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%e report on the first electron nuclear double-resonance investigation of an interstitial deep-level

defect in silicon. For interstitial iron the superhyperfine interactions with six shells of neighbor nu-

clei comprising 42 silicon atoms could be resolved and determined. The localization of the two

paramagnetic 3d electrons (3d ) at the Fe; atom could be estimated to be between 80% and 95%.
The superhyperfine data are discussed with a simple model for the defect wave function. It is

shown that exchange polar1zatlon plays a ma)or Iole In detelmmmg the superhyperflne lnteractlons.

I. INTRODUCTION

Electron nuclear double-resonance (ENDOR) investiga-
tions of substitutional impurities in silicon were per-
formed more than 20 years ago on shallow donors. '

These experiments yielded valuable information on the su-

perhyperfine interactions of the unpaired donor electron
with many surrounding shells of silicon atoms. The data
were compared with the effective-mass theory of shallow
donoI stRtcs, For thc chalcogcnidcs S Rnd Tc, believed to
be on substitutional sites and which form so-called "deep
1mpurltlcs» ENDOR results werc pUb11shcd as well. ' A
satisfactory theoretical explanation of the measured distri-
bution of the unpaired spin density of those deep levels

has not yet been achieved. ' From the analysis of the
ENDOR data it is not yct clear whether the chalcogenides
arc substitutional oI' 1ntcrst1t1al. Th1s qUcst1on cRn OIlly bc
settled if a satisfactory theory becomes available, since
this cannot be concluded from the ENDOR experiments
alone. '4

For interstitial impurities in silicon, ENDOR investiga-
tions resolving the superhyperfine interactions with the
surrounding silicon nuclei have not yet been reported.
Transition elements of the 3d row prefer interstitial sites
in thermal equihbrium at high temperatures. After suffi-
ciently rapid quenching the ESR spectra of interstitial Cr,
Mn and Fc can bc measured Rs f1I'st described by LUdw1g

and %"oodbury. In this paper Fe in Si has been chosen
for the first ENDOR investigation of an interstitial im-

purity in silicon. From the ESR experiments it follows
that 11on 1s qUcnchcd 1n as Fc; In a 5=1 spin tI1plct
state. ' In a recent ESR study at high micxowave
power the superhyperfine (shf) structure of the ESR spec-
trUQ1 could pRrtly bc I'csolvcd Rnd thc supcrhypcrfine 1n-

teractions with several neighbor shells were deduced.

HowcvcI', co1Tlparison with thc pI'cscnt ENIDOR stUdy
shows that in Si due to the low abundancy of the magnet-
ic isotope Si of only 4.7 at. % it is not straightforward to
derive the shf interactions from the ESR spectrum. With
ENDOR the shf interactions with 6 shells of neighbor nu-

clei, obtaining a total of 42 si atoms, could be determined
with high precision. It was the aim of this investigation
to determine the unpaired spin density around the intersti-
tial Fc 1n order to pIov1dc Rn cxperiIYlcntal basis foI' R

highly localized, well-defined deep-level defect for
theoretical calculations.

II. EXPERIMENTAL

Samples of dislocation-free floating-zone p silicon with
10' B/cm (Wacker Chemitronic) of dimensions typically
4+4+20 mm were mechanically and chemically pol-
ished and iron plated onto the four side faces in vacuum.
The diffusion treatment was performed at 1250'C for 30
min in a vertical SiC tube furnace and the sample was

subsequently quenched in diffusion pump oil. Then a sur-

face layer of more than 100 pm was mechanically and

chemically removed. The samples were stored at 77 K
until the ENDOR measurements. The concentration of
interstitial Fe, thus achieved was 10' /cm . '

The ENDOR measurements were performed in a com-
puter controlled homodyne X-band spcctroIDctcI' Using a
GRAs —field"cffcct transistor low-noise microwave prcam"

plifier to improve the signal-to-noise ratio at the low-

modulation frequencies necessary for ENDOR. ' The .

ENDOR signals were obtained ai T=20 K at a mi-

crowave power level of about 10 W by observing the
microwave absorption signal. The rf transmitter was

chopped at 800 Hz. The crystal orientation was varied in

steps of 2, rotating it by about 120' in a (110)plane.

Qc1984 The American Physical Society
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III. EXPERIMENTAL RESULTS
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4.0

PIG. 5. Model of interstitial Pe centers and five neighbor Si
shells, the superhyperfine interaction of which was determined.
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FIG. 4. (a) Angular dependence of the first-shell (111)neigh-

bor nuclei and calculated angular dependence assuming S= 2.
(b) Angular dependence of the first-shell (111) neighbor nuclei
and calculated angular dependence assuming S= 1.

that Fc IIlust bc clthc1 at thc 1Iltc1st1t1al sltc w1th
tetrahedral symmetry or substitutional. This cannot be
distinguished from the analysis of the angular depen-
dence, since in both cases neighbor nuclei with the same
syIIlIIlctI'y type surroun«I thc RtoIIl. ' %C foUnd 1ntcI'Rc-

tions with three different shells of neighbors with a [111]
symmetry. Their shf tensor are axially symmetric and
oriented along [111]. Each shell contains four nuclei.
Furthermore, we found interactions with one shell of
neighbors with [100] symmetry. There are six neighbors
in this shell, the z axis of the interaction tensor is the
[100] connection line to Fe, which is a twofold rotation
axis (see.Fig. 5). Finally, there are interactions with two
shells with [110] symmetry, which each contains 12 nu-
clei. The shf axis with largest interaction lies in a (110)
plane, which contains the Pe;. Their angle with respect to
a [111]direction is given in Table I (see also Fig. 5). No
ENDOR lines due to low-symmetry neighbors were
foiiiid.

It should be noted that the relative sign of a and b is
not always the same. Prom thc RngUlar dcpcIldcncc, how-
ever» only thc relative signs of a Rnd b CRIl bc dcterI111ncd-.
In Table I, b was chosen to be positive (see Sec. IV).

Before an attempt to interpret the measured shf data
was made [which turned out to be not a simple matter (see
below)], we wanted to make sure that all measured shf in-
teractions really belong to the same Fe; center. The possi-
bility hRd to bc excluded thRt wc had wlthoUt knowlIlg it,
saturated another ESR spectrum lying UIl«icI' thc Fc- spec-
trum and measured its ENDOR lines Rs well. Therefore,
we simulated the double quantum ESR spectrum of Fig.
1(a), which shows a partially resolved shf structure taking
all the shf interactions as determined from the ENDOR
spcctI'a 1nto accoUnt. A coIIlputc1' pI'ogI'RIIl was dcvclopc«I
for this. It calculated all possible magnetic configurations
of neighbor nuclei due to the low Si abundance of 4.7
at. %. Figure 1(b) shows the simulated ESR spectrum,
which agrees very well indeed with the experimental one.
Figure 1(c) shows the simulated spectrum, if the interac-
tions with the six nuclei of (100) symmetry are taken out.
A noticeable difference indicates that the simulation
would show if this neighbor shell belonged to a different
center. The same is true for the other shells, supporting
the conclusion that all the measured shf data belong to Si
QUclc1 sulloundIIlg thc lntcrstltlal iron atom.
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TABLE I. Parameters and orientation of shf tensors of Si neighbors in Si:Fe, (in MHz). The exper-
imental uncertainty is +0.01 MHz.

Type

[111]
[111]
[111]
[100]
[110]
[110]

0.16
—0.78
—3.25

4.64
3.87
0.38

1.40
0.20
0.16
0.80
0.44
0.09

0
0
0

0.52
—0.07

0.002

Zshf

[111]
[111]
[111]
[100]

((Z,hi, [111])= 11
((Z,hf [111])=2.6'

1 1 3cos 0—1 zV~,pag. V.2 8~
(3)

Table II shows a comparison of the anisotropic interac-
tions b calculated assuming point dipoles for the two Fe
3d electrons and the experimental b values, which are or-
dered according to decreasing b values (for shells 4a and
b, see below). The good agreement between the experi-
mental b and b" allows an assignment of the experimental
a and b values to the shells 1—5 (see Fig. 5, where the
shells are indicated by numbers).

According to Ludwig and Woodburg and more recent
calculations of the energy levels of Fe; (Refs. 21—24) the

From the analysis of the ENDOR spectrum alone an
assignment of the measured shf interactions to a particu-
lar shell of neighbors is not possible, only the symmetry
type can be determined. Therefore, a theoretical estimate
of the interactions must be made, if an assignment is at-
tempted. First, the shf parameters can be analyzed with
the traditional approach as described by Watkins and Cor-
bett. It assumes that an unpaired electron localized
100% within a silicon 3s orbital causes an isotropic hyper-
fine interaction of af =4150 MHz, and in a silicon 3p or-
bital an anisotropic interaction with bf ——101 MHz.
Comparison of these values with the results compiled in
Table I shows that the anisotropic shf interaction deter-
mines the fraction of the resonance electrons at the sur-
rounding atoms. Localization values near 1% per atom
can be calculated for the three shells with the strongest
shf interactions. Identifying these shells with the three
neighboring shells of Fe;, which consist of 22' atoms, a
delocalization near 20% of the resonance electron wave
functions can thus be estimated.

However, this approach is misleading in the case of
such a highly localized defect, since it neglects the
dipole-dipole interaction of the two 3d electrons with the
neighboring nuclei

unpaired electrons are in the two 3d orbitals with eg sym-
metry; that is, in 3d 2 and 3d &, respectively. Integrat-

ing in Eq. (3) over those orbitals yields within l%%uo the
same b values as in the point-dipole approximation al-
ready for the nearest shells.

Table II shows clearly that the largest part of the exper-
imental b values can be accounted for by dipole-dipole in-
teraction. The remaining differences could be explained
by only 5% delocalization of the unpaired electrons. This
value inight be an underestimation as it is difficult to cal-
culate reliably the dipole-dipole interaction with the
directly adjacent silicon atoms. Yet this discussion shows
that the paramagnetic 3d wave functions will be localized
between 80%%uo and 95% at the impurity atom, in accor-
dance with the picture of Fe, as a highly localized defect.

Assuming a substitutional site for Fe; there is no agree-
ment between b,„&, and b", e.g. , for the [100] neighbors
the discrepancy is by a factor of 8. This simple estimate
is in agreement with all other evidence that Fe is intersti-
tial. '"

Table II shows that the third-shell [110]neighbors have
the largest discrepancies between b,„~ and b". Also the
orientation Zshf of their shf tensor (see Table I) is. not
along the connecting line to the Fe atom, which would be
the case for a predominantly point dipole-dipole interac-
tion. It deviates by 18 from this line, as indicated in Fig.
5. It is nearer to the [111]direction, connecting the third
shell with the neighboring second-shell Si atoms. This
points to the fact that at shell 3 the superhyperfine in-
teractions are due to a transfer effect via shell 2. It is,
however, surprising that a is nearly as large as in shell 2,
where the atoms are immediate neighbors to the Fe 3d
orbitals and that a is very small for the shell-1 neighbors.
It is not obvious why the transfer effect from shell-2
neighbors should be different to shell-3 and shell-1 neigh-
bors. The value of b seems to be reasonably well ex-
plained in shells 4a and 4b. However, the negative a
values of rather large magnitude point to the existence of

TABLE II. Comparison of the experimental shf data with the theoretical anisotropic shf constants
assuming point dipole interactions (MHz).

Shell

1

2
3
4a
4b
5

Symmetry

[111]
[100]
[110]
[111]
[111]
[110]

0.16
4.64
3.87

—3.25
—0.78

0.38

1.40
0.80
0.44
0.16
0.20
0.09

ba

1.25
0.82
0.18
0.16
0.16
0.08

0

Distance (A)

2.352
2.715
4.503
4.703
4.703
5.918
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an exchange polarization (see below).
The isotropic shf constant of a nucleus at the site r„ is

given by

D(

1 2
&(rn ) = 2 3 pogopBgnpnP( n ) (4)

where p(r„) is the unpaired spin density at the nuclear site

r„due to the two 3d electrons. The experimentally deter-

mined highly-localized nature of the defect suggests try-

ing an interpretation of the hyperfine data using approxi-
mations which proved to be successful in ionic solids.

The direct contribution of the 3d electrons already at
the shell-1 and shell-2 neighbors is only very small and
cannot explain the measured values. An estimate of its

magnitude can be attempted by assuming that the Si sp
hybrids occupy the regular Si lattice positions. Covalency
between them is neglected. The wave function of the de-
fect is then the Slater determinant.

((rF 0 fd&2gd(X2 ~2(A Pl 44ll

where f; denote the sp Siwave functions. (The inner
shells are neglected. ) Provided all wave functions entering
the Slater determinant are mutually orthogonal, the spin
density at the site r„ is given by

P(~. )= I pd, 2(r. )
I

'+
I '(('d(„~ y2)(& )

I

' (6)

The two 3d functions gd & and Pd( 2 &~
are not orthogo-

nal to the lattice functions. They must be orthogonalized
to the lattice orbitals, which leads to admixtures of lattice
orbitals into the 3d functions. Considering first only
shell-1 and shell-2 neighbors and using the Schmidt
orthogonalization procedure, this leads to admixtures of

g3, (Si' ') and g3~ (Si' ') (along [100];see Fig. 6) orbitals

of shell-2 neighbors into g „,. The admixture coefficients

are the overlap integrals between gd, and f3, (Si' '), and

,( 4a

Fe'

FIG. 6. Schematic representation of the orbitals contributing
to the transferred superhyperfine interaction of shells 1 and 3
via shell 2.

ljf3p (Si' '), respectively. Because of symmetry no orbitals
of shell-1 and shell-2 neighbors are admixed into

,,
all overlap integrals vanish. Using Eqs. (6) and

(3) and the thus orthogonalized wave functions gd & and

,~, the theoretical values for a and b for shells 1

and 2 are obtained (Tables III and IV model 1). The
agreement is surprisingly good regarding the crude
theoretical model. If shell-2 neighbors were distorted out-
wards by -3% the agreement would be almost perfect.
However, the higher shells are not explained in this simple
model.

Transferred hyperfine interactions were often observed
in ionic crystals. Their order of magnitude could be ex-

plained by applying the Lowdin orthogonalization
method. ' ' ' The leading term determining a is given by
the mutual overlap of the orbitals of neighboring
atoms. ' ' In our simple model (see Fig. 6),

afa(r„)=n

1
2

~

$3@~(»"')) ($3@ (Si )
~

(t3g(»'"') )+ (P~ 2
~ g3, (»'") )(P3,(» ")

~ P3, (» "') )

This expression holds for both shell-1 and shell-3 neigh-
bors; that is, Si'" and Si' ' admixtures. Unfortunately, be-
cause of the phase of the pe (Si' ') orbital, the two terms
in Eq. (7) nearly cancel each other for shell-3 neighbors
and add for shell-1 neighbors.

Similar arguments hold for the calculations of b (See.
Tables III and IV, model 2, where effects due to normali-
zation constants are neglected in view of the crude model).
The difference in the transfer effect in shells 1 and 3 ori-
ginates in the phase of the admixtured $3@~(Si' ') orbital.

TABLE III. Comparison of the experimental isotropic shf constants with several theoretical approxi-
mations (MHz).

Shell

1

2
3
4a
4b

+expt

0.16
4.64
3.87

—3.25
—0.78

amodel 1

0
5.4
0
0
0

amodel 2

1.7
5.4
0.005
-0
-0

&model 3

0.005
5.4
1.7
-0
-0
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TA.BI.E IV. Comparison of the experimental anisotropic superhyperfine constants vrith several
theoretical approximations (MHz).

1.40
0.80
0.44
0.16
0.20

1.25
1.0
0.17
0.16
0.16

1.25
1.0
0.17
0.16
0.16

1.25
1.0
0.22
0.16
0.16

The observation is, however, in contrast to the calculation
w1th thc Lowdin ofthogonalization, wh1ch oIlly 1Qcludcs
thc PRU11 principle. Formally, th1s cRIl bc rc1Tlcdicd by
considering a slight covalency between the Fe I(lq, orbital

RIld 'thc f»~(SI ) orbital Rccol'dlllg to

y„',=X[q„,—~q„(Si"')],

X=(i+a')-I" .
Neglecting the small deviation of X from 1, one then ob-
tains for a(v„)

(q, ,
~ g„.(S'")&(g».(s'")

~
q, (s'"') &+ (g„, ~ P, (S "')

& (gl, (S "')
~ gl, (S'"')

&

Choosing A, =2
~
( g„, ~

1(, (Si'1') &
~

=0.126 just reversed

the interference effect for shells 1 Rnd 3, and the observed
magnitude of the isotropic shf constants can then be ap-
proximately explained (see Table III, model 3). The aniso-
'tI'oplc llltcl'Rctloll of sllcll-3 Ilclgllbors ls also Improved,
the z axis now is 19' off the [111]direction (see Fig. 6);
that is, it is turned by about 10 from the connection line
to the Fe towards [111]. b is, however, too small (Table
IV, model 3). In order to explain the experimental orien-
tation and b value one would need four times as much ad-
mixture contributions along [111];that is, 0.2 MHz along
the connection line of Si' ' —Si' '.

%hy R covalent admixture 1s conncctcd with R phase
cofI'clat1on 1s an opcIl qUcst1on. It apparently 1s nccdcd to
get different transfer effects for shells 1 and 3 as observed.

One further important point must be discussed, which
is connected with the observation of negative spin density
Rt. shells 4Q and 6. Negative sp1n dcIls1tlcs Rt Al nuclcl
were observ~d for several A1 +-0 centers in ionic crys-
tals, where the Al + ions were situated in a nodal plane of
the unpaired p orbital at the oxygen. ' All overlap
contributions vanish since the overlap integrals with s
fllllctlolls Rlc zclo. Tllc llcgatlvc sp111 dcllslty 111 sllch a
s1tuat1on Is explamed as be1ng due to exchange polar1za-
tion. z This effect is probably also observed directly
for shells 4a and 4b nuclei. The p admixture of shell-3
neighbors along [111]connecting it to shell 2 has a large
component "perpendicular" to shell-4a neighbors in the
sense that they are in the nodal plane of the unpaired p
orbitals (see Fig. 6). The exchange-polarization effect is
expected to be larger for shell-4a neighbors compared to
shell" 46 nclghboI's, s1ncc they arc ncaf cf to thc shell-3
neighbors in agreement with our results. This considera-
tion led to the assignment of shells 4a and 4b to the mea-

sill cd sllf llltcl Rctlolls.
Clearly, the exchange polarization will also bc operating

between the p admixture of shell 2 and the core of shells 3
RIld 1, both with the same magmtudc, s1Ilcc thc1I" pcI'pcn-
dicular Ib3& (Si' ') components are the same, giving a neg-
ative contribution to a for both neighbors. On the other
hand, thc covalcncy bctwccQ thc S1 nc1ghboIs ncglcctcd
thus far will enhance the transfer effects. From the ex-
perimental results it seems that for the shell-1 and shell-3
neighbors these covalency effects must be compensated by
the exchange polarization. It is probably because of this
that our crude model discussed above yields approximate-
ly thc cxpcfimcntR1 shf data. Possibly cxchangc polRI1za-
tion effects between the two Fe3d orbitals and shell-1
neighbors are also contr1buting to explain their small
value of a.

It was the aim of our estimate to point out that this
highly localized interstitial model defect shows an in-
teresting quantum-mechanical interference effect in spin-
density transfer and that exchange polarization seems to
plRy R vcly important lolc which, to ouI knowledge, has
not yet been realized in discussing hyperfine properties of
dcfccts 1Il s111con.

In conclusion, we have shown that the interstitial Fe
atom, although highly localized, comprises a complex of
at least 42 Si neighbors when considering the effects of
spin transfer. It seems a clear model system for a deep
level and it is hoped that it will be possible to quantita-
tlvcly cxplalIl 1ts electronic stfUctufc 1Q thc fUtuI'c.
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