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Recent advances in nanocrystal doping chemistries have substantially broadened the variety of
photophysical properties that can be observed in colloidal Mn?*-doped semiconductor nanocrystals.
A brief overview is provided, focusing on Mn?*-doped II-VI semiconductor nanocrystals prepared by
direct chemical synthesis and capped with coordinating surface ligands. These Mn2?*-doped
semiconductor nanocrystals are organized into three major groups according to the location of various
Mn?*-related excited states relative to the energy gap of the host semiconductor nanocrystals. The
positioning of these excited states gives rise to three distinct relaxation scenarios following
photoexcitation. A brief outlook on future research directions is provided.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Colloidal doped semiconductor nanocrystals (doped quantum
dots) have drawn considerable attention in recent years. Such
materials have been shown to display efficient sensitized impurity
luminescence [1-11], large magneto-optical effects [7,12-16], and
interesting quantum size effects on impurity-carrier binding
energies [17]. They have been proposed for use as biological
labels [2,18,19] and as recombination centers in hybrid organic/
inorganic electroluminescent devices [20,21]. They could poten-
tially even find application as spin filters in future spin-based
information processing devices [22,23]. Dopants within nano-
crystals have been used as probes of microscopic structural
parameters, [24-26] and charged/doped colloidal nanocrystals
have been examined experimentally [27] and theoretically
[23,28-31] as models for magnetic polarons. Colloidal doped
oxide semiconductor nanocrystals have played an important role
in revealing the significance of grain-boundary defects in activat-
ing the high-temperature ferromagnetism sometimes observed in
these materials [13,32-37]. The synthetic challenges of doping
semiconductor nanocrystals have also provided fertile grounds for
investigation of the basic chemistries of homogeneous nucleation
and crystal growth in the presence of impurities [38]. Dopant
exclusion from critical nuclei has been suggested to be a general
phenomenon [13,15,38,39], and the modes of dopant binding to
crystallite surfaces have been investigated experimentally [40]
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and theoretically [41] in the context of impurity incorporation. For
related reviews containing more description of sample syntheses,
the reader is referred to Refs. [1-3,38,42] and references therein.

This short review focuses on one of the most fundamental
physical properties of colloidal doped semiconductor nanocrys-
tals, namely the nanocrystal photoluminescence (PL). The discus-
sion focuses on Mn?* as a dopant, and on II-VI semiconductors as
hosts. Although the luminescence of doped semiconductors has
attracted a great deal of interest for many years, the emergence of
synthetic methodologies for preparing high-quality colloidal
doped semiconductor nanocrystals has sparked renewed interest
in this class of materials. Even within the narrow range of
materials covered in this review (Mn?*-doped II-VI semiconduc-
tor nanocrystals), a rich variety of photophysical properties is
already found, and large qualitative changes in these physical
properties (and hence in potential applications) can be achieved
through changes in the host semiconductor lattice or through
quantum confinement effects. This wealth of physical properties
is attractive for future applications of such materials.

2. Case studies of luminescence in Mn?*-doped II-VI
semiconductor nanocrystals

In this section, Mn?*-doped II-VI semiconductor nanocrystals
are organized into three distinct categories according to the
nature of their lowest energy excited state, which determines
their resulting photophysical properties.
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2.1. Scenario I: Mn®* ligand-field excited states are lowest in energy
and within the gap

The most commonly studied group of Mn?*-doped semicon-
ductor nanocrystals are those in which the Mn?" ligand-field
excited states reside within the optical gap of the host semi-
conductor. Examples include Mn?*-doped ZnS, ZnSe, and CdS
nanocrystals [4,6,7,9,10,12,19].

For both octahedral and tetrahedral weak-field geometries, the
ground state of Mn?* is ®A; (Fig. 1). The first ligand-field excited
state is “T; derived from the *G free ion term. To higher energies, a
large number of quartet (*I') and doublet (') states provide a
near-continuous density of states. Transitions from the °A; ground
state to all of these ligand-field excited states are spin forbidden
and gain only slight allowedness through spin-orbit coupling.
Consequently, absorption transitions such as ®A; —“T; have molar
extinction coefficients of ¢, ».~10°-10'M~'cm™~"' at their max-
ima [43], compared with egp~10°-10°M~'cm™' for the first
absorption maximum of a typical semiconductor quantum dot
[44,45]. This spin forbiddenness also leads to small radiative rate
constants for the 4T; »%A; luminescence transition (arrow in
Fig. 1), but the large “T;-°A; energy gap combined with the low
phonon energies provided by most II-VI semiconductor lattices
still allows for T; »®A; PL with high quantum efficiencies. This is
the transition most commonly described in PL studies of MnZ*-
doped semiconductor nanocrystals.

Fig. 2 shows representative room-temperature PL data col-
lected in the Meijerink laboratories for a series of hexadecyla-
mine-capped Mn?*-doped ZnSe (cubic) nanocrystals with various
Mn?* concentrations [4]. As Mn?* is added, the excitonic
luminescence intensity at ~23,500cm~! is quenched, and a new
luminescence feature centered at ~17,300 cm~! appears. This new
luminescence feature is the spin-forbidden 4T, —°A; ligand-field
transition (Fig. 1). Above the “T; excited state, the series of
distorted ligand-field excited states (Fig. 1) ensure that the
conditions for energy-conzs+erving semiconductor-to-Mn?* energy
transfer (described by kg/}“ in Fig. 2) may generally be met. From
these upper excited ligand-field states, internal relaxation to the
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Fig. 1. Energy level diagram for Mn?* (d°) in a cubic geometry calculated from the
Tanabe-Sugano matrices, showing several spin-forbidden ligand-field excited
states, and indicating the emissive “T; >5A; ligand-field transition observed in
Mn?*-doped ZnS and many other Mn?*-doped II-VI semiconductor nanocrystals.
Energies calculated for C/B = 4.48.
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Fig. 2. Room-temperature photoluminescence spectra of Mn?*:ZnSe nanocrystals
with various concentrations of Mn?* between 0.2 and 0.9 cation mole percent. As
Mn?* is introduced, exciton quenching via energy transfer to Mn?* is observed, as
summarized schematically below. Data adapted from Ref. [4].

4T, state proceeds rapidly via phonon emission. The large energy
gap between the “T; excited state and the ground state
contributes to the high PL quantum yields and nearly radiative
excited state lifetimes that can be achieved in MnZ?*-doped
nanocrystals of this type. In Mn?*-doped ZnS nanocrystals, for
example, slow single-exponential decay with a very long lifetime
(r = 1.9 ms at 300K, Ref. [6]) comparable to that of bulk Mn?*:ZnS
(r = 1.8 ms at 4.2 K and above [46]) has been reported for isolated
Mn?* ions within the nanocrystal lattices. Shorter Mn?* PL
lifetimes arising from Mn?*-Mn2?* exchange interactions are
generally observed, and some groups have also reported a fast
Mn?* PL decay associated with surface-exposed Mn?* ions [47,48].

Energy transfer to the Mn?" is too fast to have been resolved in
the nanosecond pumR—probe experiments on the samples of Fig.
2, indicating that k’é"T“ must be comparable to or larger than the
ZnSe radiative decay rate constants. Picosecond exciton quenching
can be inferred from experiments on self-assembled QDs grown
by molecular beam epitaxy [49]. The most efficient energy
transfer processes in these nanocrystals most likely involve
exchange interactions similar to those described by Dexter for
sensitization of luminescence in doped insulating lattices [50].
The high efficiency of exchange-based mechanisms in doped QDs
can be attributed to spatial confinement of the exciton in the same
locale as the dopants. In uniformly doped nanocrystals, this
invariably leads to almost complete quenching of the excitonic
emission, such as observed in the Mn?*:ZnSe QDs of Fig. 2. By the
same token, whenever inefficient quenching of excitonic lumines-
cence is observed despite dopant excited states within the gap,
the cause is likely related to poor dopant-exciton spatial overlap,
which can only result from the dopants not being truly
incorporated within the QD cores. A situation of this type was
recently described in colloidal CdSe/Co®*:CdS core/shell nano-
crystals [51]. Overall, the PL of colloidal doped nanocrystals
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Fig. 3. (a) Temperature dependence of the Mn?* “T; —®A,; photoluminescence lifetime in 0.2% Mn?*:ZnSe nanocrystals (d = 3-4 nm). The solid line shows a fit of the data to
a temperature-activated nonradiative quenching model. Data adapted from Ref. [4]. (b) Temperature dependence of the Mn?* T; »®A; photoluminescence quantum yield
in d = 2.85 nm Mn?*:ZnSe nanocrystals made from solution containing 6.3% Mn?* cation concentration. Data adapted from Ref. [7].

described by scenario I are thus primarily limited to applications
where excitonic emission is not needed.

In the Mn?":ZnSe nanocrystals of Fig. 2, Mn?" 4T; »®A; PL
decay lifetimes of 200-300 ps have been measured for 0.2% Mn2*
as a function of sample temperature [4]. These lifetimes show a
dependence on temperature that is typical of thermally activated
nonradiative relaxation (Fig. 3a), with decreasing lifetimes and PL
intensities at increasing temperatures. This behavior most likely
involves energy transfer to traps. Even inefficient nonradiative
processes can reduce Mn?* PL lifetimes (Fig. 3a) and hence
quantum yields (Fig. 3b) substantially because of the very small
Mn?* radiative transition rate constants. Overall, nearly quantita-
tive energy transfer from the excited semiconductor to the Mn?*
(kE’IT" >0) results in room-temperature PL quantum yields of
Mn?*-doped II-VI nanocrystals that are routinely around 10% and
can exceed 50% with additional refinement [19]. The high
efficiency of Mn?* PL sensitization by host semiconductor
nanocrystals has helped to attract attention to such nanocrystals
(scenario I) as colloidal phosphors for bio-imaging applications
[18,19] and as recombination centers in light-emitting devices
[20,21].

2.2. Scenario II: Mn?* photoionization excited states are lowest in
energy and within the gap

A rarer scenario occurs in wide-gap semiconductors, where the
existence of donor- or acceptor-type photoionization states within
the gap can introduce nonradiative relaxation pathways that
largely or entirely quench the nanocrystal emission. For most
Mn?*-doped II-VI semiconductors, such as those described by
scenario I above, all donor- and acceptor-type photoionization
states appear to reside outside of the gap, where they have not
been detected because they are obscured by the more intense host
semiconductor absorption features. Among Mn?*-doped II-VI
semiconductors, the presence of such levels within the gap
appears to occur only for Mn?":ZnO, but it may be more
commonly observed when other dopants are used, or for cases
of aliovalent doping. For colloidal Mn?*-doped ZnO QDs [52], a
sub-bandgap donor-type photoionization state is responsible for
this scenario [52,53]. Fig. 4 shows room-temperature absorption
and PL spectra of d~6.0nm ZnO, 0.13% Mn?":ZnO, and 1.3%
Mn?*:ZnO colloidal QDs capped with dodecylamine and sus-
pended in toluene. The pure ZnO nanocrystals show the
characteristic broad visible trap emission centered at ~18,600
cm~! in addition to near-edge UV emission at 26,900 cm™". These
two features in undoped ZnO nanocrystals have been described in
detail previously [54]. The 0.13% Mn?*:ZnO colloids show a similar
PL spectrum but the visible and UV emission intensities have been
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Fig. 4. 300K absorption and photoluminescence spectra of colloidal ZnO (—),
0.13% Mn?*:Zn0 (- - - ), and 1.3% Mn?*:ZnO (- - -) nanocrystals, all with d~6.0 nm.
The excitonic and visible trap photoluminescence intensities of the undoped ZnO
QDs are both quenched upon doping with Mn?*. EPR spectroscopy verifies
exclusively substitutional Mn?* doping with no surface Mn?*. Data adapted from
Ref. [52].

reduced by roughly 50% relative to the undoped ZnO nanocrystals.
In 1.3% Mn?":ZnO nanocrystals, both PL features are quenched by
at least ~95%. In contrast with the Mn?*:ZnSe (Fig. 2) and the
other II-VI QDs described by scenario I above, this quenching is
not accompanied by appearance of Mn?* “T; »5A; luminescence.
To date, Mn?* “T;—>®A; emission has not been observed in
Mn?*:ZnO QDs. The PL attributed to the Mn?* T, »®A; ligand-
field transition in nanocrystalline Mn?*:ZnO powders [55] is
indistinguishable from the visible surface trap emission, and it is
likely that this is not Mn?* ligand-field emission. An interesting
manganese-related PL signal has recently been reported for 5%
Mn?*-doped ZnO thin films (maximum intensity at ~2.06eV
(16,700cm™!), electronic origin at ~2.5eV (20,200cm™!), and
multiexponential PL decay with ~>100pus at 10K) that was
attributed to Mn?* “T; »>°A; emission [56]. Further studies of
this interesting PL signal should be undertaken to verify its
assignment.

The quenching of ZnO QD PL upon Mn?* doping is due to the
presence of a sub-bandgap photoionization state. This state is
seen in the electronic absorption and magnetic circular dichroism
(MCD) spectra of colloidal Mn?*:ZnO QDs (Fig. 5), which both
show a broad and intense absorption band extending well below
the ZnO band edge. Although often assigned to Mn?* d-d
transitions [57,58] or Mn,O,, impurity phases [59], this band has
a per-Mn?" molar extinction coefficient of &>, = 950M~' cm™!
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Fig. 5. (a) 300K absorption spectrum of colloidal TOPO-capped 1.1% Mn?*:ZnO
nanocrystals. (b) Photocurrent internal quantum efficiency for charge separation in
Mn?*:ZnO nanocrystalline photoanode. (c) Variable-field 5K MCD spectra of the
same nanocrystals as in (a). The inset shows that the broad sub-bandgap MCD
intensity follows S = 5/2 saturation magnetization and is therefore associated with
isolated paramagnetic Mn?* ions. Data adapted from Ref. [53].

at 24,000 cm™! at 300K [52] that is approximately two orders of
magnitude larger than could be reasonably expected for the
anticipated Mn?* ligand-field transitions (for example, Epn2+
(°A;>T;)=1-10M'cm™! in tetrahedral coordination com-
plexes [60] and in ZnS [43]), and it shows S =5/2 saturation
magnetization by MCD, confirming its association with isolated
paramagnetic Mn?* jons. Using the Tanabe-Sugano matrices and
empirical ligand-field parameters, the 5A; -*T;(G), 4T5(G), *A1(G),
4E(G) series of Mn?* ligand-field excited states has been calculated
to occur at energies starting at ~24,900cm~! in ZnO [52], but the
5K MCD spectrum in this region is structureless (Fig. 1), in
contrast with what would be observed were this intensity to arise
from this set of ligand-field transitions. This transition has instead
been assigned as a donor-type photoionization transition (Mn?* —
Mn3*+egs, or MLCT) of Mn?*:ZnO on the basis of optical
electronegativity considerations [52], and the ligand-field transi-
tions are likely obscured by this band because of the 10%-10°
difference in extinction coefficients. This charge-transfer excited
state configuration is formally equivalent to a hole-trapped
exciton and is related to proposed [61] Zhang-Rice-like states in
p-type Mn?*:ZnO0. Because this photoionization state is the lowest
energy excited state, it largely defines the photophysical proper-
ties of Mn?*:Zn0O nanocrystals. Specifically, it provides an efficient
pathway for nonradiative relaxation back to the ground state, as
summarized in Fig. 6. The details of this nonradiative relaxation
are not yet understood, but multiphonon relaxation often makes
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Fig. 6. Effect of Mn?* doping on the photophysical properties of ZnO nanocrystals.
The UV and visible (trap) luminescence of ZnO nanocrystals are both quenched, no
Mn?* ligand-field photoluminescence is observed, and photo-induced charge
separation is observed with sub-bandgap photoexcitation.

the greatest contribution to the overall nonradiative relaxation
rate constant. The combination of electron-phonon coupling due
to the charge-transfer nature of this excited state, combined with
the exponential dependence of multiphonon relaxation rate
constants on excited state distortion, make multiphonon relaxa-
tion a plausible pathway. An alternative pathway might involve
electron trapping from this charge-transfer state, but this is
considered less likely because of the experimental ability to
introduce additional conduction-band electrons into Mn?*:ZnO
nanocrystals without such electron trapping [27]. It is noteworthy
that this charge-transfer state is also responsible for the photo-
induced charge separation detected at sub-bandgap excitation
energies in Mn?*:ZnO photoelectrodes (Fig. 5b) [53]. The appear-
ance of a photoionization state as the lowest energy excited state
within the semiconductor bandgap thus makes the electronic
structure and photophysical properties of Mn?*:ZnO nanocrystals
qualitatively different from those described by scenario I above.

2.3. Scenario IlI: semiconductor excitonic excited states are lowest in
energy (Mn®* excited states are outside the gap)

A third distinct scenario can be identified as occurring when no
impurity states exist within the gap of the host semiconductor. In
some regards this third scenario is the most interesting and
fundamentally important, because the size-tunable emission,
lasing capabilities, and other photophysical properties that have
attracted attention to colloidal undoped semiconductor QDs can
be retained, while the Mn?* impurities introduce an additional
degree of freedom for controlling these physical properties.
Although many syntheses have been attempted, only recently
was the first unambiguous experimental demonstration of
scenario Il colloidal doped semiconductor nanocrystal lumines-
cence reported. These observations were made for colloidal
Mn?*:CdSe QDs [62].

The colloidal Mn?*:CdSe QDs differ from all other colloidal
doped semiconductor nanocrystals reported to date in that they
are the first that have allowed tuning of the semiconductor band
gap energy across the dopant excited state levels. Fig. 7 presents
PL spectra of small (d~2.5nm) and large (d~4.2 nm) Mn?*:CdSe
QDs. The characteristic Mn?* “T; emission is observed when the
bandgap energy is greater than the Mn?* “T; excited state energy,
but only excitonic emission is observed when the bandgap energy
is reduced to below the “T; energy in larger Mn?*:CdSe QDs [62].
The excitonic emission observed in the small Mn?*:CdSe nano-
crystal sample arises predominantly from undoped nanocrystals,
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which occur with greater probability as the nanocrystal diameter
is reduced because of dopant exclusion from critical nuclei
[13,15,38,39].

Fig. 8 plots the energies of the Mn?* and excitonic PL maxima
as a function of nanocrystal diameter for a series of Mn?*:CdSe
QDs. The energy of the excitonic transition depends strongly on
particle size, but the energy of the localized Mn?* transition does
not. The nature of the emissive state changes at d~3.3nm,
marking the cross-over between scenarios I and IIl. Although
scenarios | and III both also exist among bulk DMSs, these
colloidal Mn?*:CdSe QDs are unique in that they allow tuning
from one scenario to the other quite readily, simply by changing
the nanocrystal diameter.

Although only excitonic emission is observed in the large
Mn2*:CdSe QDs, the properties of this luminescence are still
fundamentally altered by the presence of the Mn?' ions.
Specifically, the excitonic emission of Mn?*:CdSe QDs with
d>~3.3nm can be made strongly circularly polarized by applica-
tion of a magnetic field, even when the QDs are excited with
incoherent or unpolarized photons. This has recently been
demonstrated for the first time for any colloidal nanocrystal using
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Fig. 7. Low-temperature (5K) photoluminescence spectra of colloidal d~2.5 nm
(top) and d~4.2nm (bottom) Mn?*:CdSe quantum dots. The vertical dotted line
marks the energy of the Mn?* #T; - ®A; luminescence maximum (2.11 eV), which is
observed only in small Mn?*:CdSe QDs. Adapted from Ref. [62].

20 —
2+
‘ B Mn .
- v ¥ Exciton
|g '.7‘.-‘
< 18 V
g e
= 16
E : vV V..
14 T T T
2.0 3.0 4.0 5.0

Diameter (nm)

magnetic circularly polarized luminescence (MCPL) spectroscopy
[62]. MCPL spectroscopy was applied to probe the giant excitonic
Zeeman splittings in colloidal Mn?*:CdSe QDs. In the absence of
magnetic dopants, the excitonic Zeeman splitting in CdSe QDs is
small, linear in magnetic field, and comparable in magnitude to
the thermal energy available at a few Kelvins (g.r{CdSe)~+1.5)
[63]. Introduction of Mn?* dopants gives rise to strong Mn2*-
carrier magnetic exchange coupling, which leads to the so-called
“giant excitonic Zeeman splitting” [64]. In its simplest manifesta-
tion, the exchange contribution to the excitonic Zeeman splitting
energy is described by [16,65-67]

AEZh = X(S)No(e — f) 1)

where x is the paramagnetic dopant mole fraction, ¢S, is the
temperature- and field-dependent spin polarization of the para-
magnetic ensemble of dopants along the direction of the applied
field, and No(x—p) describes the strength of the magnetic
exchange interactions between the dopants and the charge
carriers of the exciton. Typical values for No(«—p) in both bulk
and nanocrystalline Mn?*:CdSe are around +1.5 eV [64,65], leading
to effective Zeeman splittings that are at least one to two orders of
magnitude larger for Mn?*:CdSe QDs than for undoped CdSe QDs.
Furthermore, because Mn?* spin expectation values oppose the
direction of the applied field (ie. ¢S,> <0) [68], these exchange-
induced Zeeman splittings oppose the small intrinsic Zeeman
splitting of undoped CdSe QDs. The result is an inversion of the
excitonic Zeeman splittings upon Mn?* doping, which is most
readily observed as an inversion in the circular polarization of the
excitonic emission. Experimental results are summarized in Fig. 9,
which plots the luminescence polarization ratio Al/l = (I.—Ir)/
(IL*Ig) as a function of applied magnetic field for d~4nm CdSe
and Mn?":CdSe quantum dots. Here, I, and I; refer to the
intensities of left- and right-circularly polarized luminescence,
respectively, following the sign convention of Piepho and Schatz
[69]. The sign inversion and large increase in MCPL polarization
ratio observed upon doping derive from the giant excitonic
Zeeman splitting in the Mn?*:CdSe QDs. Similar results were also
observed by MCD spectroscopy for the same colloidal Mn?*:CdSe
nanocrystals [16,62].

Reducing the energy gap of the host semiconductor to below
all Mn?* excited state energies by quantum confinement tuning
thus completely alters the photophysical properties of colloidal
doped semiconductor nanocrystals, and yields a new scenario
(scenario III) that is fundamentally different from the two
described above (scenarios I and II). With the new possibility to
control the excitonic PL of colloidal QDs using magnetism, one can
now envision practical routes to systematic examination of the
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Fig. 8. Energies of the Mn?* T, and CdSe excitonic photoluminescence maxima plotted vs. Mn?*:CdSe nanocrystal diameter. The two features cross at d ~ 3.3 nm. Adapted

from Ref. [62].
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Examples of Mn?*-doped II-VI DMS nanocrystals of each type are provided. For clarity, relaxation processes involving other surface or lattice defects are not depicted. Figure

adapted from Ref. [62].

importance of energy gaps in energy transfer dynamics and
magnetic exchange coupling for the first time using PL and
magneto-PL spectroscopies. A great number of interesting new
experiments and discoveries can be anticipated involving this new
type of colloidal doped QDs.

3. Overview and outlook

Fig. 10 summarizes schematically the electronic structural
features of colloidal Mn?*-doped II-VI semiconductor nanocrys-
tals that lead to the three distinct photophysical scenarios
described above. These three scenarios reflect three distinct
relationships between the energies of the magnetic ions’ excited
states and those of the host semiconductor nanocrystals. Scenario
111 PL has only very recently been demonstrated, in Mn?*-doped
CdSe semiconductor nanocrystals [62]. In that case, the size
dependence of the excitonic energies allowed tuning between
scenarios I and III simply by changing the Mn?*:CdSe nanocrystal
diameter.

The three scenarios summarized in Fig. 10 apply generally as
limiting cases for this entire class of materials, including bulk
DMSs. Variations on these three scenarios can also be anticipated
in intermediate cases for which electronic structures approach
cross-over points between these three limiting scenarios or when
other dopants are used. A widely studied example is Co?*, which
has been doped into colloidal II-VI nanocrystals of ZnO [13,70,71],
ZnS [40], CdS [40,72], ZnSe [15,17,24], and CdSe [16,24,51], and for
which nonradiative relaxation within the manifold of ligand-field
excited states is more important than for Mn?*. Finally, the PL
phenomena described in this short review have been limited to
only the most basic materials, those in which Mn?* is simply
substituted into binary II-VI semiconductor nanocrystals. Rich
photophysical effects can be anticipated as synthetic efforts are
extended to address doped colloidal core/shell nanocrystals
[18,25,26,51] anisotropic nanostructures [73-75] and hetero-
architectures or superlattices integrating doped nanocrystals
with other functional inorganic or organic materials. Future
experiments in these directions may ultimately lead to fine
synthetic control over dopant-exciton spatial overlap, a deeper
understanding of the influences of dopant concentrations and
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distributions within QDs, and ultimately to new nanoscale
materials with chemically controlled magneto-electronic, magne-
to-photonic, photochemical, or photoluminescent properties for
future applications in nanotechnology.
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