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Weak satellites of the strong and sharp parity-forbidden, but symmetry-allos{éd Jt—1s(T,) doublet of
the S" 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 Sé in silicon can be reproduced from the computed combination of Si and Se isotope shifts with
the same characteristics as those 6f 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 ther, 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(g level.
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[. INTRODUCTION are irreducible representations of the tetrahedral point group
T4). In silicon, the Raman scattering of thes(A;)
Isotope shift{1Ss) of vibrational lines are commonly ob- — 1s(E) transition for P and AgRefs. 6 and Y as well as
served by infraredIR) absorption or Raman scattering whenthe IR absorption of the symmetry-allowed s(#,)
more than one isotope of the atom involved in the vibration—1s(T,) doublet of Bi(Ref. 8§ have been observed. The
is present and when the lines are reasonably sharp. The lindsublet structure of thes{A;) — 1s(T,) transition is due to
are always shifted to lower energies when the atom is rea spin-valley coupling made possible by thdike character
placed by a heavier isotope as the vibrational energy is inef the T, levels.
versely correlated to the mass of the atom. In solid state The ground state of the second electron of S and Se is
spectroscopy, this negative IS is used to identify or check thaear 0.6 eV, in the middle of the silicon energy gap. The line
nature and number of isotopic species present in defects epectra of $ and Sé bear similarities with those of’Sand
impurity complexes. ISs of electronic lines are less commorS€’, but the spacings between corresponding lines are four
and they are usually seen in high-energy photoluminescendénes larger than for the neutral charge stifée factor of 4
or absorption lines and they are related with the coupling otomes from the quadratic dependence of these energies on
the electronic levels to local vibrational modes. At a differ-the +2q charge of the nucleus. The singly ionized charge
ence with the vibrational ISs, the electronic ISs can be posistate is paramagnetic and the electron paramagnetic reso-
tive or negative with respect to the lighter isotope and thenance(EPR) of S* in silicon shows that this ion has a cubic
prediction of these shifts requires a detailed analysis of theymmetry in the silicon lattic’ The absorption spectra of
coupling between the electronic and vibrational states. Sucthe chalcogen atoms and of their complexes, like the chalco-
shifts have been reported for instance for C complexes progen pairs, have been extensively investigated in silfcand
duced in silicon by electron irradiatidrput also in the spec- the ground state energies are the greatest for the isolated
tra of different substitutional transition metals in compoundatoms. In silicon, when chalcogens are partially compen-
semiconductor$? sated, for instance with acceptors, it is possible to observe
In silicon, substitutional chalcogen ator(f3, Se, and Te the spectra of the singly ionized donors. In addition to the
have two more valence electrons than Si. The binding energysual effective-mass-like lines, the ionized chalcogen spectra
of the first electron is rather large-0.3 eV for S and Se  show rather intense parity-forbidders(®,) — 1s(T,) tran-
compared to that for group V donors P and As in siliconsitions and weaker(A;)—ns(T,) transitions.
(~0.05 e\), but within shifts of their positions, the elec- With the exception of the H/D isotope effect involving
tronic line spectra of & S&, P, and As donors are strikingly tunneling hydrogen of a donor complex in germanitimp
similar as they involve effective-mass-like excited statesclear evidence of an isotope effect has been reported so far in
The 1s state displays the sixfold degeneracy of the conducthe absorption spectra of effective-mass-like donor and ac-
tion band of silicon, but this degeneracy is lifted by the cen-ceptors in semiconductors. We present here results showing
tral cell effect and the 4(A,) state can be substantially two distinct isotope effects of some electronic transitions of
deeper than thes(E) and 1s(T,) state§® (A,, E, andT,  the S" donor ion in silicon. We discuss them in terms of the
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A The S pollution was detected by the unexpected observation
0.16 - §" absorption in siicon @ 6 K i in one chip of this sample, of lines of the" $pectrum, and
_ Resstem Somv 4oy | 4 this allowed the measurements discussed here. Sample 2,
E ’ doped with sulfur enriched with about 253S, was mea-
% °-‘2'15(Tz, ] sured in a multitreflection geometAallowing an effective
2 ] x5 ] sample thickness of 15 mm. Silicon samples containing Se
8 005l i and Te€ with natural isotopic abundances were also mea-
5 sured during this study.
S 2, 25T, %, 4(T,)
< 0044 &, ]
MW A. The S* spectrum
000 , The spectrum of Sin sample 1 is shown in Fig. 1. In this
T4 430 570 580 590 800 610 figure, the most prominent lines are labeled according to the
Photon energy (meV) final states of the transitions, following the notations of Kohn

. . . . and Luttingef The two strong lines near 429 meV originate
FIG. 1. Medium resolution overall spectrum of singly ionized f the 1S(A 18(T) t it lit b dified
sulfur in silicon(sample 1. The abscissa scale is the same for both rom the 15(A,) — 1s(T5) transition split by some modifie

sections. The ordinates of the right-hand side section have bee?Pin'orbit(Spin'Va”ey splitting of the 15(T,) level. The line
expanded by a factor of 5. with the lowest energy corresponds to the doubly degenerate

I'; spin representation of ; and the one with the highest
coupling of this ion with the neighboring atoms and we ex-€nergy to the fourfold degeneralg representatiod.Dou-

trapolate the results to the Séon. blets are observed near the transitions expected toward the
3py and 3. states. From energy considerations, the low-
Il EXPERIMENTAL SETUP AND RESULTS energy components are ascribed to thg and 3~ lines

and the high-energy ones to the(3,) and 4s(T,) lines,
The spectra were obtained & K with a BOMEM DA8  respectively. The highest energy line of this spectrum is at-
Fourier transform spectrometer. An optical filter with a high-tributed to é.. (see Table ). All the S* lines observed in
frequency cutoff at 0.7 eV was placed between the quartzsample 1 are reported in Table I. The line reported at 598.52
halogen source and the samples to prevent the trapping ofieV by Kraget al. and attributed to 8, (Ref. 13 is not
electrons from the photogenerated electron-hole pairs by thebserved here, but the observation of five lines abgve ,3
positive chalcogen ions. The"$pectrum was measured in a the highest energy line of the"Spectrum reported so fat,
float-zone boron-doped silicon sampleample 1. This means that the sample is of a high quality for the present
sample had been diffused withO and*®0 for a long time at  purpose. The single donor effective-ma&M) energies of
high temperature in a cell used previously for S diffusion.Table | are those calculated in Ref. 14.

TABLE |. Positions and full widths at half-maximutfWHM) at 6 K of the S’ lines measured in sample
1 (all quantities are expressed in meWhe energies of the excited levéfsurth column from the rightare
normalized by taking for the 3. state an energy four times the value calculated in the effective (345
approximation(second column from the rightThe corresponding ground state enek§l3.8 meV is
slightly larger than the ones quoted in the literati&3.5 and 613.6 meYRefs. 5 and 18. The 2p.. line,
reported as a doubfétshows a high-energy asymmetry, but the position given here is the measured peak

value.
Line label Position Energy Energy/4 CalculatgtM) FWHM
1s(T,)I'; 429.23 184.57 46.14 31.26 0.022
1s(T,)T'g 429.60 184.20 46.05 0.030
2pg 568.03 45.77 11.44 11.49 0.5
25(Ty) 573.14 40.66 10.17 8.86 1.1
2p+ 588.01 25.79 6.45 6.40 0.25
3pg 592.27 21.53 5.38 5.48 0.3
3s(Ty) 593.04 20.76 5.19 4.78 0.4
3p 601.32 [12.48 [3.12 3.12 0.4
4s(T,) 601.99 11.81 2.95 291 0.3
4p. and 5(T,) 605.80 8.00 2.00 2.19 and 1.93 0.3
5f, 607.05 6.75 1.69 1.63 0.2
5p- 608.07 5.73 1.43 1.45 0.4
5f. 608.76 5.04 1.26 1.26 0.2
6h. 610.32 3.48 0.87 0.89 0.2
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FIG. 2. Fine structure of thE;—I"g doublet of 1s(T,) of S* in 3460 3461 3462 3463
sample 1. Thé; andH, satellites are isotopic components. The full Wavenumber (cm™)
widths at half-maximum of A{;) and 0(";) are 22 and 3QueV, . .
respectively, and their separation is 0.885meV. The features at-  FIG. 3. Is(Tp)I'; of S" in Szamlg;e 2. Thae heights of the bars
tributed t02S2°Si®Si are indicated by arrows. The resolution is 3.7 indicating the positions of thé®s, *°s, and*'s components are
eV (0.03 cm ). proportional to the abundances of the isotopes. The positions of the

%25 and®*s components are taken from the data with sample 1 and

The detection of the Sspectrum is due to the presence of the attribution ofi.; is given in Table II.

boron in the sample. The Bions can scatter the electrons

still bound to S ions, especially in highly excited states. Aexistence of a positive S isotope shift of the line. As the

consequence would be a broadening of the ley8grk individual FWHMs are larger fol'g (see Table), the iso-

broadening, but the sharp lines near the continuum showtope effect is less distinct for that line in sample 2 and it is

that this mechanism is not dominant in this sample. The relanot shown here, but the positive isotope shift of S Fy

tively large full width at half-maximun{FWHM) of 2s(T,) must be considered as established. The ISs observed in

can be due to the unresolved splitting betweenlthandl's  sample 1 are level-dependdsee Table ). We can substan-

states. tiate the Si isotope guess by considering a,Sfsiasimole-

cule or cluster interacting weakly with the crystal. From the

B. The 1s(T,) components of & natural abundances 6%Si, 2°Si, and®°Si (0.922, 0.047, and

o i 0.031, respectively the four most probable surroundings of
Uniaxial stress studies have shown that tis€TL) states 5 g gtom aréssi,, 288i§98i, 288i§°8i, and288i§98i3°Si. The

cannot be described by the deformation potential approximaFatios of the probabilities of the®SE%si, S%i, and
tion and that they are less sensitive to stress than the effegg. 29. 30 . o Ts 3 ,%?S'

tive mass states, including the othes(T,) states® This is S SISI surrounding combinations normalized 05,
also seen in the FWHMs of thesT,)I'; and 15(T,)T's, are thus 0.20, 0_.13, and 0.02, respectively. The first two val-
labeled from nowl’; andI'g, which are about one order of ues compare W'th. the measured values of 0.21 and 0.15 for
magnitude smaller than those of the other lines of the spect—he intensities ratio.; (I'7)/0(I'z) and Lo(I'7)/0(I'7). The
trum (see Table)l A close-up of these two lines is shown in

Fig. 2. They both present unexpected low-frequency satel- TABLE Il. Shifts (ueV) from the O lines of the 4(T,) isotope

lites and a weak high-frequency one. The low-energy satefsatellites of S (accuracy,~7 ueV). The positions of the d{7) and

lites are reminiscent of those due to Si isotope effects iff(I's) lines are 429.233 and 429 599 meV, respectivalcuracy,
vibrational spectra like those of interstitial oxygenThe  *3#e€V). The same value of 3heV is obtained for thé"S shift of
high-frequency satellite can be related to Hs isotope, thel’; Ilng either by linear interpolation with th?s ve}lue(sample
whose natural relative abundance with respect31® is 1) Of Py direct measuremexgample 2. The last line is an estima-
0.045. No contribution of3S, expected to lie midway be- tion of the shifts of the components noted by arrows in Fig. 2.
tween the®’S and**S components, is detected in this sample.

This can be understood 4s°S]/[3%S] in natural sulfur is Satellite ST 1s(T2)ls Attribution
only 0.008 and thé®S component would be located on the H, +69 +59 34528g;,
low energy onset of the stronfS line (to be exhaustive, +35 335285,
[36S]/[3°S] is 2.1x 107 4). 0 - - 32528g;,
The samd’; structure as in Fig. 2 is shown in Fig. 3 for L, —34 —44 SR STANT]
sample 2, enriched with about 25% of isotopiS. In this L, —69 -84 325285305
latter structure, a high-energy component is now clearly vis- —~100 —120 32528529530

ible at the position expected fd?S. This result confirms the
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FIG. 4. 1s(T,)T'; components of Sein silicon with the same FIG. 5. Peak fitting of &(T,)I';(Se") profile of Fig. 4 with Si
abscissa scale as Fig. 2. The separation frefTd)I'g (not shown and Se isotope effects. It is obtained by summing the intensities of
is 2.27 meV. 18 individual Gaussian components with the same FWHM of 27

peV, knowing the isotope relative abundances and fitting the peak
very weak features noted by arrows in Fig. 2 are attributed t@bsorption of*°Sé®Si, to 3.28 cm™. The energy scaling is ob-
the 852°S°Si surrounding. The relative intensities of the Si tained from the Se and Si 1$s-11 and—34 ueV/ nucleon, respec-
combinations scale with the fourth power of the Si isotopictively): combined with the fitted energy of ise*Si; component
abundances and this is also consistent with the existence (()427'346 mey.
four equivalent Si atoms surrounding the S atom. The rela-
tive intensity ofH(I';) with respect to 0[';) is ~0.05 and
it compares well with the relative abundance®$, so that of the role of isotope effects in tHe;(Se") line shape. This
the attribution of 0 andH, to the zero-phonon lines oS fit is obtained with a FWHM of 2ueV, a Se IS of only+11
and %S seems to be sensible. Moreover, as seen above, thigV/nucleon, anticipated from the heavier mass of the Se
is substantiated with the observation of 8 IS in sample  atom compared to sulfur, and a Si IS e84 ueV/nucleon,
2. The observation of ISs associated with tige.dine would  close to the one for sulfur. The fit shows also that the indi-
have been instructive, but that line is unfortunately too broadiidual components ofl';(Se") stay sharp. Component
(see Table)l I'g(Se") has an observed FWHM near 25@V and it does
not show the assymmetry df,(Se") so that no isotope
C. The 1s(T,)I'; component of S& fitting has been tried on that component. The ionization en-
ergy of Te" in silicon is 411 meV and thes(T,)I"; com-
ponent has a FWHM of 223eV, with a very slight low-
energy broadening. Considering the S and Se ISs values, a Te
IS of +5 weV/nucleon seems to be a reasonable estimation.
Leaving the Si IS unchanged, we expect from the Te isotopes

The ionization energy of Sein silicon (593 meVj is only
slightly lower than that of S and we have looked for similar
isotope effects for the «(T,) line of Se" in silicon. The
profile of 1s(T,)I'; of Se" is shown &6 K in Fig. 4 with the

same abscissa scale as that of FifI'g(Se") is outside the distribution an upper limit of the FWHM of ,(Te") com-

span of the figurk The low-energy side df;(Se") is about  parapie to that of ,(Se*). The fact that the former is more
two times broader than the high-energy side and no structurg o n three times larger than the latter means Ehgfe") is

is observed bUtéfSSh%"de%nOt%g by an arrow in Fig. 3. Thgyroadened by mechanisms other than isotope effect. The ISs
Se isotopes ar€'se, °Se, "'Se, "“Se, Se, and™Se with  easyred or adjusted for S and Se are given in Table III.

natural abundances of 0.009, 0.094, 0.076, 0.238, 0.496, and
0.087, respectively. For the fitting procedure, the shifts are

assumed to have the same signs as foraid they are ad- TABLE IIl. Isotope shifts per nucleoueV) measured for the
justed to fit the experimental profile. Besides the most in-S' lines and obtained from the fit for the Séine.

tense components, the contributions of'Se®Si,,

85&85i295i°0si, and 80s&®sis’Si*%Si have also been in- Impurity Sulfur Selenium
cluded. The best fit is shown in Fig. 5. Despite small differ-  Transition B(T)I'; 1s(T,)Tg 1s(T,)T5
ences due to the crudeness of the assumptions used, speciallghalcogen shift +34+3 +30+5 +11
concerning fully symmetric Gaussian components, the over-  sijicon shift —34+3 —43+5 —34

all agreement with the observed profile seems to be a procf
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ll. DISCUSSION above frequencies can be derived from the work of
A. The Si isotope shift Rosenthaf® Within the valence force approximatiom,;
= w3 1_K, w5=w53=w1\/1+A, and W51

Two distinct ISs are reported here: one, positive, related ta , \[1+A —3«, wherew, = k/m is the frequency of the
the chalcogen atom and a second one, negative, related to tg? mode. The quantitiesk=Am/4(m+Am) and A

surrounding Si atoms. It must be noted that opposite ISs due 4/3m are expressed in terms of the magxof atom X

to C and Si have already been reported for carbon-relateg,q of the masses andm+ Am of the 28Si and'Si atoms.
complexes produced in silicon by electron irradiatione The IS 6 thus reads

discuss the ISs reported here in the frame of a tetrahedral

XSi, cluster(X is S or Se in the valence force approxima- 3

tion. In 1I-VI compounds, the radial force constant is much dsi= 5 [(©1;~ 1) — (0%~ ©}) + (05~ 05) — (08~ wd)].
larger than the transverse dfi@nd to simplify, we assume &)

that this also holds for silicon so that we neglect the latter.

Within this approximation, there are only two vibrational  When an electron is bound to a donor, the more localized
modes of the cluster: a fully symmetric one,, and a triply  the electron, the weaker the force constant: the X—Si spring
degenerate asymmetric ons,, transforming, respectively, constantk is smaller in the ground statekg) than in the
according to thd’; andT's irreducible representations of the excited stateK,). For k<1, the explicit form fordg; is

T4 point group.

Let us consider first the vibronic coupling with the —hof 3 Kg
mode. In this case, the energyof an optical transition has Osi= 7K 1+ \/ﬁ 1- k) (4)

three contributions(i) a purely electronic ongjii) one in-
volving lattice relaxation, andiii) one coming from the With the above assumption, the value of expres$iris
zero-point energies in the electronic ground and exciteq~Ie '

. gative, as observed. In order to evaluate the bond soften-
states. To the first order, the force constants do not depend QN " on estimation ok is required. A resonance ascribed to
the atom masses and therefore, the lattice relaxation energies” T X _

g E§ has been reportéin silicon at 55 meV(~445 cm ).

do not show any isotope effect. For the above-considered . .
XSi, cluster, the zero-point energy contribution Eadue to esides the nuclear charge, the mass and electronic structure
theiv and T' modes is of S* are close to those of ‘Pso that a mode frequency of
1 2 500 cm ! is of the right order of magnitude for'S In order
i . to match the experimental values of tF&?%Si,—32S?8S3%S;
5 L(01~0}) +3(w5-wd)], (1) IS (=34 weV) for the transition towards thes{T,)I'; level
of S*, the ratioky/k, deduced from expressidd) must be
where the index of the mode frequencw refers to one of ~(.84.

the irreducible representatiohs of T4 and the superscript to

the excited(e) or ground(g) state. When one of the Si atoms B. The S isotope shift
of the cluster is replaced by an isotope, $he point group ] .
symmetry of the XSSi cluster changes t€s,. The 7, The S and Se ISs involve the triply degeneraiemode,

mode with frequencyws splits then into two modes with the only_or_we that includ_es a displaqement of the chalcogen
frequenciesws; and wss, transforming as the singly degen- atom. Within the preceding assumption, the same mode soft-

erate’; and doubly degeneratE; representations of the gpigsg is responsible for an IS Whefs*si, is replaced by
Cs, group, respectively, while the frequency of the singly = S Sk, namely,

degenerater; modes shifts fromw, to wq,. The zero-point 3hwC
energy contribution to the enerdy of the optical transition Se= @1 T+ Ao JITA (l— \E) 5
for the XSiSi' cluster becomes S 2 N wV ] Ke/' ©

where the indexes correspond to the masses of the S iso-
E[(w'fl— o) +(0g— ) +2(wi;— wiy)] (2)  topes. The same causes producing the same effects, with the
above value ofky/ke, the predicted**S-3's IS for
and the electronic Si IBg; is the difference between expres- 1s(T,)I'; is negative while the experimental value 69
sions (2) and (1). If the frequencies of the modes are the ueV and this confirms that the chalcogen isotope shift must
same in the electronic ground and excited stadgsis zero.  include another mechanism.
One condition put forward to explain the observation of an One important point has been omitted in the above de-
IS is a difference of the electronic densities at the atom sitscription of the S IS, namely the electreplocal mode cou-
in the ground and excited stattsan excess electron local- pling. If it has no effect on the ground state, which is an
ized in the vicinity of the cluster softens the force constantorbital singlet, it modifies the excited states, which originate
between the atoms of the cluster as it corresponds to a fillinffom an orbital triplet, through &,® 7, vibronic coupling.
of antibonding orbitals associated with the bonds. This reThe electron-local mode coupling constaat has a purely
sults in a reduction of the frequencies of the modes of theelectronic origin and the Jahn-Teller enef§y; is therefore
cluster in the ground state, compared to the excited stat@dependent of the mass of the chalcogen atom. It can be
where the electronic density is smaller. Expressions for thevritten E ;7= 2V2/3uw?, wherey is the reduced mass of the
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7, mode. The termuw?2 is simply the mass-independent result was also found for the other lindsnited in energy to
spring constant. The energy of the lower vibronic excited2p, and abovg of this **S-enriched sampf&. A possible
staté” becomesE— Ejr+ yAwf . The two first terms of this ~ explanation for this observation could be the abséocéehe
expression are independent of the mass of the chalcogedeaknessof T,® 7, vibronic coupling in the P.. excited
atom andy is a factor that can take values betweeh.2 and  state and the fact that the electron is still more delocalized in

3/222 When the zero-point energy in the excited statethe 2p. state than in the {(T,) states. The first point is
3hwll2 is replaced byyk wg, expressior(5) reads reinforced by the fact that the effect of stress follows the

effective mass theory-deformation potential approximations.
. 3 kg Another possibility to explain the above experimental result
Ss=hw§[V1+Agzq—V1+Ag)] "5 Vi |- © s the fact that, in this particular experiment, the samples
¢ were reported to be illuminated with white light, creating
For 7’<%Mv the IS & is positive, as observed. With €lectron-hole pairs so that the S atoms could be partially
the above value df,/k., y must be less than 1.374 in order neutralized. If the compensation ratio was different in the
to get a positive value of the IS. This correspdfid® a  Samples doped with natural S_aﬁ”(S, so was the perturba-
value of \3E /24wt (the k abscissa unit of Fig. 1 of Ref. tion of the electrons in the excited states and a negative shift
22) larger than 0.7 and this means that for a rather moderatgf the lines can be produced by a stronger inhomogeneous

strength of theT,® 7, vibronic coupling, the chalcogen IS Stark effect.

becomes positive. To reproduce the observed valug;pfy

must be 1.327 which corresporiigo E;r/Awi~0.5. The V. CONCLUSION

value of ws derived from the estimated frequencywf used

above for the SSicluster yields a value of the Jahn-Teller =~ We have produced evidence of two opposite ISs of the
energy of~45.6 meV for the $(T,) state of S. This value  1S(T,) components of the spectrum of $n silicon and we

of E,r provides an explanation for about 75% of the differ- have shown that they can explain the profile of one of the
ence near 60 meV between the experimenta| energy of th@orresponding lines of Sein silicon. The negative Si shift
1s(T,) state of S and the one obtained from effective masscan be explained by a softening of the chalcogen—Si bonds
theory (Table ). in the ground state due to the localization of the donor elec-

As already mentioned in Sec. Il, the effect of an uniaxialtron. The positive chalcogen IS can be understood in terms
stress on the Q(Tz) states is smaller than expected from theOf a vibronic Coupling of the excited electronic triplet state
combination of the effective mass approximation and deforWwith the triply degenerate local vibrational mode involving a
mation potential approximatiot§ The T,® 7, vibronic cou-  displacement of the chalcogen atom. This effect combined
pling discussed above reduces the effect of nontotally symwith the bond softening is shown to be able to produce a
metric Operatorgyz thus it contributes to the effective|y positive S IS. Incidentally, we have shown that this vibronic
observed reduction of the effect of uniaxial stresses. Usingoupling accounts for most of the energy difference with
the results of Ref. 22 together with the value Bf;/fwg effectlve mass theory as well as for the stress effect anoma-
quoted above, one obtains a reduction factor around 0.4, ves observed for the(T») level of S
close to the factor of 0.37 observed experimentslly.

It turns out that a negativ&S IS has been reported some
years ago for p..(S") in silicon?® It was obtained by mea-
suring the energy shift of the@2. peak in a sample enriched The 33S-enriched sample was kindly provided by Profes-
with about 90% of**S. The FWHM of 2. (S*) measured sor C. A. J. Ammerlaan. We acknowledge stimulating discus-
at 9 K inthis experiment was-0.9 meV and the shift found sions with H. J. von Bardeleben on EPR results on
to be negative forf“S, about two times larger-0.14 me\f  the samples and the help of L. Siozade in the curve fitting
than the one, positive, reported here f@(TI,). The same procedure.
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