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ABSTRACT
The intentional incorporation of transition metal impurities into colloidal semiconductor nanocrystals allows an extension of the host mate-
rial’s functionality. While dopant incorporation has been extensively investigated in zero-dimensional quantum dots, the substitutional
replacement of atoms in two-dimensional (2D) nanostructures by magnetic dopants has been reported only recently. Here, we demonstrate
the successful incorporation of Co2+ ions into the shell of CdSe/CdS core/shell nanoplatelets, using these ions (i) as microscopic probes for
gaining distinct structural insights and (ii) to enhance the magneto-optical functionality of the host material. Analyzing interatomic Co2+

ligand field transitions, we conclude that Co2+ is incorporated into lattice sites of the CdS shell, and effects such as diffusion of dopants into
the CdSe core or diffusion of the dopants out of the heterostructure causing self-purification play a minor role. Taking advantage of the
absorption-based technique of magnetic circular dichroism, we directly prove the presence of sp-d exchange interactions between the dopants
and the band charge carriers in CdSe/Co2+:CdS heteronanoplatelets. Thus, our study not only demonstrates magneto-optical functionality in
2D nanocrystals by Co2+ doping but also shows that a careful choice of the dopant type paves the way for a more detailed understanding of
the impurity incorporation process into these novel 2D colloidal materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129391., s

INTRODUCTION

The development of colloidal nanoplatelets (NPLs) started
more than a decade ago when researchers adapted and expanded
the protocols used for the fabrication of zero-dimensional (0D)
II–VI nanocrystals.1 Compared to 0D systems, two-dimensional
(2D) NPLs offer great advantages such as the control of the quan-
tum confinement at the monolayer (ML) level, narrower emission
linewidths, shorter recombination lifetimes, directed emission, and
larger absorption cross sections and coefficients.2–8 In contrast to

quantum dots, where absorption and/or emission energies can be
continuously tuned,9–11 the discrete change in ML thickness and
thus in quantum confinement allows for a stepwise shift of the opti-
cal resonances. Colloidal atomic layer deposition (c-ALD) has been
applied in the synthesis of complex core/shell (shell grown on top
of a NPL core)12,13 and core/crown (crown grown laterally around
a NPL core)14,15 heterostructures, finally enabling absorption and
emission energies to be tuned via the delocalization of charge car-
rier wave functions.16–18 Additionally, compared to core-only NPLs,
2D heterostructures exhibit reduced photoluminescence blinking
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and enhanced photoluminescence quantum yields,14,19 thus trigger-
ing their implementation in optoelectronic devices such as light
emitting diodes.20–22 Even lasing after optical pumping has been
demonstrated.23–25

Doping, i.e., the intentional incorporation of impurities into
a crystal lattice, has been employed as a powerful strategy to tune
optical, electrical, and magnetic properties of II–VI based zero-
dimensional colloidal nanostructures,26–35 even down to the level
of magic-sized or molecular nanocluster.36–41 In contrast to the
sophisticated chemical routes reported for the synthesis of doped 0D
nanocrystals, the incorporation of impurities into their 2D analogs is
at an early stage of development. Via postsynthetic cation exchange,
researchers have shown that Cd2+ can be replaced by copper and
silver ions in CdSe NPLs.42–44 However, the incorporation of fur-
ther transition metal ions into core-only NPLs has not yet been
reported. In the case of core/shell NPLs, Mn2+ doped CdS layers
were grown on top of undoped CdSe NPLs via c-ALD.45 Mak-
ing deliberate use of the overlap between the partially delocalized
charge carrier wave functions and the dopants inside the shell, clear
signatures of sp-d exchange interactions were observed experimen-
tally.45–47 By changing the detailed architecture of the core/shell
NPLs, tunability of both s-d and p-d exchange interactions has been
achieved.47

More than endowing the host material with new functionalities,
impurities can also be used as microscopic tools to investigate fun-
damental properties such as lattice parameters, thermal expansion,
the presence of strain, and electron-phonon coupling.41,48–50 For this
purpose, impurities with a high crystal field sensitivity should be
chosen, which are able to disclose small changes of their environ-
ment.51 One example of this type of impurity is Co2+, which exhibits
well-defined ligand-field transitions in the visible and infrared spec-
tral range.52 Additionally, (magneto-) optical signatures of dopants
can also reveal effects related to the incorporation of impurities
into a crystal lattice such as ion diffusion and/or self-purification.53

These basic concepts can be used as a powerful and versatile tool
in the fast developing field of colloidal 2D nanostructures, allowing
researchers to gain insight into structural properties and to under-
stand the impurity incorporation process in these novel materials in
more detail.

In this work, we took advantage of Co2+ ions as microscopic
probes to demonstrate the successful incorporation of impurities
into the shell of CdSe/CdS core/shell nanoplatelets (NPLs). The
interatomic Co2+ ligand field (LF) absorption bands were used to
investigate possible diffusion/segregation effects. Magnetic circular
dichroism (MCD) spectroscopy has been applied to directly probe
the exchange coupling between magnetic dopants with the band
charge carriers in CdSe/Co2+:CdS NPLs. The temperature depen-
dence of the MCD signal indicates the absence of Co2+ clusters,
showing the homogeneity of the doping process via colloidal atomic
layer deposition.

RESULTS AND DISCUSSION

CdSe/Co2+:CdS core/shell nanoplatelets (NPLs) were synthe-
sized via colloidal chemistry routes and finally dispersed in hex-
ane (the detailed synthesis procedure is described in the “Methods”
section). In the first synthesis step, CdSe cores with a thickness

of two monolayers (2 ML) were fabricated. These undoped cores
were subsequently coated with a shell using colloidal atomic layer
deposition (c-ALD). In each step of the shell growth via c-ALD
deposition, both sides of the CdSe NPL surface were coated with
1 ML of shell material (either pure CdS or Co2+:CdS), thus result-
ing in a total deposition of 2 ML (1 ML on the top and the bot-
tom surface, respectively). In this work, we focused on the inves-
tigation of the (magneto-) optical properties of CdSe/Co2+:CdS
NPLs of three different shell thicknesses (3 ML, 4 ML or 5 ML
on each, top and bottom surface, corresponding to a total thick-
ness of 6 ML, 8 ML and 10 ML, respectively). The samples
are denoted as (2)CdSe/(6)Co2+:CdS, (2)CdSe/(8)Co2+:CdS, and
(2)CdSe/(10)Co2+:CdS. The incorporation of Co2+ into the CdS
shell was realized using a Co(II) acetate complex in a slightly mod-
ified c-ALD procedure as reported previously by Delikanli et al.45

(see the “Methods” section for further information). The doping
concentration of the CdSe/Co2+:CdS NPLs in each shell layer is
about 0.8% and has been determined via inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Undoped CdSe/CdS
NPLs with identical core/shell structure were prepared as a refer-
ence. Representative transmission electron microscope images of
the (2)CdSe/(8)Co2+:CdS NPLs depicting the lateral dimensions
(∼35 nm × 45 nm) and a thickness of ∼3.3 nm can be found
in the supplementary material [see Figs. S1(a) and S1(b)]. While
the lateral dimensions are comparable in thinner or thicker NPLs
[(2)CdSe/(6)Co2+:CdS and (2)CdSe/(10)Co2+:CdS], each additional
monolayer of the shell material corresponds to a change in the
thickness of ∼0.35 nm.

Figure 1(a) depicts the absorption spectra of CdSe/Co2+:CdS
NPLs measured in dispersion using hexane as solvent. The spectra
have been normalized to the second absorption maximum observed
between 520 and 550 nm. Well-defined excitonic features related to
different transitions have been observed in the high energy part of
the spectrum (λ < 625 nm). The valence band (VB) in II–VI-based
two-dimensional (2D) materials is composed of three sub-bands
(heavy hole, light hole, and split off, abbreviated hh, lh, and so,
respectively) with defined hole character. A multitude of VB energy
states can be defined using the nomenclature hhn, lhn, and son,
with n representing the principal quantum number of the respec-
tive energy state. The energy states of the conduction band (CB)
are described as en. The excited states of excitonic nature, which
can be observed in the absorption spectra, are denoted by VBnen-
X. According to this model, the excited state observed at the low-
est energy is related to hh1e1-X, observed in the samples studied
here in the spectral range between 570 and 600 nm. The second
(third) absorption feature observed between 520 and 550 nm (470
and 500 nm) is related to the lh1e1-X (so1e1-X) transition. A detailed
assignment of these transitions based on double-potential quantum
well calculations is provided elsewhere.47 The energy redshift with
increasing shell thickness is a consequence of the delocalization of
the wavefunction of the charge carriers into the shell, specifically
of the electron in the CB, which in turn weakens the quantum
confinement.12

Additional absorption features with significantly smaller oscil-
lator strength have been observed in the wavelength range between
650 and 800 nm. The inset of Fig. 1(a) depicts the absorption spec-
tra with scaled y-axis to enable the data analysis. These features
give a first hint that Co2+ incorporation into the CdS shell was
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FIG. 1. (a) Normalized absorption spectra of CdSe/Co2+:CdS nanoplatelets with
different shell thicknesses (6, 8, and 10 monolayers, depicted in black, red, and
green, respectively). Excitonic features related to different excited states (hh1e1-
X, lh1e1-X, and so1e1-X) are observed in the high energy part of the spectrum
(λ < 625 nm). Inset: Additional absorption features observed for 650 nm < λ
< 800 nm related to Co2+ ligand field transitions. (b) Comparison between the Co2+

ligand field transitions observed in CdSe/Co2+:CdS NPLs coated with a 10 ML
thick shell (green curve) and literature data reported for Co2+ LF transitions in
different coordination geometries. The brown (blue) curve represents the absorp-
tion data reported for bulk Co2+:CdS52 (CdSe/Co2+:CdS nanocrystals54). In gray,
the LF transitions reported for Co2+:CdSe nanocrystals54 are shown, while the
orange curve is related to LF transitions of Co2+ located on the surface of CdS
nanocrystals.53

successful, since their energy range matches the expected one for
ligand field (LF) transitions in Co2+ ions tetrahedrally coordinated
by sulfur ions.52 Moreover, the amplitude of the Co2+ ligand field
transitions increases with increasing shell thickness. This, com-
bined with the fact that the doping concentration in the CdS shell
is similar among the different samples, is a sign that a larger
number of impurities have been incorporated into NPLs with a
thicker CdS shell compared to their thinner shell analogs. A rep-
resentative comparison between a doped core/shell NPL and its
undoped reference can be found in the supplementary material (see
Fig. S2).

Since the energies of the Co2+ ligand field transitions strongly
depend on the bonding length of these ions to their nearest
neighbors, a detailed analysis of the absorption spectra enables

a fundamental understanding of the dopant incorporation pro-
cess. More precisely, one might get access to the diffusion of Co2+

impurities into the core and the presence of these ions at the
interface between core and shell as well as on the shell surface.
Figure 1(b) shows a comparison between the Co2+ LF transitions
observed in our core/shell NPLs with a 10 ML thick shell (green
curve, data collected on a thin film, which was fabricated by drop-
casting the original NPL dispersion onto a quartz substrate) and
literature data reported for LF transitions in different coordina-
tion geometries. In zinc-blende structures, Co2+ is tetrahedrally
coordinated by four anion ligands. Thus, in order to discuss the
dopant environment, we use the coordination chemistry notation
Co(μ4-ligand)4. In the sample fabrication process, the precursor
for dopant incorporation [cobalt(II)-acetate] is only added during
the shell growth onto preformed CdSe NPLs. Therefore, it is most
likely that Co2+ ions are incorporated into the CdS shell, having
Co(μ4-S)4 coordination geometry. In the case of a significant dif-
fusion of the Co2+ dopants into the CdSe core, one would expect
signatures of Co(μ4-Se)4 in the absorption spectrum. The data col-
lected in our samples are very similar to literature reports for bulk
Co2+:CdS [see the brown curve in Fig. 1(b)—data from Ref. 52] and
CdSe/Co2+:CdS nanocrystals [see the blue curve in Fig. 1(b)—data
from Ref. 54]. Moreover, a strong discrepancy between our exper-
imental data and the data for Co2+:CdSe nanocrystals reported by
Archer et al.54 [see the gray curve in Fig. 1(b)] is obtained. These
findings demonstrate controlled incorporation of Co2+ ions into the
CdS shell, without relevant diffusion of the dopants into the CdSe
core.

Due to the small shell thickness of the NPLs, one might assume
that some Co2+ ions are present in a pseudotetrahedral coordina-
tion geometry, e.g., if Co2+ ions are located at the interface to the
CdSe core. In this case, Co2+ would experience a mixed environ-
ment [Co(μ4-S)4−x(Se)x] due to the two different ligand ions (S2−

and Se2−). Therefore, the absorption features are expected in the
spectral range between the literature reports for bulk Co2+:CdS52

and Co2+:CdSe nanocrystals,54 with the precise energy depending on
the exact number of each ligand type and the distortion. However,
the large similarity between our experimental data and literature
reports on bulk Co2+:CdS52 gives a strong hint that the replace-
ment of cations of the Cd-rich surfaces of the core by Co2+ during
or after the shell growth is not significant. Note that during the
shell growth via c-ALD, first precursors for the incorporation of
anions (here S2−) are supplied, which attach to the Cd-rich surface
of the core before the shell cations (Cd2+ and Co2+, respectively) are
added.

Another pseudotetrahedral coordination should be considered
for Co2+ ions located at the oleylamine (OLA)-functionalized sur-
face of the core/shell NPLs. In this case, Co(μ4-S)4−x(N(OLA))x
is the expected coordination geometry. Radovanovic and Gamelin
reported an absorption spectrum of surface-bound Co(μ4-S)4−x
(N(py))x,53 indicated by the orange curve in Fig. 1(b). The sur-
face of their nanocrystals is functionalized with pyridine (py). They
observed that a mixed coordination environment at the surface of
a nanostructure leads to an energy blueshift of the absorption fea-
tures when compared to Co(μ4-S)4 in Co2+:CdS. This is caused
by the larger ligand field strength of nitrogen ions compared to
sulfur ones. We have not been able to observe any features sim-
ilar to the reported data on surface-bound Co(μ4-S)4−x(N(py))x,
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i.e., the configuration Co(μ4-S)4−x(N(OLA))x does not dominate
the Co2+ LF transitions. However, since for λ < 670 nm Co2+

LF absorption features overlap with the hh1e1-X resonance, we
cannot completely exclude the possibility that a small number
of the Co2+ dopants are located at the surface of our core/shell
NPLs.

As one cools the NPLs down to helium temperatures, a quan-
titative analysis of the energies of the LF transitions without the
phonon-induced linewidth broadening present at higher temper-
atures becomes possible. The bottom curve in Fig. 2(a) depicts
the absorption spectrum related to the Co2+ LF transitions in
(2)CdSe/(10)Co2+:CdS NPLs measured at T = 4.3 K. Four spectrally
well-resolved absorption maxima and one additional feature related
to the high-energy shoulder of the peak of the highest intensity can
be identified, whose energies at T = 4.3 K are marked by the dashed
vertical lines. In a tetrahedral field, the 4A2 ground state of a d7

ion (such as Co2+) is derived from the 4F free-ion term. The first
three excited states are labeled 4T2(F), 4T1(F), and 4T1(P), the first
one being the state of lowest energy (see the Tanabe-Sugano dia-
gram in the supplementary material—Fig. S3). The Co2+ LF absorp-
tion bands of the lowest energies, 4A2 → 4T2(F) and 4A2 → 4T1(F),
are expected in the near-infrared wavelength range, thus not being
observed in our experiment. At the ligand field strength of CdS,
the 4T1(P) excited state overlaps with additional states derived from
the 2G free-ion term,55 making the assignment of the observed LF
transitions in the wavelength range between 670 and 800 nm more
challenging. According to the results on the optical spectra of tran-
sition metal ions on tetrahedral sites published by Weakliem,52 we
propose the following assignment of the features observed in our
experimental data: between 700 and 754 nm, the absorption bands
are related to different 4A2 → 4T1(P) LF transitions. The absorp-
tion feature at ∼ 690 nm (678 nm) is attributed to the 4A2 → 2A1(G)
(4A2→ 2T2(G)) LF transition. A possible deviation between LF ener-
gies observed in our NPLs and the low-temperature absorption data
reported in bulk Co2+:CdS52,56 is within the resolution limit of our
experiment.

Figure 2(a) depicts the temperature-dependent absorption
spectra of the Co2+ LF transitions, showing that both the energy of
the observed absorption features and their linewidth are impacted
by the temperature. This temperature dependence is a direct conse-
quence of the electron-phonon interaction, which has been observed
in transition metal and rare earth impurities incorporated in dif-
ferent host lattices.49,57–63 Similar to previous literature reports on
Co2+ dopants in halide-based lattices,63 the full width half max-
imum (FWHM) of Co2+ LF transition features is roughly con-
stant in the low temperature range, while for higher temperatures,
the influence of lattice vibrations leads to a significant linewidth
broadening.

The energy shift of the Co2+ LF transitions with temperature is a
consequence of the electron–phonon interaction between the lattice
phonons and the electrons of the transition metal impurity. A rep-
resentative fit of the data used for the extraction of the temperature-
dependent energy of different absorption features can be found in
the supplementary material (see Fig. S4). We extracted the energy
of the Co2+ LF transition for all features marked by the dashed lines
in Fig. 2(a). The dashed curves in Fig. 2(b) are simulations of the
impact of the temperature on the energy shift δE, which have been
calculated using the following theoretical expression:64

FIG. 2. (a) Normalized temperature dependent absorption spectra depicting Co2+

ligand field transitions in CdSe/Co2+:CdS NPLs with a 10 ML thick shell. The
dashed lines mark the energy position of the maxima observed at the lowest
temperature (T = 4.3 K). (b) Temperature-dependent energy shift of different fea-
tures observed in the absorption spectrum of Co2+ LF transitions [marked as
dashed lines in panel (a)]. The dashed colored lines represent fits according to
Eq. (1).

δE = α ⋅ ( T
TD
)

4

∫
TD/T

0

x3

ex − 1
dx, (1)

TD is the effective Debye temperature and x = h̵ω/kBT, where kB
is the Boltzmann constant and h̵ω is the phonon energy. In our
simulations, we assumed TD = 436 K (value reported for CdS
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nanocrystals65) and h̵ω = 38 meV, which is the reported LO
phonon energy for bulk CdS.66 The constant α describes a coupling
coefficient for the electron–phonon interaction, which is the only
adjustable parameter.

For peaks 1–3 [4A2 → 4T1(P)], a simulation assuming |α|
∼ 263 meV matches the experimental data quite well, while for peaks
4 and 5 [4A2 → 2A1(G) and 4A2 → 2T2(G), respectively] smaller, val-
ues for the electron-phonon coupling strength [e.g., |α| ∼ 97 meV
for 4A2 → 2T2(G)] are necessary to describe the observed δE(T).
It is instructive to compare these values with literature reports on
transition metal doped materials. The Meijerink group investigated
the electron-phonon coupling of transitions between spin-orbit split
components of the 4T1g cubic-field ground term of Co2+ in cad-
mium halides CdX2 (X: Cl, Br, and I),63 extracting |α| = 13–32 meV.
The strength of the electron-phonon coupling strongly depends on
the host lattice: Stronger coupling is expected in more covalent lat-
tices58 like the II–VI compounds studied here, justifying the larger
values of |α| found in our experiments. An additional comparison
can be drawn with results reported for the 4T1 → 6A1 emission in
Mn2+:ZnS nanocrystals.49 Although the authors do not explicitly
report a value for α, analyzing their fits allowed us to extract a value
of |α| ≈ 120 meV, which is in the same order of magnitude as the
values extracted from our data.

Subsequently, we took advantage of magnetic circular dichro-
ism (MCD) spectroscopy to investigate the magneto-optical
response of the Co2+ impurities. The low temperature absorption
and MCD data of the Co2+ LF transitions in (2)CdSe/(10)Co2+:CdS
NPLs are plotted in Fig. 3(a). The dashed lines highlight the energy
positions of the absorption maxima. The total energy-dependent
MCD amplitude can be described using the following equation:67

MCD(E) = A ⋅ −∂f (E)
∂E

+ B0 ⋅ f (E) +
C
kBT
⋅ f (E). (2)

Herein, f (E) describes the shape of the absorption feature, while
A, B0, and C are prefactors for the different MCD terms. While
A ⋅ −∂f (E)

∂E is a derivative-shaped term (called A-term), B0 ⋅ f (E)
and C

kBT
⋅ f (E) exhibit a Gaussian line shape (called B0- and C-

term, respectively). The A-term is related to a Zeeman splitting of
the excited state, shifting the absorption bands for right and left
circularly polarized light with respect to each other in energy. In
this case, the maximum in absorption will coincide with the MCD
zero-crossing. The fact that the maxima observed in the absorp-
tion spectrum coincide with either a maximum or a minimum in
the MCD signal allows us to draw the conclusion that the MCD
activity is a result of either a B0- or a C-term, excluding a domi-
nant contribution of an A-term. The B0-term is related to a field-
induced mixing between nearby excited states, while the C-term
is caused by an unequal population of the Zeeman sublevels of
a paramagnetic ground state. Since the B0-term is temperature-
independent and the C-term exhibits a temperature dependence,
varying the temperature enables one to determine the dominating
term for the observed MCD activity of the Co2+ LF transitions [see
Fig. 3(b)].

The temperature dependence of the Co2+ LF transitions in the
MCD data can be explained as follows: An external magnetic field
lifts the degeneracy of the Co2+ ground state quartet (4A2), and
these states are unequally populated at low temperatures creating

FIG. 3. (a) Absorption and MCD spectra of CdSe/Co2+:CdS NPLs with a 10 ML
thick shell measured at 4.3 K and B = 1.64 T. The dashed lines mark the energy
position of the maxima observed in the absorption spectrum. (b) Temperature-
dependent MCD spectra of Co2+ LF transitions of (2)CdSe/(10)Co2+:CdS NPLs
collected at B = 1.63 T.

a net magnetization. This unequal population leads to a different
absorption strength of right and left circularly polarized light, thus
resulting in a C-term MCD signal. Due to the small g-value for the
4A2 state in Co2+ (g = 2.26),68 the thermal energy kBT exceeds the
Zeeman splitting gμBB (∼0.2 meV at B = 1.6 T) even at moder-
ately low temperatures. Therefore, the C-term MCD amplitude is
proportional to gμBB/kBT (see Ref. 69 for further details), reflecting
the Curie limit of the ground state magnetization of the Co2+ ions.
As expected, the MCD amplitude of the Co2+ LF transitions thus
decreases with increasing temperature [see Fig. 3(b)]. These results
are in agreement with previous literature reports on tetrahedrally
coordinated Co2+ ions in molecular complexes70 and Co2+-doped
nanocrystals.56

MCD spectroscopy can also be used to investigate the sp-d
exchange interaction between the magnetic dopants and the charge
carriers of the host lattice, i.e., to probe the magneto-optical activ-
ity of excited states of excitonic nature. In the case of the sp-d
exchange interaction, the energy splitting between the excited states
in a magnetic field is expected to be significantly larger than
the intrinsic Zeeman splitting present in undoped materials, thus
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leading to its denomination as giant Zeeman splitting.73 Figure 4(a)
shows the magnetic-field (B) dependent MCD data collected on
(2)CdSe/(10)Co2+:CdS NPLs at T = 4.3 K. In the high energy
part of the spectrum (λ < 600 nm), excited states of excitonic
nature (hh1e1-X, lh1e1-X, and so1e1-X) are observed, while at lower
energies (λ > 650 nm), Co2+ LF transitions as discussed above
are present. The correlation between the MCD amplitude of dif-
ferent features (excitonic nature or arising from Co2+ LF transi-
tions) and the applied magnetic field can be seen in the inset of
Fig. 4(a). The observed linear behavior between the MCD ampli-
tude and the magnetic field is expected for paramagnetic systems
at modest fields, i.e., below saturation. As expected, the MCD
amplitude—and thus the giant Zeeman splitting—is significantly
larger for hh1e1-X than for lh1e1-X due to the different strength
of the exchange coupling, in agreement with Mn2+-doped two-
dimensional systems.47,71 Moreover, the larger delocalization of the
hole wavefunction into the doped shell for excited states of even
higher energy47 explains the fact that so1e1-X exhibit a large MCD
amplitude.

FIG. 4. (a) Magnetic field dependent MCD spectra of (2)CdSe/(10)Co2+:CdS NPLs.
Inset: Magnetic-field dependent amplitude of hh1e1-X (orange), lh1e1-X (green),
so1e1-X (black) excited states and Co2+ LF transitions (red) extracted from the
data plotted in the main panel. (b) Absorption (top) and MCD spectra of undoped
(light green) and CdSe/Co2+:CdS NPLs with a 10 ML thick shell (green) measured
at 4.3 K. The dashed lines mark the energy position of the maxima observed in the
absorption spectrum. The MCD of the undoped reference has been multiplied by
a factor of 4 to facilitate the comparison.

Figure 4(b) depicts the absorption (top panel) and MCD
spectra of (2)CdSe/(10)Co2+:CdS NPLs (green) and of the
undoped reference [(2)CdSe/(10)CdS—light green]. Data col-
lected on (2)CdSe/(8)Co2+:CdS NPLs and their undoped reference
[(2)CdSe/(8)CdS] can be found in the supplementary material (see
Fig. S5). The dashed lines mark the energy position of the max-
ima observed in the absorption spectrum, showing that the maxi-
mum in absorption indeed coincides with the MCD zero-crossing, as
expected for an A-term MCD signature. While the absorption spec-
tra of the doped and of the undoped NPLs look very similar, their
MCD spectra are quite distinct. Not only the amplitude of the MCD
signal is at least 5 times larger in the case of the doped NPLs com-
pared to their undoped analogs, also a sign change for hh1e1-X MCD
resonance could be observed. The g-factors related to the intrinsic
Zeeman splitting of the first excited state exhibit positive sign for
both bulk and 2D chalcogenide-based lattices.72–74 Additionally, it
has been shown that in the case of pronounced sp-d exchange inter-
action, the g-factor of the hh1e1-X state in 2D nanocrystals changes
its sign.47 Therefore, the observation of a sign change in the MCD
signal upon doping is a hint that magnetic exchange interactions
between the incorporated Co2+ ions and the charge carriers of the
host lattice take place.

To get further insight into the magneto-optical response of
excitonic states, we additionally conducted temperature-dependent
MCD experiments. Figure 5(a) depicts the temperature-dependent
behavior of the MCD signal from T = 4.3 K to 300 K. Additional
data collected on (2)CdSe/(8)Co2+:CdS and (2)CdSe/(6)Co2+:CdS
NPLs show similar behavior and can be found in the supplementary
material (see Fig. S6).

In the case of sp-d exchange interactions between the host
charge carriers and the magnetic dopants, the MCD signal is
expected to be proportional to the magnetization of the Co2+ ions,
with a temperature dependence according to the Brillouin func-
tion.75,76 For a constant magnetic field (in our case B = 1.64 T), the
magnetization of a paramagnetic system decreases as the tempera-
ture increases due to thermal disorder. We observed a temperature-
induced decrease in the MCD amplitude for all observed exci-
tonic transitions, following the behavior expected for paramagnetic
systems.

To enable the analysis of the temperature dependent behavior
of the different transitions, their MCD amplitudes have been nor-
malized to the maximum value measured at T = 4.3 K and plotted
vs temperature. Figure 5(b) depicts the data extracted for the exci-
tonic transitions. In the case of hh1e1-X, the MCD amplitude drops
with increasing temperature and the sign of the MCD signal swaps at
T = 48 K. Such a behavior has been previously observed for the
excited state of lowest energy in CdSe nanocrystals with extreme
low Mn2+ content and explained by the competition between
(temperature-independent) intrinsic and (temperature-dependent)
giant Zeeman splitting, which exhibit opposite sign.77,78 It is impor-
tant to note that the modest magneto-optical response observed
is caused by both the low Co2+ content and the small overlap γ
between the charge carrier wavefunctions and the dopants due to
the core/shell structure. Both, lh1e1-X and so1e1-X exhibit opposite
sign compared to the data of hh1e1-X for T < 48 K. The deviation
between hh1e1-X (and lh1e1-X) and the Brillouin fit can be explained
by the competition between giant and intrinsic Zeeman splittings.
Figure 5(c) depicts the data extracted for the Co2+ ligand field
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FIG. 5. (a) Temperature-dependent MCD spectra of (2)CdSe/(10)Co2+:CdS NPLs
collected at B = 1.64 T. (b) Normalized MCD amplitude of hh1e1-X (orange), lh1e1-
X (green) and so1e1-X (black) transition. The gray curves represent Brillouin fits.
(c) Normalized MCD amplitude of the Co2+ ligand field transitions (red) extracted
from the data plotted in panel (a). The solid line represents the expected behavior
of a pure paramagnetic system in the Curie limit of kBT ≫ gμBB.

transitions. The MCD amplitude for a pure paramagnetic spin
ensemble with S = 3/2 in the case of kBT ≫ gμBB is expected to
be proportional to 1/T (see gray curves). It is clear that the 1/T-
dependence fits well the observed temperature-induced decrease in
the MCD amplitude of the Co2+ ligand field transitions.

CONCLUSIONS

In summary, temperature dependent absorption and MCD
spectroscopy were used to investigate the incorporation of Co2+ into
the shell material in CdSe/CdS NPLs of different shell thicknesses. In
the high energy range (λ < 620 nm) of the absorption spectra, excited
states of excitonic nature have been observed, while at longer wave-
lengths (670 nm < λ < 800 nm), the absorption bands are related to
interatomic Co2+ LF transitions. Comparing the absorption of Co2+

LF transitions with literature reports leads to the conclusion that
Co2+ ions are tetrahedrally coordinated by S2−, showing that diffu-
sion of the impurities into the core during the c-ALD shell growth
process, dopant incorporation on the shell surface, or even segre-
gation of impurities can be neglected. MCD spectroscopy has been
applied to successfully prove sp-d exchange interactions between

Co2+ and the host lattice, evidenced by the sign change in the MCD
features comparing doped NPLs and undoped analogs and by the
characteristic temperature dependence of the MCD amplitude.

METHODS
Sample preparation

2 ML CdSe NPLs were used as cores in this study, and we fol-
lowed a previously published procedure79 with slight modifications
for the synthesis of 2 ML core CdSe NPLs as described. For the syn-
thesis of the cores, first 55 ml of octadecene, 1 ml of oleic acid, and
840 mg of cadmium acetate dihydrate were placed into a flask and
kept under vacuum for 30 min. Then, the temperature was raised
to 110 ○C under nitrogen gas flow and 2 ml of 1M TOP-Se solu-
tion was added swiftly. The reaction was quenched after 2 h and the
NPLs were precipitated by centrifugation after the addition of hex-
ane and ethanol. 2 ml CdSe NPLs were dispersed in hexane and this
cleaning step was repeated 3 more times to remove the unreacted
precursors.

For the growth of Co2+ doped CdS shell layers on core 2 ML
CdSe NPLs, we modified a previously reported procedure from the
literature.45,80 For the deposition of the first sulfur shell layer, CdSe
NPLs dispersed in 4 ML of hexane were injected into a solution
which contains 5 ml of N-methylformamide (NMF) and 80 μl of
ammonium sulphide under vigorous stirring. After 2 min, NPLs
were precipitated by centrifugation after the addition of toluene and
acetone. The precipitated NPLs were dispersed in 5 ml of NMF, and
this cleaning procedure was performed twice more for the elimi-
nation of surplus sulfur precursors. Then, the NPLs dispersed in
NMF were injected into a solution which contains 0.5 ml NMF
including 0.3M of cadmium acetate dihydrate and 0.1M of cobalt
acetate under vigorous stirring. After 45 min, NPLs were precipi-
tated by centrifugation after the addition of toluene and acetone.
The precipitated NPLs were dispersed in 5 ml of NMF, and this
cleaning procedure was performed twice more for the elimination
of surplus precursors. This process of shell growth can be per-
formed as many times as wanted. Likewise, a CdS shell can be grown
on CdSe NPLs by employing 0.3M cadmium acetate dihydrate
solution.

The doping concentration in the Co2+ doped NPLs was
obtained via ICP-MS measurements. First, the doping concentra-
tion in Co2+ doped NPLs for every consecutive sample grown by the
c-ALD technique was obtained by using the ICP-MS results of the
Co2+ and Cd2+ cations. We then calculated the Co2+ doping con-
centration in the shell by taking into account the fact that every
layer holds same amounts of cations as a result of their 2D planar
geometry.

MCD and absorption spectroscopy

For temperature-dependent experiments, a NPL thin film was
prepared by dropcasting the dispersion onto a quartz glass sub-
strate. The samples were placed into a helium vapor cryostat (ST-
300, Janis). Absorption spectra were taken inserting the cryostat into
a UV-2550 UV-VIS spectrometer (Shimadzu). MCD experiments
were carried out in our homemade setup. The wavelength-tunable
light source is based on a 50 W xenon lamp and a monochroma-
tor (LOT Oriel omni-λ 150, 1200 grooves/mm grating blazed at
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500 nm). The modulation between right and left circularly polarized
light at a frequency of 50 kHz is realized using a combination of a lin-
ear polarizer and a photoelastic modulator (PEM-90, Hinds Instru-
ments). The cryostat (ST-300, Janis) is placed between two poles
of an electromagnet (EM4-HVA, Lake Shore) in Faraday geome-
try and a photomultiplier (R928, Hamamatsu) detects the transmit-
ted light. The dc (ac) component of the optical signal is read out
using an HP 34401A multimeter (lock-in amplifier Signal Recovery
7225 DSP).

SUPPLEMENTARY MATERIAL

See the supplementary material for TEM images of the Co2+-
doped NPLs, absorption spectra of undoped reference samples, a
Tanabe-Sugano diagram for a Co2+ ion in a tetrahedral geome-
try, Co2+ ligand field transitions fitted by Lorentzian-shaped peaks,
MCD data for undoped reference samples, and additional tempera-
ture dependent MCD data for Co2+-doped NPLs with different shell
thicknesses.
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