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Hyperfine 1interaction constants for 2954 neighbours of interstitial
transition metal impurities in silicon have been determined with electron
nuclear double resonance. In order to convert these results into a
picture of the wave functions of the unpaired electrons of the transition
ions, an LCAO analysis has been developed which takes full account of the
spin multiplicity and the symmetry of the neighbour sites. Resulting data
on spin delocalisation of titanium (si:Tit), iron (Si:Fe®), and chromium
(Si:Cr*) are compared with recent theoretical calculatioms.

1. INTRODUCTION

The extensive magnetic resonance studies on transition metal impurities in
silicon by Ludwig and Woodbury date back to more than 25 years ago [l]. A
renewed interest in their properties grew only in recent years, when it was
realised that transition metals are often present as unwanted impurities in
silicon. As a result many experimental and theoretical studies have been done
in the last couple of years, also on very fundamental aspects.

One intriguing problem which the transition metal impurities pose 1s the
duality between localisation and delocalisation of the impurity wave functions
[2,3]. Experimentally, the observed isotropic contact hyperfine interactions
with the transition ion nuclei are much smaller than in most other host cry-
stals and than for free ions. As they are generally ascribed to exchange
polarisation of paired shells of core and valence s-electroms, this is con-
sidered as an indication of delocalisation of the polarising unpaired d elec-
trons. Complexes of transition metal ions with other impurities or defects
have lower than cubic symmetry, which allows the impurity hyperfine interac-
tions to be anisotropic. These anisotropies directly reflect the distribution
of the impurity d-electrons. Also here the observed values show a marked
reduction with respect to free ion values [4,5]. These observations suggest an
important delocalisation of the 1impurity d-electrons, probably by covalent
hybridisation with silicon neighbour ligand orbitals. On the other hand, the
same electron paramagnetic resonance (EPR) studies which gave these impurity
hyperfine interactions showed that hyperfine interactions with silicon nuclei
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were hardly or not resolved [1,6]. This seemed to indicate that admixture of
silicon ligand orbitals could not account for any degree of spin delocalisa-
tion. Moreover, the successful model of Ludwig and Woodbury relied on the
applicability of Hund’s rule and on the coupling of total electron spin and
total effective orbital momentum for the d electrons. This 1is only justified
for localised d electrons for which the spin-spin interaction is larger than
crystal fields. Also the high diffusion coefficients of the interstitial tran-
sition metals suggest that these ions hardly interact with the silicon lattice.

In order to obtain more information on the 29si hyperfine interactions,
electron nuclear double resonance (ENDOR) measurements on a number of transi-
tion metals have been performed [7-11]. The analysis of hyperfine interactions
in terms of electron wave functions is mostly performed by taking linear combi-
nations of atomic orbitals (LCAO). The usual one-electron approach 1is not
appropriate for these systems with multiple unpaired electrons which couple to
spins higher than S=1/2. Therefore a more-electron approach 1is applied.
Results for the orbital singlet ground states 343 (rit (8]), 3d5 (crt [10]) and
348 (Fe® [7,9]) will be discussed. Fet with an orbitally degenerate 3d7 ground
state requires a too complicated analysis to be discussed here [11].

2. ANALYSIS OF MORE-ELECTRON ENDOR DATA

In the usual analysis of hyperfine interaction tensors, they are decom-
posed into an isotropic and an anisotropic part: A=al+B. In the silicon lat-
tice a single electron LCAO wave function is taken which contains atomic s and
p orbitals. The isotropic part of the interaction with a certain nucleus gives
the amount of admixed s orbital at that site, the anisotropic part the amount
of admixed p orbital. The anisotropic part must be axially symmetric in the
direction of the p orbital [4,12].

If more unpaired electrons are involved in the total spin of a paramag-
netic centre, the analysis is less straightforward. For each of the unpaired
electrons again an LCAO wave function can be taken. In the case of transition
metal impurities in silicon the unpaired electrons are thought to originate
primarily from the impurity d orbitals. Wave functions for the individual
electrons can then be written

¥=adpy + f“i(f’ism +v50g3+65my g1t €4y 1) ¢ 1)

In this notation o denotes a silicon p orbi-
tal pointing towards the ceantral ion, m, and
my are p orbitals in two perpendicular
directions, as illustrated in figure 1. The
interactions from the various unpaired elec-
trons must be added.

In the tetrahedral environment of
interstitial transition ions in silicon, the
fivefold orbitally degenerate level of the d
electrons 1is split into a ty triplet state
below an e doublet state. In a group-
theoretical treatment which takes into
account the symmetry of the various d
Figure 1. Directions of ¢ orbitals and the symmetry of the different

and ¢ atomic silicon p- kinds of neighbour sites, it can be deter-
orbitals with respect to the mined which silicon atomic s and p orbitals
central transition ion (TM). are allowed to admix. The results from such

analyses [8-10] are summarised in Table I.
The three most important types of lattice sites are included. T denotes sites
in octahedral coordination as the next-nearest neighbours (002), "3" sites in
tetrahedral coordination like the nearest neighbours (111), and M sites in the
{110} mirrorplanes of the silicon lattice such as position (113).
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Table I. Symmetry allowed admixture of silicon ligand orbitals to intersti-
tial transition ion d-orbitals. T, "3", and M indicate three types of sili-
con neighbours. Ligand orbitals are as defined in figure 1 and Ref. [8,9].

orb. T (00k) "3"  (kkk) M (kkl)
ty dgy s o - - s o (mg=vV3my)/2 § - 0o - - - 7y
dy, - - mx Ty s o (mgt/3ny)/2 - 8 - o Wy Ty
dyx - = Ty Ty 8 O . =Ty - 8 = 0 Tx Ty -~
e d3z2-;2 s o - - - - (nx-/3ny)/2 s I*] - Ty
dy2-y2 - - - - - = (myt/3myg)/2 - - Ty -

The columns in table I contain ligand orbitals which admix with equal
coefficients. If two perpendicular g orbitals are equally admixed to different
d orbitals their (anisotropic) hyperfine interactions add up to an interaction
which is axially symmetric along the ¢ direction, but with opposite sign. This
can be understood as it can also be described as a situation where some spin in
a o orbital 1is lacking from a cubic orbital environment with zero anisotropy.
In a 3d3 state with three unpaired ty electrons and allowed admixture of ¢ and
7 orbitals, this means that contributions may partly cancel and that even the
sign of the resulting hyperfine interaction depends completely on the relative
strengths of the independent admixtures. As a result, the actual amount of
admixed ligand electron can be larger than the hyperfine interaction seems to
indicate. Thus for Ti%t with three unpaired ty electrons and for crt with two
unpaired e and three unpaired tj electrons as well, only a lower limit of
ligand admixture can be derived from the observed hyperfine interactions. For
Fe® with two unpaired e electrons the actual admixtures can be calculated.

3. EXPERIMENTAL DATA

Principal values of experimental hyperfine interaction tensors can con-
veniently be decomposed as A} =a+2b, Ap=a-b+c, and A3=a-b-c, where a is
the isotropic part, b is the axially symmetric part, and c¢ 1is the deviation
from axial symmetry. From the earlier discussion it is clear that the aniso-
tropic interaction needs not always to give a negative axial hyperfine parame-
ter b as in the one-electron case, but can be of either sign. Therefore it is
important to determine also the absolute signs of hyperfine interactions.

Mostly ENDOR measurements can be described with a spin hamiltonian with
zeeman interactions and hyperfine interaction

H=p££3+2ﬁ%%in+§%10. (2)
i

ENDOR transitions are those for which the nuclear spin changes; in first order:
hv = | gynB-meA e |» 3)
where mg is the electron spin quantum number. This means that ENDOR spectra
are in principle symmetric with respect to the zeeman frequency of the nuclear
spin. 1In practice this is not always true, however, as ENDOR is the observa-
tion of nuclear transitions through a change in the intensity of an EPR signal.
This means that only ENDOR transitions are observed for those mg values which
belong to the pertinent EPR line. For systems with low electron spin in cubic
symmetry all EPR transitions coincide, so that all ENDOR transitions are
observed in a single scan. Because of the symmetry with respect to the nuclear
zeeman frequency, the absolute sign of the hyperfine interaction can not be
determined in that case. For the S$=5/2 system of Crt the various EPR transi-
tions are split by a cubic field splitting term. That means that ENDOR can be
done on one EPR line at a time, between only two adjacent mg values. Here it
was first realised that this allowed the experimental determination of signs by
choosing for instance the mg=+1/2>+3/2 transition [10]. For the S=1 and
S=3/2 systems of Fe® and Tit the EPR lines for the various Amg=1 transitions
are normally not split. In these cases splitting can be achieved by the



732 SIEVERTS et al.

application of uniaxial stress. For the hyperfine interactions of Fe® as first
measured by Greulich-Weber et al. [7], the signs could be determined in this
way [9]. Because of a poor signal-to-noise ratio under uniaxial stress, signs
for Tit could not yet be ascertained.

Experimental values of a and b for these three systems and restricted to
only the six nearest neighbour shells with together 42 atoms, are given in
Table II. In this table all signs for Fe® and crt are as determined; for Tit
only the relative signs between a and b are known. All interactions are
approximately axially symmetric. Unless otherwise indicated, the axes deviate
only little from the direction towards the central ion.

Table II. Hyperfine parameters (kHz) for the six nearest shells of silicon
atoms for interstitial Fe®, Tit, and Crt. Shell numbers refer to Fig. 2.
Dipole-dipole interaction by.gq is calculated for 1007% localised d orbitals.

Fe® Tit cr™
shell | no a b a b a b bg-4
3(111) | 1 +158 +1402 -8124  -442 -5067 -728 -1250
3(222) | 4 +777  -196 -1417  +678 -3269 -332 -156
3(222) | 5 +3245  -157 =749 -12 +217  -110 -156
T(200) | 2 -4642  -799 -852 -3116* +668 -1352* -811
M(113) | 3 -3870 -434f ~-2246  -160 -2359 =202 -178
M(331) | 6 -381 -85t -2858 -162 -1388 -145 -78
* axis | [110] # axis ~ I [111]

4, DISCUSSION

We will now review and compare
results for the three types of neigh-
bour sites. When comparing them, we
should realise that the relation
between hyperfine interaction and
LCAO wave functions contains a factor
1/28 [8,9]. Thus a same admixture
results in 2/5 smaller interactions
in Ccrt than in Fe®. A first contri-
bution to the observed anisotropic
hyperfine interactions always comes
from the dipolar interaction between
the electron spins at the central ion
and the 2951 nuclei. For a com-
pletely 1localised point charge the

Figure 2. Silicon lattice with the calculated values of the resulting

first five shells of neighbours of axially symmetric interactions are

an interstitial transition ion. also given in table II. For this

interaction the factor 1/2S8 is

exactly compensated by the number of

unpaired electrons on the ion which is 2S. 1If there is spin transfer from the
ion to the silicon ligands, values are proportionally smaller.

For tetrahedrally coordinated <111>-axial neighbours (shells 1, 4, and 5)
of Fe© (3d8,e2) only admixture of m orbitals is allowed. This gives a positive
contribution to b. For the nearest neighbours this contribution far outweighs
the dipolar effect and indicates a large spin transfer. No s admixture is
allowed. If it were, it should always contribute a negative a. The sometimes
large positive values should thus originate from other sources. Generally they
are ascribed to exchange polarisation of silicon core and valence s states. In
this case an other, more probable source 1is polarisation of the completely
filled ty level where s admixture is allowed. This conclusion is also drawn
from theoretical calculations [2,3,13]. Also the too large negative b for
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shells 4 and 5 will probably originate from this effect. For neighbours of
this symmetry of Tit (3d3,t23) all admixtures are allowed, so that no predic-
tion as to the sign can be made. Only a lower limit of the spin transfer can
be derived. For Crt (3d5,t23e2) the same applies. As there are no paired d
levels the positive a for one of the shells can only be explained by the ordi-
nary Si core and valence s-electron polarisation. It seems probable that this
is the same neighbour shell which also gives the large a=+3245 kHz in Fe°.

The octahedrally coordinated next-nearest neighbours (shell 2) of Fe®
allow only s and o admixture, which 1is observed indeed. Complete hyperfine
data for this shell show an off-diagonal element of ~500kHz which should be
zero by symmetry [9]. Exchange polarisation of filled t; states is again a
good explanation, as for Tit, where this tensor element is allowed, it is about
15 times as large. For Tit this element causes [110]-axiality of the interac-
tion which indicates equal admixture of the allowed my and 7y in dy, and dpi-.
Although in the silicon lattice s and o orbitals are formally also allowed for
this shell, they are forbidden for a purely octahedral ABg complex. From
experiment we may thus conclude that this interdiction is still largely obeyed.
For Crt the e states may admix s and o orbitals. Yet, the shell 2 interaction
is [110]-axial as well and much more resembles Tit than Fe®. The isotropic a
is even positive. Again, exchange polarisation should probably account for it.
This indicates at any rate the almost complete absence of s admixture.

For the mirrorplane neighbours (shells 3 and 6) of Fe® all admixtures are
allowed 1in independent proportions. 1In practice ,axiality 1is observed which
deviates only little (up to 10°) from <111> lattice bond directions. This
might suggest the occurrence of Si valence bond polarisation. Although in this
symmetry all admixtures are allowed for Tit as well, a sound identification of
all eight experimental M shells (six more than shown here) could be made by
assuming that their axial directions point towards the central ion [8]. This
indicates the prominence of s and o admixture, even somewhat enhanced by the
central dipole-dipole interaction. The large negative a values support this
view. Results for Crt are very similar to Tit for the three observed M shells,
although the deviations from the central axial directions are somewhat larger.

From the complete analysis of the hyperfine interactions, for Fe© a total
delocalisation to silicon ligands of 257% was found, with 16% on shell 1 [9].
Thus the d electrons in the e state seem to hybridise preferentially into <111>
directions. TFor Tit a lower limit of 40% was found, with most on shell 2 [8].
This means that the tj; d-electrons hybridise stronger and rather into <100>
directions. A preliminary analysis for Crt gives a very similar result, with a
minimum transferred spin of also about 407%. This is not surprising in view of
the similarities which we noted already for the various types of mneighbour
sites. 1In this 3d5 state the amounts of spin delocalisation from the e and
from the t), states need certainly not be the same. The similarity with Tit
indicates that they are not the same, indeed. Even if the factor 1/2S between
the Fe® and Crt hyperfine interactions is taken into account, one must conclude
that the kind of admixtures as found in Fe® is largely missing. Although it is
formally not possible to divide the observed hyperfine interactions in parts
from e and from ty states, comparison with the Fe® and Tit* data shows that the
ty) are much more delocalised than the e states, even while present simultane-
ously. Consequently the average crt delocalisation of at least 40% may very
well be constituted from, for instance, 50% ty and 257% e.

5. COMPARISON WITH THEORETICAL DATA AND CONCLUSIONS

The delocalisation or spin transfer discussed in the previous section is
actually the parameter n2 from Eq.(1). Detailed theoretical data on individual
neighbours are mostly missing (except [13]). Instead, one rather determines
the localisation «Z. Yet, a comparison is possible as a2+-2n12= 1. Calcula-
tions of the amount of magnetic moment or spin within some impurity volume have
been performed by Beeler et al. [1l41 and Katavama-Yoshida and Zuneer [151.
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Although they do not calculate the magnetic moment over exactly the same impur-
ity space, results from both are given in Table III.

Another measure for the localisation/delocalisation of the unpaired elec-
trons has already been discussed in the introduction. This central impurity-
ion hyperfine interaction measures the s-electron core-polarisation. As men-
tioned, the experimental values [l1] show a marked reduction with respect to the
free ion values [16], ary g4 = M-arM,free* Core polarisation is generally a
good measure for the amount of polarising d electrons. Unfortunately
"covalency effects”, as the present spin transfer is sometimes called as well,
seem to complicate this proportionality [2,3]. Although A and o2 are thus not
exactly the same, they are both related to the localisation. Experimental and
theoretical values are also given in Table III.

Table III. Experimental and theoretical values of spin transfer
(znz- 1- az) and reduction of central ion hyperfine interaction (A).

En2 1-q2 A
(exp.) [14)] [15] (exp.) [15]
FeO® 0.25 0.12 0.29 0.46 0.34
it > 0.40 0.58 0.34 0.25 0.22
crt >0.40 0.34 0.25 0.46 0.47

The present analysis of the experimental hyperfine data indicates that the
actual spin transfer from transition metal ions to silicon ligand orbitals is
much larger than suggested by the absence of well resolved hyperfine structure
in EPR. The experimental aspect of the localised/delocalised paradox 1s thus
resolved. On the other hand a marked difference is found between the e and tj
d-orbitals of the transition metals, the e-type orbitals being more localised.
This is in agreement with some of the theoretical results [14] in Table III.
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