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Two-photon spectroscopy study of ZnS and CdS under hydrostatic pressure
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Two-photon absorption at low temperatures was used to determine the pressure dependEnarti
excitons in ZnS and of R excitons in CdS. From these measurements precise values for the band-gap shifts
were obtained. Further, in ZnS pressure-induced changes of the exciton binding energy and of the spherical
valence-band parametg&terived from the P exciton fine structunewere observed.S0163-18206)01624-4

I. INTRODUCTION absence of interactions the valence band is sixfold degener-
ate (including spin degeneragySpin-orbit coupling leads to
Two-photon spectroscopy (TPS has proven to be a use- a splitting into an upper fourfold and a lower twofold degen-
ful tool for the investigation of the electronic band structureerate band? Their energy difference is callefis,. The cu-
of semiconductors under hydrostatic pressufdn order to  bic crystal field results in a splitting of the fourfold degener-
accuratelydetermine the band gap and its shift with pressureate valence band into a heavy-hole and a light-hole band for
by optical means, it is necessary to measure exciton energigdonzero wave vectors. The form of these bands can be de-
In linear absorption this is only possible by using very thinscribed by the Luttinger parametéfsy;, y,, and ys. In
samplegthickness of the order of Am), which are difficult  terms of these parameters the heavy- and light-hole masses
to handle without causing additional strain. In reflection, theare given by
quality of the surface is crucial. Because of this, reflection
measurements are typically performed on samples cleaved LS LY
and maintained in vacuum, which is obviously not possible Mhn= yi—2v,' Min= y1+27,’
for high-pressure measurements. With TPS, on the other
hand, one detects a bulk signal, which is not influenced byvith m, the free-electron mass.
the quality of the surface. Often TPS spectra show smaller In wurtzite, on the other hand, the hexagonal crystal field
linewidths than linear absorption spectra. Additionally, be-and spin-orbit coupling together, which in CdS are of the
cause of different selection rules it is possible to excite &ame order of magnitudé lead to three twofold degenerate
larger number of states. As an example, one can measuh@nds:’*® These three valence bands are usually
2P excitons with TPS, which allows the determination of designatet? in order of decreasing energy, B, andC.
Luttinger parametefst! of the valence band. To understand optical spectra in semiconductors, the Cou-
There are two main reasons for doing high-pressure exomb interaction of electrons and holes has to be taken into
periments. First, the change of the electronic band structur@ccount, which leads to the formation of excitéfié! These
of a semiconductor upon decreasing the lattice constant caarm hydrogenlike series; i.e., the enerBy of the exciton
be reproduced easily by theoretical calculations. Thereforewith principal quantum numben is given by
hydrostatic pressure allows a direct comparison of theory
and experiment. The second reason to perform high-pressure
experiments arises from technological applications of direct-
gap semiconductors. Especially 1I-VI compounds as ZnS and
CdS have been of interest for the realization of blue-greefrach exciton series is characterized by the band Bap
laser dioded?®Because of lattice mismatch 11-VI quantum Which is also the series limit, and the exciton binding energy
wells show strong internal strain, which leads to a change oR. By the observation ofat least two excitons with differ-
band structure. For the optimization of optical devitasis entn it is thus possible to precisely determine the relevant
important to know the relevant material parameters. Severdiand gap.
of them can be determined by hydrostatic-pressure experi- Because of the degeneracy of the upper valence band in
ments. ZnS, the P exciton has a fine structure. The underlying
The topics of this paper are the direct-gap 11-VI semicon-mechanisii to explain this structure is envelope-hole cou-
ductors zinc sulfidéZnS) and cadmium sulfidéCdS, which ~ pling, i.e., the coupling of theR2 envelope functior{orbital
both crystallize in a tetrahedrally coordinated structure, Zngnomentuml=1) to the valence bangorbital momentum
in the cubic zinc-blende structure and CdS in the hexagongl=3/2). This results in three states, which are classified by
wurtzite structure. In both cases the band gap is direct and #he total orbital momentun=3/2, 5/2, and 1/2. Further
theI" point. The optical transition between the valence andcontributions, which take into account the cubic crystal field,
conduction band is electric-dipole allowed. The lowest con-give an additional splitting of theR,, state. In the follow-
duction band is formed predominantly lsyorbitals of the ing we restrict ourselves to the spherical approximation
cations, and the uppermost valence bands by splfunbitals  (y,=3); i.e., we neglect this additional splitting. In this
with some admixture of zinc or cadmiuth orbitals. In the  approximation the R exciton energies are given &y>
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E(2P3/2):E2p_,U,R/5, T T T T T T
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T=7K

In these equationg is the spherical valence-band parameter, 18 “

which is related to the Luttinger parameters by
2y
= y 4
o+ Ye @ x10 xzoﬂ «J
1 1 1 1 1

3.80 3.85 3.90 395 4.00 405 4.10

Intensity

with 7y, the inverse of the conduction-band méssunits of

the free-electron mags Thus, w is proportional to
m;,—m;>, the difference between the inverse of the light-
hole mass and the inverse of the heavy-hole nfeksEqg.
(2)]. In this way it is possible to determine the pressure de-
pendence of the splitting between heavy- and light-hole
bands by measuring theéP2exciton fine structure.

Intensity

Il. EXPERIMENT

In the case of ZnS we used a polycrystalline sample, since
it had much smaller exciton lines than several single-
crystalline samples we tried. A similar observafiovas also
made for ZnSe. A possible explanation is a higher impurity Energy (eV)
content of the single crystals. The CdS sample used was a
single crystal, again selected for the smallest exciton line- FIG. 1. Above: Two-photon-absorption spectra of the longitudi-
widths. nal 1S exciton and the R exciton in ZnS for different pressures at

The experimental seta‘bconsists of an exciting laser, a a temperature of 7 K. Below: Fine structure of thé 2xciton in
cryostat with the sample in a diamond anvil cell, and a deZnS at zero pressure. The dots are the experimental points and the
tection system. We use only one laser beam; i.e., the excitahes give the deconvolution into the threB 2xciton states accord-
tion is performed with two identical photons. Thus, states ard"d t Eq.(3), the 3 exciton, and the background due to the exci-
excited at twice the laser photon energy. With regard to onel©n continuum.
photon absorption the sample is completely transparent. The
exciting laser is a tunable dye laser with a pulse length of 5 ll. RESULTS AND DISCUSSION
ns, which is pumped by the second harmonic of a Nd:YAG
(yttrium aluminum garnetlaser with a repetition rate of 10
Hz. Two-photon absorption is detected by the subsequent Figure 1 shows some spectra of ZnS at different pres-
emission of free-exciton luminescence. The intensity of thissures. One finds the resonances of the longitudiSatci-
luminescence is proportional to the square of the laser interion and of the B exciton. In the zero-pressure spectrum
sity, which was around 10 MW/cf The luminescence is there is an additional peak at the high-energy side of the
separated from the laser light by appropriate optical filterslS exciton from the transverse polariton. With pressure both
and a prism monochromator and detected by a photomulticesonances shift to higher energies. Further, the intensity of
plier. The electronic signal from the photomultiplier is fed the 1S exciton decreases relative to the 2xciton. Because
into a gated integrator, digitized by an analog-digital con-of this the B resonance is below the detection limit for
verter, and sent to a PC, which divides the signal by thepressures above 3.4 GPa whereas the strorigeegonance
square of the laser intensity to compensate for intensity flucean be detected up 8=6 GPa.
tuations and averages the result over 50 to 150 shots. The The decrease of theSlexciton intensity relative to the
spectral resolution is twicéecause of two-photon absorp- 2P exciton is probably caused by a decrease efdmixture
tion) the linewidth of the dye laser, which is 20eV. to the valence band under pressure since the two-photon os-

Pressure is generated by a gasketed diamond anvil cetillator strength ofS excitons is proportional to this admix-
similar to the one in Ref. 25, but smaller in dimensions to fitture. A similar decrease ad admixture with pressure was
into a helium cryostat. Helium is used as pressure medium teound® in CuCl.
ensure optimal hydrostatic conditions at low temperatures. Figure 2 gives the energies o6lnd 2 excitons versus
For the measurements the diamond anvil cell is cooled dowpressure. The pressure dependence of the energies is sublin-
to a temperature fo7 K in a helium-flow cryostat while ear and is fitted by quadratic polynoms, given as solid lines
changes of pressure are done at room temper&tiessure in Fig. 2. For both $ and P excitons the same quadratic
is determined by the well-known ruby pressure séafé! pressure coefficient is chosen. With Ef) one can deter-

A. ZnS (zinc-blende structure)
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FIG. 2. Energy of the longitudinalSLexciton and the B exci- FIG. 3. Exciton binding energR and envelope-hole coupling
ton in ZnS vs pressure at a temperature of 7 K. The solid lines show,R in znS vs pressure. The solid lines show linear fits.
quadratic fits.

As shown in Table lll, the deformation potentials for ZnS

. and ZnSe are very similar; i.e., the difference in their band-
mine the pressure dependencgl of the band&gapnd of the gap pressure coefficients is caused mainly by their different
exciton binding energyR. Additionally, the envelope-hole ulk moduli (74.8 GPa for Zn$ 64.7 GPa for ZnS&% both
coupling R can be obtained by analyzing the line shape of¢y oW temperétures T '

the excitorF'lo.'“using Eq.(3). The data are shown in Fig. | the three zinc chalcogenides ZnO, ZnS, and ZnSe the
3 together with I|r_1ear fits. Table_l summarizes all results forpg|ative change of the exciton binding energy with pressure
ZnS. For comparison Table Il gives the restftsr ZnSe. is larger than the relative change of the band (e Table

The hydrostatic deformation potential, describes the 1), |n the Wannier modé?*' the exciton binding energy is
volume dependence of the band gap. It can be calculategiven by

from the pressure dependence using the bulk modB&

RH Myeq
- 6)
1dE;_ dE - 0 Sst
a,=— - o =By——.
9 VvV dVv Odp TABLE Il. Zero-pressure values and linear and quadratic pres-

sure coefficients of exciton energies and band parameters in ZnSe
TABLE I. Zero-pressure values and linear and quadratic presdetérmined by two-photon absorptidRef. 5 at a temperature of 6

sure coefficients of exciton energies and band parameters in zn§:
determined by two-photon absorption at a temperature of 7 K.

E(P=0) dE/dP ’E/dP?
E(P=0) dE/dP PE/dP? (eV) (meVIGPa  (meV/GPg)
(ev) (meV/GPa  (meV/GPd) 1S 2.80355 0.00005 69.50.2  —1.44+0.02
1S 3.8031+0.0001 63.3:0.6 -1.5+0.1 2P 2.8175-0.0001 69.9-0.2 —1.44+0.02
2P 3.8289+ 0.0001 63.50.4 —15+0.1 3P 2.8203+0.0001 70.%30.3 —1.44+0.02
R 0.0342+0.0001 0.80.1 0 R 0.0187-0.0001 0.6%0.07 0
Eq 3.8375+0.0001 63.805 —15+0.1 Eq 2.8222+0.0001 70.20.2 —1.44+0.02
uR 0.0051+ 0.0001 0.6:0.1 0 MR 0.00378:0.00004 0.26:0.07 0
w(P=0) du/dP u(P=0) du/dP
(1/GPa (L/GPa

o 0.149+0.003 0.014-0.003 “ 0.202+0.003 0.003:0.004
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TABLE Ill. Hydrostatic deformation potentiad; and relative TABLE IV. Experimental and theoretical values for the linear

changes of band g&p, and exciton binding energy with pressure  pressure coefficient of the lowest-energy band gap in ZnS.

for the wurtzite semiconductors CdS and ZfRef. 4 and for the

zinc-blende semiconductors ZnS and ZnBef. 5. dEy/dP Method
(meV/GPa
Ed—R(ia) i % ( ia) Experiment
3 (V) RAP\GP dg, dP 1GP 63.8-0.5 Two-photon absorptio,=7 K, this work
Cds 2.9 0.05 0.017%0.0003 63.5+0.7 Absorption,T=300 K, Ref. 39
ZnO 3.510.01 0.0176:0.0003 0.00718 0.00003 64 +2 Luminescence excitatiol,= 300 K, Ref. 45
VAN 4.64-0.03 0.0230.003 0.0166:0.0001 63 +2 Reflection,T=300 K, Ref. 46
ZnSe 4.540.02 0.037%0.004 0.02420.0001 57 Absorption,T=300 K, Ref. 38
Theory
62 LMTO, Ref. 40
with Ry=13.6 eV the Rydberg energy of atomic hydrogen, 79.7 Tight binding, Ref. 47
m, the free-electron massn,.4 the reduced exciton mass, 62.2 LMTO, Ref. 39
and e, the static dielectric constant. Froknp theory®® one 86 Pseudopotential, Ref. 28
expects the relative change of.4to be equal to the relative 53 Ab initio, Ref. 48
change ofEy. Thus, the observed increase Rfcannot be 52 Pseudopotential, Ref. %0
explained completely by the increaserof,4 with pressure. 36 Pseudopotential, Ref. 51
One expects therefore in all three substances a decrease ofr2 Dielectric theory, Ref. 52
€5 With pressure. In ZnSe such a decrease was found g7 Korringa-Kohn-Rostoker, Ref. 83

experimentally*®
As already mentioned in the Introduction, the 2xciton  *Calculated with a bulk modulugRef. 33 of B=74.8 GPa using

fine structure(see Fig. 1 allows the determination of the Eg.(5).

spherical valence-band paramejer Whereas the pressure

dependence of band gaps and exciton binding energies i pressure dependence. Other experiments have measured

similar in ZnS and ZnSe, the pressure dependence &f  band-gap-related structures, but, to our knowledge, not the

quite different(see Tables | and )l In ZnS w increases band gap itself. As an example, in the absorption

significantly with pressure, in ZnSe it stays constant. Thismeasurement&3® the band gap is arbitrarily taken as the

difference may be due to the influence of the split-off va-energy where the absorption saturates, i.e., where the trans-

lence band in ZnS, since here the spin-orbit splittingmitted light is equal to dark noise plus stray light. Therefore,

(Aso=70 meV) is much smaller than in ZnSeA{,=430 the band gap determined in this way depends on experimen-

meV).3” An increase ofu means that the difference between tal conditions and on the thickness of the sample, which is

heavy- and light-hole masses increases with pressure. the reason for the different results in Refs. 38 and 39. To our
Table IV gives a comparison of our result for the pressureknowledge, none of the previous experiments makes a dis-

dependence of the band gap of ZnS with previously obtainetinction between the band gap and th® dxciton. Accord-

values. The experimental data, which were obtained by seungly, none of them is able to determine the pressure depen-

eral different methods, all agree within their experimentaldence of the exciton binding energy.

errors, apart from Ref. 38. One must stress, however, that the In contrast to the experimental data, the theoretical values

present investigation actually determines the band gap arghow a large variatiofbetween 36 and 86 meV/GPa he

best agreement with experiment is achieved by linear-

muffin-tin-orbital (LMTO) calculations’®4°

B. CdS (wurtzite structure)

Some two-photon spectra of CdS for different pressures
are shown in Fig. 4. One can see two resonances, which are
identified as the B excitons of theA and theB series. Both

A2P

TABLE V. Zero-pressure values and linear and quadratic pres-
sure coefficients of theR exciton energies in CdS determined by
two-photon absorption at a temperature of 7X,g is the differ-
ence betwee andB valence band.

Intensity

0.3 GPa 0.79 GPa

o

1.77 GPa E(P=0) dE/dP PE/dP?

L M il T I |
2.58 2.60 2.62 2.64 2.66 2.68 V) (meVIGPa (meV/GPe?)

Energy (eV) A 2P 2.5753+0.0003 46.20.8 —1.8+0.1
B 2P 2.5909+0.0003 46.70.8 —1.8+0.1
FIG. 4. Two-photon-absorption spectra of thHe @xcitons from A ,g 0.0156+0.0003 0.20.3 0

the A andB series in CdS at a temperature of 7 K.
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TABLE VI. Experimental and theoretical values for the linear

268 ' ' ' y pressure coefficient of the lowest-energy band gap in CdS.
Cds 1 dE,/dP Method
T=7K (MmeV/GPa
2.66 |- .
Experiment
46.2+0.8 Two-photon absorptiol;=7 K, this work
43 =3 Absorption,T=78 K, Ref. 44
2.64 | - 47 +3 Absorption,T=300 K, Ref. 44
45.0+0.2 Luminescencel =77 K, Ref. 54
3 B 2P Azp 45.0+0.5 Absorption,T=77 K, Ref. 54
3 42 *3 Absorption, T=300 K, Ref. 55
LEU’ 2.62 - - 43.6+1.3 Luminescencel =6 K, Ref. 56
44,7+ 2.2 Luminescencel =300 K, Refs. 57
45.5+0.5 Absorption,T=300 K, Ref. 42
33 Absorption, T=300 K, Ref. 38
260 - T Theory
55 Pseudopotential, Ref. 58
61 Dielectric theory, Ref. 52
2.58 | .
salt structure and is an indirect-gap semicondutione
oro of5 1f0 175 270 were not able to measure any two-photon signal in this

phase.

A comparison of our result for the pressure dependence of
FIG. 5. Energy of the B excitons @ andB serieg in CdS vs  the lowest gap with previous results is given in Table VI.
pressure at a temperature of 7 K. The solid lines show quadratic fitdlere the same comments as for ZnS apply with the excep-

tion of the absorption measurements by Lindeeal * They
ed very thin sampldshickness about L.m) and were thus

Pressure (GPa)

resonances undergo a sublinear blueshift with pressure L le to measure exciton eneraies. In princinle one could use
shown in Fig. 5. The solid lines are quadratic fits, the result{lh gies. In p P

of which are shown in Table V. As in the case of ZnS the eir 15 excitpn en_erg_ies to de;ermine the pressure depen-
guadratic pressure coefficient is chosen to be the same f&ence of excitan bmdmg_ energies, but the e>§pe.r|m_ental er-
rors are too large for this. In contrast to their finding that

both excitons. Since we do not observe excitons with princi—A the diff betweeh and B val band. st
pal quantum numben#2 in CdS, it is not possible to de- ~AB’ € dirierence bEween an valence band, stays
termine the change of exciton binding energy with pressurecons'ta.nt with pressure at $3 meV, we find an increase of
One can, however, assume the pressure shift of the band ga%éB with pressurgsee Table V.
to be almost equal to the pressure shift of the corresponding

2P excitons, since the difference betwe€jp andEg is only IV. SUMMARY
R/4 [Eq. (2)]. In ZnS, for instance, this difference is below e have determined the band-gap deformation potentials
the experimental error. of ZnS and CdS at low temperatures with high accuracy by

We have used the low-temperature bulk moduis63  two-photon spectroscopy. In ZnS we have also determined
GPa from Ref. 41 to calculate the hydrostatic deformationne exciton binding energy and the fine structure Bf éx-

potential for CdS with E'q(5). It is given in Table 1. One citons. The spherical valence-band parameterwhich is
notes that the deformation potentials for the wurtzite seMiyerived from this fine structure, increases with pressure in
conductors CdS and ZnO are considerably smaller than fogontrast to the case of ZnSe. where it stays constant.

the zinc-blende compounds ZnS and ZnSe.

The pressure range for the measurements on CdS in the
wurtzite phase is limited by a pressure-induced phase transi-
tion at P,=2.75 GP4&? Since all pressure changes were We are grateful to Dr. D. Fidich for his steady interest
done at room temperature, the phase transition took place ahd helpful advice and to Dr. K. SyasséNax-Planck-
this temperature. Upon cooling the pressure decreasemstitut fur Festkaperforschung, Stuttgarfor the generous
Therefore, &7 K we could measure the wurtzite phase only loan of the high-pressure cell. Financial support was granted
up to a pressure of 2 GPa. The high-pressure phase has rodks the Deutsche Forschungsgemeinschaft.

ACKNOWLEDGMENTS

*Present address: Department of Physics, University of California?D. Frohlich, in Nonlinear Spectroscopy of Solids: Advances and
at Berkeley, Berkeley, California 94720-7300; Electronic ad- Applications edited by B. Di Bartolo and B. Bowlb{Plenum,
dress: reimann@physics.berkeley.edu New York, 1994, p. 289.

ID. Frohlich, in Festkaoperprobleme edited by J. Treusch 3K. Reimann and St. Faenacke, Phys. Rev. &9, 11 021(1994.
(Vieweg, Braunschweig, 1981Vol. XXI, p. 363. 4A. Mang, K. Reimann, and St. Renacke, Solid State Com-



16 288 A. MANG, K. REIMANN, ST. RUBENACKE, AND M. STEUBE 53
mun. 94, 251 (1995. 35E. 0. Kane, inSemiconductors and Semimetaslited by R. K.
SA. Mang, K. Reimann, and St. Renacke, irProceedings of the Willardson and A. C. BeetAcademic, New York, 1966 Vol.
22nd International Conference on the Physics of Semiconduc- 1, p. 75.
tors, Vancouveredited by D. J. LockwoodWorld Scientific,  36G. F. Schitz, E. Griebl, H. Stanzl, T. Reisinger, and W. Gebhardt,

Singapore, 1995 Vol. 1, p. 317. Mater. Sci. Foruml82-184 271(1995.
K. Reimann, St. Renacke, and M. Steube, Solid State Commun.3’P. Lawaetz, Phys. Rev. B 3460(1971).
96, 279(1995. 38A. L. Edwards, T. E. Slykhouse, and H. G. Drickamer, J. Phys.
3. M. Luttinger, Phys. Rev102 1030(1956. Chem. Solidsl1, 140(1959.
8pP. Y. Yu and M. CardonaFundamentals of Semiconductors 3°S. Ves, U. Schwarz, N. E. Christensen, K. Syassen, and M. Car-
(Springer, Berlin, 1996 dona, Phys. Rev. B2, 9113(1990.
N. O. Lipari and A. Baldereschi, Phys. Rev.633764(1972. 40|, Gorczyca and N. E. Christensen, Phys. RevA® 17 202
0pm, Sondergeld and R. G. Stafford, Phys. Rev. L&%, 1529 (1993.
(1975. 411, B. Kobiakov, Solid State Commui35, 305 (1980.
M. Sondergeld, Phys. Status Solidif8, 253 (1977. 42B. Batlogg, A. Jayaraman, J. E. Van Cleve, and R. G. Maines,
2M. A. Haase, J. Qiu, J. M. DePuydt, and H. Cheng, Appl. Phys. Phys. Rev. B27, 3920(1983.
Lett. 59, 1272(1992). 433, C. Yu, I. L. Spain, and E. F. Skelton, Solid State ComnAf.
BBH. Luo and J. K. Furdyna, Semicond. Sci. Technbl, 1041 49 (1978.
(1995. 4M. Lindner, S. H. L. Zott, G. F. Schia, W. Gebhardt, P. Perlin,
¥A. R. Adams, High Pressure Re%.43(1990. and P. Wisniewski, High Pressure R&§, 408(1992.
15K, shindo, A. Morita, and H. Kamimura, J. Phys. Soc. Jp@.  “°P. Jaszczyn-Kopec, B. Canny, and G. Syfosse, J. LuB8n319
2054 (1965. (1983.
183, J. Hopfield and D. G. Thomas, Phys. R&22, 35 (1961). 48D, Langer, inPhysique des Semiconducteurs—Comptes Rendus
17U. Ressler, Phys. Rev184, 733(1969. du 7® Congres International, Paris edited by M. Hulin
18K, Cho, Phys. Rev. B4, 4463(1976. (Vieweg, Braunschweig, 1964p. 241.
193. J. Hopfield, J. Phys. Chem. Solitls, 97 (1960. 47D. Bertho, D. Boiron, A. Simon, C. Jouanin, and C. Priester,
20G. H. Wannier, Phys. Re%2, 191 (1937. Phys. Rev. B44, 6118(1991).

21R. S. Knox, Theory of ExcitongAcademic, New York, 1968 48C. G. Van de Walle, Phys. Rev. 89, 1871(1989.
22p. Baldereschi and N. O. Lipari, Phys. Rev. L&, 373(1970.  “°J. E. Bernhard and A. Zunger, Phys. Rev3& 3199(1987.
23y. Rossler, in Festkaperprobleme XIX edited by J. Treusch 5CA. Blacha, H. Presting, and M. Cardona, Phys. Status Solidi B

(Vieweg, Braunschweig, 1979p. 77. 126, 11 (1984.
24F. Beerwerth, D. Fiolich, P. Kdhler, V. Leinweber, and A. Voss, °Y. F. Tsay, S. S. Mitra, and B. Bendow, Phys. Revl® 1476

Phys. Rev. B38, 4250(1988. (1974).
25G. Huber, K. Syassen, and W. B. Holzapfel, Phys. Rev153 52D, L. Camphausen, G. A. N. Connell, and W. Paul, Phys. Rev.

5123(1977). Lett. 26, 184 (1971.
26K. Reimann and K. Syassen, Phys. Revd® 11 113(1989. 53F. Cerdeira, J. S. DeWitt, U. Reler, and M. Cardona, Phys.
27G. J. Piermarini, S. Block, J. D. Barnett, and R. A. Forman, J.  Status Solidi41, 735(1970).

Appl. Phys.46, 2774(1975. 54X. S. Zhao, J. Schroeder, T. G. Bilodeau, and L. G. Hwa, Phys.
28D, M. Adams, R. Appleby, and S. K. Sharma, J. Phy$, B140 Rev. B40, 1257(1989.

(1976. 55A. Béliveau and C. Carlone, Semicond. Sci. Techngl.277
2%H. K. Mao, P. M. Bell, J. W. Shaner, and D. J. Steinberg, J. Appl.  (1989.

Phys.49, 3276(1978. 56U. Venkateswaran and M. Chandrasekhar, Phys. R&1,B219
30D, D. Ragan, R. Gustavsen, and D. Schiferl, J. Appl. PR¥s. (1985.

5539(1992. 57U. Venkateswaran, M. Chandrasekhar, and H. R. Chandrasekhar,
313. Yen and M. Nicol, J. Appl. Phyg2, 5535(1992. Phys. Rev. B30, 3316(1984); in Proceedings of the 17th Inter-
32G. L. Bir and G. E. PikusSymmetry and Strain-induced Effects in national Conference on the Physics of Semiconductors, San

SemiconductorgJohn Wiley, New York, 1974 Franciscq edited by J. D. Chadi and W. A. Harris@8pringer,

333, C. Jamieson and H. H. Demarest, Jr., J. Phys. Chem. 2dlids ~ New York, 1984, p. 1117.
963 (1980. %8K. J. Chang, S. Froyen, and M. L. Cohen, Solid State Commun.

3B H. Lee, J. Appl. Phys41, 2984(1970. 50, 105 (1984).



