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Spin-flip and acoustic-phonon Raman scattering in CdS nanocrystals
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We report on spin-flip Raman scattering and on Raman scattering by acoustic phonons in CdS nanocrystals
embedded in a glass matrix. We discuss both the spin-flip and the acoustic-phonon Raman spectra on the basis
of the interaction of size-quantized electronic excitations with nonconfined acoustic vibrations. The polariza-
tion of spin-flip Raman scattering in the Faraday and Voigt configurations is analyzed in comparison with that
for bulk CdS. The effective electrog factor has been measured as a function of the quantum dot size.
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[. INTRODUCTION ent nanocrystals embedded in a matrix. It was found that a
decrease of the QD radiua*, results in an increase of their
Spin-flip Raman scatteringSFRS was first studied in Raman shift, A™ To explain these maxima, the idea of
bulk CdS by Thomas and HopfieldThe effectiveg factors ~ acoustic-phonon confinement was invok&d™® Eigenfre-
for bound donors and acceptors were measured, and dtencies of spheroidal and torsional confined acoustic modes
impurity-mediated spin-flip mechanism was discussed. A vawere calculated using the macroscopic theory of elastic vi-
riety of other experimental findings, many of which were abrations for a homogeneous spherical iddyith a free sur-
direct result of high-resolution SFRS spectroscopy in Cdsface, which was assumed to be applicable to
was reviewed by Geschwind and Romestaind Scotf Re-  hanocrystal$?~?®*° This macroscopic model describes the
cently, low-dimensional systems such as GaAgb& _,As  dependence ci™ona* and the polarization of the Raman
(Refs. 4—7 and CdTe/C¢Mg;_,Te (Ref. 8 multiple quan-  Spectra by means of the interaction with the lowest confined
tum wells and InP/IgGa, P self-assembled quantum dbts acoustic modes for “free-standing” and “rigid” boundary
have been studied by SFRS in order to obtain informatiorsonditiong® as well as for the case when the influence of the
aboutg factors. In comparison to other techniques, such aghatrix is taken into account by means of a “relaxed surface
polarized exciton luminescend®,optically detected spin layer.” ** The samples used for studies of the acoustic-
resonancél or Hanle effect measuremerifs:® which only ~ phonon Raman spectra usually contain nanocrystals embed-
yield the g factors of either excitons, electrons, or holes,ded in a matrix.”**~?*Many different situations, depending
SFRS allows one to determine all these quantities in a singlen the glass and QD parameters, can therefore occur, in prin-
experiment:’ ciple, and the modes involved can vary from almost confined
In the present work SFRS is applied to CdS quantum dot&0 bulklike. However, since the sound velocities in a glass
(QD'S) embedded in a g|ass matrix. This system is Currenﬂy"natrix and CI’yStalline CdS are similar, bulklike nonconfined
of great interest because of its unique electronic and optica#Coustic vibrations are expected to play an essential role in
properties, which are modified by size quantization of thethe explanation of the low-frequency Raman spectra for the
electronic state¥'~" Here we investigate changes of the System that is investigated here. We therefore examine the
electrong factor with the quantum dot size, as well as theSPectra of acoustic-phonon Raman scatte(®igRS in CdS
polarization and the mechanisms of the SFRS. In this conQD’s and propose that the low-frequency maxima in the re-
text, the interaction between electronic excitations andlime of size-selective excitation appear due to the interaction
acoustic phonons in the case of complete carrier confineme®f Size-quantized electronic excitations with nonconfined
and the nature of the acoustic-phonon spectrum, which caBulklike acoustic phonons.
be obtained by Raman spectroscopy, are important to under-
stand our experlr_nenta_l res_ults. . Il. EXPERIMENT
While the optical vibrational modes in QD’s based on
[I-VI semiconductors were extensively studied by means of Samples with CdS nanocrystals embedded in a glass ma-
Raman spectroscopy and their confinement was establishédx were grown using a diffusion-controlled phase decom-
both experimentally and theoreticall{;?3 the situation for  position of solid solutions. This process has been described
acoustic phonons is less clear. Distinct maxifoae or two in detail by Ekimov’ In transmission electron microscopy,
in the low-frequency Raman spectra around 5-20%tm the CdS particles show a spherical shape and a nearly perfect
were observed in a number of experiméhté~2%for differ-  wurtzite crystal structure. It is assumed that the nanocrystals
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have a random distribution of tleaxis direction in the glass

matrix. The mean radiua, of the nanocrystalgnot equiva-

lent toa*, which is probed under size-selective excitation

has been estimated by comparison of the low-energy absorp-
tion threshold position, which is modified due to the carrier
confinement, with calculatior’$.For Raman measurements,
we used samples with mean dot radii of 33, 44, 70, and 87 A,
comparable to or larger than the bulk exciton Bohr radius of
about 30 A% The regimes of either intermediate or weak
exciton confinement are realized in these samples. It was
estimated that for each sample the ratio of the mean devia-
tion in the size distribution to the mean radius is about
0.4+0.1Y" The samples are polished plateletsx(5 mn¥)

with a thickness of about 0.5 mm. In the following, the : AN
samples are labeled by their mean dot radii. . § RN, =

A number of Ar'-ion laser lines was used to excite Ra- T T e -t
man spectra within the energy distribution of excitons con- 945 950 255 2.60 2.65 2.70 2.75 2.80
fined in the QD’s with a certain average size. Following the
concept ofsize-selective excitatighi*! we assume that only Energy (eV)
the nanocrystals with an exciton transition energy close 10 |G, 1. Normalized transmission spectra of 33, 44, 70, and 87 A
that of the laser are resonantly excited. The excitation powegds QD’s atT=10 K. The laser energies used for size-selective
density of the laser was less than approximately 10 m\W/cmexcitation of APRS and SFRS spectra are indicated with dotted
in order to reduce the local heating of the samples. Théines. The arrow marks the photoluminescence maximum of bulk
sample temperature was varied between 10 and 280 K. It wasds.
controlled with a Si diode attached to the sample holder.

Raman spectra were measured with a SPEX 1404 double IIl. EXPERIMENTAL RESULTS
monochromator equipped with a cooled GaAs photomulti-
plier for single-photon counting. The resolution limit of our
setup is about 0.2 cit. The experiments were performed in ~ Typical low-frequency APRS spectra for the 33, 70, and
backscattering geometry. Magnetic fieBsup to 14 T were 87 A samples excited with different laser lines are shown in
applied both alongFaraday configuratiorBllk) and perpen- Fig. 2. In both, the Stoke¢by definition positive Raman
dicular (Voigt configuration,B.Lk) to the direction of the shift, A) and anti-Stokegnegative Raman shjfparts of the
laser beank. spectrum[Figs. 4a,b] a broad maximum aA™* is sym-

To investigate polarization effects in the Raman spectranetrically placed with respect to the laser line. In the 87 A
we used the parallek(x,x)z and crossedz(x,y)z geom- sample at excitation energy 2.54 g{Vig. 2(c)], the maxi-
etries for linearly polarized measurements, as well as circuUm occurs for a small Raman shift and cannot be detected

. T . £ T due to the finite stray-light rejection of the spectrometer. The
larly polarized,z(o~,07)z, and depolarizedz(oc~,07)z,

configurations. The firstsecond symbol in brackets corre- main features Oﬁ_max’ such .as its d.epfendencegn the excita-
sponds to the polarization of the excitirfpackscattered tion energy for size-selective excitation, and arfor non-
light. The symbols, y, andz are not related to the crystal- resonant exutaporﬁsee Intro_ductlon and Refs. 17, 24526
lographic axes of the QD’s, but represent orthogonal axe¥/€re observed in our experiments for all samples. _

with respect to the laboratory frame. Féiiz, o= (e In the case of single-phonon processes, the Raman inten-
+ig,)/v2, wheree, ande, are unit vectors along theandy sities for the Stokegl,s, and antl-StqusI,As, parts of the
axes. The degree of lineégirculan polarization of the scat- SPectra are proportional to the statistical facfonr¢A) +1]

tered radiation propagating along theirection is defined as  @nd n(4), wheren(A) is the phonon occupation number
given by the Bose-Einstein distribution functiom(A)

=(expA/kT—1)"L. To analyze the acoustic-mode spectra we
=1, thus divide the measured Raman intensity by the appropriate
Pl(c):m’ statistical factor, which is very sensitive to temperature. In
order to take heating effects at the laser spot into account, the
local temperature of the samplE}, was obtained from a fit

where |, and |, are the intensities of the light polarized of the experimental data to the following expression:
parallel and perpendicular with respect to the polarization of

the excitation. For circular polarizationy (I,) is the light I5(A) A
intensity in the polarizeddepolarized configuration. D) —eXPr T @

The photoluminescencéPL) and absorption spectra of
CdS QD’s have been systematically studtédrigure 1 At weak pumping powers<¢1 W/cn?) the value ofT* ob-
shows transmission spectra of the 33, 44, 70, and 87 A QD’tined in this way is about 13 Ksee lower spectra in Fig.
at T=10 K. With decreasing QD size the high-energy 2(c)], close to the temperature measured by the Si diode on
threshold in the transmission shifts towards higher energieshe sample holder in the exchange-gas cryosiat § K).
corresponding to increasing exciton confinement. With increased pumping power up to 25 WAnhowever,
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[ . Amax 53 A sharp Brillouin lines that are usually observed in bulk
1 @ 2 ’ @ crystals®?~3¢ This issue will be further discussed below.
[ = The spectral range for studies of acoustic phonons was
?é' restricted to about-60 cmi ! by two factors: (i) the fast

z o decrease of the signal in the anti-Stokes part éndthe

[ 2 appearance of a PL background in the Stokes part for larger

" K Raman shifts. This PL background component of the total
— oF intensity in the APRS region can, in principle, have a differ-
g ent spectral and temperature dependence, thus producing an
=1 " uncertainty in the determination af*. However, we ob-
Dr i 5 tained nearly the same value Bf from the Stokes—to—anti-
2 £ Stokes ratio of the SFRS componefdse the following sub-
2 = section. In the case of the very narrow SFRS lines that ratio
> ?;,i can be measured unambiguously and, hence, it gives an even
D = more accurate estimate of* compared to the above-
S described procedure based on the broad APRS spectra. In the
g 0 following, we restrict the analysis to the range where the PL

background is small compared to the APRS intensity.

It is clearly seen in Fig. @), that the reduced APRS
spectrum has two distinct regimes: for small phonon energies
(A<A™ I* increases from zero with, while for largerA
it decreases slowly, by about 10% between 15 and 60'cm
For the spectrum in Fig.(d), a similar behavior is observed.
However, it corresponds to a superposition of two contribu-

e, — 1 tions that will be discussed below. It is significant that the

-40 -20 0 20 40 60 broad maximum, which exists in the original spectrum, al-
Raman shift (cm-1) most disappears and all that remains is a change in the slope

_of the spectra around™® In temperature-dependent mea-

FIG. 2. APRS spectra of the CdS QD's measured(in*,c ")z surements we have also found that the positior Bf* in-
configuration (open triangles (@) 33 A, E=2.7eV atT*  creases for largeF, for example, this shift is equal to about
=50 K. (b) 70 A, Ege=26 eV atT*=30 K. (c) 87 A Bec  2cmlwhenT changes from 15 K to 140 K and is also
=2.54 eV afT* =13 and 20 K. Stokes and anti-Stokes parts of theyefiacted in the reduced spectra. In the next section we dem-
spectra i@ and (b) show peaks aA ™ and —A™, respectively.  ,qirate that the maxima in Figga2 result from the inter-
Raman intensities* obtained after division of the APRS spectra by play between the one-phonon scattering probability for bulk-

the statistical factorsi(A) and[n(A)+1] (open circles for the like acoustic modes, whose exact shape needs to be
anti-Stokes and Stokes parts, respectively, are shown with filledl - ’ L
established, and the phonon statistical factors.

triangles.

—
T

the effect of local heating is strorigee upper spectra in Fig.  B. Spin-flip and acoustic-phonon Raman spectra aB #0

2(c)], especially for excitation with a laser energy in the |n a magnetic field narrow Stokes and anti-Stokes SFRS
range of strong absorption. The valueTof can reach 50 K |ines appear on top of the APRS spedisae Fig. 8)]. We
[see Fig. 2a)], while no change is registered by the tempera-attribute these narrow lines to acoustic-phonon-assisted elec-
ture sensor. The direct measurement of the sample temperaen spin-flip processes.’” The full width at half-maximum
ture at the laser spot by the Stokes—to—anti-Stokes ratio iEFWHM) of the spin-flip lines,s, after deconvolution with
therefore indispensable for an accurate analysis of the Ramaaspect to the instrumental response is about 0.5'cifhis
line shapes and temperature-dependent measurements aradue neither changes with magnetic field nor with tempera-
values of T* obtained this way are used throughout the pa-ture up to 280 K. The Raman shift of the electron spin-flip
per. Note that the resonance profile for APRS is very broadine, A, is directly proportional t. Theabsolutevalue of
compared to typical acoustic-phonon energies involved irthe electrorg factor,g®, is related to the Zeeman splitting of
the Raman process. Therefore, it does not affect this analysithe electron states b®=|g®|ugB, where ug is the Bohr
Figure 2 also shows the reduced Raman intengity, magneton f15=0.4668 cm¥/T). This dependence is shown
obtained from the experimental spectra after dividing by then Fig. 4. For all samples measured, the absolute valug$ of
appropriate statistical factor calculated with the sample temare close to that measured for bulk CdS. In contrast to other
peratureT* found from the fit to Eq(1). As expected, the uniaxial systems, e. g., bulk Cd®Ref. 32 or GaAs/AlAs
reduced spectra are nearly symmetric with respect to the laguantum wells,no anisotropy of the electrapfactor, which
ser line. This proves that APRS spectra are governed in theould reveal itself in a dependence of the position of the
whole range ofA by first-order processes that we attribute tospin-flip line on the orientation of the magnetic field with
acoustic phonons. The spectra thus reflect the probability afespect to the crystal axes or the laser beam, was observed in
scattering by one acoustic phonon. Note that a relaxation o£dS QD’s.
k-vector conservation is required to obtain a continuous The APRS spectra do not depend on the magnetic field in
emission over such a broad spectral range rather than thbe whole range of\, while the SFRS intensityl,SF, does.
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FIG. 3. (a) SFRS spectra of the 87 A CdS QD's at different gt which the Raman intensity vanishes changes from 75 K in
magnetic fields: Bllz), measured in the parallel circular polariza- bulk CdS to 250 K for the 70 A QD's. For the 33 and 44 A
tions z(0",07)z, Eex=2.6 €V. The laser line, attenuated by a QD's we did not reach the point where the Raman intensity
neutral density filter, is marked with. (b) SFRS spectra for bulk disappears and observed only a decreasé dy a factor of
CdS in the Faradaysolid line) and Voigt(dashed lingconfigura-  nree for an increase in temperature from 12 K to 280 K. The
tlpns. T_he broadening of the SFRS line foklic is due to exciton experimental data at high temperatures were fitted to the fol-
dispersion. lowing expression:

ISFis always proportional to the APRS intensity”, at the e
same value of. We thus conclude thafF is also related to In[I*/1*(T*=12K)]= %.
the probability of scattering by acoustic phonons.

_The polarization of SFRS has been measured for differenq o - represents a characteristic energy obtained from the
orientations of the magnetic field with respect to the lasel, orimental curves. The fitting parametgrincreases with
beam. Both the Stokes and anti-Stokes intensities exhibit th&ecreasing mean QD radius from 11 meV for bulk CdS to 42

same polarization behavior. The results for the Voigt andmev for 44 A QD's. For the 33 A sample we did not reach
Faraday configurations are summarized in Table I. The SFR$\q |inear regime up to 280 K, a fact which indicates a fur-

is strongly circularly polarized: in both configurations we
find p.~0.75. For linearly polarized excitation in the Fara-
day geometry the SFRS intensity is stronger for the crossed
polarizations:p;~ —0.5. Note that APRS has different po- IV. DISCUSSION
larization characteristics compared to SFRS. The degree of
the linear polarization of APRS is about 0.3, and it depends
only slightly on the Raman shifs. No circular polarization We now compare the results of SFRS in CdS-based QD’s
was detected for the APRS spectga€0). to those found for bulk CdS. To do so, we have measured
The SFRS intensity depends on the photon en&gyof spgctra for pulk materiaf under the same exper?ment_al con-
the exciting laser. For example, in the 70 A samfiBhas a d|t|_ons. In Fig. ?Q_b) t_he SFRS spectra for two orientations of
maximum atE..= 2.6 eV and decreases whep,. deviates & flxed magnetic field, parallel and perpendlt_:ular fto the
from this value. We find that two extreme cases are realized®Xis of bulk CdS, are shown. We observe a slight difference
|AP>|SF when E,,. decreases ant*P<ISF whenE,,.in- N the positions of the SFRS maxima in the two configura-
creases from the maximum. In other words, the resonanc#ons which reflects the anisotropy of the electipriactor.
profile for SFRS is shifted to higher energies with respect tol e measured components of the elecydiactor tensor for
that of APRS. For a detailed analysis of the SFRS and APR&agnetic fields parallel and perpendicular to ¢hexis of the
resonant profiles additional measurements with tunable laséulk crystal,gi=1.760(5) andy? =1.7855), respectively,
excitation are required. are represented in Fig. 6 by open squares. These values are
For each excitation energy, the intensity of both SFRSClose to those found in the literaturgf=1.771(4) andy
and APRS divided by the appropriate statistical factor de=1.78§2).3233
creases with increasing temperature as shown in Fig. 5 for The behavior of the electragfactor in QD’s differs from
the 44 and 70 A samples and for bulk CdS. The temperaturthat in bulk CdS. First, there is no macroscopic anisotropy of

@

ther increase of, with decreasing.

A. Electron g factor
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TABLE I. Relative intensities of SFRS in CdS nanocrystals for Vot k) and FaradayBIlk) configurationsB=12 T, T=5K. The
symbols|l and_L for linear polarization in the Voigt configurations indicate the polarization with respect to the magnetic-field direction. A
comparison of the experimental intensities with the calculations for doubly resonant SFRS in 70 A CdS nanocrigstdl® aitis also
presented. The values of the normalized matrix elentdME) are calculated in terms of the weight coefficieats, b,, b;, anda,
involved in SFRS in the vicinity of the fundamental gap for different scattering geometee8ackscattering geometry with linear

polarization.(b) Backscattering geometry with circular polarization. For the Voigt configuration the quantization axis has been chosen along

B and the valence-band wave functidisee Eq(7)] are modified accordingly?=(S|p,|X) is the bulk momentum matrix element with

along the[100] direction.

@

Linear polarization

2(x,X)Z 2(x.y)z 2(y.y)z 2(y.X)z
Voigt configuration
Experiment 0.78, 0.7§ , 0.33 | 1,
Theory 0.78 0.5 0.6 1
NME PP —ilPP PP(. 2 —ilPP
T T o M2U3 —_— | a —
3 vi 2% w3 Vit
by by b,
X|a,+— X|a,+— X|ag+—
ch 73 (34 73 A
Faraday configuration
Experiment 0.33 1 0.33 1
Theory 0.27 1 0.27 1
NME PP b, —ilP( b, PE[ b, ~ilP( b,
2\ 2 |27 2\ 2 |27
bs by by by
-— X| a4+ — -— X|ag+—
(a4 ‘/3) 4 v (34 v M 73
(b)
Circular polarization
Z(a'*,a'*)? Z(O'Jr,a'*)?
Voigt configuration
Experiment 1 0.15
Theory 1 0.11
NME PP( ., brt2b, PP( ., bat2b, ( bs—2b,
2\ 4 2\ 4
Faraday configuration
Experiment 1 0.15
Theory 1 0.1
NME 1 |P|?a,a,
*‘73|P|231b3

g in our samples due to the random orientation of the dotsig. 6 by solid symbols. At each value &, electrong
and, secondlyg® changes with decreasing excitation energyfactors hardly vary from one sample to anotkeith differ-

Ee,c (or with increasingg* according to the concept sfze-
selective excitatior) from 1.8145) (E¢=2.71¢€V) to
1.7855) (Eqy=2.54 eV), the latter value af® being close
to that of bulk CdS. Our experimental data for electigpn
factors in QD’s versus the excitation energy are shown

enta) within the experimental accuracy.

In contrast to SFRS in other low-dimensional semicon-
ductor structure$we were not able to determine experimen-
tally the sign of the electrog factor in CdS nanocrystals.

inThis is a consequence of the breakdown of bulklike selection
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. Egyc (solid symbols, as indicatedThe two components of the elec-
FIG. 5. Temperature dependence of the SFRS and APRS inteRzon g factor (g andg®) for bulk CdS are shown by open squares.

sities 1* reduced by the appropriate stafistical factor &t g gojid line is the result of a five-barkd p model calculation.
=10 cnm’t, B=12 T. The solid lines show results of the fit to Eq.

2).
@ entations of the magnetic field and theaxis! The heavy-

rules for the polarization of the optical transitions because of?©!€ 9 factor in CdS is strongly anisotropic due to the sym-

the mixing of the hole states in the valence band. We hav&elry Of the periodic part of the Bloch functions of these
thus chosen the sangpositive sign for the electrory factor States. It changes from 0 to 2.7, depending on the orientation
in the QD’s as in bulk CdS. of the magnetic field with respect to tkeaxis. In the case of

CdS QD'’s, SFRS related to holes is probably absent because
of a large inhomogeneous broadening in the hole Zeeman
splitting, which can be of the order of the total splitting be-

pause of the random orientation of nanocrystals in the ma-

For an accurate calculation of the electgfactor in bulk
CdS a five-bandk-p method has been successfully
used'>3234 Wwith this model, and the assumption of size-
selective excitation, we can describe qualitatively the smal
variation of the electroigy factor with E,., by replacing the
fundamental gap of bulk CdS in E() from Ref. 34 by the
energy of the exciting photon. The result of this calculation, g, Acoustic-phonon and spin-flip Raman-scattering spectra
neglecting the anisotropy of the electrgnfactor, is shown
by the solid line in Fig. 6. The main contribution to the
energy dependence gf can be illustrated using the simple
formula by Roth, Lax, and Zwerdlifgwhich results from a
three-bandk- p model:

As already pointed out in the previous sections, the spec-
tra of both SFRS and APRS can be explained qualitatively
by the interaction of the electronic excitatiogaantized in
the confining potentiabf the QD’s with bulklike acoustic
phonons. This effect is similar to the continuous emission
(“geminate recombination) observed in bulk Cd8Ref. 36
} and in GaAs/AlGa _,As multiple quantum welld’~*! The

(€©)) appearance of a broad background signal at acoustic-phonon
frequencies has been explained as the result of bréken
vector conservation, induced by exciton localization in bulk

whereg, is the free-electrorg factor, andE is the funda- CdS(Ref. 36 or by spatial confinement for the case of quan-

mental gap renormalized by the confinement. Fige- tum well structures’~*'Moreover, in Ref. 36 a maximum at
selective excitation s equivalent tcE,.. The values of the around 6 cm?, similar to what is shown in Figs.(8,b, was
inter-band matrix elementEr=24.9 eV, and spin-orbit observed in emission spectra under resonant excitation of
splitting, A;=0.08 eV, can be taken to be the same as foibulk excitons localized near impurities. The position of this
bulk CdS''3234Due to the small value of\, in CdS (in maximum was determined by the characteristic size of the
comparison with the fundamental gaghe estimated change localized-exciton wave function, which can be viewed as an
in g%, when the excitation energy varies from 2.54 eV toequivalent of the QD radius in the cases of strong and inter-

2.71 eV, does not exceed 1%. Note that in other nanostruanediate exciton confinement.

tures, based on semiconductors with relatively large spin- In QD’s the electronic excitations are confined in all di-

orbit splitting, significant variations of the electrgnfactor  rections. This leads to a complete relaxation of ikheector

with size parameters were reported. conservation in the Raman scattering by bulk acoustic vibra-

We did not find any Raman signals related to spin flip oftions and allows us to qualitatively explain our main obser-
the holes, which was observed in bulk CdS for specific ori-vations. The size distribution of the QD’s needs to be taken

o], Ep(l 1
97700 1" 3 E T E+a,
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into account. Neglecting statistical factors, the efficiency of 1 Fa
Raman scattering by one phonon can be written as 'S
/ ’*.::\ y =24 cm’!
o
AN
J~J dgda*G(a*)8(w,— ws—vQ) ’@ ’;’ ”
a ;’ 8 cm-!
5 v=3x103m/s
5 2 1 - 0.4 cm'1
= . i e 0 ] ] ) 1 ]
' wl_wa(a 1B)i§qu’BB+§’YQ S 1 Foy
1 2 b j‘T A‘ ‘,{v"%'vv, Y, = 0.4 cm-!
o=y L E4 'v"
XM a,a’(qua*) 1 i ) g / kx\‘ "vv,v
. % - o D) | ¥ \\ """
Wg wa’(a :B)ingBB+ 2701’ E 11 f \A e,
B -1 ,7" * \\Nm
(4) 177’ \\\‘M\““““
[t7
p
. i . . . . i ok 1 1 1 1 1 L 1
where G(a*) is the QD size distribution function that is 0 10 20 30 40
usually approximated by a Gaussiat(ws) is the incident Raman shift (cm-1)
(scatteregllight frequency,w(a*,B) andy, are the energy 25
and the homogeneous lifetime broadening of the size- () ¥, = »24 cor lr@
quantized electronic excitations, is the average sound ve- 20 semt | B P BST
. . . cm- -
locity, q a phonon wave vector, and (g,a*) is the matrix =~ 15k oaemt | 3 9°_=;~Z95 B
element of the electron-phonon interaction. In the following & P P
calculations, the width of the Gaussian dot-size distribution " 10 |- sl
G(a*) (inhomogeneous broadeningas taken to be 40% of 5 Y ‘§
gl? 5F ¥ 1»=3x103m/s ‘g I
According to Eq.(4) the entire dispersion branches of the T B R L
acoustic phonons contribute to the scattering efficiency. The 0123456 0 5 10
relative strength of the contributions from modes with differ- 100/a (Al Raman shift (cm™)

ent frequencies, i.e., the scattering profile, results from a

H H 1 *
rather complicated interplay of the matrix eleméhtq,a*), Eq. (4) under resonant excitatiof@) for three values of the homo-

the energy denominatofsvhich can lead to resonant S|gnz_al geneous broadening, = 0.4, 8, and 24 cm; v=23x 10° m/s, and
enhancementthe phonon density of states, and the QD size—-

R . . a=40 A; (b) for two sound velocitiesy, ,=4.25<10° m/s and
distribution function. However, a number of conclusions can. . .
. - vra=1.86x10° m/s, corresponding to theA and TA acoustic
be readily drawn from this formula. Due to the rather broad . —
size distribution for all our samples, the main contributionsphonons in bulk Cd§,3nd=40 A. (0) Caleulated dependence of
to the one-phonon Raman scattering efficiency result fronfmax 0N the QD radius for three vealues O U:3X1931 m/s.
the processes that involve either incoming or outgoing resod SFRS spectrum foB=8T andg®=1.795;y,=0.4 cm ™.
nance. This means that contributions to the scattering inten-
sities in the low-energy part of the spectrum are mainly the
result of the selective excitation or, for outgoing resonance,
selective recombination. Model calculations according to Eq.
(4) show that the scattering profile is sensitive to the depenyherej,, andx,,, are the Bessel function of order and its
dence of the matrix elemeM(g,a*) on the Raman phonon nth zero, respectively. For zero magnetic field qualitative
wave vector of magnitudg=(w,— ws)/v. This dependence agreement with the experimental data is obtained for a
is a product of factors corresponding to the coupling constansroadening parameter of, =24 cni ! [see Fig. 7a]. The
Cq and to the matrix elemenR(q,a*) of a plane-wave cajculated scattering efficiencyshows a rapid increase for
exp(qr) evaluated with the proper excitonic wave functions. small Raman shift that is followed by a maximum at™
The results of such calculations for the coupling to theand then changes to a slow decrease with a well-developed
acoustic vibrations via thdeformation-potentiainteraction  shoulder. For smalh <A™ and resonant excitation, the
Cq~ Vg (see, for example, Refs. 38-4are shown in Fig.  scattering efficiency mainly follows thg® behavior that re-
7(a) for three values of the homogeneous broadening paramsults from the product of the phonon density of states and the
eter y, equal to 0.4, 8, and 24 cm, and the QD mean square of the coupling constant, while the matrix element
radiusa=40 A. The matrix elemeriR(q,a*) was evaluated R(g,a*) is almost independent ofj. However, for A
for transitions between sl exciton states corresponding to >A"®the strong decrease Bf(q,a*) overrules this depen-
weak confinement, i.e., the case when the translationalence.
center-of-mass motion of the exciton is quantized while the We thus conclude that the characteristic frequeA{*
wave function of the relative electron-hole separation coinprovides an estimate of the acoustic-phonon energy guith
cides with that of a bulk exciton so that the order of the typical inverse size of the size-quantized

FIG. 7. Normalized Stokes Raman intensitiesalculated with

i2(Xont
2Joonl) )jo(qa*t),

1
R(@.a%)~ fo at j£(Xon)
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TABLE Il. Relative intensities of SFRS in bulk CdS for VoigB{ k) and FaradayBl k) configurationsB=12 T, T=5K, z is parallel
to thec axis of the wurtzite CdS andandy are two mutually orthogonal directions. The symhbdsd.L for linear polarization in the Voigt
configurations indicate the polarization with respect to magnetic-field directiorBlfeon Faraday configuration, the resonant SFRS in bulk
CdS is forbidden both in linear and circular polarizatidhsyhich leads to a drastic decrease of the experimental intensity by two orders of
magnitude in comparison with that in Voigt configuration.

Linear polarization Circular polarization
X(y.y)x X(y,2)% x@z2x  x@y)x  x(eeh)x X(o*, 07 )X
Blly, Voigt configuration 0.9, 0.9, 0.22 1 1 0.83
Bliz, Voigt configuration 0.18 | 1, 0.63 0.79,. 1 0.65
Blix, Faraday configuration 1 0.45 0.2 0.32 1 0.87
2(y,y)z 2(y,X)z 2(X,X)z z(x,y)z z2(o*,0%)z 2(ot,07)z
Blly, Voigt configuration 0.63 1, 0.61, , 1, 1 0.1

exciton wave function that scales proportionally ta.1At ~ SFRS peaks show up as a resultiotiblyresonant, acoustic-
ga* =1 the matrix element starts to decrease due to comperhonon-mediated spin-flip scattering. In contrast to the in-
sation in the overlap integral of the exciton and phononcoming or outgoingsingle resonances of APRS, which lead
states. In the model calculations of Figa7we took into  to the continuous emission, the SFRS involves two real in-
account only one acoustic branch with an average sound véermediate states wheA equals the Zeeman splitting for
locity. The calculated dependence #I"® as a function of those QD's that are in resonance with the excitation. Note
1/a under resonant excitation is shown in Figc)7for the that the observed continuous dependence of the SFRS on the
exciton homogeneous broadening parametg;s-0.4, 8, magnetic-field strengtfiFig. 3@] is easily explained by the
and 24 cm?. Note that this dependence, which is basicallyassumption of bulklike acoustic vibrations. The phonon con-
determined by the exciton confinement in dots wth~a, _tinuum always provides pholnons to fit the Zeeman splitting
is very similar to that predicted by the models based orin @ doubly resonant scattering process. This, however, can-
confined acoustic phonof&.2” Thus most of the APRS fea- Not be directly achieved within the fully confined phonon
tures observed previously can also be explained by the intefnodel. The corresponding calculated SFRS spectrum is
action of the confined excitons with bulklike phonons. Alongshown in Fig. Td) for B=8 T andg=1.795. The FWHM of
these arguments the observed temperature dependence td¢ calculated spin-flip line is mainly determined by the ho-
A™* can also be explained by the interplay of the acousticmogeneous exciton widthy, which was taken to be
phonon density of states, the statistical factor, and th®.4 cmi*in order to reproduce the experimental spectra in
temperature-induced increase of [see Fig. 7a)], while  Fig. 3@). It is also slightly affected by the QD size distribu-
inhomogeneous broadening of “confined” acoustic phonondion and the energy of the electronic states through (Bg.
does not need to be considered. Furthermore, the possibilifyote that the agreement between experimental and theoreti-
of calculating the whole Raman spectrum, implicit in our cal profiles for APRS improves for larger broadenings of the
model, should allow one to perform a more detailed com-€xcitonic intermediate states, whereas a reasonable descrip-
parison with the experiment than using confined acousti¢ion of SFRS spectrum may be obtained only for a small
modes the theoretical spectra of which are simply composeliroadening. It is difficult to describe both SFRS and APRS
of broadened peaks at discrete vibrational eigenfrequencieSpectra using the same value of, a point which needs
Taking into account both longitudinal, LA, and trans- further investigation.
verse, TA, acoustic modes with different sound velocities, We discuss now other possible mechanisms that may con-
v a=4.25<10° m/s andv1,=1.86x 10° m/s*> one can ob- tribute to the broadening of the spin-flip lines in QD’s and
tain two maxima in the Raman efficiency as shown in Fig.that are not included in Eq4). One such contribution is
7(b). The relative strength of the two contributions, which related to the anisotropy of the electrgnfactor, Ag, (Ag
depends on the QD siZéhas not been taken into account. =95 —g5) due to QD nonsphericity or to the wurtzite struc-
In this scenario, the maxima @™ discussed so fafsee ture of each particular nanocrystal. This effect causes an ad-
Fig. 2(a,b] originate fromTA phonons, while the second ditional (inhomogeneoysbroadening of the spin-flip liné’
threshold at\ =45 cmi ! in the Raman spectrum of Fig(@  due to an averaging over the random orientations of the
corresponds to the contribution of the LA modes. QD'’s in the experiment. For CdS-based QD’s this contribu-
The sharp SFRS peaks observed in a high magnetic fieldon, which should be linear in the magnetic field’(
can also be explained as involving acoustic-phonon Raman AgugB), is estimated to be about 0.15 ch assuming
scattering~’ when the interaction Hamiltonian for transitions B=14 T and the bulk value akg=0.025. Since no changes
between the electron states with different §pfit is taken  in Swith B were observed within our experimental accuracy
into account(see below Because ofi) the broad size dis- (0.2 cm %), we conclude that the anisotropy of the electron
tribution of the QD’s and(ii) the absence ok-vector con- g factor in each particularQD is small and, at most, does
servation for interaction with bulk acoustic vibrations, the not exceed that for bulk CdS. Comparing the SFRS spectra
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in Fig. 3@, we find thatd for nanocrystals is smaller than |(x+iy)1) I(x—iy)])
for bulk CdS in case oklicL B. The corresponding spectrum Uiy =—"—"", |Up= ,
is shown by the dashed line in Fig3. Indeed, the disper- V2 V2

sion of excitons which are intermediate states in the scatter-

ing process causes an additional broadening of the spin-flip 1 2

line for excitation with a laser beam along tbexis of bulk |Ujy=——=|(x—iy)1)— \[5 |z), 7)
CdS? In QD's this mechanism is destroyed by the full exci- \/6

ton confinement.

1 2
Uhy=——=|(x+iy)| )+ \ﬁ z1),
C. Selection rules for the SFRS polarization Uin) \/§|( b 3 1)

We now discuss the selection rules for SFRS in QD’s am%/vherex, y, andz are orthogonal axes with respect to the

bulk CdS. In the bulk, the SFRS polarization is determmedlaboratory frame. The spiff) (|1)) is quantized along the

by the resonant contributions from the A, B, and C valence__. L . .
axis. For a spin-flip process assisted by acoustic phonons, the

32 . .
S“bb?‘”djs and depends strongly on the excitation energy, .. slement of the electron-phonon interactiotif4
The linear polarization was discussed in detail in Ref. 1. Our

experimental data for bulk CdS, obtained at resonant excita-

tion with E.=2.54 eV, are summarized in Table II. (fe(=)en[H bl enfe(+))
Comparing the results of Tables | and Il, the polarization 5o\12 0 o Xq
of the SFRS in QD’s cannot be accounted for by any of the :d~a( —) o) .
specific orientations of the crystallographic axes of bulk CdS pVouq o Xq 0
with respect to the magnetic field and the exciting light. For A
><(7'2("')’Pe,e’5h,h’ ) 8

example, the SFRS intensities in QD’s in both the Faraday
and the Voigt configurations are close to each other and the ~ . . .
signal is strongly circularly polarized. In the bulk, the elec- Where"%(+ 'T—L) are the Spin wave funcuon; qu.ant|zed along
tronic SFRS is forbidden in the Faraday configuration, botH€ Z axis, p is the densityV is the normalization volume,
in zinc-blende and wurtzitéfor klic) semiconductor$,and A=(0xB,0) is the vectorBotenuaI for the external magnetic
strong but only weakly polarized in the Voigt configuration. field directed along, anda is the lattice constant. The ex-
To describe the experimentally detected SFRS polarizapression forP.¢ is given by
tion in QD’s (see Table)lwe have calculated the appropriate

matrix elements for the optical transitions. The mixing of the 3 o . p e
hole-states in the valence band due to full confinement was Pee’:f d°refe expiq-re)| - + 3 -A+d|fe. (9
taken into accourf® The total matrix element that deter-
mines the SFRS process in a QD can be written as The coupling constand depends on the mechanism of the

electron-phonon interaction. For the deformation-potential

MEP= ()€ - plen){fa(=) en HEZm enfe( 7)) interactior>**
X(enle-plfe(F)), ) (a) Faraday configuration
Circular polarization Linear polarization

whereg (&) is the polarization vector of the incomirigcat- Ist> \ ’ y
tered light, p is the momentum operatof, and ¢, are the g4 ’ ; ’
electron and hole wave functions in the QD’s in a magnetic o o o ee lee lee lee
. . in - . . . Xy Xy Xy Xy
field, respectively, andi "}, is the Hamiltonian of the spin- ‘ ‘ ‘

flip electron-phonon interaction. Ther) signs correspond to
the electron spin orientation in the conduction band with
wavefunctiongST) and|S|), respectively. Note thalt1P"

Uy blUp  bilUp> alUpy  olUfy  blUp  bylUf> alUpy

is additively included inM(g,a*) from Eq. (4), which de-  © _ ~ Voigt configuration B
scribes the transitions both with and without a change of the,,, Circular polarization Linear polarization
electron spin. We treat the stateg as a linear combination ) i I )
of the valence-band wave functions of an idealized systerrISD 1
with zinc-blende structure, mixed ak=0 by size R I S N A A T L L
quantizatiorf® 'y v

QiU blUp>  bylURy alUnd  qlUfy  blUp>  balUp> a,lUnp

|<Ph>: al|f1aUrTh>+ b2|f2*UIh>+ b3|f3*UIJrr1>+a4|f4*Uhh>- FIG. 8. Terms contributing to the Stokes and anti-Stokes SFRS
in QD’s in the vicinity of the fundamental gap renormalized due to

. ) confinement. The solid lines represent optical interband transitions
Here,f; (j=1, 2, 3, and #are the hole envelope functions petween the conduction ban#is() and|S|)) and the mixed va-
for a QD in a magnetic field, anal; , andb, ; are admixture  |ence bands of heavy(;) and light U;) holes. The dashed lines
coefficients that depend on the QD radius &dThe peri- represent the electron—acoustic-phonon spin-reversal transitins.
odic parts of the Bloch wave functions in the valence bandrransition between QD levels in the Faraday configuration
can be represented“ds (Blizlk); (b) the same for the Voigt configuratiomx,ki|z).
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mo A tor strength for each electron-hole component. The relative
d~ —Fdco, intensities, calculated with, /b,=0.99, a,/b;=0.826, and
€ a,/a,=4.52, are in a good agreement with the experimental
wherem, (M) is the electron effectivébarg mass, andi, , values presented in Table | for several scattering geometries.
is the interband deformation potential equal to about 5 eV foNote that the experimental data were not corrected for effects
bulk zinc-blende Cd$%*’ due to resonant Faraday rotation and Fresnel loss of polar-
According to Egs.(5) and (8) the spin-flip Raman ization, which might cause discrepancies between the calcu-
scattering selection rules in QD’s are determined by thdated and experimental data in the Table I.
nonzero products of the matrix elements
(fe(=)|€ plen){enla-plfe(F)) and the electron-phonon
interaction. Figures @,b show the terms contributing to
Stokes and anti-Stokes SFRS processes for the Faraday andWe have explained both SFRS and APRS spectra in CdS
Voigt configurations in the vicinity of the fundamental gap QD'’s through the interaction of size-quantized electronic ex-
renormalized due to confinement. The spin-phonon interaceitations with nonconfinedulklike acoustic phonons. The
tion [Eq. (8)] couples a spin reversal transitigghown by localized character of the excitonic wave function in the
dashed arrowsof the conduction electrons, thereby allowing quantum dots leads to the relaxatiorkefector conservation
different transitions between the heavy- and light-hole vain the Raman process. As a consequence, acoustic phonons
lence bands and the conduction band to contribute to ththroughout the entire Brillouin zone can contribute to the
Raman scattering. The external magnetic field splits thecattering. This leads to resonant APRS and to doubly reso-
Kramers degeneracy of the conduction band; the energy diflkant acoustic-phonon-mediated SFRS. The eleajréactor
ference between two electronic states with different spin oriin CdS QD’s has been measured with high accuracy. It
entation can become equal to the energy of specific acoustehanges with increasing QD radius from 1.80 to
phonon. The incident and scattered light are simultaneously.7855), the latter value being close to that of bulk CdS.
in resonance with spin reversal electronic interband transi-
tions. Stokes and anti-Stokes SFRS processes are equal, ex-
cept for a statistical phonon factor that depends on tempera-
ture. The authors are grateful to E. L. Ivchenko, V. F. Sapega,
Table | also shows the nonzero matrix elementsand T. Strohm for valuable discussions. Thanks are due to P.
(fe(—) €% - plon){enla-plfe(+)) normalized to(f.|f,) for  Hiessl, H. Hirt, and M. Siemers for their help with the ex-
different scattering configurations which contribute to doubleperiment. A. A. Sirenko and A. I. Ekimov would like to
resonant Stokes SFRS. These elements are given in termstbfink the Alexander von Humboldt Foundation for financial
the coefficients,, b,, b, anda,, assuming equal oscilla- support.

V. CONCLUSIONS

ACKNOWLEDGMENTS

*Present address: Pennsylvania State University, 104 Davey Lab'M. Cardona, J. Phys. Chem. Soligl4, 1543(1963; C. Weisbuch
University Park, PA 16802. Electronic address:  and C. Hermann, Phys. Rev. B, 816 (1977.

sirenko@phys.psu.edu 2M. J. snelling, G. P. Flinn, A. S. Plaut, R. T. Harley, A. C.
1D. G. Thomas and J. J. Hopfield Phys. R&Vv5 1021(1968. Tropper, R. Eccleston, and C. C. Phillips, Phys. Rev48
23, Geschwind and R. Romestain Liight Scattering in Solids IV 11 345(1991).

edited by M. Cardona and G. @therodt, Vol. 54 of Topics in  13V. K. Kalevich and V. L. Korenev, Pis'ma Zh. Eksp. Teor. Fiz.

Applied PhysicgSpringer, Berlin, 1984 p. 151. 56, 257 (1992 [JETP Lett.56, 253 (1992)].
3J. F. Scott, Rep. Prog. Phy43, 950(1980. 14A. 1. EKimov and A. A. Onushchenko, Pis'ma Zh. Eksp. Teor.
4V. F. Sapega, M. Cardona, K. Ploog, E. L. lvchenko, and D. N.  Fiz. 34, 363(198) [JETP Lett.34, 345(1981)].

Mirlin, Phys. Rev. B45, 4320(1992. 15Al. L. Efros and A. L. Hros, Fiz. Tekh. Poluprovodri6, 1209
5D. N. Mirlin and A. A. Sirenko, Fiz. Tverd. Tel&4, 205 (1992 (1982 [Sov. Phys. Semicond.6, 772(1982].

[Sov. Phys. Solid Statg4, 108 (1992]. 16A . |. EKimov, A. A. Onushenko, and Al. L. fios, Solid State
5V, F. Sapega, T. Ruf, M. Cardona, K. Ploog, E. L. Ivchenko, and Commun.56, 921 (1985.

D. N. Mirlin, Phys. Rev. B50, 2510(1994). 1A, Ekimov, J. Lumin.70, 1 (1996, and references therein.

"A. A. Sirenko, T. Ruf, K. Eberl, M. Cardona, A. A. Kiselev, E. L. 8A. P. Alivisatos, T. D. Harris, P. J. Carrol, M. L. Steigervald, and
Ivchenko, and K. Ploog, irProceedings of the 12th Interna- L. E. Brus, J. Chem. Phy$€0, 3463(1989.
tional Conference on the Application of High Magnetic Fields in *®M. C. Klein, F. Hache, D. Ricard, and C. Flytzanis, Phys. Rev. B
Semiconductor Physic®Virzburg 1996, edited by G. Landwehr 42,11 123(1990.

and W. OssaWorld Scientific, Singapore 1997p. 561. 20A. Tanaka, S. Onari, and T. Arai, Phys. Rev4B 6587 (1992.
8A. A. Sirenko, T. Ruf, M. Cardona, D. R. Yakovlev, W. Ossau, 2*E. Roca, C. Trallero-Giner, and M. Cardona, Phys. Revi®B
A. Waag, and G. Landwehr, Phys. Rev5B, 2114(1997. 13 704(1994.

9A. A. Sirenko, T. Ruf, A. Kurtenbach, and K. Eberl, Rroceed-  22C. Trallero-Giner, A. Debernardi, M. Cardona, E. Madez-
ings of the 23d International Conference on the Physics of Semi- Proupn, and A. I. Ekimov, Phys. Rev. B7, 4664(1998.
conductors edited by M. Scheffler and R. Zimmermatiworld 23p T, C. Freire, M. A. Arajo Silva, V. C. S. Reynoso, A. R. Vaz,
Scientific, Singapore, 1996. 1385. and V. Lemos, Phys. Rev. B5, 6743 (1997. Note that the

10M. J. Snelling, E. Blackwood, C. J. McDonagh, R. T. Harley, and  authors of this work announce a future publication in which
C. T. B. Foxon, Phys. Rev. B5, 3922(1992. possible confinement effects will be discussed in detail.



PRB 58 SPIN-FLIP AND ACOUSTIC-PHONON RAMA . .. 2087

24E. Duval, A. Boukenter, and B. Champagnon, Phys. Rev. Lett. Wells and Superlatticed/ol. 142 of Springer Tracts in Modern

56, 2052(1986. Physics(Springer, Heidelberg, 1998
25\, Fujii, T. Nagareda, S. Hayashi, and K. Yamamoto, Phys. Rev3’C. Hermann and C. Weisbuch, Phys. Rev1® 823 (1977.

B 44, 6243(1997). 38y, Rossler inNumerical Data and Functional Relationships in
A, Tanaka, S. Onari, and T. Arai, Phys. Rev4B 1237(1993. Science and Technologyedited by O. Madelung, Landolt-
27T. Takagahara, J. Lumirv0, 129 (1996. I_30rnstein, New Series, Group lll, Vol. 22, pt.(8pringer, Ber-
?8L. Saviot, B. Champagnon, E. Duval, I. A. Kudriavisev, and A. 1. lin, 1987, p. 197. _

Ekimov, J. Non-Cryst. Solid497, 238 (1996. " 1""1"7""‘;2822’15';’55‘3&”0”& and N. E. Christensen, Phys. Rev. B
29 .

M. Lamb, Proc. Math. Soc. Londoh3, 187 (1882. ! )
30A. Tamura, K. Higeta, and T. Ichinikawa( J. ghys.16 4975 "’L. M. Roth, B. Lax, and S. Zwerdling, Phys. Re4 90(1959.
(1982 ' ' ' ’ 413, J. Hopfield, inProceedings of the Internatonal Conference on

the Physics of Semiconductpegdited by A. C. StiklandInsti-

31 . . o . . . .
C. Weisbuch and R. G. Ulbrich, inight Scattering in Solids 1|1 tute of Physics and Physical Society, Exeter, 1962 75.

edited by M. Cardona and G. @therodt, Vol. 51 of Topics in 42p. Gerlich, J. Phys. Chem. Soli®8, 2575(1967)

2 Applied Physics(Springgr, Berlin, 198g p. 207. . 433, T. Pavlov and Yu. A. Firsov, Fiz. Tverd. Tefa 2635(1965
P. S. Kop’ev, D. N. Mirlin, V. F. Sapega, and A. A. Sirenko, [Sov. Phys. Solid Statg, 2131(1966]

Pis’'ma Zh. Eksp. Teor. Fi51, 624(1990 [JETP Lett.51, 708 443, T. Pavlov and Yu. A. Firsov, Fiz. Tverd. Teta 1780(1967)

5. (1990 , [Sov. Phys. Solid Stat®, 1394(1967)].
V. F. Sapega, V. I. Belitsky, T. Ruf, H. D. Fuchs, M. Cardona, 45G_ B Grigoryan, EM. Kazaryan, Al. L. Bros, and T. V. Yazeva,
and K. Ploog, Phys. Rev. B6, 16 005(1992. Fiz. Tverd. Tela32, 1772 (1990 [Sov. Phys. Solid Stat&2,
34D. N. Mirlin, I. A. Merkulov, V. I. Perel’, I. I. Reshina, A. A. 1031(1990].

Sirenko, and R. Planel, Solid State Comm@d, 1093(1992. 46M. Cardona, N. E. Christensen, and G. Fasol, Phys. Re38,B
35T Ruf, V. I. Belitsky, J. Spitzer, V. F. Sapega, M. Cardona, and  1806(19889.

K. Ploog, Phys. Rev. LetfZ1, 3035(1993. 47A. Blacha, H. Presting, and M. Cardona, Phys. Status Solidi B
36T, Ruf, Phonon Raman Scattering in Semiconductors, Quantum 126, 11 (1984).



