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Isotope effects in the electronic spectrum of S¿ and Se¿ in silicon
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Weak satellites of the strong and sharp parity-forbidden, but symmetry-allowed 1s(A1)→1s(T2) doublet of
the S1 donor spectrum in silicon are reported. The low-energy ones are ascribed to a Si isotope effect and the
high-energy ones to an S isotope effect. We also show that the profile of the low-energy component of the same
transition of Se1 in silicon can be reproduced from the computed combination of Si and Se isotope shifts with
the same characteristics as those of S1, but with a smaller Se isotope shift. The Si isotope shift is discussed in
terms of the bond softening effect in the electronic ground state for a cluster involving the chalcogen atom and
its first nearest neighbors. The positive chalcogen isotope shift is discussed by considering the effect of a
vibronic coupling to thet2 mode of vibration in the excited state within the bond softening framework. It is
also shown that this vibronic coupling can account for the noneffective mass behavior of the 1s(T2) level.
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I. INTRODUCTION

Isotope shifts~ISs! of vibrational lines are commonly ob
served by infrared~IR! absorption or Raman scattering whe
more than one isotope of the atom involved in the vibrat
is present and when the lines are reasonably sharp. The
are always shifted to lower energies when the atom is
placed by a heavier isotope as the vibrational energy is
versely correlated to the mass of the atom. In solid s
spectroscopy, this negative IS is used to identify or check
nature and number of isotopic species present in defect
impurity complexes. ISs of electronic lines are less comm
and they are usually seen in high-energy photoluminesce
or absorption lines and they are related with the coupling
the electronic levels to local vibrational modes. At a diffe
ence with the vibrational ISs, the electronic ISs can be p
tive or negative with respect to the lighter isotope and
prediction of these shifts requires a detailed analysis of
coupling between the electronic and vibrational states. S
shifts have been reported for instance for C complexes
duced in silicon by electron irradiation,1 but also in the spec
tra of different substitutional transition metals in compou
semiconductors.2,3

In silicon, substitutional chalcogen atoms~S, Se, and Te!
have two more valence electrons than Si. The binding ene
of the first electron is rather large~;0.3 eV for S and Se!
compared to that for group V donors P and As in silic
~;0.05 eV!, but within shifts of their positions, the elec
tronic line spectra of S0, Se0, P, and As donors are strikingl
similar as they involve effective-mass-like excited stat
The 1s state displays the sixfold degeneracy of the cond
tion band of silicon, but this degeneracy is lifted by the ce
tral cell effect and the 1s(A1) state can be substantiall
deeper than the 1s(E) and 1s(T2) states4,5 (A1 , E, andT2
0163-1829/2004/69~8!/085210~7!/$22.50 69 0852
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are irreducible representations of the tetrahedral point gr
Td). In silicon, the Raman scattering of the 1s(A1)
→1s(E) transition for P and As~Refs. 6 and 7! as well as
the IR absorption of the symmetry-allowed 1s(A1)
→1s(T2) doublet of Bi ~Ref. 8! have been observed. Th
doublet structure of the 1s(A1)→1s(T2) transition is due to
a spin-valley coupling made possible by thep-like character
of the T2 levels.

The ground state of the second electron of S and S
near 0.6 eV, in the middle of the silicon energy gap. The l
spectra of S1 and Se1 bear similarities with those of S0 and
Se0, but the spacings between corresponding lines are
times larger than for the neutral charge state.9 The factor of 4
comes from the quadratic dependence of these energie
the 12q charge of the nucleus. The singly ionized char
state is paramagnetic and the electron paramagnetic r
nance~EPR! of S1 in silicon shows that this ion has a cub
symmetry in the silicon lattice.10 The absorption spectra o
the chalcogen atoms and of their complexes, like the cha
gen pairs, have been extensively investigated in silicon,9 and
the ground state energies are the greatest for the isol
atoms. In silicon, when chalcogens are partially comp
sated, for instance with acceptors, it is possible to obse
the spectra of the singly ionized donors. In addition to t
usual effective-mass-like lines, the ionized chalcogen spe
show rather intense parity-forbidden 1s(A1)→1s(T2) tran-
sitions and weaker 1s(A1)→ns(T2) transitions.

With the exception of the H/D isotope effect involvin
tunneling hydrogen of a donor complex in germanium,11 no
clear evidence of an isotope effect has been reported so f
the absorption spectra of effective-mass-like donor and
ceptors in semiconductors. We present here results show
two distinct isotope effects of some electronic transitions
the S1 donor ion in silicon. We discuss them in terms of th
©2004 The American Physical Society10-1
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coupling of this ion with the neighboring atoms and we e
trapolate the results to the Se1 ion.

II. EXPERIMENTAL SETUP AND RESULTS

The spectra were obtained at 6 K with a BOMEM DA8
Fourier transform spectrometer. An optical filter with a hig
frequency cutoff at 0.7 eV was placed between the qua
halogen source and the samples to prevent the trappin
electrons from the photogenerated electron-hole pairs by
positive chalcogen ions. The S1 spectrum was measured in
float-zone boron-doped silicon sample~sample 1!. This
sample had been diffused with17O and18O for a long time at
high temperature in a cell used previously for S diffusio

FIG. 1. Medium resolution overall spectrum of singly ionize
sulfur in silicon~sample 1!. The abscissa scale is the same for bo
sections. The ordinates of the right-hand side section have b
expanded by a factor of 5.
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The S pollution was detected by the unexpected observa
in one chip of this sample, of lines of the S1 spectrum, and
this allowed the measurements discussed here. Samp
doped with sulfur enriched with about 25%33S, was mea-
sured in a multitreflection geometry12 allowing an effective
sample thickness of 15 mm. Silicon samples containing S1

and Te1 with natural isotopic abundances were also m
sured during this study.

A. The S¿ spectrum

The spectrum of S1 in sample 1 is shown in Fig. 1. In thi
figure, the most prominent lines are labeled according to
final states of the transitions, following the notations of Ko
and Luttinger.4 The two strong lines near 429 meV origina
from the 1s(A1)→1s(T2) transition split by some modified
spin-orbit~spin-valley! splitting of the 1s(T2) level. The line
with the lowest energy corresponds to the doubly degene
G7 spin representation ofTd and the one with the highes
energy to the fourfold degenerateG8 representation.5 Dou-
blets are observed near the transitions expected toward
3p0 and 3p6 states. From energy considerations, the lo
energy components are ascribed to the 3p0 and 3p6 lines
and the high-energy ones to the 3s(T2) and 4s(T2) lines,
respectively. The highest energy line of this spectrum is
tributed to 6h6 ~see Table I!. All the S1 lines observed in
sample 1 are reported in Table I. The line reported at 598
meV by Krag et al. and attributed to 3d0 ~Ref. 13! is not
observed here, but the observation of five lines above 3p6 ,
the highest energy line of the S1 spectrum reported so far,13

means that the sample is of a high quality for the pres
purpose. The single donor effective-mass~EM! energies of
Table I are those calculated in Ref. 14.

en
e

peak
TABLE I. Positions and full widths at half-maximum~FWHM! at 6 K of the S1 lines measured in sampl
1 ~all quantities are expressed in meV!. The energies of the excited levels~fourth column from the right! are
normalized by taking for the 3p6 state an energy four times the value calculated in the effective mass~EM!
approximation~second column from the right!. The corresponding ground state energy~613.8 meV! is
slightly larger than the ones quoted in the literature@613.5 and 613.6 meV~Refs. 5 and 13!#. The 2p6 line,
reported as a doublet15 shows a high-energy asymmetry, but the position given here is the measured
value.

Line label Position Energy Energy/4 Calculated~EM! FWHM

1s(T2)G7 429.23 184.57 46.14 31.26 0.022
1s(T2)G8 429.60 184.20 46.05 0.030

2p0 568.03 45.77 11.44 11.49 0.5
2s(T2) 573.14 40.66 10.17 8.86 1.1
2p6 588.01 25.79 6.45 6.40 0.25
3p0 592.27 21.53 5.38 5.48 0.3

3s(T2) 593.04 20.76 5.19 4.78 0.4
3p6 601.32 @12.48# @3.12# 3.12 0.4

4s(T2) 601.99 11.81 2.95 2.91 0.3
4p6 and 5s(T2) 605.80 8.00 2.00 2.19 and 1.93 0.3

5 f 0 607.05 6.75 1.69 1.63 0.2
5p6 608.07 5.73 1.43 1.45 0.4
5 f 6 608.76 5.04 1.26 1.26 0.2
6h6 610.32 3.48 0.87 0.89 0.2
0-2
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The detection of the S1 spectrum is due to the presence
boron in the sample. The B2 ions can scatter the electron
still bound to S ions, especially in highly excited states.
consequence would be a broadening of the levels~Stark
broadening!, but the sharp lines near the continuum sh
that this mechanism is not dominant in this sample. The r
tively large full width at half-maximum~FWHM! of 2s(T2)
can be due to the unresolved splitting between theG7 andG8
states.

B. The 1s„T2… components of S¿

Uniaxial stress studies have shown that the 1s(T2) states
cannot be described by the deformation potential approxi
tion and that they are less sensitive to stress than the e
tive mass states, including the otherns(T2) states.16 This is
also seen in the FWHMs of the 1s(T2)G7 and 1s(T2)G8 ,
labeled from nowG7 andG8 , which are about one order o
magnitude smaller than those of the other lines of the sp
trum ~see Table I!. A close-up of these two lines is shown
Fig. 2. They both present unexpected low-frequency sa
lites and a weak high-frequency one. The low-energy sa
lites are reminiscent of those due to Si isotope effects
vibrational spectra like those of interstitial oxygen.17 The
high-frequency satellite can be related to the34S isotope,
whose natural relative abundance with respect to32S is
0.045. No contribution of33S, expected to lie midway be
tween the32S and34S components, is detected in this samp
This can be understood as@33S#/@32S# in natural sulfur is
only 0.008 and the33S component would be located on th
low energy onset of the strong32S line ~to be exhaustive,
@36S#/@32S# is 2.131024).

The sameG7 structure as in Fig. 2 is shown in Fig. 3 fo
sample 2, enriched with about 25% of isotope33S. In this
latter structure, a high-energy component is now clearly v
ible at the position expected for33S. This result confirms the

FIG. 2. Fine structure of theG7–G8 doublet of 1s(T2) of S1 in
sample 1. TheLi andH1 satellites are isotopic components. The fu
widths at half-maximum of 0(G7) and 0(G7) are 22 and 30meV,
respectively, and their separation is 0.365~4! meV. The features at-
tributed to28Si2

29Si30Si are indicated by arrows. The resolution is 3
meV ~0.03 cm21!.
08521
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existence of a positive S isotope shift of theG7 line. As the
individual FWHMs are larger forG8 ~see Table I!, the iso-
tope effect is less distinct for that line in sample 2 and it
not shown here, but the positive isotope shift of S forG8
must be considered as established. The ISs observe
sample 1 are level-dependent~see Table II!. We can substan-
tiate the Si isotope guess by considering a SSi4 quasimole-
cule or cluster interacting weakly with the crystal. From t
natural abundances of28Si, 29Si, and30Si ~0.922, 0.047, and
0.031, respectively!, the four most probable surroundings
a S atom are28Si4 , 28Si3

29Si, 28Si3
30Si, and28Si2

29Si30Si. The
ratios of the probabilities of the28Si3

29Si, 28Si3
30Si, and

28Si2
29Si30Si surrounding combinations normalized to28Si4

are thus 0.20, 0.13, and 0.02, respectively. The first two v
ues compare with the measured values of 0.21 and 0.15
the intensities ratiosL1(G7)/0(G7) and L2(G7)/0(G7). The

FIG. 3. 1s(T2)G7 of S1 in sample 2. The heights of the bar
indicating the positions of the32S, 33S, and34S components are
proportional to the abundances of the isotopes. The positions o
32S and34S components are taken from the data with sample 1
the attribution ofL2 is given in Table II.

TABLE II. Shifts ~meV! from the 0 lines of the 1s(T2) isotope
satellites of S1 ~accuracy,67 meV!. The positions of the 0(G7) and
0(G8) lines are 429.233 and 429 599 meV, respectively~accuracy,
63 meV!. The same value of 35meV is obtained for the33S shift of
theG7 line either by linear interpolation with the34S value~sample
1! or by direct measurement~sample 2!. The last line is an estima
tion of the shifts of the components noted by arrows in Fig. 2.

Satellite 1s(T2)G7 1s(T2)G8 Attribution

H1 169 159 34S28Si4
135 33S28Si4

0 - - 32S28Si4
L1 234 244 32S28Si3

29Si
L2 269 284 32S28Si3

30Si
2100 2120 32S28Si2

29Si30Si
0-3
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very weak features noted by arrows in Fig. 2 are attribute
the 28Si2

29Si30Si surrounding. The relative intensities of the
combinations scale with the fourth power of the Si isoto
abundances and this is also consistent with the existenc
four equivalent Si atoms surrounding the S atom. The re
tive intensity ofH1(G7) with respect to 0(G7) is ;0.05 and
it compares well with the relative abundance of34S, so that
the attribution of 0 andH1 to the zero-phonon lines of32S
and 34S seems to be sensible. Moreover, as seen above
is substantiated with the observation of the33S IS in sample
2. The observation of ISs associated with the 2p6 line would
have been instructive, but that line is unfortunately too bro
~see Table I!.

C. The 1s„T2…G7 component of Se¿

The ionization energy of Se1 in silicon ~593 meV! is only
slightly lower than that of S1 and we have looked for simila
isotope effects for the 1s(T2) line of Se1 in silicon. The
profile of 1s(T2)G7 of Se1 is shown at 6 K in Fig. 4 with the
same abscissa scale as that of Fig. 2@G8(Se1) is outside the
span of the figure#. The low-energy side ofG7(Se1) is about
two times broader than the high-energy side and no struc
is observed but a shoulder, noted by an arrow in Fig. 3. T
Se isotopes are74Se, 76Se, 77Se, 78Se, 80Se, and82Se with
natural abundances of 0.009, 0.094, 0.076, 0.238, 0.496,
0.087, respectively. For the fitting procedure, the shifts
assumed to have the same signs as for S1 and they are ad-
justed to fit the experimental profile. Besides the most
tense components, the contributions of74Se28Si4 ,
78Se28Si2

29Si30Si, and 80Se28Si2
29Si30Si have also been in

cluded. The best fit is shown in Fig. 5. Despite small diff
ences due to the crudeness of the assumptions used, spe
concerning fully symmetric Gaussian components, the o
all agreement with the observed profile seems to be a p

FIG. 4. 1s(T2)G7 components of Se1 in silicon with the same
abscissa scale as Fig. 2. The separation from 1s(T2)G8 ~not shown!
is 2.27 meV.
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of the role of isotope effects in theG7(Se1) line shape. This
fit is obtained with a FWHM of 27meV, a Se IS of only111
meV/nucleon, anticipated from the heavier mass of the
atom compared to sulfur, and a Si IS of234 meV/nucleon,
close to the one for sulfur. The fit shows also that the in
vidual components ofG7(Se1) stay sharp. Componen
G8(Se1) has an observed FWHM near 250meV and it does
not show the assymmetry ofG7(Se1) so that no isotope
fitting has been tried on that component. The ionization
ergy of Te1 in silicon is 411 meV and the 1s(T2)G7 com-
ponent has a FWHM of 223meV, with a very slight low-
energy broadening. Considering the S and Se ISs values,
IS of 15 meV/nucleon seems to be a reasonable estimat
Leaving the Si IS unchanged, we expect from the Te isoto
distribution an upper limit of the FWHM ofG7(Te1) com-
parable to that ofG7(Se1). The fact that the former is more
than three times larger than the latter means thatG7(Te1) is
broadened by mechanisms other than isotope effect. The
measured or adjusted for S and Se are given in Table

TABLE III. Isotope shifts per nucleon~meV! measured for the
S1 lines and obtained from the fit for the Se1 line.

Impurity Sulfur Selenium

Transition 1s(T2)G7 1s(T2)G8 1s(T2)G7

Chalcogen shift 13463 13065 111
Silicon shift 23463 24365 234

FIG. 5. Peak fitting of 1s(T2)G7(Se1) profile of Fig. 4 with Si
and Se isotope effects. It is obtained by summing the intensitie
18 individual Gaussian components with the same FWHM of
meV, knowing the isotope relative abundances and fitting the p
absorption of80Se28Si4 to 3.28 cm21. The energy scaling is ob
tained from the Se and Si ISs~111 and234 meV/nucleon, respec-
tively!, combined with the fitted energy of the80Se28Si4 component
~427.346 meV!.
0-4
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III. DISCUSSION

A. The Si isotope shift

Two distinct ISs are reported here: one, positive, relate
the chalcogen atom and a second one, negative, related t
surrounding Si atoms. It must be noted that opposite ISs
to C and Si have already been reported for carbon-rela
complexes produced in silicon by electron irradiation.1 We
discuss the ISs reported here in the frame of a tetrahe
XSi4 cluster~X is S or Se! in the valence force approxima
tion. In II–VI compounds, the radial force constant is mu
larger than the transverse one18 and to simplify, we assume
that this also holds for silicon so that we neglect the lat
Within this approximation, there are only two vibration
modes of the cluster: a fully symmetric one,a1 , and a triply
degenerate asymmetric one,t2 , transforming, respectively
according to theG1 andG5 irreducible representations of th
Td point group.

Let us consider first the vibronic coupling with thea1
mode. In this case, the energyE of an optical transition has
three contributions:~i! a purely electronic one,~ii ! one in-
volving lattice relaxation, and~iii ! one coming from the
zero-point energies in the electronic ground and exc
states. To the first order, the force constants do not depen
the atom masses and therefore, the lattice relaxation ene
do not show any isotope effect. For the above-conside
XSi4 cluster, the zero-point energy contribution toE due to
the a1 andt2 modes is

\

2
@~v1

e2v1
g!13~v5

e2v5
g!#, ~1!

where the indexj of the mode frequencyv refers to one of
the irreducible representationsG j of Td and the superscript to
the excited~e! or ground~g! state. When one of the Si atom
of the cluster is replaced by an isotope Sii , the point group
symmetry of the XSi3Sii cluster changes toC3v . The t2
mode with frequencyv5 splits then into two modes with
frequenciesv51 andv53, transforming as the singly degen
erateG1 and doubly degenerateG3 representations of the
C3v group, respectively, while the frequency of the sing
degeneratea1 modes shifts fromv1 to v11. The zero-point
energy contribution to the energyEi of the optical transition
for the XSi3Sii cluster becomes

\

2
@~v11

e 2v11
g !1~v51

e 2v51
g !12~v53

e 2v53
e !# ~2!

and the electronic Si ISdSi is the difference between expre
sions ~2! and ~1!. If the frequencies of the modes are th
same in the electronic ground and excited states,dSi is zero.
One condition put forward to explain the observation of
IS is a difference of the electronic densities at the atom
in the ground and excited states:19 an excess electron loca
ized in the vicinity of the cluster softens the force consta
between the atoms of the cluster as it corresponds to a fi
of antibonding orbitals associated with the bonds. This
sults in a reduction of the frequencies of the modes of
cluster in the ground state, compared to the excited s
where the electronic density is smaller. Expressions for
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above frequencies can be derived from the work
Rosenthal.20 Within the valence force approximation,v11

5v1A12k, v55v535v1A11L, and v51

5v1A11L23k, wherev15Ak/m is the frequency of the
a1 mode. The quantitiesk5Dm/4(m1Dm) and L
54m/3M are expressed in terms of the massM of atom X
and of the massesm andm1Dm of the 28Si and iSi atoms.
The ISdSi thus reads

dSi5
\

2
@~v11

e 2v1
e!2~v11

g 2v1
g!1~v51

e 2v5
e!2~v51

g 2v5
g!#.

~3!

When an electron is bound to a donor, the more localiz
the electron, the weaker the force constant: the X–Si sp
constantk is smaller in the ground state (kg) than in the
excited state (ke). For k!1, the explicit form fordSi is

dSi5
2\v1

e

4
kF11

3

A11L
G S 12Akg

ke
D . ~4!

With the above assumption, the value of expression~4! is
negative, as observed. In order to evaluate the bond so
ing, an estimation ofv1

e is required. A resonance ascribed
P1 has been reported21 in silicon at 55 meV~'445 cm21!.
Besides the nuclear charge, the mass and electronic stru
of S1 are close to those of P1 so that a mode frequency o
500 cm21 is of the right order of magnitude for S1. In order
to match the experimental values of the32S28Si4–32S28Si3

29Si
IS ~234 meV! for the transition towards the 1s(T2)G7 level
of S1, the ratiokg /ke deduced from expression~4! must be
'0.84.

B. The S isotope shift

The S and Se ISs involve the triply degeneratet2 mode,
the only one that includes a displacement of the chalco
atom. Within the preceding assumption, the same mode s
ening is responsible for an IS when32S28Si4 is replaced by
34S28Si4 , namely,

dS5
3\v1

e

2
@A11L342A11L32#S 12Akg

ke
D , ~5!

where the indexes correspond to the masses of the S
topes. The same causes producing the same effects, wit
above value of kg /ke , the predicted 32S–34S IS for
1s(T2)G7 is negative while the experimental value is169
meV and this confirms that the chalcogen isotope shift m
include another mechanism.

One important point has been omitted in the above
scription of the S IS, namely the electron-t2 local mode cou-
pling. If it has no effect on the ground state, which is
orbital singlet, it modifies the excited states, which origina
from an orbital triplet, through aT2^ t2 vibronic coupling.
The electron-local mode coupling constantVT has a purely
electronic origin and the Jahn-Teller energyEJT is therefore
independent of the mass of the chalcogen atom. It can
written EJT52VT

2/3mv5
2, wherem is the reduced mass of th
0-5
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t2 mode. The termmv5
2 is simply the mass-independe

spring constant. The energy of the lower vibronic excit
state22 becomesEel2EJT1g\v5

e . The two first terms of this
expression are independent of the mass of the chalco
atom andg is a factor that can take values between'1.2 and
3/2.22 When the zero-point energy in the excited sta
3\v5

e/2 is replaced byg\v5
e , expression~5! reads

dS5\v1
e@A11L342A11L32#S g2

3

2
Akg

ke
D . ~6!

For g, 3
2 Akg /ke, the ISdS is positive, as observed. Wit

the above value ofkg /ke , g must be less than 1.374 in orde
to get a positive value of the IS. This corresponds22 to a
value ofA3EJT/2\v5

e ~the k abscissa unit of Fig. 1 of Ref
22! larger than 0.7 and this means that for a rather mode
strength of theT2^ t2 vibronic coupling, the chalcogen IS
becomes positive. To reproduce the observed value ofdS , g
must be 1.327 which corresponds22 to EJT/\v5

e'0.5. The
value ofv5 derived from the estimated frequency ofv1 used
above for the SSi4 cluster yields a value of the Jahn-Tell
energy of'45.6 meV for the 1s(T2) state of S1. This value
of EJT provides an explanation for about 75% of the diffe
ence near 60 meV between the experimental energy of
1s(T2) state of S1 and the one obtained from effective ma
theory ~Table I!.

As already mentioned in Sec. II, the effect of an uniax
stress on the 1s(T2) states is smaller than expected from t
combination of the effective mass approximation and de
mation potential approximations.16 TheT2^ t2 vibronic cou-
pling discussed above reduces the effect of nontotally s
metric operators;22 thus it contributes to the effectivel
observed reduction of the effect of uniaxial stresses. Us
the results of Ref. 22 together with the value ofEJT/\v5

e

quoted above, one obtains a reduction factor around 0.4,
close to the factor of 0.37 observed experimentally.16

It turns out that a negative34S IS has been reported som
years ago for 2p6(S1) in silicon.23 It was obtained by mea
suring the energy shift of the 2p6 peak in a sample enriche
with about 90% of34S. The FWHM of 2p6(S1) measured
at 9 K in this experiment was;0.9 meV and the shift found
to be negative for34S, about two times larger~20.14 meV!
than the one, positive, reported here for 1s(T2). The same
ce
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result was also found for the other lines~limited in energy to
2p0 and above! of this 34S-enriched sample.23 A possible
explanation for this observation could be the absence~or the
weakness! of T2^ t2 vibronic coupling in the 2p6 excited
state and the fact that the electron is still more delocalize
the 2p6 state than in the 1s(T2) states. The first point is
reinforced by the fact that the effect of stress follows t
effective mass theory-deformation potential approximatio
Another possibility to explain the above experimental res
is the fact that, in this particular experiment, the samp
were reported to be illuminated with white light, creatin
electron-hole pairs so that the S atoms could be parti
neutralized. If the compensation ratio was different in t
samples doped with natural S and34S, so was the perturba
tion of the electrons in the excited states and a negative s
of the lines can be produced by a stronger inhomogene
Stark effect.

IV. CONCLUSION

We have produced evidence of two opposite ISs of
1s(T2) components of the spectrum of S1 in silicon and we
have shown that they can explain the profile of one of
corresponding lines of Se1 in silicon. The negative Si shift
can be explained by a softening of the chalcogen–Si bo
in the ground state due to the localization of the donor el
tron. The positive chalcogen IS can be understood in te
of a vibronic coupling of the excited electronic triplet sta
with the triply degenerate local vibrational mode involving
displacement of the chalcogen atom. This effect combin
with the bond softening is shown to be able to produce
positive S IS. Incidentally, we have shown that this vibron
coupling accounts for most of the energy difference w
effective mass theory as well as for the stress effect ano
lies observed for the 1s(T2) level of S1.
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