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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 electrong factor has been measured as a function of the quantum dot size.
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I. INTRODUCTION

Spin-flip Raman scattering~SFRS! was first studied in
bulk CdS by Thomas and Hopfield.1 The effectiveg factors
for bound donors and acceptors were measured, and
impurity-mediated spin-flip mechanism was discussed. A
riety of other experimental findings, many of which were
direct result of high-resolution SFRS spectroscopy in C
was reviewed by Geschwind and Romestain2 and Scott.3 Re-
cently, low-dimensional systems such as GaAs/AlxGa12xAs
~Refs. 4–7! and CdTe/CdxMg12xTe ~Ref. 8! multiple quan-
tum wells and InP/InxGa12xP self-assembled quantum dot9

have been studied by SFRS in order to obtain informat
aboutg factors. In comparison to other techniques, such
polarized exciton luminescence,10 optically detected spin
resonance,11 or Hanle effect measurements,12,13 which only
yield the g factors of either excitons, electrons, or hole
SFRS allows one to determine all these quantities in a sin
experiment.4,7

In the present work SFRS is applied to CdS quantum d
~QD’s! embedded in a glass matrix. This system is curren
of great interest because of its unique electronic and op
properties, which are modified by size quantization of
electronic states.14–17 Here we investigate changes of th
electrong factor with the quantum dot size, as well as t
polarization and the mechanisms of the SFRS. In this c
text, the interaction between electronic excitations a
acoustic phonons in the case of complete carrier confinem
and the nature of the acoustic-phonon spectrum, which
be obtained by Raman spectroscopy, are important to un
stand our experimental results.

While the optical vibrational modes in QD’s based
II-VI semiconductors were extensively studied by means
Raman spectroscopy and their confinement was establi
both experimentally and theoretically,17–23 the situation for
acoustic phonons is less clear. Distinct maxima~one or two!
in the low-frequency Raman spectra around 5 – 20 cm21

were observed in a number of experiments17,24–26for differ-
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ent nanocrystals embedded in a matrix. It was found tha
decrease of the QD radius,a* , results in an increase of the
Raman shift,Dmax. To explain these maxima, the idea
acoustic-phonon confinement was invoked.24–28 Eigenfre-
quencies of spheroidal and torsional confined acoustic mo
were calculated using the macroscopic theory of elastic
brations for a homogeneous spherical body29 with a free sur-
face, which was assumed to be applicable
nanocrystals.24–28,30 This macroscopic model describes th
dependence ofDmax on a* and the polarization of the Rama
spectra by means of the interaction with the lowest confin
acoustic modes for ‘‘free-standing’’ and ‘‘rigid’’ boundar
conditions28 as well as for the case when the influence of t
matrix is taken into account by means of a ‘‘relaxed surfa
layer.’’ 30 The samples used for studies of the acous
phonon Raman spectra usually contain nanocrystals em
ded in a matrix.17,24–26Many different situations, dependin
on the glass and QD parameters, can therefore occur, in p
ciple, and the modes involved can vary from almost confin
to bulklike. However, since the sound velocities in a gla
matrix and crystalline CdS are similar, bulklike nonconfin
acoustic vibrations are expected to play an essential rol
the explanation of the low-frequency Raman spectra for
system that is investigated here. We therefore examine
spectra of acoustic-phonon Raman scattering~APRS! in CdS
QD’s and propose that the low-frequency maxima in the
gime of size-selective excitation appear due to the interac
of size-quantized electronic excitations with nonconfin
bulklike acoustic phonons.

II. EXPERIMENT

Samples with CdS nanocrystals embedded in a glass
trix were grown using a diffusion-controlled phase deco
position of solid solutions. This process has been descri
in detail by Ekimov.17 In transmission electron microscopy
the CdS particles show a spherical shape and a nearly pe
wurtzite crystal structure. It is assumed that the nanocrys
2077 © 1998 The American Physical Society
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2078 PRB 58A. A. SIRENKO et al.
have a random distribution of thec axis direction in the glass
matrix. The mean radiusā, of the nanocrystals~not equiva-
lent toa* , which is probed under size-selective excitation17!
has been estimated by comparison of the low-energy abs
tion threshold position, which is modified due to the carr
confinement, with calculations.17 For Raman measurement
we used samples with mean dot radii of 33, 44, 70, and 87
comparable to or larger than the bulk exciton Bohr radius
about 30 Å.31 The regimes of either intermediate or we
exciton confinement are realized in these samples. It
estimated that for each sample the ratio of the mean de
tion in the size distribution to the mean radius is abo
0.460.1.17 The samples are polished platelets (535 mm2)
with a thickness of about 0.5 mm. In the following, th
samples are labeled by their mean dot radii.

A number of Ar1-ion laser lines was used to excite R
man spectra within the energy distribution of excitons co
fined in the QD’s with a certain average size. Following t
concept ofsize-selective excitation,17,21 we assume that only
the nanocrystals with an exciton transition energy close
that of the laser are resonantly excited. The excitation po
density of the laser was less than approximately 10 mW/c2

in order to reduce the local heating of the samples. T
sample temperature was varied between 10 and 280 K. It
controlled with a Si diode attached to the sample holder.

Raman spectra were measured with a SPEX 1404 do
monochromator equipped with a cooled GaAs photomu
plier for single-photon counting. The resolution limit of ou
setup is about 0.2 cm21. The experiments were performed
backscattering geometry. Magnetic fieldsB up to 14 T were
applied both along~Faraday configuration,Bik! and perpen-
dicular ~Voigt configuration,B'k! to the direction of the
laser beamk.

To investigate polarization effects in the Raman spec
we used the parallel,z(x,x) z̄, and crossed,z(x,y) z̄, geom-
etries for linearly polarized measurements, as well as cir
larly polarized,z(s6,s6) z̄, and depolarized,z(s6,s7) z̄,
configurations. The first~second! symbol in brackets corre
sponds to the polarization of the exciting~backscattered!
light. The symbolsx, y, andz are not related to the crysta
lographic axes of the QD’s, but represent orthogonal a
with respect to the laboratory frame. Forkiz, s65(ex
6 iey)/&, whereex andey are unit vectors along thex andy
axes. The degree of linear~circular! polarization of the scat-
tered radiation propagating along thez direction is defined as

r l ~c!5
I i2I'

I i1I'

,

where I i and I' are the intensities of the light polarize
parallel and perpendicular with respect to the polarization
the excitation. For circular polarizationI i (I') is the light
intensity in the polarized~depolarized! configuration.

The photoluminescence~PL! and absorption spectra o
CdS QD’s have been systematically studied.17 Figure 1
shows transmission spectra of the 33, 44, 70, and 87 Å Q
at T510 K. With decreasing QD size the high-ener
threshold in the transmission shifts towards higher energ
corresponding to increasing exciton confinement.
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III. EXPERIMENTAL RESULTS

A. Acoustic-phonon Raman spectra atB50

Typical low-frequency APRS spectra for the 33, 70, a
87 Å samples excited with different laser lines are shown
Fig. 2. In both, the Stokes~by definition positive Raman
shift, D! and anti-Stokes~negative Raman shift! parts of the
spectrum@Figs. 2~a,b!# a broad maximum atDmax is sym-
metrically placed with respect to the laser line. In the 87
sample at excitation energy 2.54 eV@Fig. 2~c!#, the maxi-
mum occurs for a small Raman shift and cannot be dete
due to the finite stray-light rejection of the spectrometer. T
main features ofDmax, such as its dependence on the exci
tion energy for size-selective excitation, and onā for non-
resonant excitation~see Introduction and Refs. 17, 24–26!,
were observed in our experiments for all samples.

In the case of single-phonon processes, the Raman in
sities for the Stokes,I S , and anti-Stokes,I AS, parts of the
spectra are proportional to the statistical factors@n(D)11#
and n(D), where n(D) is the phonon occupation numbe
given by the Bose-Einstein distribution function:n(D)
5(expD/kT21)21. To analyze the acoustic-mode spectra
thus divide the measured Raman intensity by the appropr
statistical factor, which is very sensitive to temperature.
order to take heating effects at the laser spot into account
local temperature of the sample,T* , was obtained from a fit
of the experimental data to the following expression:

I S~D!

I AS~D!
5exp

D

kT*
. ~1!

At weak pumping powers (,1 W/cm2) the value ofT* ob-
tained in this way is about 13 K@see lower spectra in Fig
2~c!#, close to the temperature measured by the Si diode
the sample holder in the exchange-gas cryostat (T55 K).
With increased pumping power up to 25 W/cm2, however,

FIG. 1. Normalized transmission spectra of 33, 44, 70, and 8
CdS QD’s atT510 K. The laser energies used for size-select
excitation of APRS and SFRS spectra are indicated with do
lines. The arrow marks the photoluminescence maximum of b
CdS.
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the effect of local heating is strong@see upper spectra in Fig
2~c!#, especially for excitation with a laser energy in th
range of strong absorption. The value ofT* can reach 50 K
@see Fig. 2~a!#, while no change is registered by the tempe
ture sensor. The direct measurement of the sample temp
ture at the laser spot by the Stokes–to–anti-Stokes rat
therefore indispensable for an accurate analysis of the Ra
line shapes and temperature-dependent measurement
values ofT* obtained this way are used throughout the p
per. Note that the resonance profile for APRS is very bro
compared to typical acoustic-phonon energies involved
the Raman process. Therefore, it does not affect this anal

Figure 2 also shows the reduced Raman intensity,I * ,
obtained from the experimental spectra after dividing by
appropriate statistical factor calculated with the sample te
peratureT* found from the fit to Eq.~1!. As expected, the
reduced spectra are nearly symmetric with respect to the
ser line. This proves that APRS spectra are governed in
whole range ofD by first-order processes that we attribute
acoustic phonons. The spectra thus reflect the probabilit
scattering by one acoustic phonon. Note that a relaxatio
k-vector conservation is required to obtain a continuo
emission over such a broad spectral range rather than

FIG. 2. APRS spectra of the CdS QD’s measured inz(s1,s1) z̄
configuration ~open triangles!. ~a! 33 Å, Eexc52.7 eV at T*
550 K. ~b! 70 Å, Eexc52.6 eV at T* 530 K. ~c! 87 Å, Eexc

52.54 eV atT* 513 and 20 K. Stokes and anti-Stokes parts of
spectra in~a! and~b! show peaks atDmax and2Dmax, respectively.
Raman intensitiesI * obtained after division of the APRS spectra b
the statistical factorsn(D) and @n(D)11# ~open circles! for the
anti-Stokes and Stokes parts, respectively, are shown with fi
triangles.
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sharp Brillouin lines that are usually observed in bu
crystals.32–36 This issue will be further discussed below.

The spectral range for studies of acoustic phonons
restricted to about660 cm21 by two factors:~i! the fast
decrease of the signal in the anti-Stokes part and~ii ! the
appearance of a PL background in the Stokes part for la
Raman shifts. This PL background component of the to
intensity in the APRS region can, in principle, have a diffe
ent spectral and temperature dependence, thus producin
uncertainty in the determination ofT* . However, we ob-
tained nearly the same value ofT* from the Stokes–to–anti
Stokes ratio of the SFRS components~see the following sub-
section!. In the case of the very narrow SFRS lines that ra
can be measured unambiguously and, hence, it gives an
more accurate estimate ofT* compared to the above
described procedure based on the broad APRS spectra. I
following, we restrict the analysis to the range where the
background is small compared to the APRS intensity.

It is clearly seen in Fig. 2~b!, that the reduced APRS
spectrum has two distinct regimes: for small phonon energ
(D,Dmax), I * increases from zero withD, while for largerD
it decreases slowly, by about 10% between 15 and 60 cm21.
For the spectrum in Fig. 2~a!, a similar behavior is observed
However, it corresponds to a superposition of two contrib
tions that will be discussed below. It is significant that t
broad maximum, which exists in the original spectrum,
most disappears and all that remains is a change in the s
of the spectra aroundDmax. In temperature-dependent me
surements we have also found that the position ofDmax in-
creases for largerT, for example, this shift is equal to abou
2 cm21 when T changes from 15 K to 140 K and is als
reflected in the reduced spectra. In the next section we d
onstrate that the maxima in Figs. 2~a,b! result from the inter-
play between the one-phonon scattering probability for bu
like acoustic modes, whose exact shape needs to
established, and the phonon statistical factors.

B. Spin-flip and acoustic-phonon Raman spectra atBÞ0

In a magnetic field narrow Stokes and anti-Stokes SF
lines appear on top of the APRS spectra@see Fig. 3~a!#. We
attribute these narrow lines to acoustic-phonon-assisted e
tron spin-flip processes.4–7 The full width at half-maximum
~FWHM! of the spin-flip lines,d, after deconvolution with
respect to the instrumental response is about 0.5 cm21. This
value neither changes with magnetic field nor with tempe
ture up to 280 K. The Raman shift of the electron spin-fl
line, De, is directly proportional toB. Theabsolutevalue of
the electrong factor,ge, is related to the Zeeman splitting o
the electron states byDe5ugeumBB, wheremB is the Bohr
magneton (mB.0.4668 cm21/T). This dependence is show
in Fig. 4. For all samples measured, the absolute values oge

are close to that measured for bulk CdS. In contrast to o
uniaxial systems, e. g., bulk CdS~Ref. 32! or GaAs/AlAs
quantum wells,7 no anisotropy of the electrong factor, which
would reveal itself in a dependence of the position of t
spin-flip line on the orientation of the magnetic field wi
respect to the crystal axes or the laser beam, was observ
CdS QD’s.

The APRS spectra do not depend on the magnetic fiel
the whole range ofD, while the SFRS intensity,I SF, does.

d
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2080 PRB 58A. A. SIRENKO et al.
I SF is always proportional to the APRS intensity,I AP, at the
same value ofD. We thus conclude thatI SF is also related to
the probability of scattering by acoustic phonons.

The polarization of SFRS has been measured for diffe
orientations of the magnetic field with respect to the la
beam. Both the Stokes and anti-Stokes intensities exhibit
same polarization behavior. The results for the Voigt a
Faraday configurations are summarized in Table I. The SF
is strongly circularly polarized: in both configurations w
find rc'0.75. For linearly polarized excitation in the Far
day geometry the SFRS intensity is stronger for the cros
polarizations:r l'20.5. Note that APRS has different po
larization characteristics compared to SFRS. The degre
the linear polarization of APRS is about 0.3, and it depe
only slightly on the Raman shiftD. No circular polarization
was detected for the APRS spectra (rc50).

The SFRS intensity depends on the photon energyEexc of
the exciting laser. For example, in the 70 Å sampleI SF has a
maximum atEexc52.6 eV and decreases whenEexc deviates
from this value. We find that two extreme cases are realiz
I AP@I SF when Eexc decreases andI AP!I SF when Eexc in-
creases from the maximum. In other words, the resona
profile for SFRS is shifted to higher energies with respec
that of APRS. For a detailed analysis of the SFRS and AP
resonant profiles additional measurements with tunable l
excitation are required.

For each excitation energy, the intensity of both SF
and APRS divided by the appropriate statistical factor
creases with increasing temperature as shown in Fig. 5
the 44 and 70 Å samples and for bulk CdS. The tempera

FIG. 3. ~a! SFRS spectra of the 87 Å CdS QD’s at differe
magnetic fields: (Biz), measured in the parallel circular polariz

tions z(s1,s1) z̄, Eexc52.6 eV. The laser line, attenuated by
neutral density filter, is marked withL. ~b! SFRS spectra for bulk
CdS in the Faraday~solid line! and Voigt ~dashed line! configura-
tions. The broadeningd of the SFRS line forkic is due to exciton
dispersion.
nt
r

he
d
S

d

of
s

d:

ce
o
S
er

S
-
or
re

at which the Raman intensity vanishes changes from 75 K
bulk CdS to 250 K for the 70 Å QD’s. For the 33 and 44
QD’s we did not reach the point where the Raman intens
disappears and observed only a decrease ofI * by a factor of
three for an increase in temperature from 12 K to 280 K. T
experimental data at high temperatures were fitted to the
lowing expression:

ln@ I * /I * ~T* 512K !#5
«0

kT*
. ~2!

Here,«0 represents a characteristic energy obtained from
experimental curves. The fitting parameter«0 increases with
decreasing mean QD radius from 11 meV for bulk CdS to
meV for 44 Å QD’s. For the 33 Å sample we did not reac
the linear regime up to 280 K, a fact which indicates a fu
ther increase of«0 with decreasingā.

IV. DISCUSSION

A. Electron g factor

We now compare the results of SFRS in CdS-based Q
to those found for bulk CdS. To do so, we have measu
spectra for bulk material1,2 under the same experimental co
ditions. In Fig. 3~b! the SFRS spectra for two orientations
a fixed magnetic field, parallel and perpendicular to thec
axis of bulk CdS, are shown. We observe a slight differen
in the positions of the SFRS maxima in the two configu
tions which reflects the anisotropy of the electrong factor.
The measured components of the electrong factor tensor for
magnetic fields parallel and perpendicular to thec-axis of the
bulk crystal,gi

e51.760(5) andg'
e 51.785(5), respectively,

are represented in Fig. 6 by open squares. These value
close to those found in the literature:gi

e51.771(4) andg'
e

51.788(2).32,33

The behavior of the electrong factor in QD’s differs from
that in bulk CdS. First, there is no macroscopic anisotropy

FIG. 4. Electron SFRS shiftDe in the 87 Å CdS QD’s vs mag-
netic field in the Faraday configuration,Eexc52.6 eV. The solid
line is a linear fit to the data.
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TABLE I. Relative intensities of SFRS in CdS nanocrystals for Voigt (B'k) and Faraday (Bik) configurations,B512 T, T55 K. The
symbolsi and' for linear polarization in the Voigt configurations indicate the polarization with respect to the magnetic-field direct
comparison of the experimental intensities with the calculations for doubly resonant SFRS in 70 Å CdS nanocrystals atB512 T is also
presented. The values of the normalized matrix element~NME! are calculated in terms of the weight coefficientsa1 , b2 , b3 , and a4

involved in SFRS in the vicinity of the fundamental gap for different scattering geometries.~a! Backscattering geometry with linea
polarization.~b! Backscattering geometry with circular polarization. For the Voigt configuration the quantization axis has been chose
B and the valence-band wave functions@see Eq.~7!# are modified accordingly.P5^SupxuX& is the bulk momentum matrix element withx
along the@100# direction.

~a!
Linear polarization

z(x,x) z̄ z(x,y) z̄ z(y,y) z̄ z(y,x) z̄

Voigt configuration

Experiment 0.78i ,i 0.78i ,' 0.33',' 1',i

Theory 0.78 0.5 0.6 1

NME
2

2uPu2

3
b2b3

2iuPu2

)
b3

uPu2

2 Sa11
b2

)
D 2iuPu2

)
b2

3Sa41
b3

)
D 3Sa41

b3

)
D 3Sa11

b2

)
D

Faraday configuration

Experiment 0.33 1 0.33 1

Theory 0.27 1 0.27 1

NME uPu2

2 Sa12
b2

)
D 2iuPu2

2 Sa12
b2

)
D uPu2

2 Sa12
b2

)
D 2iuPu2

2 Sa12
b2

)
D

3Sa42
b3

)
D 3Sa41

b3

)
D 3Sa42

b3

)
D 3Sa41

b3

)
D

~b!
Circular polarization

z(s1,s1) z̄ z(s1,s2) z̄

Voigt configuration

Experiment 1 0.15

Theory 1 0.11

NME
2

uPu2

4 Sa11
b312b2

)
DSa41

b312b2

)
D uPu2

4 Sa11
b312b2

)
DSa41

b322b2

sqrt3 D
Faraday configuration

Experiment 1 0.15

Theory 1 0.1

NME
2

1

)
uPu2a1b3

uPu2a1a4
o
gy

i

n-
n-
.
tion
ge in our samples due to the random orientation of the d
and, secondly,ge changes with decreasing excitation ener
Eexc ~or with increasinga* according to the concept ofsize-
selective excitation17! from 1.810~5! (Eexc52.71 eV) to
1.785~5! (Eexc52.54 eV), the latter value ofge being close
to that of bulk CdS. Our experimental data for electrong
factors in QD’s versus the excitation energy are shown
ts

n

Fig. 6 by solid symbols. At each value ofEexc electrong
factors hardly vary from one sample to another~with differ-
ent ā! within the experimental accuracy.

In contrast to SFRS in other low-dimensional semico
ductor structures,9 we were not able to determine experime
tally the sign of the electrong factor in CdS nanocrystals
This is a consequence of the breakdown of bulklike selec
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2082 PRB 58A. A. SIRENKO et al.
rules for the polarization of the optical transitions because
the mixing of the hole states in the valence band. We h
thus chosen the same~positive! sign for the electrong factor
in the QD’s as in bulk CdS.

For an accurate calculation of the electrong factor in bulk
CdS a five-band k•p method has been successfu
used.11,32,34 With this model, and the assumption of siz
selective excitation, we can describe qualitatively the sm
variation of the electrong factor withEexc, by replacing the
fundamental gap of bulk CdS in Eq.~6! from Ref. 34 by the
energy of the exciting photon. The result of this calculatio
neglecting the anisotropy of the electrong factor, is shown
by the solid line in Fig. 6. The main contribution to th
energy dependence ofge can be illustrated using the simp
formula by Roth, Lax, and Zwerdling35 which results from a
three-bandk•p model:

ge'g0F12
EP

3 S 1

E
2

1

E1D0
D G , ~3!

whereg0 is the free-electrong factor, andE is the funda-
mental gap renormalized by the confinement. Forsize-
selective excitation Eis equivalent toEexc. The values of the
inter-band matrix element,EP524.9 eV, and spin-orbit
splitting, D050.08 eV, can be taken to be the same as
bulk CdS.11,32,34 Due to the small value ofD0 in CdS ~in
comparison with the fundamental gap!, the estimated chang
in ge, when the excitation energy varies from 2.54 eV
2.71 eV, does not exceed 1%. Note that in other nanost
tures, based on semiconductors with relatively large sp
orbit splitting, significant variations of the electrong factor
with size parameters were reported.8,9

We did not find any Raman signals related to spin flip
the holes, which was observed in bulk CdS for specific o

FIG. 5. Temperature dependence of the SFRS and APRS in
sities I * reduced by the appropriate statistical factor atD
510 cm21, B512 T. The solid lines show results of the fit to E
~2!.
f
e
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,

r
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-

f
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entations of the magnetic field and thec axis.1 The heavy-
hole g factor in CdS is strongly anisotropic due to the sym
metry of the periodic part of the Bloch functions of the
states.1 It changes from 0 to 2.7, depending on the orientat
of the magnetic field with respect to thec axis. In the case of
CdS QD’s, SFRS related to holes is probably absent beca
of a large inhomogeneous broadening in the hole Zeem
splitting, which can be of the order of the total splitting b
cause of the random orientation of nanocrystals in the m
trix.

B. Acoustic-phonon and spin-flip Raman-scattering spectra

As already pointed out in the previous sections, the sp
tra of both SFRS and APRS can be explained qualitativ
by the interaction of the electronic excitationsquantized in
the confining potentialof the QD’s with bulklike acoustic
phonons. This effect is similar to the continuous emiss
~‘‘geminate recombination’’! observed in bulk CdS~Ref. 36!
and in GaAs/AlxGa12xAs multiple quantum wells.37–41 The
appearance of a broad background signal at acoustic-pho
frequencies has been explained as the result of brokek-
vector conservation, induced by exciton localization in bu
CdS~Ref. 36! or by spatial confinement for the case of qua
tum well structures.37–41Moreover, in Ref. 36 a maximum a
around 6 cm21, similar to what is shown in Figs. 2~a,b!, was
observed in emission spectra under resonant excitation
bulk excitons localized near impurities. The position of th
maximum was determined by the characteristic size of
localized-exciton wave function, which can be viewed as
equivalent of the QD radius in the cases of strong and in
mediate exciton confinement.

In QD’s the electronic excitations are confined in all d
rections. This leads to a complete relaxation of thek-vector
conservation in the Raman scattering by bulk acoustic vib
tions and allows us to qualitatively explain our main obs
vations. The size distribution of the QD’s needs to be tak

FIG. 6. Electrong factor in CdS QD’s vs the excitation energ
Eexc ~solid symbols, as indicated!. The two components of the elec
tron g factor ~gi

e andg'
e ! for bulk CdS are shown by open square

The solid line is the result of a five-bandk•p model calculation.
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into account. Neglecting statistical factors, the efficiency
Raman scattering by one phonon can be written as

J;E dqda* G~a* !d~v l2vs2vq!

3U(
a,a8

1

v l2va~a* ,B!6
1

2
gmBB1

i

2
ga

3Ma,a8~q,a* !
1

vs2va8~a* ,B!6
1

2
gmBB1

i

2
ga8

U2

,

~4!

where G(a* ) is the QD size distribution function that i
usually approximated by a Gaussian,v l(vs) is the incident
~scattered! light frequency,va(a* ,B) andga are the energy
and the homogeneous lifetime broadening of the s
quantized electronic excitations,v is the average sound ve
locity, q a phonon wave vector, andM (q,a* ) is the matrix
element of the electron-phonon interaction. In the followi
calculations, the width of the Gaussian dot-size distribut
G(a* ) ~inhomogeneous broadening! was taken to be 40% o
ā.17

According to Eq.~4! the entire dispersion branches of th
acoustic phonons contribute to the scattering efficiency.
relative strength of the contributions from modes with diffe
ent frequencies, i.e., the scattering profile, results from
rather complicated interplay of the matrix elementM (q,a* ),
the energy denominators~which can lead to resonant sign
enhancement!, the phonon density of states, and the QD s
distribution function. However, a number of conclusions c
be readily drawn from this formula. Due to the rather bro
size distribution for all our samples, the main contributio
to the one-phonon Raman scattering efficiency result fr
the processes that involve either incoming or outgoing re
nance. This means that contributions to the scattering in
sities in the low-energy part of the spectrum are mainly
result of the selective excitation or, for outgoing resonan
selective recombination. Model calculations according to
~4! show that the scattering profile is sensitive to the dep
dence of the matrix elementM (q,a* ) on the Raman phonon
wave vector of magnitudeq5(v l2vs)/v. This dependence
is a product of factors corresponding to the coupling cons
Cq and to the matrix elementR(q,a* ) of a plane-wave
exp(iqr ) evaluated with the proper excitonic wave function
The results of such calculations for the coupling to t
acoustic vibrations via thedeformation-potentialinteraction
Cq;Aq ~see, for example, Refs. 38–41! are shown in Fig.
7~a! for three values of the homogeneous broadening par
eter ga equal to 0.4, 8, and 24 cm21, and the QD mean
radiusā540 Å. The matrix elementR(q,a* ) was evaluated
for transitions between 1s exciton states corresponding
weak confinement, i.e., the case when the translatio
center-of-mass motion of the exciton is quantized while
wave function of the relative electron-hole separation co
cides with that of a bulk exciton so that
f
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R~q,a* !;E
0

1

dtt2
j 0
2~x0nt !

j 1
2~x0n!

j 0~qa* t !,

where j m andxmn are the Bessel function of orderm and its
nth zero, respectively. For zero magnetic field qualitat
agreement with the experimental data is obtained fo
broadening parameter ofga524 cm21 @see Fig. 7~a!#. The
calculated scattering efficiencyJ shows a rapid increase fo
small Raman shiftsD that is followed by a maximum atDmax

and then changes to a slow decrease with a well-develo
shoulder. For smallD!Dmax and resonant excitation, th
scattering efficiency mainly follows theq3 behavior that re-
sults from the product of the phonon density of states and
square of the coupling constant, while the matrix elem
R(q,a* ) is almost independent ofq. However, for D
.Dmax the strong decrease ofR(q,a* ) overrules this depen
dence.

We thus conclude that the characteristic frequencyDmax

provides an estimate of the acoustic-phonon energy withq of
the order of the typical inverse size of the size-quantiz

FIG. 7. Normalized Stokes Raman intensitiesJ calculated with
Eq. ~4! under resonant excitation~a! for three values of the homo
geneous broadeningga50.4, 8, and 24 cm21; v533103 m/s, and

ā540 Å; ~b! for two sound velocitiesvLA54.253103 m/s and
vTA51.863103 m/s, corresponding to theLA and TA acoustic

phonons in bulk CdS, andā540 Å. ~c! Calculated dependence o

Dmax on the QD radiusā for three values ofga ; v533103 m/s.
~d! SFRS spectrum forB58 T andge51.795; ga50.4 cm21.
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TABLE II. Relative intensities of SFRS in bulk CdS for Voigt (B'k) and Faraday (Bik) configurations,B512 T, T55 K, z is parallel
to thec axis of the wurtzite CdS andx andy are two mutually orthogonal directions. The symbolsi and' for linear polarization in the Voigt
configurations indicate the polarization with respect to magnetic-field direction. ForBic in Faraday configuration, the resonant SFRS in b
CdS is forbidden both in linear and circular polarizations,1,2 which leads to a drastic decrease of the experimental intensity by two orde
magnitude in comparison with that in Voigt configuration.

Linear polarization Circular polarization

x(y,y) x̄ x(y,z) x̄ x(z,z) x̄ x(z,y) x̄ x(s1,s1) x̄ x(s1,s2) x̄

Biy, Voigt configuration 0.9i ,i 0.9i ,' 0.22',' 1',i 1 0.83
Biz, Voigt configuration 0.18',' 1',i 0.63i ,i 0.79i ,' 1 0.65
Bix, Faraday configuration 1 0.45 0.2 0.32 1 0.87

z(y,y) z̄ z(y,x) z̄ z(x,x) z̄ z(x,y) z̄ z(s1,s1) z̄ z(s1,s2) z̄

Biy, Voigt configuration 0.63i ,i 1i ,' 0.61',' 1',i 1 0.1
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exciton wave function that scales proportionally to 1/ā. At
qa* *1 the matrix element starts to decrease due to comp
sation in the overlap integral of the exciton and phon
states. In the model calculations of Fig. 7~a! we took into
account only one acoustic branch with an average sound
locity. The calculated dependence forDmax as a function of
1/ā under resonant excitation is shown in Fig. 7~c! for the
exciton homogeneous broadening parametersga50.4, 8,
and 24 cm21. Note that this dependence, which is basica
determined by the exciton confinement in dots witha* ;ā,
is very similar to that predicted by the models based
confined acoustic phonons.24–27Thus most of the APRS fea
tures observed previously can also be explained by the in
action of the confined excitons with bulklike phonons. Alo
these arguments the observed temperature dependen
Dmax can also be explained by the interplay of the acous
phonon density of states, the statistical factor, and
temperature-induced increase ofga @see Fig. 7~a!#, while
inhomogeneous broadening of ‘‘confined’’ acoustic phono
does not need to be considered. Furthermore, the possib
of calculating the whole Raman spectrum, implicit in o
model, should allow one to perform a more detailed co
parison with the experiment than using confined acou
modes the theoretical spectra of which are simply compo
of broadened peaks at discrete vibrational eigenfrequenc

Taking into account both longitudinal, LA, and tran
verse, TA, acoustic modes with different sound velociti
vLA54.253103 m/s andvTA51.863103 m/s,42 one can ob-
tain two maxima in the Raman efficiency as shown in F
7~b!. The relative strength of the two contributions, whi
depends on the QD size,27 has not been taken into accoun
In this scenario, the maxima atDmax discussed so far@see
Fig. 2~a,b!# originate fromTA phonons, while the secon
threshold atD545 cm21 in the Raman spectrum of Fig. 2~a!
corresponds to the contribution of the LA modes.

The sharp SFRS peaks observed in a high magnetic
can also be explained as involving acoustic-phonon Ram
scattering4–7 when the interaction Hamiltonian for transition
between the electron states with different spin43,44 is taken
into account~see below!. Because of~i! the broad size dis-
tribution of the QD’s and~ii ! the absence ofk-vector con-
servation for interaction with bulk acoustic vibrations, t
n-
n

e-

n

r-
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e
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-
ic
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.
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SFRS peaks show up as a result ofdoublyresonant, acoustic
phonon-mediated spin-flip scattering. In contrast to the
coming or outgoingsingle resonances of APRS, which lea
to the continuous emission, the SFRS involves two real
termediate states whenD equals the Zeeman splitting fo
those QD’s that are in resonance with the excitation. N
that the observed continuous dependence of the SFRS o
magnetic-field strength@Fig. 3~a!# is easily explained by the
assumption of bulklike acoustic vibrations. The phonon co
tinuum always provides phonons to fit the Zeeman splitt
in a doubly resonant scattering process. This, however, c
not be directly achieved within the fully confined phono
model. The corresponding calculated SFRS spectrum
shown in Fig. 7~d! for B58 T andg51.795. The FWHM of
the calculated spin-flip line is mainly determined by the h
mogeneous exciton widthga which was taken to be
0.4 cm21 in order to reproduce the experimental spectra
Fig. 3~a!. It is also slightly affected by the QD size distribu
tion and the energy of the electronic states through Eq.~4!.
Note that the agreement between experimental and theo
cal profiles for APRS improves for larger broadenings of t
excitonic intermediate states, whereas a reasonable des
tion of SFRS spectrum may be obtained only for a sm
broadening. It is difficult to describe both SFRS and APR
spectra using the same value ofga , a point which needs
further investigation.

We discuss now other possible mechanisms that may c
tribute to the broadening of the spin-flip lines in QD’s an
that are not included in Eq.~4!. One such contribution is
related to the anisotropy of the electrong factor, Dg, (Dg
5g'

e 2gi
e) due to QD nonsphericity or to the wurtzite stru

ture of each particular nanocrystal. This effect causes an
ditional ~inhomogeneous! broadening of the spin-flip lined8
due to an averaging over the random orientations of
QD’s in the experiment. For CdS-based QD’s this contrib
tion, which should be linear in the magnetic field (d8
;DgmBB), is estimated to be about 0.15 cm21, assuming
B514 T and the bulk value ofDg50.025. Since no change
in d with B were observed within our experimental accura
(0.2 cm21), we conclude that the anisotropy of the electr
g factor in each particularQD is small and, at most, doe
not exceed that for bulk CdS. Comparing the SFRS spe
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in Fig. 3~a!, we find thatd for nanocrystals is smaller tha
for bulk CdS in case ofkic'B. The corresponding spectrum
is shown by the dashed line in Fig. 3~b!. Indeed, the disper
sion of excitons which are intermediate states in the sca
ing process causes an additional broadening of the spin
line for excitation with a laser beam along thec axis of bulk
CdS.2 In QD’s this mechanism is destroyed by the full exc
ton confinement.

C. Selection rules for the SFRS polarization

We now discuss the selection rules for SFRS in QD’s a
bulk CdS. In the bulk, the SFRS polarization is determin
by the resonant contributions from the A, B, and C valen
subbands1,32 and depends strongly on the excitation ener
The linear polarization was discussed in detail in Ref. 1. O
experimental data for bulk CdS, obtained at resonant exc
tion with Eexc52.54 eV, are summarized in Table II.

Comparing the results of Tables I and II, the polarizati
of the SFRS in QD’s cannot be accounted for by any of
specific orientations of the crystallographic axes of bulk C
with respect to the magnetic field and the exciting light. F
example, the SFRS intensities in QD’s in both the Fara
and the Voigt configurations are close to each other and
signal is strongly circularly polarized. In the bulk, the ele
tronic SFRS is forbidden in the Faraday configuration, b
in zinc-blende and wurtzite~for kic! semiconductors,1 and
strong but only weakly polarized in the Voigt configuratio

To describe the experimentally detected SFRS polar
tion in QD’s ~see Table I! we have calculated the appropria
matrix elements for the optical transitions. The mixing of t
hole-states in the valence band due to full confinement
taken into account.45 The total matrix element that dete
mines the SFRS process in a QD can be written as

M spin5^ f e8~6 !ues* •puwh&^ f e8~6 !whuHe-ph
spinuwhf e~7 !&

3^whuel•pu f e~7 !&, ~5!

whereel (es) is the polarization vector of the incoming~scat-
tered! light, p is the momentum operator,f e andwh are the
electron and hole wave functions in the QD’s in a magne
field, respectively, andHe-ph

spin is the Hamiltonian of the spin
flip electron-phonon interaction. The~6! signs correspond to
the electron spin orientation in the conduction band w
wavefunctionsuS↑& and uS↓&, respectively. Note thatM spin

is additively included inM (q,a* ) from Eq. ~4!, which de-
scribes the transitions both with and without a change of
electron spin. We treat the stateswh as a linear combination
of the valence-band wave functions of an idealized sys
with zinc-blende structure, mixed atk50 by size
quantization:45

uwh&5a1u f 1 ,Uhh
1 &1b2u f 2 ,Ulh

2&1b3u f 3 ,Ulh
1&1a4u f 4 ,Uhh

2 &.
~6!

Here, f j ~j 51, 2, 3, and 4! are the hole envelope function
for a QD in a magnetic field, anda1,4 andb2,3 are admixture
coefficients that depend on the QD radius andB. The peri-
odic parts of the Bloch wave functions in the valence ba
can be represented as46
r-
ip

d
d
e
.
r
a-

e
S
r
y

he

h

a-

s

c

e

m

d

uUhh
1 &5

u~x1 iy !↑&
&

, uUhh
2 &5

u~x2 iy !↓&
&

,

uUlh
2&52

1

A6
u~x2 iy !↑&2A2

3
uz↓&, ~7!

uUlh
1&52

1

A6
u~x1 iy !↓&1A2

3
uz↑&,

wherex, y, and z are orthogonal axes with respect to th
laboratory frame. The spinu↑& ~u↓&! is quantized along thez
axis. For a spin-flip process assisted by acoustic phonons
matrix element of the electron-phonon interaction is43,44

^ f e8~6 !whuHe2ph
spin uwhf e~7 !&

5dãS \

rVvqD 1/2

ŝz~6 !S 0 s23q

s13q 0 D
3ŝz~7 !•Pe,e8dh,h8 , ~8!

whereŝz(7,6) are the spin wave functions quantized alo
the z axis, r is the density,V is the normalization volume
A5(0,xB,0) is the vector potential for the external magne
field directed alongz, and ã is the lattice constant. The ex
pression forPee8 is given by

Pee85E d3ref e8 exp~ iq•re!S p

\
1

e

\c
A1qD f e . ~9!

The coupling constantd depends on the mechanism of th
electron-phonon interaction. For the deformation-poten
interaction43,44

FIG. 8. Terms contributing to the Stokes and anti-Stokes SF
in QD’s in the vicinity of the fundamental gap renormalized due
confinement. The solid lines represent optical interband transit
between the conduction band (uS↑& and uS↓&) and the mixed va-
lence bands of heavy (Uhh

6 ) and light (Ulh
6) holes. The dashed line

represent the electron–acoustic-phonon spin-reversal transition~a!
Transition between QD levels in the Faraday configurat
(Bizik); ~b! the same for the Voigt configuration (Bix,kiz).
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d;
m0

me

D0

E
dc,v ,

whereme (m0) is the electron effective~bare! mass, anddc,v
is the interband deformation potential equal to about 5 eV
bulk zinc-blende CdS.46,47

According to Eqs. ~5! and ~8! the spin-flip Raman
scattering selection rules in QD’s are determined by t
nonzero products of the matrix element
^ f e8(6)ues* •puwh&^whuel•pu f e(7)& and the electron-phonon
interaction. Figures 8~a,b! show the terms contributing to
Stokes and anti-Stokes SFRS processes for the Faraday
Voigt configurations in the vicinity of the fundamental ga
renormalized due to confinement. The spin-phonon inter
tion @Eq. ~8!# couples a spin reversal transition~shown by
dashed arrows! of the conduction electrons, thereby allowin
different transitions between the heavy- and light-hole v
lence bands and the conduction band to contribute to
Raman scattering. The external magnetic field splits t
Kramers degeneracy of the conduction band; the energy
ference between two electronic states with different spin o
entation can become equal to the energy of specific acou
phonon. The incident and scattered light are simultaneou
in resonance with spin reversal electronic interband tran
tions. Stokes and anti-Stokes SFRS processes are equal
cept for a statistical phonon factor that depends on tempe
ture.

Table I also shows the nonzero matrix elemen
^ f e(2)ues* •puwh&^whuel•pu f e(1)& normalized tô f eu f h& for
different scattering configurations which contribute to doub
resonant Stokes SFRS. These elements are given in term
the coefficientsa1 , b2 , b3 , anda4 , assuming equal oscilla-
a
:

n

,

m

d

r

e

and

c-

-
e
e
if-
i-
tic
ly
i-
ex-
a-

s

e
of

tor strength for each electron-hole component. The relat
intensities, calculated witha1 /b250.99, a1 /b350.826, and
a1 /a454.52, are in a good agreement with the experimen
values presented in Table I for several scattering geomet
Note that the experimental data were not corrected for effe
due to resonant Faraday rotation and Fresnel loss of po
ization, which might cause discrepancies between the ca
lated and experimental data in the Table I.

V. CONCLUSIONS

We have explained both SFRS and APRS spectra in C
QD’s through the interaction of size-quantized electronic e
citations with nonconfinedbulklike acoustic phonons. The
localized character of the excitonic wave function in th
quantum dots leads to the relaxation ofk-vector conservation
in the Raman process. As a consequence, acoustic pho
throughout the entire Brillouin zone can contribute to t
scattering. This leads to resonant APRS and to doubly re
nant acoustic-phonon-mediated SFRS. The electrong factor
in CdS QD’s has been measured with high accuracy
changes with increasing QD radius from 1.810~5! to
1.785~5!, the latter value being close to that of bulk CdS.
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