhe solutlon of
thls problen. Support has to be obtained from
theoretical consÍderatÍons, but at thÍs moment
sufficíently detaÍled results are not avaÍlable.
Nevertheless, some general picture of the r^rave

function can be gÍven. In^fig.8 rrre plot the
probabi 1Í ty dens I ty | +< ?i ll z as a funct I on of
dÍstance r, assumíng for the moment that the
dÍstrlbutÍon of hyperfÍne tensors over latEíce
sltes 1s such that the wave functÍon decreases
monotonously wÍ th the dÍ stance. An analysl s ln
the same spirlt was given for the dÍvacancy by
Sieverts, who also discussed the validi ty of
thls enplrical treatment [1 1 ] .

An lmportant polnt whÍch emerges from this
pÍcture Ís that the probabiltty denslty in the
plane of atoms a and d Ís much larger than out-
síde thÍs plane. The experÍmental data points
are fitted with the purely emplrÍcal assumptÍon
of exponentíal decrease. The parameters 6z and
ro of Ëhese fÍts are 1Ísted Ín table III,
together with the parameters one obtalns when
fttttng the data of Ëhe divacancy to thÍs func-
tlon [7r8r11]. It ls lmportant to notice that
the "ext enÈ " ro o f the r^rave func È I on of V- I s
comparable to the case of VV-, whereas the con-
f lnernent of the rdave functÍon to 

^ 
the Mad plane

of the vacancy as reflected in Az , tends to be
nuch stronger than to the M plane Ín the case of
vv-.

Another approach could be to follow the
suggestÍon of Síeverts tl 1 ] , that the electron
ís IocalÍsed not Just ln the mÍrrorplane, but
especlally along the chaÍn of atoms polntlng
f rom the vacancy Ín the [011 ] df rectÍon. Wtren
plotted agaÍnst the dÍstances of the atom poeÍ-
tlons along thÍs chaÍn the tensors Madl Mad6
show a surprÍsÍngly good exponentlal decrease.
Moreover also the tensors MadS and Madl 2 fall on
the llne Íf tre assume then to belong to Èhe
seventh and elght lattlce slte Ín thÍs chaln as
ls shown ln fÍg.9 . Another argument to choose
Just MadS and Madl 2 Ís that the complete hyper-
flne data of Madl Mad6, MadS and Madl 2 are all
very sÍmílar, ln contrast to the other Mad ten-
sors. (These data wtll be publtshed shortly ln
a more comprehenslve publícatlon). In thÍs pÍc-
ture a wave functÍon emerges whÍch ís even more
delocalÍsed, though Just ln one partÍcular
dl rectlon Ín space. Parameters of a ft t to
exponentÍal decrease under thÍs assumplon are
also gÍven Ín table III.

Acknowledgement s
The authors wlsh to thank Drs. R. van Kenp and
Dr. E.G. SÍeverts for thelr help ín the experl-
ments and analysls, as well as for the many dÍs-
cussÍons.

REFERENCE S

t1 I l,rlatklns, G.D. : Radlatlon Damage ln Semlcon-
ductors (Parls: Dunod, 1965), 97.

lzJ [,IatkÍns, G.D., Troxell, J.R. and ChatÈer-
jee, A.P . , Ins t. Phys . Conf. Ser . 46
(1979), 16.

t3l I,IatkÍDSr , G.D., Troxell, J.R., phys. Rev.
Lett. 44 (1980), 593.

t4] ïrlatkíns, G.D., ChatterJee, A.p. and Harrls,
R.D., Inst. Phys. Conf. Ser. 59 (1981), 199
and
Newton, J.L.1 ChatterJee, A.P.1 Harrls,
R.D. and trIatklns G.D., thÍs volume.

t5l Bernholc, J. , LíparÍ, N.O. ; pantelldes,
S.T. and Scheffler, M. Inst. phys. Conf.
Ser. 59 (1 981 ), 1 .

t6l Baraf f , C.A. , Kanel E.O. and Schliiter, M. ,
Inst. Phys. Conf. Ser. 59 (1981), 19.

Í71 de IilÍt, J.G., Síeverts, E.G. and Amnerlaan,
C.A.J.1 Phys. Rev. B 14 (1978), 3494.

t8l SÍeverts, E.G. , Muller, S.H. and Anmerlaan,
C.A.J.; Phys. Rev. B 18 (1976), 6843.

t9l I^Iatkins, G.D., Inst. Phys. Conf. Ser. l6
(1973), 228.

[ 1 0] hlatklns, G.D. , Inst. Phys. Conf . Ser . 23
(1975), 1 .

[11] Sieverts, 8.G., J. phys. C 14 (l9gl), ZZll.

V-
v-
V-
V-

Mad
Mbc
G +
I"Íad I

^2 
(t-3 )

10
0.1
0.6
3.3

7

4.3

ro (8)

2.4
3.0
3.2
4.7

1.9
1.9

vv- l'1

VV- G

v\d- M

VV+ G

+lassuming the atoms
text.

2 3.0
1.1 2.6


