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Interplay of Coulomb, exchange, and spin-orbit effects in semiconductor nanocrystallites
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Size-selective spectroscopic techniques and a tight-binding calculation with restricted configuration interac-
tion have been used to study the relative effects of Coulomb, exchange, and spin-orbit coupling terms on the
size dependence of the lowest optical transitions in CdS nanocrystallites. Quantitative agreement is obtained
for the magnitude of the corresponding dominant transitions. The nature of the states is analyzed on the basis
of a simple model. A brief comparison to other semiconductor nanocrystallites like CdSe is finally presented.
[S0163-182698)02604-9

Semiconductor nanocrystalSNC’s) provide a major op- rameters. We have chosen the case of CdS SNC's, which are
portunity for checking current theories of electron-hole inter-ideally suited to such a study, with a smaller spin-orbit
action in confined systems. Indeed their electronic structureoupling and dielectric constari?:** From the experimental
is determined by the relative importance of different terms:point of view we use size-selective spectroscopic techniques,
the confinement induced level splitting, the electron-holeresonant photoluminescen€BPL) and photoluminescence
Coulomb and exchange interactions, and the spin-orbit couexcitation (PLE). Both are based on the use of a narrow
pling. The first three terms increase substantially but in @nergy window, either in excitation or in detection of the
different way when the size of the SNC's is decreased intduminescence, which automatically selects SNC'’s with levels
the nm range. This means that size selection and contrdh the corresponding energy range. Theoretically we perform
offer a powerful way of varying the relative values of the a nonperturbative calculation of the excitonic states, based
different parameters in such a way that comparison betweedn a tight-binding expansion of the one-particle states. In
experiment and theory becomes a stringent test of the accboth cases we plot the level splittings vs the corresponding
racy of the latter. Of course the size dependence of sucluminescence energies. This procedure allows a much better
parameters is not a new phenomenon. For instance, it wagmparison than a plot of these quantities vs size, which is
shown recently, using high-resolution spectroscopic techmuch more delicate to determine accurately. We show that
niques, that the exchange splitting is strongly enhanced fopne obtains good agreement over the whole range of situa-
small SNC’s. Indeed the increasing redshift with respect tdions not only for the level splittings but also for the oscilla-
the laser light observed in resonant luminescent spectra dbr strength of the transitions. We also provide a simple ana-
Si! cdse?® and InP(Ref. 4 has been interpreted on this lytical description of overall behavior and the nature of the
basis. From the theoretical point of view a detailed applica-dominant states.
tion of the effective-mass approximatigEMA) has been Our samples contain CdS SNC’s homogeneously dis-
worked out for CdSe for which the situation is strongly sim- persed in a mixed organic/inorganic sol-gel silica matrix.
plified by the fact that the spin-orbit coupling is large com- The synthesis of the material was achieved following a pro-
pared to the other interactioRslhe agreement with experi- cess previously describéd.From high-resolution transmis-
ment was found to be qualitatively good. However, somesion electron microscopy the average diameter was found
discrepancies were observed for SNC's having a radius ofqual to 2.7 nm with a mean standard deviation of the order
the order of the bulk exciton Bohr radidSeveral authof€  of 0.7 nm. The shape of these SNC’s is nearly spherical and
have noticed that the calculated exchange splitting underehe cubic crystalline structure was observed without evident
timates the observed redshift for small SNC’s. This is not tocstructural defects. Resonant or nonresonant excitation was
surprising since the validity of EMA in that limit is provided by a frequency doubled cw mode-locked Tsunami
questionablé:® Ti-Sa laser pumped by an Adaser with a repetition rate of

The aim of this paper is to perform a detailed comparisorB2 MHz and a 2-ps pulse duration. The spectral resolution is
between experiment and theory in the physically interestingabout 1 meV. Nonresonant PL of the studied sample shows
situation where there is a crossover in the values of the pawo bands. The lower energy one is often observed in CdS
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FIG. 1. PL spectra of a silica gel containing CdS NC's with
27-A average diameter obtained at 10 K. Curag $hows the blue FIG. 2. Experiments: in RPIrectangles differencesAE, and
energy side of the nonresonant PL spectrum for an excitation er® E2 between the excitation energy and the energies of the band
ergy of 3.444 eV. Arrows indicate the excitation energy positionsmaxima plotted as a function of the energy positiéisandE; of
for each resonant PL spectrum: cuni® .898 eV, €) 2.878 ev;  these two maxima; in PLEcrossed rectanglgsdifferencesAE;
(d) 2.833 eV; ) 2.798 eV: { ) 2.766 eV. A typical PLE spectrum and AE; between the energies of these band maxima and the de-

is represented in curveg] detected at 2.917 eV. The arrow indi- tection energy. The size of the rectangles gives the experimental
cates the detection energy. uncertainty. Theorydots: differences in energy between the exci-

ton states and the lowest one versus the gap energy. The width of
the dots is proportional to the oscillator strendiiig scale.

colloids and is attributed to the recombination of trapped
charge carrier$* However, the higher energy PL band is
related with a more intrinsic recombination mechanism. Fig-hot yet included in this calculation. We then consider spheri-
ure 1 shows the higher energy side of the PL spectrum obeal SNC’s centered at the middle of a Cd-S bond. The dan-
tained at 10 K for an excitation energy equal to 3.444 eVgling bonds at the surface are saturated by pseudohydrogen
(curvea). A distribution of SNC sizes contribute to this PL. atoms to avoid spurious localized states in the band gap. We
By selecting a narrow energy window in the red side of thediagonalize the corresponding matrix to get the cluster one-
lowest absorption band we excite only the lowest transitionparticle eigenstates. As the second step, the exciton wave
of the biggest SNC's. The corresponding selectively excitedunction | ..o is written as
RPL spectra are also shown in Fig. 1 for different excitation
energiegcurvesb—f ). They reveal narrower bands than the
emission corresponding to the entire distribution. When the o
excitation energy is decreased from 2.898 eV the corre- |¢ex(~>:iEJ aii"ﬂiﬂlm’ @)
sponding RPL spectrum is dominated by two bands. The
differencesAE; andAE, between the excitation energy and Where|#;— yf) is the Slater determinant corresponding to
the energies of the band maxima are plotted in Fig. 2 as the excitation of one electron from the valence stgt§ to
function of the energy positiong; and E, of these two the conduction statfy{) anda;; represents variational pa-
maxima. Furthermore, time-resolved experim&htshow rameters. Then we write the matrix elements of the total
that RPL arising from these two bands exhibits a nonexpoHamiltonian including Coulomb and spin-orbit interactions
nential behavior, the longest time constant being of the ordebetween the determinants following the rules given in Ref. 8.
of us. Resonant PLE experiments have also been used fhe intra-atomic exchange and Coulomb integrals are calcu-
observe the properties of smaller SNC's. Figure 1 shows #ted numerically using the atomic wave functions of Ref.
typical PLE spectrum obtained for a detection energy equal6. The matrix elements of the Coulomb interaction between
to 2.917 eV(curveg). Again two bands are observed with, determinants include Coulomb and exchange integrals be-
sometimes, a third one also distinguishable at a higher dete¢éween one-electron states. Following the arguments of Ref.
tion energy. The differenceSE; andAE; between the en- 17, and contrary to Ref. 8, the exchange integrals are left
ergies of these band maxima and the detection energy atgscreened. On the other hand, the Coulomb integrals are
also represented in Fig. 2 as a function of the detection erscreened using the dielectric constant given in Ref. 18, which
ergy. varies with the SNC siZ8 and with the distance between the
Let us now describe our calculations, which are based otwo interacting particle$due to the difference between the
a restricted configuration interaction technidués the first  static (o) and dynamic ..) dielectric constanis We have
step, we calculate the one-electron states of the CdS SNClssed s,=9.121° ¢,,=5.27 and spin-orbit coupling con-
using a tight-binding framework that includes interactions upstants of bulk CdS deduced from Ref. 9. The expansion in
to the second nearest neighbors as well as the three centdfg. (1) is limited to a reasonable number of determinants,
integrals. The parameters of the Hamiltonian are adjusted ttaken to be such that the results of two successive computa-
get a good description of the bulk cubic CdS band structuretjons do not differ by more than 0.1 meV for the exciton
in particular, of the conduction band. Spin-orbit coupling isbinding energy. Due to the asymmetry of the valence and
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conduction bands of bulk CdS we found it necessary to in- T
clude the 4 lower conduction and the 24 higher valence [
states. The results of this calculation are plotted in Fig. 2
exactly in the same manner as done for the experimental = Ty
results, i.e., they give the differences in enely between
the exciton states and the lowest one versus the gap energy
determined from this lowest exciton energy. On the same
figure, the size of the black spots is taken proportional to the
oscillator strengthion a log scalg of the transition to the |
ground state calculated in the same way as in Ref. 20. We
can see that there is strikingly good agreement between ex-
periment and theory, obtained with no adjustable parameters
as will be discussed in the following. |
To get a better understanding of these results let us show i
that they can be interpreted in simple terms considering an
exciton formed by an electron in anstate and by a hole in Ground state
X,Y,z states. Including the spin of each parti¢feor |) one
gets 12 composed states for the exciton, such as for example Ry R,
|s;x|). The exchange interactiah, alone splits these states @ (b)

into two manifolds characterized by a total s 1 for the FIG. 3. Scheme of the lowest energy levels as seen by the two
lowest one and bys=0 for the other one, their splitting experiments: (a) in RPL, a laser light resonantly excites mainly
being equal ta\, (the orbital degeneracy,y,z remaing. In  SNC's with two different sizesR; andR, (R;>R,), viaT;, and
this limit, only the optical transitions from th8=0 states to T, respectively;(b) in PLE, one resonantly detects the lumines-
the ground state are allowed. Introducing now the spin-orbitence Eg4) from I',, selecting essentially one cluster size, the
coupling written as—\ 1 - s (the — sign being due to the fact €xcitation occurring vid'y; or I'y,.

that we consider hole stajefurther splits theS=1 states

into three manifolds characterized by a total momentum

=2, 1, and 0, respectively, denotég, I';;, andI'y; the creates slightly allowed excitons i, for SNC's with ra-
S=0 states give rise tb’;, with J=1. The spin-orbit cou- diusR, but also allowed excitons ifi;, for larger SNC'’s of
pling also mixed';; andI'y, with the important consequence radius R;. In both cases relaxation to the lowest exciton
that the statef';, become optically allowed. The calculation statesT', is followed by the observation of luminescence at
of the Hamiltonian matrix including exchange and Spin'orbitenergiesEl or E, equal to the energy of excitation minus
coupling is straightforward and its eigenstates are obtainegE2 or AE,, respectively. In PLE experiments, one reso-
directly using momentum addition theory. The level Struc'nantly detects the luminescence frdfp, selecting essen-

tre is given in Fig. 3. The [evel splittingBo =175, I'y, tially one cluster size, the excitation occurring ¥ig or I'q,
—I; andI'y,—T', are, respectively, &2 and 3/4+4,/2 as before, giving rise to two different bands as observed.
* \/(A)_(/G— 3N/4)?+ éAi As A, strongly varies with the  Thys AE! andAE) correspond to the splitting,,—I', and
SNC size, two asymptotic regimes emerge. For the smalleqill_rz, respectively. Note that the excitation througgis

SNC's where §,>\), thel'y,—I'; splitting varies likeA, ot ghserved simply because of its very low oscillator
while for the biggest SNC'sX,<\), it saturates at B/2.  gyangth.

Tlhe varll_atlokr;s ofl "y, _OFZ Eg\egzm;{ﬁh w_eakler W'tzsxl as Itl In conclusion we have performed combined experimental
aw?y_s '?ﬁ etwelttan f?r? h | IS Tlmlpt?dgim S) rll'_%e Y and theoretical studies of CdS nanocrystallites with sizes in
explains the results of the whole calculalidng. 2. The o 5 nm, range. We have used size-selective resonant photo-
lowest exciton state is composed of five states derived fror?uminescence techniques and determined the different exci-

I', that are almost degenerate with a total splitting of lesg” . o
than 4 meV. This state is characterized by long radiatiV(sa[OnIC splittings vs the gap energy. We have shown that the

lifetimes between 1 ms and 1. Between 10 and 20 meV expgrimental data. can be. fully interprete'd by using a tight-
above, there is another group of three statBs,)( with binding method with restricted Conflguratlor_1 mter_actlon, in-
shorter lifetimes between 10 and Qué. At ~45 meV above ~corporating Coulomb, exchange, and spin-orbit coupling
the lowest state, a single statEy is characterized by an terms. This technique is ideally swtedi to the treatment of
almost zero transition probability. Then at upper energie$Uch large clusters<4000 atoms) and involves no param-
there is a large group of states, two of them being strongl@ter adjustable to the cluster probleedl of them are either
allowed and almost degenerate states with lifetimes of th&ansferred from the bulk or directly calculajed@he physi-
order of 10 ns. They include thE,, states but also states cal nature of the lowest states has also been elucidated with a
corresponding to excited states of the hole that are not insimple model. Contrary to the case of CdSe
cluded in the simple model. nanocrystallite;® this agreement is obtained without invok-
We are now in position to explain the experimental re-ing LO phonon replica. This does not mean, however, that
sults. In RPL experiments, an excitation on the red side osuch replica do not exist. Indeed the LO phonon energy of
the absorption spectrum excites mainly SNC’s with two dif-bulk CdS is 36 meV, which would fall in the same energy
ferent sizesR,; and R,. Resonant absorption of laser light range as the second peéR, or P}) in Fig. 2 at least for
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crystallites with a gap smaller than 3.1 eV. It would even We thank C. Guenaud and C. Delalande for helpful ex-
correctly predict the position of the small third peak seenperimental support, in particular to obtain PLE spectra. The
e.g., in the PLE spectrum of Fig. 1. On the other hand, pho*Institut d’Electronique et de Microlectronique du Nord”
non replica could not account for the peak positions of crysis “Unité Mixte 9929 du Centre National de la Recherche
tallites with a gap equal to or larger than 3.1 eV on Fig. 2. Scientifique.”
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