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Magnetic circular dichroism (MCD) of water-soluble CdTe nanoparticles was observed in the visible
spectral range for the first time. Diameter of nanoparticles varied from 2.3 to 4.5 nm. Absorption
and photoluminescence spectra were also recorded. Absorption line at 19400 cm~! and luminescent
line at 18200 cm~! were observed. Splitting of value 960 cm~! was revealed in the MCD spectrum.
Approximately the same splitting was extracted from the absorption spectrum. The MCD was identified

as the temperature independent paramagnetic mixing effect. Nature of the absorption line and of its
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1. Introduction

Colloidal semiconductor nanoparticles, usually called quantum
dots (QDs), show the onset of quantum confinement effects. The
latter determines their unique electronic and optical properties,
and a range of potential applications. QDs are ideal candidates for
application as the emitting layer in light emitting diodes (LEDs)
[1,2] because of their tunable colors, bright emission etc. Another
promising applications of QDs are light emitted displays (QD-LED)
[3] and solar energy harvesting [4,5]. Moreover colloidal QDs are
widely used as labels and contrast agents for in vitro and in vivo
bioimaging [6,7].

Magnetic [8,9] and Faraday rotation measurements [10] have
shown that bulk CdTe is a diamagnetic. Optical properties of the
bulk CdTe were studied in Ref. [11]. In particular, it was found
that the band gap energy was 1.534 eV (12373 cm~!). Thereby,
the pure CdTe is the narrow band gap dielectric. Optical properties
of the thiol-capped CdTe nanocrystals were measured in Refs. [12,
13]. Absorption and emission lines were observed in the region
of 450-600 nm (22200-16600 cm~!), depending on the particle
sizes. The present work is devoted to the first study of the mag-
netic circular dichroism (MCD) of the CdTe nanoparticles.

2. Results and discussions

Water-soluble CdTe nanoparticles under study were produced
by the PlasmaChem company. They were initially stabilized by
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Fig. 1. High-resolution transmission electron microscope image of the CdTe nanopar-
ticles taken at 200 kV.

thioglycolic acid. Molar concentration of nanoparticles in the so-
lution was C =3 -107% M. The morphological structure and lo-
cal elemental composition were determined by the high-resolution
transmission electron microscope JEOL JEM-2100 (LaBg) equipped
by the energy dispersive spectrometer Oxford Inca x-sight (Fig. 1).
The nanoparticles’ diameter, as extracted from Fig. 1, varied from
2.3 to 4.5 nm.

The absorption spectrum (Fig. 2) of 0.9 cm thick CdTe solution
was measured by Perkin-Elmer Lambda 35 spectrometer, and the
luminescence spectrum (Fig. 2) excited at 480 nm was measured
by the HoribaJobinlvon Fluorolog3. The MCD spectra were recorded
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Fig. 2. Absorption and photoluminescence (PL) spectra of the CdTe nanoparticles
and the least-squares method decomposition of the absorption spectrum (dashed
and dotted lines).
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Fig. 3. The MCD spectra of the CdTe nanoparticles (solid line and points) and the
least-squares method decomposition of the spectrum at 13 kOe (dashed lines).

using modulation of the light wave polarization with piezoelectric
modulator (details see in Ref. [14]). The MCD measurements were
performed in the magnetic field up to 13 kOe at room temperature.
The MCD spectra obtained in magnetic fields 6.5 and 13 kOe and
normalized on positive amplitudes are presented in Fig. 3. They
are totally identical. The decomposition of the MCD spectrum at
13 kOe on the Gauss shape components is also given in Fig. 3.
The decomposition of several independent spectra was fulfilled and
they gave average splitting 960 + 100 cm™~!, which did not depend
on the magnetic field at least up to 13 kOe. The decomposition
of the absorption spectrum (Fig. 2) gave energies E; and E;, close
to those obtained from the MCD spectra. The rest features in the
absorption spectrum probably refer to the scattering of light. The
spectra are good described by the Gauss functions, testifying to the
inhomogeneous broadening.

As mentioned above, strong optical absorption of the bulk CdTe
begins from 12373 cm™! [11], i.e., observed resonance (Figs. 2, 3)
is already in the conduction band of the material. Consequently, at
these conditions the CdTe nanoparticles can be considered in a first
approximation as the conducting nanoparticles. Strong optical ab-
sorption at the electron transitions into the conduction band is due
to dissipation of the electrons energy as a result of their collisions

with atoms. However, when size of the particle becomes smaller
than the mean free path of the electron, the metal absorption
disappears, and the particle becomes transparent, but the surface
plasmon resonance (SPR) can appear. Additionally, presented above
experimental data qualitatively coincide with those for Au [15,16]
and Ag [17,18] nanoparticles. Therefore, for the beginning we shall
discuss the studied properties of Au and Ag nanoparticles.

There are three specific properties of the metal nanoparticles:
magnetic ordering, SPR and splitting of the SPR, observed in the
MCD spectra. The SPR is the resonance absorption of free elec-
trons, and therefore it exists both in capped [19] and uncapped
[20] nanoparticles, while magnetic order occurs only in the capped
nanoparticles [21]. Consequently, magnetic order is connected with
the localized electrons on the surface. The MCD was observed in
Au [15,16] and Ag [17,18] nanoparticles. The splitting in these
spectra were referred to the cyclotron resonance in Refs. [22,17,18].
However the cyclotron frequency is too small as compared to the
observed splitting and this frequency is proportional to the mag-
netic field that contradicts to the experimental observations.

LaShell et al. [23] measured experimentally the energy differ-
ence between two spin orientations of the surface state bands on
the Au (111) surface. It was equal to 887 cm~!. This difference
actually means magnetic ordering of the surface states. So large
splitting can explain existence of the magnetic ordering in the gold
nanoparticles even at the room temperature [24]. It is worth not-
ing that the splitting in the MCD spectra has the same order of
value. Hernando et al. [25] associated this splitting with the giant
magnetic anisotropy on the surface of nanoparticles. The MCD in
gold nanoparticles did not change from 5.5 K up to the room tem-
perature [15]. All these mean that both initial and final states of
transitions are singlet, and the observed MCD is the temperature
independent effect of the B-type (mixing effect). Taking into ac-
count all observations mentioned above, it is possible to propose
the following model.

Conduction electrons of the gold (for the certainty) are in the
6s states. Odd components of the crystal field, certainly existed
on the surface of the capped metal, admix 6p states of the lo-
calized electron to its 6s state, which remains orbital singlet. The
spin double degeneration is removed by the exchange interaction
and we obtain two totally not degenerated states with the opposite
spin orientations for the localized electrons:

YL (M) =S(M)) +aPi2 +bP3p. (1)

There are actually two slightly bound electron systems in the
metal nanoparticle: localized electrons on the surface and free
electrons. Wave function of the whole particle can be presented as
the product of wave functions of these two systems: ¥ = ¥ W,
where ¥; and Y¥r are wave functions of the localized and free
electrons, respectively. The wave functions ¥ (1) of the free elec-
trons correspond to the wave functions ¥ (1)) of the localized
electrons and they also can differ a little, depending on the spin
orientation of the localized states. Taking into account some cou-
pling between the two systems, it is possible to create the energy
(state) diagram, presented in Fig. 4. AE; and AEq are the exchange
splitting of the localized states with excited and not excited plas-
mon resonances, respectively. They can differ a little. According to
the mentioned above observations, the exchange splitting is of the
order of several hundreds of cm~!. Consequently, the level ¥1(])
is not populated up to the room temperature, and only two tran-
sitions can be observed: w1 and w; (Fig. 4). Thus, we observe the
exchange splitting of the surface localized state, when the surface
plasmon is excited. The electric dipole transitions between states
of type (1) are partially parity allowed due to admixture of the
P-states by the odd crystal field and are partially spin-allowed due
to the spin-orbit interaction. However, parameters of transitions
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Fig. 4. Diagram of states of conducting nanoparticles. AE; and AE; are the ex-
change splitting of the localized states with excited and not excited plasmon reso-
nances, respectively. w; and w; - are resonances observed in the MCD spectra.

U1(1) —> ¥2(1) and ¥1(1) — ¥2(]) (Fig. 4) can be, evidently,
different that is in agreement with the experiments. The ground
and excited states are not degenerated. Therefore, both diamag-
netic and temperature dependent paramagnetic circular dichroisms
should not exist. Only independent of temperature B-term of MCD,
which is due to the mixing of states by magnetic field, should ex-
ist. This is the very thing observed in the experiments on the metal
nanoparticles.

Returning to the CdTe nanoparticles, we can suppose that at
least the excited state of the nanoparticle is split according to
the spin states. Indeed, in the ground state of the CdTe two 5s
electrons of Cd move to 5p orbitals of Te, and electron shells
of the both atoms become filled and the crystal is dielectric. If
we suppose that in the excited state one electron from the Te—2
ion moves to 5s orbital of Cd, and that it is the conduction elec-
tron, then situation becomes to some extent similar to that in Au.
Both the free electron and the hole in CdTe have spin 1/2. Conse-
quently the nanoparticle as a whole has in the excited state two
spin-states with different energies due to the exchange interaction
between the hole and the free electron. Energies of these states
and the splitting between them are increased with the particle
size decrease because of the space confinement. The energy of the
SPR in metal nanoparticles reveals opposite dependence on the
nanoparticle size. Thus, in spite of the qualitative identity of the
absorption and the MCD spectra of the metal and the semiconduc-
tor nanoparticles, nature of the spectra is substantially different in
these objects.

The ground state of the CdTe particle is singlet. Therefore the
temperature dependent paramagnetic MCD (C-term) does not ex-
ist. The excited states are degenerated and the MCD of the dia-
magnetic type exists. However, due to the space inhomogeneity
of absorption, the summation of the individual diamagnetic MCD
lines along the absorption band gives zero. Only the temperature
independent paramagnetic mixing effect (B-term) remains.

The splitting of the photoluminescence [26] and absorption [27]
spectra, similar to that discussed above, were observed in CdSe
nanoparticles. Prado et al. [28] calculated theoretically absorption
spectrum of the spherical CdTe nanoparticles, considering them as
the quantum dots. In particular, the authors obtained for the par-
ticle with the radius R = 3 nm three strong absorption lines at
16700, 19040 and 19920 cm~!. It is necessary to emphasize, that
the first line is not observed in the spectrum of our nanoparticles
(Fig. 2), however positions of the second and the third lines and
especially the splitting between them (880 cm™~!) are close to the
experimental ones. In the luminescence spectra of CdSe nanopar-
ticles of 3-6 nm in radius the splitting ~200 cm~! was observed
[29]. The existence of the exchange splitting in the ground state
of the capped CdTe nanoparticles, similar to that of the capped Au
nanoparticles, is doubtful. Indeed, attempts to measure the parti-

cles magnetic moments did not reveal a spontaneous magnetiza-
tion.

3. Summary

The MCD, absorption and photo luminescence spectra of the
water-soluble CdTe nanoparticles with diameter varied from 2.3 to
4.5 nm were measured. The absorption line at 19400 cm~! and
the luminescent line at 18200 cm™~! were observed. The splitting
of value 960 cm~! was revealed in the MCD spectrum. Approxi-
mately the same splitting was extracted from the absorption spec-
trum. The splitting can be accounted for as a consequence of the
exchange interaction of the free electron and the hole in the ex-
cited state of the nanoparticle. The absorption and MCD spectra of
the metal and semiconductor nanoparticles are similar, but their
nature is different. In the ground state CdTe is diamagnetic. There-
fore the temperature dependent paramagnetic MCD (C-term) does
not exist. Due to the space inhomogeneity of the absorption, the
summation of the individual diamagnetic MCD lines along the ab-
sorption band gives zero. Only the temperature independent para-
magnetic mixing effect (B-term) remains.
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