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Isotope effects on exciton energies in CdS

J. M. Zhang,* T. Ruf, R. Lauck, and M. Cardona
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

~Received 25 September 1997!

The energies of free and bound excitons related to theA andB valence bands in isotopically pure wurtzite
CdS (110CdS, 112CdS, 114CdS, 116CdS! and natural CdS have been measured at low temperature by means of
photoluminescence, piezomodulated reflectivity, and photomodulated reflectivity. With an increase of the Cd
mass the excitonic energies increase by about 40–68meV/amu, one order of magnitude less than observed
when increasing the S mass. These results can be understood from the point of view of electron-phonon
interaction, provided one takes into account the 4d electrons of Cd that hybridize in the valence band with the
3p states of sulfur. The results are compared with existing experimental data of the temperature-dependent
excitonic energies in CdS.@S0163-1829~98!06216-X#
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I. INTRODUCTION

Much attention is presently being paid to isotope effe
in semiconductors.1 Since the frequencies and amplitudes
lattice vibrations depend directly on the atomic mass, isot
substitution in crystals is expected to have a significant
fluence on lattice-dynamical and related properties, e.g., p
non frequencies, linewidths and lifetimes, lattice paramet
thermal expansion, and thermal conductivity.1 Investigations
of these isotopic-mass-dependent properties have been
tensively performed in elemental group-IV diamond-ty
semiconductors during the last few years.1 They have also
recently been extended to compound semiconductors2–5

Modifications of phonon properties also influence the el
tronic states of a semiconductor via the electron-phonon
teraction and changes in the lattice parameters~‘‘thermal
expansion’’!.1 This occurs when either the temperature or
isotopic mass of atoms is varied.1,6 Besides the anharmoni
thermal-expansion term, which exists even atT50 because
of the ‘‘zero-point’’ motion, the main contribution to th
band-gap renormalization comes from the electron-pho
interaction, which can be further separated into Deb
Waller and self-energy terms.7 Along these lines, the tem
perature dependence of band gaps and other critical poin
elemental and binary semiconductors has been investig
in numerous experimental and theoretical studies.7–9 Some
work has also been performed on the dependence of
shifts on isotopic mass in elemental group-IV diamond-ty
semiconductors.10–13 The recent availability of high-quality
isotopically pure samples has opened the door to invest
tions of the isotopic-mass dependence of the electronic st
ture and its relation to the electron-phonon interaction als
compound semiconductors.2,14–16

In compounds, the lattice vibrations involve combinatio
of displacements of the individual constituents, and the p
non branches in the Brillouin zone therefore exhibit differe
isotope shifts. In addition, the valence- and conduction-b
states are usually combinations of the atomic orbitals of v
ous constituent elements. Selective isotope substitution
compounds thus allows one to investigate the behavio
specific phonons and their contribution to the g
570163-1829/98/57~16!/9716~7!/$15.00
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renormalization,15 as well as the hybridization of the elec
tronic energy bands.2,14

In the present paper we investigate several wurtzite C
samples made from natural and isotopically pure Cd betw
110Cd and 116Cd. The energies of the free and bound ex
tons of theA andB bands have been measured with pho
luminescence~PL!, photomodulated reflectivity~PR!, and pi-
ezomodulated reflectivity~PzR!. The exciton energies
increase with increasing Cd mass. The rate of cha
]E/]MCd, however, is significantly smaller than that o
served when increasing the S mass.17 This very small value
is interpreted in terms ofp-d band mixing and electron
phonon interaction. The temperature dependence meas
for the excitonic energies is consistent with the correspo
ing isotope effects.

II. EXPERIMENT AND RESULTS

The measurements were performed on several C
samples grown by vapor transport at about 1000 K in
argon atmosphere with isotopically pure110Cd, 112Cd,
114Cd, and 116Cd and natural sulfurnat.S ~mass 32.066!. A
natural samplenat.Cdnat.S (nat.Cd mass 112.411! was pre-
pared under the same conditions as a reference. The sam
are the same as those used in Ref. 3. The specimen hav
shape of thin plates with thec axis in the surface in a direc
tion parallel to the longer sides. Their typical thickness
around 0.3 mm. This requires paying special attention
strain effects, which can easily be introduced on the t
samples when mounting them in the cryostat. For the PL
PR measurements, only one end of the samples was fixe
a copper sample holder while the other side was not attac
and thus stress free. Only areas without strain were used
the measurements.

For the PzR measurements, the samples were mou
onto a piezoelectric transducer~Phillips PXE 5! using Si
vacuum grease at either end along the long edge~the direc-
tion of thec axis of our samples!.18 Only the 112CdS sample
had a sufficiently large size so that it was not strained du
mounting it onto the piezoelectric transducer. We verifi
this point from the measured peak energies compared
those from PR and PL measurements. The strain modula
to which the samples were subjected was generated by
9716 © 1998 The American Physical Society
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57 9717ISOTOPE EFFECTS ON EXCITON ENERGIES IN CdS
alternating expansion of the transducer driven by a unip
modulation voltage (f 5 400 Hz, Vp-p 5 275 V! from a
Kepco high-voltage operational amplifier. Details of the P
technique can be found in Refs. 18 and 19.

The 2.6-eV laser line from an Ar1-ion laser was used a
the excitation for PL measurements. This line was modula
with a 90-Hz chopper when measuring PR spectra. A 50
tungsten-halogen lamp was used as the source of the
flected light. The PL signals were dispersed with an 0.85
SPEX double monochromator and detected with a Ga
photomultiplier. The modulated reflected light was dispers
by the same monochromator and detected with a Si dio
followed by a lock-in amplifier and a computer. All measur
ments were taken at 6 to 8 K with the samples inside
flow-through helium cryostat. To measure the small ene
differences between the isotopically modified samples, h
resolution was obtained by using very narrow slit widths.
emission peak from a neon lamp was always measured
multaneously with the spectrum to obtain a precise calib
tion of the energy scale.

In order to determine the energy positions associated w
the various observed excitonic structures, the modula
spectra were fitted to the derivative of the Lorentzian l

FIG. 1. Photoluminescence~PL! spectra of CdS grown with
isotopically pure and with natural Cd~as indicated in the figure! in
the energy region of theA excitons. The measurements were p
formed at 8 K with k'c, E'c ~dashed-dotted lines! andEic ~solid
lines!. The intensities have been normalized so that the three p
at the left side have the same height.
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shape with the functional form20

DR

R
5ReF(

j
Cje

iu j~E2Ej1 iG j !
2nG , ~1!

whereCj , u j , Ej , andG j are the amplitude, phase, energ
and the broadening parameter of thej th oscillator, respec-
tively. The exponentn equals 2 in the present case, corr
sponding to bulk excitons.20

The properties of excitons and excitonic polaritons
natural CdS have been extensively investigated in
literature.21 Wurtzite CdS has three valence bands and o

-

ks

FIG. 2. Cd mass dependence of the~a! G5
L(A), ~b! G6(A), ~c!

I 3(A), ~d! I 8(B), ~e! I 1(B), and ~f! I 1(A) excitons obtained from
PL measurements at 8 K. The solid lines are the best linear fit to
data.
t work
TABLE I. Isotope shifts of the excitonic energies in CdS for Cd substitution measured in the presen
compared with the results for S substitution extracted from reflectivity spectra in Ref. 17~T'6 K!. The
slopes are given in units ofmeV/amu.

PL PR
Exciton G5

L(A) G6(A) I 3(A) ~I 8B! I 1(A) I 1(B) G5
L(A) G5

L(B)
]E/]MCd 68613 68620 63613 61613 4567 43613 61620 40622
]E/]MS 7406100 7406100
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9718 57J. M. ZHANG, T. RUF, R. LAUCK, AND M. CARDONA
conduction band with symmetriesG9 ~A band!, G7 ~B band!,
G7 ~C band!, and G7 ~conduction band!, respectively. The
intrinsic states of the corresponding excitons follow from t
decomposition of the product representationG9v3G7c5G5
1G6 for A excitons andG7v3G7c5G11G21G5 for bothB
and C excitons. Transitions to theG5 states are dipole al
lowed for E perpendicular to thec axis, those toG1 are
possible withE polarized parallel to thec axis. TheG5 ex-
citons are split intoG5

T andG5
L branches when coupled wit

photons~excitonic polariton! that correspond to the trans
verse and the longitudinal components, respectively.

We show in Fig. 1 the PL spectra of the isotopically pu
and natural CdS samples in the energy region of the freA
excitons measured at 8 K. The solid and dashed lines
obtained withEic andE'c, respectively. The wave vectork
is kept perpendicular toc in these measurements~with the
incident and outgoing light normal to the surface!. The in-
tensities of the spectra measured withEic have been renor
malized so as to obtain similar intensities of the three pe
on the left side of the figure. Following Ref. 21 and refe
ences therein, we assign the peaks from high to low ene
to the G5

L(A) and G6(A) free excitons, excitons bound t
ionized donors@I 3(A)#, and to two excitons bound to neutr
acceptors derived from theB band @I 8(B) and I 1(B)#, re-
spectively. The peak positions of the free excitons can
better fitted from the difference spectra between the two
larizations. We also observed several peaks in the en
region of theA-band bound exciton, such as the neutral d
nor line I 2(A), which are difficult to distinguish and there
fore hard to compare from sample to sample. However, o
one sharp peak was observed in the energy region of
exciton bound to neutral acceptors@I 1(A)#. This allows the
comparison of the energy of this exciton among differe
samples.

Figure 2 shows the energy positions of various excitons

FIG. 3. Reflectivity~R! and piezomodulated reflectivity (DR/R)
spectra of112CdS at 8 K recorded withk'c for E'c ~dashed-dotted
lines! andEic ~solid lines!, respectively.
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a function of the Cd mass. All the peaks shift towards high
energy when Cd is substituted by a heavier isotope. Over
small range of Cd masses~from 110 to 116!, the variation of
the excitonic energies can be approximated by a linear fu
tion, i.e., E5E1101(]E/]MCd)(MCd2M110), where E110
and M110 represent the gap energy and the Cd mass
110CdS, respectively. Fits of this formula to the experimen
data by a least-squares procedure yield the slopes]E/]MCd
listed in Table I.

Figure 3 shows the reflectivity and PzR spectra of112CdS
measured withE parallel and perpendicular to thec axis.
Structures related to theA and B excitons follow the stan-
dard wurtzite selection rules. TheA-band free exciton@in-
cluding theI 2(A) bound exciton structure around 2.5453 e
which is associated with theA band# is only observed when
E'c, while the freeB exciton is observed for bothE'c and
Eic. Consistent with the PL spectra, theG6(A) exciton is not
completely forbidden. In second-order perturbation the
the G6(A) state is mixed withG1(B) for finite wave
vectors21 when Eic; it is therefore clearly seen in theEic
configuration in which the nearbyG5(A) oscillator is forbid-
den.

The PR spectra of the isotopic samples measured at
with E'c are shown in Figs. 4~a! and 4~b! in the energy
regions ofA and B excitons, respectively. The split trans
verse component of theG5(B) exciton is clearly observed in
112CdS andnat.CdS where the excitons have small inhom
geneous broadening because of the higher sample qualit
the other specimen these two spectral structures are bro
Fits of the spectra using Eq.~1! are given by the solid lines
They always involve two oscillators whose fitted energy p
sitions are marked in Fig. 4 by the vertical lines. The en
gies of theG5

T(A) excitons are not shown in Fig. 4~a! since
the rather broad and featureless spectra in this range ma
hard to determine them accurately. With an increase of
Cd mass the excitonic energies shift to higher values. Th
energy shifts are shown in Figs. 5~a! and 5~b! for the A and
B excitons (G5

L), respectively. A least-squares fit yields th
slopes for theA andB excitons which are also listed in Tabl
I.

We also found excited states of theA and B excitons;
they are shown in the PR spectra of Fig. 6. Polarizat
measurements indicate that the features at about 2.574
and 2.590 eV arise fromA- andB-exciton transitions to the
n 5 2 excited states~2s), respectively. This allows us to
directly determine the binding energy (Eb) and the corre-
sponding band gaps~Eg) from a hydrogenlike model:22

En5Eg2Eb /n2. ~2!

In this manner, we obtain binding energies ofA excitons
of 26.4 6 0.2 meV and 26.86 0.2 meV in 112CdS and
nat.CdS, respectively. The corresponding band gapsEg (G7c
2G9v) are, as denoted in Fig. 6 byn5`, 2.5806~2! eV and
2.5809~2! eV, respectively. In the case ofB excitons, these
values areEb 5 27.16 0.2 meV~27.16 0.2 meV! andEg
(G7c2G7v) 5 2.5964~2! eV @2.5963~2! eV# for the 112CdS
@nat.CdS# sample. Unfortunately, then52 excited states of
the A and B excitons could not be observed in the oth
isotopic CdS samples. Better samples are required for s
measurements.
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FIG. 4. Photoreflectance~PR! spectra of CdS grown with isotopically pure and with natural Cd~as indicated in the figure! in the energy
region of the freeA ~a! andB exciton~b! ground state, respectively. The measurements were performed at 6 K with k'c andE'c. The open
circles are experimental data and the solid lines represent fits using Eq.~1!.
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III. DISCUSSION

Band-gap energies shift with a change of temperature
isotope substitution. Both effects can be understood in
light of the renormalization of electronic states by latti
vibrations.1,6 In addition to the thermal expansion@changes
in the crystal volume~or the lattice constants! due to changes
of either temperature or atomic masses#, band gaps are renor
malized through the electron-phonon interaction at cons
volume. This contribution can be further separated into
so-called Debye-Waller terms~DW, interaction between one
electron and two phonons in first-order perturbation theo!
and the Fan or self-energy terms~SE, interaction between
one electron and one phonon taken to second order in
turbation theory!. The electron-phonon interaction renorma
ization of a band gapEnk can be expressed as a sum ov
phonons:6,10,15

DEnk5(
q, j

S ]Enk

]nqj
D S nqj1

1

2D , ~3!

where nqj is the Bose-Einstein occupation numb
@exp(\vq, j /kBT)21#21 of the vibrational mode with wave
vectorq and branch indexj . The coefficients]Enk /]nqj can,
in principle, be calculated by evaluating the DW and S
terms, provided a realistic lattice-dynamical calculation, g
ing reasonable values of both phonon frequencies and ei
vectors, is available. Along these lines, numerous calc
tions have been performed aiming at predicting
temperature and isotopic mass dependence of the elect
structure and its relation to electron-phonon interaction
semiconductors with both monoatomic diamond-type and
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nary zinc-blende structures.7–10,15Unfortunately, such calcu-
lations are not available for wurtzite-type materials such
CdS.

For GaAs or ZnSe, isotope substituents of either ty
should lead to shifts of theE0 gap which have been calcu
lated to be 430~420! and 310~300! meV/amu for cation
~anion! mass replacement, respectively.15 These values are in
reasonable agreement with data measured for G
@]E0 /]MGa 5 390~60! meV/amu# ~Ref. 15! and our prelimi-
nary results for isotopic ZnSe based on PL measuremen
the bound exciton~neutral acceptorI 1) @]E/]MSe 5 140
640 meV/amu and]E/]MZn 5 240 640 meV/amu# which
will be published in detail elsewhere.

Such behavior, however, is not found in wurtzite CdS.

FIG. 5. Dependence of the ground-state energy of theG5
L(A) ~a!

andG5
L(B) excitons~b! on the isotopic mass of Cd obtained fro

PR measurements at 6 K. The solid lines represent the best fit
a straight line.
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previous reflectivity and PL study17 of nat.Cd32S and
nat.Cd34S shows that for anion isotope substitution t
ground state (n 5 1! energies of bothA andB excitons have
a positive energy shift with the large rate of]E/]MS 5 740
6 100meV/amu. This value is more than one order of ma
nitude larger than]E/]MCd reported in the present work.

Equation~3! can be rewritten as10,15

DEnk~T!5E
0

`

dv g2F~k,n,v!@nv j~T!1 1
2 #, ~4!

where g2F(k,n,v) is a temperature-independent electro
phonon spectral function of the phonon frequencyv. Con-
tributions to this function arise from both acoustic and op
phonons. In CdS, acoustic and optic phonons are ener
cally well separated because of the large mass differe
between Cd (MCd 5 112.4! and S (MS 5 32.1!.23 The
acoustic and the lowest optic branches correspond main
vibrations of Cd atoms while the remaining six hig
frequency optic branches are dominated by the motions
the S atoms.3,23 The DW contribution to the gap renorma
ization can be obtained from a pseudopotential band st
ture by replacing the atomic pseudopotentialsV by

Ve2
1
6 G2^u2& ~whereG2 is the squared magnitude of a reci

rocal lattice vector andu the vibrational amplitude of the
corresponding atom!. This procedure is analogous to the i
troduction of Debye-Waller factors in either x-ray or neutr
diffraction. The dependence of the gaps on temperature
isotopic mass is then derived from an expansion of the

FIG. 6. PR spectra of~a! 112CdS and~b! nat.CdS at 6 K. The
assignment of the spectral features to various components o
series ofA andB excitons is indicated.
-

-

ti-
ce

to

of
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nd
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culated gap energies to first order in the mean squared
non displacement̂u2&;(\/Mv)(n1 1

2 ), which leads to

E~M ,T!5E02
a

vCdMCd
@n~vCd,T!1 1

2 #

2
b

vSMS
@n~vS,T!1 1

2 #, ~5!

whereE0 represents the unperturbed gap energy and the
ditional two terms on the right-hand side correspond to
contributions from the acoustic phonons~Cd vibrations! and
optic phonons~S vibrations!, respectively. Using an averag
acoustic-phonon frequency ofvCd. 60 cm21 and an aver-
age optic-phonon frequency ofvS.270 cm21,23 a least-
squares fit to experimental data of the temperature dep
dence of theA andB excitons in CdS,24–26as shown in Fig.
7, yieldsa50.0134 andb50.1310 eV2 amu for theA exci-
ton anda50.0159 andb50.0999 eV2 amu for theB exci-
ton, respectively. The zero-temperature isotopic-ma
dependent renormalization of the electron energies can
be predicted using Eq.~5!. Using the approximate expressio
vCd(S)}1/AMCd(S) we find

he

FIG. 7. Temperature dependence of theA and B excitons in
CdS. The filled circles and open squares display wavelen
modulated reflectivity data~Ref. 24!, while the diamonds and tri-
angles represent the measured gap energy of theA band gap re-
duced by the exciton binding energy of 27 meV~from Refs. 25 and
26, respectively!. The solid lines are least-squares fits to the d
performed with Eq.~5! using the average phonon frequenciesvCd

5 60 cm21 and vS 5 270 cm21 ~see text!. The dashed and the
dotted lines represent the individual contributions of acous
phonons~Cd vibrations with average frequencyvCd) and optic
phonons~S vibrations with average frequencyvS) to the shift of the
B exciton, respectively.
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]E

]MCd
5

a

4vCdMCd
2

,
]E

]MS
5

b

4vSMS
2

. ~6!

In this manner, we obtain]E/]MCd 5 36 meV/amu~42
meV/amu! and ]E/]MS 5 950 meV/amu ~724 meV/amu!
for the A ~B! exciton, respectively. Given the simplifie
treatment of the CdS lattice dynamics by means of only t
average oscillators (vCd, vS), these values are in surpris
ingly good agreement with the results for isotope substitut
of the Cd and S atoms listed in Table I.

In the Group IV and III-V semiconductors occupiedd
levels can be safely treated as part of the atomic cores. T
are well below the valence band and thus have little infl
ence on the optical properties near the gap.27 Typical energy
differences between thep valence band and thed bands are
32, 18, and 9 eV for the 3d electrons of Ge, Ga, and Zn
atoms in Ge, GaAs, and ZnSe, respectively.27 One can there-
fore neglect thed electrons of the cations when calculatin
the electronic structure and the influence of the electr
phonon interaction near the fundamental band gap. Howe
this situation changes if the energy difference between th
core levels and the valence band becomes smaller.28 In CdS
the Cd 4d states lie only about 6 eV below the S 3p states,
which provide the dominant contribution to the valen
bands.27,29 Hence, one would expect 3p24d hybridization
with some specific influence on the valence bands. It
indeed been reported that the Cd 4d ‘‘core levels’’ yield
significant contributions to the optical properties of CdS
the region of interband transitions, and one has to include
p-d hybridization when calculating either the electron
band structures29–31 or the vibrational properties.23 The ad-
mixture of anionp and cationd states raises the energy o
the top valence bands and thus decreases the gap.14,16,28,29

Taking the electron-phonon interaction into account, an
crease in temperature or, analogously, a decrease of th
mass at low temperature is expected to cause a reductio
the Debye-Waller factor'12 1

6 ^u2&G2 which, in turn,
should weaken thep-d interaction.2,14 As a result, a down-
shift of the top valence band should appear and compens
at least partially, the conventional gap decrease due to
electron-phonon interaction acting on thes-like conduction
andp-like valence gap states.

In empirical pseudopotential calculations for CuCl, it h
been shown that thep-d hybridization is not affected by
isotopic substitution of anion atoms while it results in a
anomalousnegativevalue of]E/]MCu.14 In analogy to this
effect, a much smaller gap shift~although of the standard
sign! is also observed in CdS with increasing the Cd ma
compared to that observed when changing the S mass. In
e
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I-VII compound CuCl thed levels are even closer in energ
to the Cl-derivedp-like valence band~as close as 1 eV! ~Ref.
32! and their spatial extent is larger. Thep and d levels in
CuCl therefore hybridize more strongly. As a consequen
the increase of the CuCl gap with increasing Cu mass,
pected by analogy with other zinc-blende-type semicond
tors, isovercompensatedby the effect of the electron-phono
interaction on thep-d mixing. Therefore the gap of CuC
anomalouslydecreaseswith either an increaseof the Cu
mass or adecreasein temperature.2,14,16 In CdS one would
expect this effect to be smaller since the Cd 4d levels are
farther below the top of the valence band than in the cop
halides. Nevertheless, some influence of the electron-pho
interaction on thep-d hybridization should still be observ
able. This is confirmed by our experimental results for bo
the isotope-mass and the temperature effects on the gap.
4d-electron contribution results in a reduction of the effe
due to acoustic phonons but, contrary to the case
CuCl,2,14,16 does not suffice to reverse the sign of the g
shift. We consider this to be one in a class of effects
semicored electrons on semiconductor band structures.

IV. CONCLUSION

In conclusion, we have observed the effect of chang
the isotopic mass of Cd on theA andB excitons in isotopi-
cally pure 110CdS, 112CdS, 114CdS, 116CdS, and natural CdS
using PL, PR, and PzR spectroscopies. With increasing
mass theA exciton increases at a rate of 68meV/amu while
the B exciton changes by 40meV/amu. These values ar
significantly smaller than the corresponding shift]E/]MS
5740 6 100 meV/amu, which has been reporte
previously.17 A fit of the temperature dependence of the e
citon energies with a phenomenological model yields resu
that are remarkably consistent with the isotope effects. T
origin of the very small value of]E/]MCd revealed by both
the dependence of the gap on the isotopic mass and on
temperature is traced back to the influence of Cd 4d elec-
trons on the valence-bandp states, in analogy to earlier find
ings for CuCl. In both semiconductors the electron-phon
interaction affects thep-d hybridization, which causes an
additional contribution to the gap shift of a sign opposite
the standard one.
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4A. Göbel, T. Ruf, C. T. Lin, M. Cardona, J.-C. Merle, and M
Joucla, Phys. Rev. B56, 210 ~1997!.



nn

n

E

R

un

.

d.

-V

tz-
and
er,
R.

B.

s.

,

,

9722 57J. M. ZHANG, T. RUF, R. LAUCK, AND M. CARDONA
5J. M. Zhang, T. Ruf, M. Cardona, O. Ambacher, M. Stutzma
J.-M. Wagner, and F. Bechstedt, Phys. Rev. B56, 14 399
~1997!.

6P. B. Allen, Philos. Mag. B70, 527 ~1994!.
7P. B. Allen and M. Cardona, Phys. Rev. B27, 4760~1983!.
8P. Lautenschlager, P. B. Allen, and M. Cardona, Phys. Rev. B31,

2163 ~1985!.
9S. Gopalan, P. Lautenschlager, and M. Cardona, Phys. Rev. B35,

5577 ~1987!.
10S. Zollner, M. Cardona, and S. Gopalan, Phys. Rev. B45, 3376

~1992!.
11P. Etchegoin, J. Weber, M. Cardona, W. L. Hansen, K. Itoh, a

E. E. Haller, Solid State Commun.83, 843 ~1992!.
12C. Parks, A. K. Ramdas, S. Rodriguez, K. M. Itoh, and E.

Haller, Phys. Rev. B49, 14 244~1994!.
13T. Ruf, M. Cardona, H. Sternschulte, S. Wahl, K. Thonke,

Sauer, P. Pavone, and T. R. Anthony, Solid State Commun.105,
311 ~1998!.

14N. Garro, A. Cantarero, M. Cardona, T. Ruf, A. Go¨bel, C. Lin, K.
Reimann, S. Ru¨benacke, and M. Steube, Solid State Comm
98, 27 ~1996!.

15N. Garro, A. Cantarero, M. Cardona, A. Go¨bel, T. Ruf, and K.
Eberl, Phys. Rev. B54, 4732~1996!.
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