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ABSTRACT

Incorporating magnetic ions into semiconductor nanocrystals has emerged as a prominent research field for manipulating spin-related
properties. The magnetic ions within the host semiconductor experience spin-exchange interactions with photogenerated carriers and are
often involved in the recombination routes, stimulating special magneto-optical effects. The current account presents a comparative study,
emphasizing the impact of engineering nanostructures and selecting magnetic ions in shaping carrier-magnetic ion interactions. Various host
materials, including the II-VI group, halide perovskites, and I-III-VI, in diverse structural configurations such as core/shell quantum dots,
seeded nanorods, and nanoplatelets, incorporated with magnetic ions such as Mn**, Ni**, and Cu'*/?* are highlighted. These materials have
recently been investigated by us using state-of-the-art steady-state and transient optically detected magnetic resonance (ODMR) spectroscopy
to explore individual spin-dynamics between the photogenerated carriers and magnetic ions and their dependence on morphology, location,
crystal composition, and type of the magnetic ion. The information extracted from the analyses of the ODMR spectra in those studies exposes
fundamental physical parameters, such as g-factors, exchange coupling constants, and hyperfine interactions, together providing insights into
the nature of the carrier (electron, hole, dopant), its local surroundings (isotropic/anisotropic), and spin dynamics. The findings illuminate
the importance of ODMR spectroscopy in advancing our understanding of the role of magnetic ions in semiconductor nanocrystals and offer
valuable knowledge for designing magnetic materials intended for various spin-related technologies.
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. INTRODUCTION

Controlling the individual spins in semiconductor nanocrys-
tals (NCs) is an emerging scientific field of the last decade that
involves incorporating magnetic ions in host matrices to obtain
diluted magnetic semiconductors (DMS)." ~ These are generated
by substituting some of the diamagnetic cations of the host lattice
with magnetic ions (the so-called dopants). DMS compositions were
already shown in a few different nanostructures in the past, like
II-VI and III-V multiple quantum wells and self-assembled quan-
tum dots (QDs)," © transition metal dichalcogenides,” or nitrogen
ions in diamond vacancies.® Those studies showed the creation of a
large Zeeman splitting and Faraday rotation resulting from resident
carrier-to-dopant spin exchange interactions.” However, a renais-
sance in the DMS field began during the past decade with the incor-

poration of magnetic ions into colloidal quantum structures, " a
move that potentially enables the development of new spin-based
technologies."”"”

Colloidal nanocrystals render size confinement down to a typ-
ical volume of ~300 nm’ and show a relatively long (~10 ns)
exciton radiative lifetime, *'” together markedly enhancing the
carrier-dopant interaction with pronounced modification of the
host’s optical and magneto-optical properties.'”'® Furthermore, the
recently advanced synthesis procedures offer chemical controllabil-
ity and flexibility in engineering the resident carriers’ distribution
and the allocation of the magnetic ions throughout various spatially
confined morphologies in 0D to 2D regimes and hetero-composition
(e.g., core/shell structures). Such engineering allows tuning of the
strength and type of exchange interactions.'”'® A few different syn-
thetic methods have been introduced in recent years, including
the use of single-source precursors,'” cation exchange,” diffusion-
controlled processes,”’ and layer-by-layer deposition during the
kinetic growth stage.””

The most discussed colloidal DMS structures are based on the
II-VI compounds. The band edges of common II-VI NCs are com-
posed of the anion p-orbitals (valence band) and cation s-orbitals
(conduction band). Therefore, the coupling of the unpaired spins
of magnetic impurities with the band-edge states of II-VI semi-
conductors occurs via sp—d exchange interaction.””* Magnetic ions
from the first row of the transition metals are good candidates to
supply individual spins: Mn** (3d°, S = 5/2, L = 0), Ni** (3d°%,
S=1,L#0),Co’ (3d’,$ =3/2, L # 0), and Cu’* (3d°, S = 1/2,
L # 0) for the free ions, each of which has a different occupation of
its d-shell, with/without angular momentum or nuclear spins. Inter-
actions such as spin-orbit coupling (SOC) (ions with L # 0) and
nuclear spin coupling may alter the sp—d exchange interaction and
reduce the spin coherence time.”” The electron-dopant coupling fol-
lows a potential spin-exchange interaction (positive energy), while
the hole-dopant coupling corresponds to a kinetic spin-exchange
interaction (negative energy).”””"” Potential exchange interactions
are always ferromagnetic (FM) and only weakly depend on the
magnetic ion and host lattice.” Whereas, the kinetic exchange inter-
actions can be either antiferromagnetic (AFM) or ferromagnetic
(FM), depending on the occupation numbers in the d-shell of the
magnetic ion and the particular location of the d-levels relative to
the top of the valence band.”” *' The host—guest interaction leads to
a few different scenarios: (i) the existence of dopant states within the
host energy bandgap directs a fast energy or charge transfer followed

REVIEW pubs.aip.org/aipl/jcp

by an atomistic d-d emission.’” (ii) d-state positioning in resonance
with or above band edge energies is dominated by the sp-d interac-
tion, followed by an excitonic transition, while its strength strictly
depends on the overlap between the host and guest carrier dis-
tribution functions.” In addition, spin exchange between a single
exciton and a cloud of dopants induces the formation of a magnetic
polaron.” (iii) If a single dopant state allocates within the energy gap,
a plausible band-to-trap recombination is created (named below as
metal-to-ligand charge transfer).”

A few pioneer groups exploring colloidal DMS quantum dots
(QDs),"”"”*" ribbons,” and nanoplatelets (NPLs)*’ embedded
with Mn®* and Cu®* ions reported different observations disclosed
from sp-d interaction and involving giant Zeeman splittings, "’
circular dichroism, ®*’ magnetic polaron formation, "' fluctu-
ation kinetics,””**"*’ ion-ion interactions, and energy transfer
processes.””"” Although a massive amount of work has been
reported so far, there is a limited number of magneto-optical studies
generally and a scarcity concerning anisotropic structures. Addi-
tionally, a few fundamental questions have been retained about the
exact positioning of the dopant ions, the influence of dimensionality,
the identification of individual spin exchange processes, and their
radiative and spin relaxation processes.

To address these open issues, we thoroughly investigated spin
degrees of freedom in colloidal NCs of different morphologies and
compositions (see Fig. 1): Mn** doped in seeded rods of CdSe/CdS
[Fig. 1(a)];** CdSe/CdS nanoplatelets [Fig. 1(b)];”” Ni** doped in
halide perovskites [Fig. 1(c)];* and Cu'*'** doped in CdSe/CdS QDs
in comparison with the role of Cu in CulnS; QDs [Fig. 1(d)].*” The
confined dimensions of these structures were anticipated to enhance
the interaction between the resident photogenerated carriers and
the guest magnetic ions either via the so-called sp-d spin exchange
interaction or an energy/charge transfer process. The systems under
investigation displayed a variety of dimensionalities from zero-
to two-dimensional structures, unity, or hetero-structuring with
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FIG. 1. lllustration of three different types of magnetic ions in colloidal semicon-
ductor nanocrystals: Mn?* doping in (a) CdSe/CdS seeded nanorods and (b)
CdSe/CdS nanoplatelets. (c) Ni** doping in halide perovskites. (d) Cu?*-doped
CdSe/CdS quantum dots (left) and CulnS; (right).
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d-orbital occupancy of the dopants. The mentioned studies imple-
mented magneto-photoluminescence (PL) and optically detected
magnetic resonance (ODMR) spectroscopies to illuminate the fun-
damental photo-physics and spin properties. The ODMR method
provided important information on the exact location of host car-
riers and dopants and examined their interactions. The extracted
physical parameters from the ODMR experiments included g-
factors and their anisotropy, angular momentum, carrier-dopant
coupling constants, radiative recombination mechanisms, and spin-
lattice relaxation times, as explicitly explained in Sec. II. The current
article brings a perspective on those discoveries by individually
describing the investigation of four systems (see Sec. III), high-
lighting the implemented experimental principles and the resultant
scientific evidence of carrier-dopant spin dynamics, and presenting
relevant discussion (see Secs. I1I and V). The synthesis and struc-
tural and compositional characterizations can be referred to in our
previous publications.”*"’

Il. OPTICALLY DETECTED MAGNETIC RESONANCE

As mentioned in Sec. I, our studies explored the spin coupling
between photogenerated carriers and dopant ions in the NC sys-
tems using steady-state and transient photoluminescence (PL) and

[+1/2,+1/2)
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the corresponding optically detected magnetic resonance (ODMR)
spectroscopies. However, before discussing the observations, a brief
introductory explanation of ODMR spectroscopy is necessary to
ease the readers’ comprehension.

An ODMR experiment involves detecting magnetic resonance
events at the excited state monitored as a differential change in the
emission intensity, thus called optically detected magnetic resonance
spectroscopy. Figures 2(a) and 2(b) illustrate schemes describing the
involved radiative and magnetic resonance transitions in two rel-
evant cases. In those, an electron (e) and a hole (h) are generated
upon optical excitation when each carrier possesses a spin of S = 1/2
and a spin projection of mg = +1/2. Additionally, an applied static
magnetic field (By) leads to Zeeman splitting of the carriers’ spin
states into a manifold comprised of two bright emitting states (blue
horizontal lines) and two dark ones (gray horizontal lines). Simul-
taneously, microwave (MW) radiation is applied, which induces a
spin-flip of the carriers (indicated by yellow and green arrows) from
the dark to the bright states, conserving the Ams = +1 transition
selection rule. Exceptionally, a forbidden transition with Amg = +2
may occur [light gray arrow in Fig. 2(b)]. As a note, the simple cases
in Figs. 2(a) and 2(b) can, in principle, also represent a scenario
involving carriers’ spin greater than 1/2. However, in this review, the
discussion is mainly restricted to the scenarios depicted in Fig. 2.
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FIG. 2. (a, b) Schematic spin manifolds illustrating electrons and holes with S = 1/2 and a weak and strong exchange coupling (Je_s), respectively. The spin manifold in (b) also
includes zero field splitting (De—s). The red curly arrows represent the emission from the bright states to the ground state; the vertical yellow and green arrows represent the
magnetic resonance transitions induced by MW irradiation for the electrons and holes, respectively; and the vertical light gray arrow in (b) represents the forbidden transition
Amg = +2. (c) lllustration of the coupling between an exciton (x) and the nuclear spin of Mn?*+ via two separate routes marked by pink and black arrows. In panels (a)-(c),
the spin projections of the electron (me), hole (mj), and dopant (Mgopant) are given in Dirac notations, |me, my) and |me, My, Myopant ). In addition, the horizontal blue lines (in
(a)~(c)) denote bright states, and the horizontal gray lines in panels (a) and (b) denote dark states, and the horizontal yellow and red lines in panel (c) represent the Mn>*
electron and nuclear spin states. (d) Scheme of CW-ODMR spectra of the singlet and triplet cases. The positive (negative) signals refer to the unthermalized (thermalized)
case. The yellow and green resonances represent the envelope of transitions corresponding to a spin flip of electrons and holes, respectively, as depicted in panels (a)
and (b). The inset shows a typical time-resolved (Tr) ODMR spectrum for an unthermalized case, designating, respectively, the dominance of radiative (tr) and spin (T4)
relaxation times during the “on” and “off” periods of the MW pulse.
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The magnetic resonance transitions manipulate the population of
the emitting states, leading to a change in the PL intensity (red curly
arrows). Consequently, an ODMR spectrum is obtained by plotting
the change in the PL intensity (AI/I) vs the strength of By,

Figures 2(a) and 2(b) differ in their e-h spin exchange interac-
tions (J,.,) and zero-field splitting (D) constants at By = 0. In the
case of a relatively weak J, , [panel (a)], a singlet emission is induced,
whereas a substantially stronger ], leads to triplet recombination
[panel (b)]. Furthermore, each carrier is sensitive to the local crys-
tal field (ie., D,y # 0), as evidenced by a splitting of states in the
spin manifold at By = 0 and anisotropy in the g-factor. Additionally,
the coupling of the carriers to the electron or nuclear spins of the
dopants may appear as a splitting of the resonance or its broaden-
ing, as depicted in Fig. 2(c). It is important to note that the exciton
(x) coupling to a nuclear spin may follow two different routes, either
via a direct coupling (x-n) or mediated through electron coupling
(x-e + e-n).

Figure 2(d) shows anticipated continuous-wave (CW) ODMR
spectra for singlet and triplet emission processes in correspondence
with magnetic resonance transitions shown in Figs. 2(a) and 2(b),
respectively. The sign of the ODMR signals reflects whether there
is an increase or decrease in the population of the emitting states
after a magnetic resonance event. When the recombination process
occurs rapidly (tr) compared to the carriers’ spin relaxation time
(T1), a gradient in population is created between the dark and bright
states, known as an unthermalized process. Consequently, the mag-
netic resonance transitions depicted by the arrows in panels (a) and
(b) enhance the emission intensity. This is pronounced as two pos-
itive resonances in the ODMR spectrum [solid lines in Fig. 2(d)],
each containing the overlap of two spin flip events of the electron
(yellow) and hole (green).

Conversely, a Boltzmann distribution is formed among the
manifold’ states for a radiative time in the range tr > Ti, named
here a thermalized process. This condition dictates magnetic reso-
nance transitions from the lowest energy state to those above, hence
inverting the resonance transitions specifically marked by stars in
Figs. 2(a) and 2(b), which depletes the population of the lowest
bright state. Since the contribution from the upper bright state is
minor compared to the lower state, the ODMR spectrum appears
as a negative signal in both singlet and triplet cases [dashed lines
in Fig. 2(d)]. Ultimately, the resonances’ pattern and sign provide
steady-state and temporal information about the recombination
mechanism.

The identifications of the involved carriers in the ODMR spec-
tra are of paramount importance and can be quantified by simulat-
ing the spectra using a general spin Hamiltonian as described by the
following equation:™

H; = Zi‘MBgiEiEo + Zi*j]i—jgigj + ZmAe,hfmge,hfm + gebehgh- (1)

In this equation, i and j represent the different spin species: electrons,
holes, and dopants. The first term describes the Zeeman interaction,
where yp is the Bohr magneton, S; is the spin quantum number of
species i, and g, corresponds to its g-factor. The second term is the
exchange coupling (J;_;) between the spins of species i and j. The
third term describes the hyperfine interaction (A) between the spins
of electrons or holes and the nuclear spin, I,,. The last term is zero-
field splitting (D,.j,).

REVIEW pubs.aip.org/aipl/jcp

Practically, in an ODMR experiment, the sample is placed
within an MW cavity, positioned at the center of a magnetic coil,
both of which have access to optical radiation. The emission is
detected either in a Faraday configuration (By | excitation) or a
Voigt configuration (By L excitation), reflecting the selection rule
for recombination emission. The MW magnetic field component
(By) is always oriented normal to By and is chopped at vari-
ous frequencies, ranging from 40 to 10000 Hz, enabling lock-in
detection. Consequently, two experiments can be carried out: (i)
averaging the values of AI/I emanated from numerous MW pulses
during their “on” time. This mode provides a steady-state spectrum
named a CW-ODMR, as illustrated in Fig. 2(d); and (ii) monitor-
ing the AI/I value throughout the complete cycles of MW mod-
ulation (“on” and “off” times), commonly named a time-resolved
(Tr) ODMR trend, as shown in the inset of Fig. 2(d). For prac-
tical reasons, transient information in this study was extracted by
recording CW-ODMR spectra at various MW modulation frequen-
cies instead of time-resolved traces, as these are Fourier transforms
of each other. For the MW frequency-dependent measurements,
CW-ODMR spectra were recorded both in-phase (IP) and out-
of-phase (OP) relative to the turn-on time of the MW. The IP
period supplies information about the radiative decay time (tr),
while the OP period uncovers the spin-relaxation time (Ti), i.e.,
the recovery time of the signal after a spin-flip event [compati-
ble with the time domains as indicated in the inset of Fig. 2(d)].
The ODMR MW modulation frequency dependence was simu-
lated using a kinetic model, which allowed for the investigation of
spin dynamics, particularly the spin-relaxation times. The imple-
mented kinetic equation can be referred to in the Methods below
and Ref. 51.

lll. RESULTS AND DISCUSSION

A. CdSe/Cd;_xMnyS core/shell colloidal seeded
nanorods

As discussed earlier, magnetic doping has been extensively
implemented in colloidal quantum dots, with limited work on
anisotropic structures such as seeded nanorods (sNRs), wherein
the latter possess significant properties such as reduced Auger
rates " and tunability of electronic structure through a change in
composition and length-to-width aspect ratio.”*”’

Although the optical and electrical properties of sNRs have
been thoroughly investigated in recent years, the spin degrees of
freedom of those structures have been studied only to a lesser
extent. A seminal work exposed the exciton fine structure of sNRs
and discussed spin—flip processes among the exciton manifold.””’”
Another related work reported the investigation of spin properties
in simple rods and in undoped core/tetrapod heterostructures.””’
Nevertheless, only one report exposed the spin and magneto-optical
properties of diluted magnetic sNRs.”! Notably, none of the men-
tioned studies addressed the impact of the core-shell interface on
the spin degree of freedom in these elongated structures, and neither
exposed the interaction of magnetic dopants with trapped carriers at
interface sites.

Here, we aim to summarize the study on spin properties in a
colloidal CdSe/Cd;—xMnyS seeded-nanorod (sNRs) structure doped
with a dilute concentration of Mn®" ions across the rods. The stud-
ied sample comprised a core with a diameter of 3.1 nm and rod
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dimensions of 30 x 4 nm” with an Mn concentration of x = 0.01.
Those dimensions correspond to a type-I core-to-rod band align-
ment, endowing confinement of both photoexcited electrons and
holes within the core regime [see scheme in Fig. 1(a)].

Figure 3(a) displays a low-temperature photoluminescence
(PL) spectrum of doped sNRs, spread over two distinct spectral
regimes, associated with exciton (green) and trap (red) recombi-
nation processes, and showing only minor changes with respect to
those of pure sNRs (not shown here). The PL decay curves cor-
responding to the green and red bands are displayed in the inset.
A fit to the dominant components in the green region revealed a

—
(2)
—

REVIEW pubs.aip.org/aipl/jcp

lifetime of 38.1 ns (15.6 ns for undoped), while the red region
exhibits a dominant component with a lifetime of 634 ns (514 ns
for undoped). The extension of the lifetime observed in doped sNRs
can be ascribed to either interaction between photogenerated car-
riers and Mn-dopant or the self-trapping of carriers induced by
distortions around the dopants.'’

The spin properties of the green and red emission processes
were further studied with their association with the dopant’s spins
measured by CW and frequency-dependent ODMR spectroscopy.
Figure 3 presents CW-ODMR spectra of undoped and doped
sNRs, recorded selectively across the green or red spectral regimes
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FIG. 3. (a) PL spectrum of CdSe/Cd_MnxS sNRs recorded at 2.17 K. The overlapping green and red bands correspond to the spectra recorded through different optical
filters. Inset: PL decay curves of the green and red emission bands. ODMR spectra of (b) CdSe/Cd_4MnS sNRs monitored at the green-emission region, (c) CdSe/CdS
sNRs, and (d) CdSe/Cd_xMnxS sNRs monitored at the red-emission regions. (e) Scheme of recombination processes evolved from the ODMR investigation: The arrows
mark the band-to-band (green), trap-to-band (orange), and trap-to-trap (red) recombination processes. The relevant carriers’ wavefunctions’ are displayed schematically. The
observed ODMR spectrum related to each emission event is displayed above each arrow. Reproduced with permission from Dehnel et al., ACS Nano 14, 13478-13490

(2020). Copyright 2020 American Chemical Society.
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(see color LOGOs at the insets). The ODMR spectrum across the
green region of doped sNRs [Fig. 3(b)] is dominated by a positive
resonance with a weak fine structure. Notably, the exciton tran-
sition in the corresponding undoped sample did not present any
ODMR signal. The ODMR spectrum of the red band in undoped
sNRs [Fig. 3(c)] consists of a broad negative resonance fitted by
double Gaussian functions (thin lines). The corresponding band
in the doped sNRs [Fig. 3(d)] spectrum consists of three distin-
guished negative resonances (see dashed lines): a sharp one at the
same field as that found in the undoped sample, a broad one with
a weak fine structure, and another weak resonance at the lowest
field. As indicated in Sec. II, the negative signals correlate with a
thermalized event with a slow recombination emission, presumably
due to the existence of at least one trapped carrier. In contrast, the
positive signal, recorded in the green spectral regime (the exciton
process), involved a fast recombination emission and acted as an
unthermalized process.

The ODMR observations were simulated using a spin Hamil-
tonian, as discussed in Sec. II. Note that the simple evaluation of
the number of Mn** ions in close proximity to the interface given
in Ref. 46 reveals ~21 dopant ions out of 1718 metal sites. Such a
dilution supports the assumption considered in the simulation for
the interaction of a single Mn** ion with a single trapped carrier
at the interface. The most critical magnetic parameters bestowed
through the simulation of the CW-ODMR spectra are summarized
in Table 1. The simulations of the spectra related to the red-PL
bands in doped/undoped samples exhibit anisotropy in the Landé g-
factors deviating from the values found for carriers in the band edges
of the host lattice. Such a deviation designates the allocation of a

REVIEW pubs.aip.org/aipl/jcp

carrier at a trapping site, presumably around the seed/rod interface.
Based on the absolute values as well as their anisotropy, a few differ-
ent radiative recombination processes were proposed [see a scheme
in Fig. 3(e)]. The green emission is associated with band-to-band
recombination, including a minor distribution of their wavefunc-
tions across the core/rod boundary, and those permits remain intact
with nearby Mn?" dopants. An orange emission corresponds to
trap-to-band recombination, which is featured for both undoped
and doped sNRs. A red, deep emission belongs to a trap-to-trap
emission, proposing the trapping of both electrons and holes at
the interface. Notably, the trap-to-trap resonance transition shifted
from g = 1.903-2.002 for doped sNRs, supporting the association
of this shift to the coupling between carriers located at the core/rod
interface and the magnetic impurities in the nearest region.

Table I exposes a few intriguing facts about other parameters
beyond the g-factors. One of which is the spin exchange interactions
between the electron-Mn>* (Jo-an) and hole-Mn** (Jj,.;»), which
should depend on the Laporte selection rules (AL = +1) and the
mutual distribution function overlap. Those variables were found to
be in the 100 ueV range, albeit with a stronger coupling of the hole-
Mn** pair, as commonly observed in II-VI semiconductors. Such a
coupling becomes possible for carriers with some degree of distri-
bution across the core/rod interface since the Mn** was selectively
positioned at the rod constituent.

Furthermore, the ODMR measured was recorded under differ-
ent MW modulation frequencies to deconvolve overlapping events
and extract temporal information. Figure 4(a) presents a set of
CW-ODMR spectra recorded under selective MW modulation fre-
quencies (see legends). This set includes IP (solid lines) and OP

TABLE . Fit parameters for simulating the ODMR spectra using the spin Hamiltonian [Eq. (1)] and kinetic model [Eq. (4)].

CdSe/Cd;_xMnyS CdSe/Cd;_xMnyS Ni-doped Cu-doped CulnS;
sNRs" NPLs perovskites CdSe/CdS QDs QDs
ge 8ux = &)y = 1.99 8 = &)y = 1.90 8xx = &y = &, = 199 8xx = &y = 173 Bound exciton
g, =176 g, =210 g, =174 8 =8y = 1.81
b
i hhg =g, =-104 8 = 8y = —0.48 8ux = 8y = 114 8ux = 8y = 1.76 g,, =196
g =-102
thg, =g, =132 g, =—0.67 g, =112 g, =191
g, =128
Jon (ueV) hho.1" 0.8 0.1 0.1 1 meV
th 0.93"
Je-dopant (meV) 0.03 0.76
Ji-dopant (meV) -0.19 ~0.54 0.002
D, (ueV) 19
Aah-nuclei (/,teV) -0.7 -0.51 2.4
T; (ms) 0.1 1.0 e—0.2 e—0.82 Bound exciton
h-0.75 h-0.11 0.23

*Fit parameters for the simulation of the red emission.
®hh - heavy hole. th - trapped hole.
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FIG. 4. (a) IP and OP ODMR spectra of CdSe/Cd_xMn,S sNRs monitored at the red-emission region under various MW modulation frequencies. (b) Integrated ODMR
intensity as a function of the MW modulation frequency for the IP (blue circles) and OP (red crosses) signals. Reproduced with permission from Dehnel et al., ACS Nano 14,

13478-13490 (2020). Copyright 2020 American Chemical Society.

(dashed lines) measurements with respect to the turn-on time of the
MW pulse. The evolution of the spectra with the change in mod-
ulation frequency unprecedentedly uncovers the existence of more
than one resonance type. Figure 4(b) displays the analysis of the
MW-modulation dependence by plotting the integrated intensity
of each component in the ODMR spectra vs the frequency for the
IP (blue symbols) and OP (red symbols) detections. The observed
trends were further analyzed by simulating the data using the kinetic
equations described in Sec. V. The results of these simulations are
presented as the blue line and red dashed line in Fig. 4(b). One of
the most critical parameters emanating from those fits is the spin-
relaxation time (T), which shows a relatively long spin-relaxation
time (0.1 ms) in doped sNRs compared to their undoped analog
(0.01 ms). The relatively long T, values are commonly found in
cases where the examined carriers are free from spin-orbit cou-
pling (SOC), like the trapped carriers in the present case, which are
detached from the orbit effect of the valence band. Moreover, an
order of magnitude gap in spin-relaxation time upon doping fur-
ther supports the evidence of magnetic coupling between interface
carriers and neighboring Mn** ions.

Asan intermediate summary, the comparison between the pris-
tine structures (CdSe/CdS) and the magnetically doped derivative,
CdSe/Cd;—xMnyS, indicated that both include trapping of the pho-
togenerated carriers at the interface between the seed and the rod.
The trapped carriers possess unpaired spins (S = 1/2) that endow
selective magneto-optical properties with extended radiative and
spin-relaxation times. The dominant interaction with the magnetic
dopant occurs along the seed/rod interface, further enhancing spin
helicity and the radiative lifetime and, most importantly, an order of
magnitude extension of spin-lattice relaxation time.

B. CdSe/Cd;_xMnyS core/shell colloidal
nanoplatelets (NPLs)

Colloidal semiconductor NPLs, in contrast to QDs, exhibit
a distinct characteristic of pure tight confinement along their

vertical thickness and strongly exhibit thickness-dependent elec-
tronic structure and optical properties. In addition, due to great
efforts in recent years, the synthesis of NPLs with atomically flat
surfaces effectively suppresses inhomogeneous broadening. This
enables the achievement of extremely narrow emission band-
widths and a large absorption cross-section.”’ Furthermore, col-
loidal controllability and flexibility make the synthesis of NPLs
of different thicknesses with atomic precision possible.”’ This
allows precise control and uniform distribution of the magnetic
dopants, unlike their spherical counterparts, which often face chal-
lenges such as size variations and non-uniform distribution of
dopants.®’

Magneto-optical investigations on two-dimensional magneti-
cally doped NCs such as nanoplatelets’”” and nanoribbons’**" have
been documented in previous research and have shown the gen-
eration of a large Zeeman splitting because of the resident spin-
exchange interactions between the carrier and the dopant. However,
independent evaluation of the s-d and p-d exchange interactions
using the advantages of the core/shell heterostructures has been
studied to a limited extent.

In this study, the examined NPLs consisted of a core platelet
with thickness/length/width dimensions of 0.7 nm/30 nm/20 nm,
and a shell platelet with a thickness varying from 0.35 to 1.4 nm
and an Mn concentration of x = 0.01. These quantum platelets pos-
sess a quasi-type-II band alignment, such that the photoexcited hole
resides in the core region while the conduction-band electron can
be distributed across the NPLs, enabling possible carrier-Mn s-d
exchange interaction [see Fig. 1(b)].

Circularly polarized magneto-PL spectroscopy was employed
to track the induced magnetization and the change in g-factor by
incorporating Mn** dopants into the host CdSe/CdS NPL shell
regime. The circularly polarized PL spectra were recorded in the
presence of an external magnetic field. The data were then plotted as
the degree of circular polarization [DCP = (Io+ — Io-)/(Is+ + Is-)] Vs
the strength of the applied magnetic field (from 0 to 8 T), as shown
in Fig. 5(a). The curves were fitted according to Egs. (2) and (3) for
the undoped and doped NPLs, respectively,
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FIG. 5. (a) Plot of the degree of circular polarization vs the strength of an external magnetic field By of CdSe/Cd;_xMnS (top panel) and CdSe/CdS (bottom panel) NPLs.
The fitted dashed lines were calculated according to Egs. (2) and (3) for the undoped and doped NPLs, respectively; (b) The ODMR spectrum of magnetically doped
CdSe/Cd1_xMnyS NPLs (solid blue curves) recorded under Faraday configuration and monitored with a circular polarizer o™ at 2.4 K. The dashed red curve corresponds
to the best fit to one polarization direction calculated using the spin Hamiltonian in Eq. (1). Reproduced with permission from Strassberg et al., J. Phys. Chem. Lett. 10,

4437-4447 (2019). Copyright 2019 American Chemical Society.

DCP = —(AE;/2kpT), (22)

DCP = —Py tanh( (2b)

AE,
ZkB( T+ TO) ’
Py in Eq. (2b) is a pre-factor that considers the random orientation
of the NPLs in an ensemble. The exciton Zeeman splitting, AE,, for
the undoped NPLs is given by

AE; = gouisBo + yB3, (20)

where the first term is the linear Zeeman contribution, while the sec-
ond term is a diamagnetic shift. The variable y is a diamagnetic shift
coefficient, given as

y = e2<r2)/8[¢, (2d)
where r is the Bohr radius of the electron, which is nearly the same
as that of the exciton in II-VI semiconductors with a heavy hole
and a light electron, and y is the exciton’s reduced mass (1/p = 1/m.
+ 1/my,).

For the doped NPLs, the expression AEz was replaced with

AE,(ryy = gespisBo + yBo + 1/2xNo(foa = fiB)(Sor'),  (3)

in which the additional third term describes the splitting due to
carrier-dopant spin-exchange interactions, where « and § are the
electron-dopant and the hole-dopant exchange constants, Ny is the
number of cations per unit volume, f., f, are the average overlap of
the electron and hole wave functions with the Mn**, and Sy, is the
average value of the Mn** spin projection on the laboratory axis z.
The best-fit variables are summarized in Table II.

Figure 5(a) displays fitted curves for the experimental data
points, revealing a gy = —4.1 for the doped NPLs (top panel)
and a g = +0.21 for the undoped NPLs (bottom panel). There-
fore, the g-factor of magnetically doped NPLs differs from that of

undoped NPLs in both absolute value and sign. The differences agree
with other studies on magnetically doped nanocrystals."** In other
words, such behavior reflects the sp—d interaction in the presence of
a magnetic dopant.

Magnetic interactions were further characterized by utilizing
ODMR spectroscopy. In the control experiment performed on the
undoped sample, a single resonance band was observed (not shown
here; the reader is directed to Ref. 47) and correlated with the
spin—flip of a localized photogenerated electron by an interface
potential. This result agrees with previous ODMR work carried out
by the Lifshitz group,””* which showed typical core/shell trapping
sites, such as cation or anion vacancies (e.g., Vcdo, Vso). Figure 5(b)
illustrates the ODMR spectrum of doped CdSe/Cd;—xMnyS NPLs.
The spectrum shows an envelope band centered at ~0.38 T with a
pronounced sextet manifold and an average intra-sextet energy gap
of 0.75 ueV. The measured intra-sextet energy gap value is slightly
smaller than that found in the ESR measure (0.8 yeV) (not shown
here), indicating a correlation between the trapped resident carrier
and Mn nuclear spins. Such an interaction would occur across a
volume with a radius equal to that of the exciton (~3 nm). A sim-
ple estimation discussed in a previous paper’’ approximated the

TABLE II. The best-fit physical parameters of CdSe/Cdj_4MnxS using Egs. (2)
and (3).

Parameter Value
So 5/2
IMn 2.0
Noa 0.22eV
Nop -1.28 eV
fe 0.63
F 0.08
To 9K
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existence of ~3 Mn atoms in the frame of the exciton across the
core/shell interface.

This observation can be explained by the diagram shown In
Fig. 2(c). The Mn*" ion has a total electron spin of S = 5/2 and
an observed characteristic sextet related to the +1/2 of the Mn**-
electron spin transition split by a nuclear-electron hyperfine inter-
action (with a nuclear spin of I = 5/2). The interaction of the exciton
with the nuclear spin can occur either by a direct route, as shown by
the pink arrow in Fig. 2(c), or by an indirect process mediated via the
carrier-to-Mn?" electron coupling, as displayed by the black arrows.

Based on the above arguments and the quantitative evolution
derived from the spin Hamiltonian (see Table I), the experimental
observations provided persuasive evidence for a hyperfine interac-
tion between a localized electron at a trap interface site and the
nuclear spins of the next neighboring Mn®* ions localized at the
core/shell interface. Moreover, the study was extended to investi-
gate spin dynamics using the MW modulation frequency-dependent
ODMR experiment, similar to the approach used to study sNRs.
Such an experiment revealed a carrier—dopant spin relaxation time
(T1) of ~2.5 ms in undoped NPLs and 1 ms in doped NPLs.
This observation demonstrated contradictory behavior compared to
what was observed for sNRs, as doped NPLs exhibited shorter spin
relaxation. These results further supported the observation of the
coupling between the interface-trapped electron and nuclear spins,
which partially suppresses the spin relaxation time.

In conclusion, the coupling to a nuclear spin may occur via a
direct or indirect process, bridged by the resident-electron to guest-
electron spin-exchange interaction [see Fig. 2(c)]. The contribution
of nuclear spin has hardly been discussed for DMS nanostructures
to date. This study highlighted the nuclear spin effect in DMSs, indi-
cating that such interactions influence the carriers’ spin coherence
time. Therefore, this work reveals a crucial physical effect directly
impacting spin-based applications.

C. Ni?* doped lead-halide perovskites

The halide perovskite semiconductors under consideration
have a chemical formula ABX3 (A = counter ions: Cs, CH3NH3;
B = Pb, Sn; X = I, Cl, Br). They are composed of metal-halide

—_—
)
~
—_—
o
~
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octahedrons that share edges, forming cages filled with small organic
or inorganic countercations. Those materials have attracted signif-
icant scientific and technological interest due to their intriguing
properties such as self-healing,* tolerance to defects,”” " long car-
rier diffusion lengths,”” near-unity emission quantum yields,”" large
phonon anharmonicity,”’" strong carrier-phonon coupling, and
polaron formation,”” all of which dictate the electrical and optical
phenomena of the materials.

The electronic band structure of APbXj3 is established by an
inorganic network when the valence band is mainly composed of
an s-orbital of metal and a p-orbital of halides, whereas the con-
duction band is mainly composed of p-orbitals of metal. The major
contribution of heavy metal to the conduction band results in a
spin-orbit coupling that lifts the p-orbital energy degeneracy, leav-
ing both the conduction and valence band edges with a spin of
Se =Sh =1/2.

Lately, magnetic doping in halide perovskites has been brought
about by embedding transition metals or lanthanide cations (M)
into the host lattices (APbX3 structures),’k‘j’ > which gives rise to
structural stability emanating from the fact that these ions induce a
stronger M-X interaction with respect to that of Pb-X, thus shrink-
ing the octahedron sides and, subsequently, reducing the counter
ion’s motion (A). Remarkably, such impurities act silently on their
magnetic properties.”’’ However, as they endow the hosts with
structural stability,">’" the impurities enable internal energy trans-
fer from band-edge host states into their atomistic ligand field states,
leading to a dual emission at various spectral regimes.

Recent studies on Ni doping described the general influence of
the ions on the host properties, showing significant improvements
in emission quantum yields, absorption and emission spectral shifts,
and the extension of radiative lifetimes with respect to the undoped
hosts.”” "’ However, despite the significant interest in doped halide
perovskite NCs, there is still a lack of critical knowledge about the
dopants’ effect on these materials’ magneto-optical properties. Here,
we implemented ODMR for the first time to study the influence of
magnetic doping on halide perovskite properties.

This section describes a recent investigation on the magneto-
optical properties of Ni** doped cesium lead halide perovskites. The
cube-shaped NCs have an average size of ~9 nm with the chemical
formula CsPbg 9gNio.02 (Bro.49Clos1)3.

ODMR (Al/l)
&
A

Intensity (norm.)

' exp.
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Energy (eV)
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FIG. 6. (a) PL spectrum of Ni** doped CsPb(Br;_xClk); NCs recorded at 4 K with Gaussian best-fit curves (purple, blue, and green). (b) ODMR spectrum of Ni>* doped
CsPb(Bry_4Clx)s NCs while monitoring the full PL spectral range. The experimental raw data are shown by the black symbols and the spin Hamiltonian simulation by the
yellow line. Reproduced with permission from Barak et al., Chem. Mater. 34, 1686-1698 (2022). Copyright 2022 American Chemical Society.
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Figure 6(a) depicts a PL spectrum of Ni** doped
CsPb(Br;—xClx)3 nano-cubes, recorded at 4 K. The spectrum
is composed of an asymmetric band. The Gaussian fit reveals the
origin of three components: one having an extremely fast radiative
lifetime (~picoseconds) and two others (green and blue) with
nanosecond decay times. The extended lifetime processes were
associated with localized or trapped carriers induced by the presence
of the dopants.

Figure 6(b) displays the ODMR spectrum of the emission band
shown in panel (a). The spectrum reveals a dominant, sharp, and
negative resonance centered at 0.38 T and an additional weak and
broad band centered at 0.67 T. The average g-factors associated with
the obtained bands were extracted from the simulation of the spec-
trum with a spin Hamiltonian as in Eq. (1) and were found to be
2.01 and 1.15 for low- and high-field resonances, respectively. These
values deviated from those of the band-edge carrier (i.e., |g|:2.3-2.6
and |g,|:0.3-0.6),"" " indicating the presence of environmental dis-
tortions and/or localization of the photogenerated carriers. It is
important to note that while the Ni** doped CsPb(Br;—xCly); NCs
exhibited significant ODMR spectra, the corresponding undoped
perovskite NCs remained devoid of magnetic resonance transitions,
showing no ODMR signal. Such behavior can be attributed to the
unique characteristics of these heterostructured materials, specifi-
cally their soft nature. The presence of an ODMR signal in the doped
sample can be explained by the enhanced stabilization of the crys-
tal skeleton through stronger Ni-Br/Cl interactions compared to
Pb-Br/Cl interactions. This leads to a contraction of the octahedron
sides and subsequently restricts the motion of the counterions. Based
on the simulation of the spin manifold shown in Fig. 6(b) (with all
relevant parameters listed in Table I), the presence of a sharp narrow
peak was associated with an electron spin-flip (g. = 1.998), whereas
the broad peak was associated with a hole spin—flip (g, = 1.12).
The simulation of the excess broadening of the high-field resonance
required consideration of the Ni** and hole exchange interaction
(Jn-ni)- It should be noted that the simulations of the ODMR spec-
tra were extremely sensitive to the value of Ji.ni, providing evidence
of a magnetic-exchange interaction between unpaired Ni** (S = 1)
spins and the hole spin. The magnetic dopants exhibit a preferential
interaction with hole spin, primarily due to the contribution of the
s-orbitals of metal.

The Ni** doped halide perovskites were also examined for their
dependence on the MW modulation frequencies similar to that per-
formed for the II-VI nanocrystals. The spin-lattice relaxation time
deduced from that measurement was found to be T; = 0.2 ms for an
electron and Ty = 0.75 ms for a hole.

In summary, the discussed results exposed, for the first time,
carrier—dopant spin-exchange interaction in a lead-halide perovskite
resembling that found in II-VI nanocrystals. The ODMR measure-
ments uncovered the role of the dopant in localizing the photo-
generated carriers by increasing the stiffness of the crystal struc-
ture. Furthermore, the ODMR data also revealed direct evidence
of the hole-dopant interaction, resulting in an extended spin-lattice
relaxation.

D. Cu-doped CdSe/CdS and CulnS; colloidal
quantum dots

The interest in Cu-doped II-VI and Cu-based I-III-VI, QDs
has grown significantly in recent years due to their desirable

REVIEW pubs.aip.org/aipl/jcp
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optical features and the lack of toxic elements (in I-III-VI,).
These properties make them ideal candidates for optoelectronic
applications such as luminescent solar concentrators,” "° photo-
voltaic cells,”” and low-threshold lasers.”®

Numerous investigations have been conducted on copper-
doped II-VI and copper-based I-III-VI, QDs. These studies have
proposed various mechanisms to explain the luminescent behav-
ior of these materials. One common mechanism for copper-doped
II-VI QDs suggests a conduction-band electron recombining with a
mid-gap trapped hole on a copper site, resembling metal-to-ligand
(conduction band) charge-transfer (MLcp)CT) processes.ww’ This
mechanism facilitates deep and broad emission with an extended
lifetime attributed to the localized character of the copper-based
hole. However, there is still ambiguity regarding the oxidation state
of the incorporated copper dopants in the ground state, with some
reports suggesting the presence of Cu’ dopants’'"" while others
propose Cu”* ions.'"*'"”

Similar discussions surround the luminescence of copper-based
[-III-V1, QDs. Some proposals suggest the existence of Cu®* defects
in the ground state of these QDs,'”" """ while others argue that
the hole localizes at a Cu* site, which oxidizes to Cu**, leading to
exciton self-trapping.'””'"” Meanwhile, other studies propose that
the emission in CulnS; QDs involves a delocalized forbidden odd
state in the valence band, resulting in deep and broad PL.'” The
Cu-In stoichiometry reveals more information on the recombina-
tion mechanism of CulnS, QD. Cu-rich compounds showed band-
edge emission, while In-rich compounds showed deep emission.'"”
Later on, it was proposed that the ratio of Cu to In determines
the oxidation state of the copper, which in turn influences the
recombination mechanism.'!"

In summary, the current understanding of the recombination
mechanisms involved in Cu-doped and Cu-based materials is still
somewhat limited and inconclusive. The investigation of the excited-
state electronic structures and spin properties of copper-doped and
copper-based QDs using ODMR spectroscopy has been limited.

CulnS,

Intensity (a.u.)

Cu-doped CdSe/CdS

400 500 600 700 800 900 1000
Wavelength (nm)

FIG. 7. Absorption (black) and photoluminescence (red) spectra of CulnS, and Cu-
doped CdSe/CdS QDs at room temperature. Reproduced with permission from
Harchol et al., ACS Nano 16, 12866-12877 (2022). Copyright 2022 American
Chemical Society.

J. Chem. Phys. 159, 071001 (2023); doi: 10.1063/5.0160787
Published under an exclusive license by AIP Publishing

159, 071001-10

1£:62:€Z G20z Ateniged €0


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

Using ODMR spectroscopy with theoretical modeling, it is possi-
ble to extract g-factors and spin relaxation times, which can give
insights into the nature of the copper dopants, their oxidation states,
and their interactions with the host lattice.

The undoped and Cu-doped CdSe/CdS and CulnS, QDs with
and without ZnS or CdS shelling were synthesized by solution-based
techniques, with procedures reported elsewhere.””'" "> We exam-
ined those materials using CW-ODMR spectroscopy at 2.5 K with
different MW modulation frequencies. The spin properties were
derived using a spin Hamiltonian model for the simulation of the
CW-spectrum and a kinetic model for extracting transient variables
(mainly the spin-lattice relaxation time, T}).

The PL and absorption spectra at room temperature of the Cu-
doped CdSe/CdS core-shell and CulnS, QDs are presented in Fig. 7.
Both samples exhibit a single broadband in the PL spectrum, which
is notably Stokes shifted from the absorption spectrum. Further-
more, the CulnS; QDs demonstrate slightly higher emission energy
compared to the doped sample. Note that the CulnS; QDs with
shelling exhibit the same red-shifted and broad PL spectrum.”’ Sub-
sequently, these PL bands were further examined through ODMR
spectroscopy.

The ODMR spectrum of Cu-doped CdSe/CdS QDs showed
similar trends to those of undoped QDs, as depicted in Figs. 8(a)
and 8(b). Both exhibited negative IP and positive OP signals, which
could be further separated into broad and narrow sub-components
[inset in Figs. 8(a) and 8(b)]. However, slight variations attributed to
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FIG. 8. ODMR spectra acquired at 2.5 K under 405 nm laser excitation with a MW
modulation frequency of 880 Hz for (a) CdSe/CdS and (b) Cu doped CdSe/CdS
QDs. The insets show the best fit obtained for the IP signal. Reproduced with
permission from Harchol et al., ACS Nano 16, 12866-12877 (2022). Copyright
2022 American Chemical Society.

REVIEW pubs.aip.org/aipl/jcp
a 8.1 -
S oo}
X go” -
S e
.
<46.2%==" ¢ P
16.21C inSpizns ess” —oP
"‘.’\ of alalzl=
o DDDHDDD DDDDDHHD
gooa® DDDDDDDE‘DD
T 7
N \ ./
= 10} \'\ /'/
<] Ly - —a—|P
15} CulnSpiCdS ™  —=—OP
0 g
o L
- 3} "
3-(’ 3".......lll. x
= 6} h\.H ‘_,-
< s P
-9 F CulnS; Funn oP

0.0 0.2 0.4 0.6
Magnetic field (Tesla)

FIG. 9. CW-ODMR spectra of CulnS,/ZnS (top), CulnS,/CdS (middle), and CulnS,
(bottom) QDs with a modulation frequency of 880 Hz. The measurements were
acquired at 2.5 K under 405 nm laser excitation. (Reproduced with permission
from Harchol et al., ACS Nano 16, 12866-12877 (2022). Copyright 2022 American
Chemical Society.

copper impurities were noticeable, including differences in the width
and position of these broad and narrow components.

Furthermore, the ODMR patterns observed for CulnS,/ZnS,
CulnS,/CdS, and CulnS; QDs were found to be similar (Fig. 9),
suggesting a correlation between the properties of the carriers and
the CulnS; core. The IP ODMR spectrum of CulnS, exhibited a
broad and negative resonance [yellow arrows in Fig. 2(b)], while the
OP spectrum had reduced intensity, which indicated the localiza-
tion of carriers and the involvement of paramagnetic centers with
unpaired spins, such as Cu*" with S = 1/2. Additionally, a low-field
signal at 0.2 T was observed in the half-field of the central reso-
nance, suggesting the presence of a triplet manifold [gray arrow
in Fig. 2(b)]. The resonance positions and sub-components var-
ied between the copper-doped and copper-based QDs, suggesting
different recombination mechanisms.

The ODMR spectra of the Cu-doped CdSe/CdS and CulnS,
QDs were measured at various MW modulation frequencies. The
integrated areas under the ODMR curves, IP and OP, were deter-
mined for the narrow and broad components in the Cu-doped
CdSe/CdS sample, as well as for the resonances at 0.4 and 0.2 T in
the CulnS, sample. These areas were then plotted as a function of
the MW modulation frequency, as shown in Figs. 10(a) and 10(b) for
the Cu-doped and CulnS, QDs, respectively. The obtained trends
were analyzed using a kinetic model, and the CW-ODMR spec-
tra [Figs. 8(b) and 9] were simulated using a spin Hamiltonian, as

J. Chem. Phys. 159, 071001 (2023); doi: 10.1063/5.0160787
Published under an exclusive license by AIP Publishing

159, 071001-11

L€:62:€T G20z Ateniged €0


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

(a)

Ty
=
© - s
— -~
- = “ (nT-:—u-_,—____ - -
g <3 o Narrow
Wizg =@ o
% Experimental: °
o IP oP L i
z ~
s e [P o OP P e
b = 3 ==
(] I 6 « > _o,o #
Q ‘FEERSES 2 Broad
T N o/
] FS [
E Simulation: \‘\ o’
=] e’
& |==w--or
£ T T T T
=10’ 102 10° 104 10° 108

Modulation Freq. (Hz)

(c)

—a— Cu@CdSe/CdS
—— Simulation

02 03 04 05 06 07 08
Magnetic field (Tesla)

0.0 0.1

REVIEW pubs.aip.org/aipl/jcp

- (b)
& ST, 04T
Eb--. i A
2 & o
w /"/
g Exprimental: Q‘\"!o/ .
a P - OP
O | P oor 0.2T
; - | T g | e
Q [ — —eeSlSia e —om ac
-— e =
g’ Simulation: B il

- —IP— —OP
2 T T T
£ 10" 10? 10° 10* 10°

Modulation Freq. (Hz)

—#— CulnS,
—— Simulation

02 03 04 05 06 07 08
Magnetic field (Tesla)

0.0 0.1

FIG. 10. Integrated ODMR signal (IP and OP) vs modulation frequency (log scale) for (a) Cu-doped CdSe/CdS and (b) CulnS; QDs. The red and blue dashed lines are fitted
simulations to the IP and OP, respectively, according to the kinetic model shown in Eq. (4). ODMR spectra and fitted simulations (blue) of (c) Cu-doped CdSe/CdS and (d)
CulnS, QDs. The simulations were calculated using the spin Hamiltonian in Eq. (1), and the fit parameters are presented in Table |. Reproduced with permission from Harchol

et al., ACS Nano 16, 12866-12877 (2022). Copyright 2022 American Chemical Society.

described in Secs. IT and V. The simulated spectra are compared
to the experimental data in Figs. 10(a)-10(d), and the fitting para-
meters are summarized in Table I. For Cu-doped CdSe/CdS QDs,
the ODMR spectrum indicated the presence of a conduction-band
electron, a trapped hole, a weak electron-hole exchange interaction
(Je-n = 0.1 peV), and a hyperfine interaction between the hole and the
copper nuclei (Ay.c, = 2.4 ueV). In contrast, the ODMR spectrum
of the copper-based QDs suggested strong electron-hole exchange
coupling (J,., = 1 meV), generating the singlet and triplet states with
a minor axial zero-field splitting (D, = 19 peV). Figures 2(a) and
2(b) in Sec. II depict spin diagrams corresponding to Figs. 10(c) and
10(d), respectively. Therefore, in both the copper-doped and copper-
based QDs, the hole is associated with a photogenerated Cu*™ site,
and their differences relate to the extent of electron localization near
this localized Cu?" site.

Opverall, the experimental results from the ODMR spectroscopy
provided insights into the spin properties and recombination mech-
anisms of the copper-doped and copper-based QDs. The detailed
analysis and interpretation of the ODMR spectra shed light on the

structural and electronic properties of these nanomaterials, facili-
tating their further characterization and potential applications in
optoelectronic devices.

IV. SUMMARY AND CONCLUSION

As magnetic doping in semiconductor nanocrystals has
been implemented over the years, its relevance in manipulating
nanocrystals’ optical and magneto-optical properties has been real-
ized. This article presents a few representative examples that have
enabled the tackling of open questions regarding the coupling of
individual host-carrier spins with dopant spins and the generation
of new recombination pathways upon the inclusion of magnetic
impurities. The investigation combines spectroscopic techniques,
including PL and ODMR spectroscopy, to unravel physical para-
meters that have not been explored previously. Those parameters are
summarized in Table I, highlighting their variability among differ-
ent material platforms. The g-factor is particularly important among
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the summarized parameters, providing information about the car-
rier type and its environment. The anisotropy in the g-factor values
(along the principal axes directions x, y, and z) can reveal the loca-
tion of the relevant carrier at an asymmetric site, potentially at
surfaces or core/shell interfaces. Furthermore, the absolute value of
the g-factor approaching that of a free carrier (2.00) can suggest
detachment from a band-edge state, being free of influence by the
orbital momentum (L # 0) or/and spin-orbit coupling of the host
material.

The exchange coupling constants between carriers (e, h) and
dopant spins are also of paramount importance. As shown in Table I,
the exchange interactions between the carrier and Mn dopant in
both sNRs and NPLs fell within a similar range, ~10™" meV. How-
ever, their characteristics differ. In the NPLs, the dominant exchange
interaction involved the electron and Mn?* (s—-d exchange), whereas
in the sNRs, it primarily occurred between a trapped hole in the
core/shell interface and Mn?* (p-d exchange). In most II-VI semi-
conductors, the p-d exchange interaction is 4-5 times stronger than
the s—d interaction. However, in our case, this behavior is dictated
by the distinct designs of the electronic band-edge, i.e., the wave-
function overlaps between the carrier and dopant. The NPLs possess
a quasi-type-II band alignment, allowing the electron wave function
to spread throughout the core/shell structure. On the other hand, the
sNRs exhibit a type-I band alignment, concentrating the carrier near
the interface. Note that, in the case of core/shell structures, the esti-
mate of the number of dopant ions in close proximity to the interface
supports the assumption of one-to-one carrier-dopant coupling.”’
Moreover, for Mn®>* in NPLs, the spread of the wave function into
the shell induces additional coupling to the dopant’s nuclear spins,
as indicated by the non-zero hyperfine constant (A) in Table I.

Another intriguing observation is the spin exchange interaction
between Ni** and the hole spin in halide perovskite NCs, which is
reported for the first time. The selectivity concerning the hole in
that material may originate from the s-orbit character of the hole
and the lack of spin-orbit coupling at the valence band edge. For
Ni** doped perovskites, the extracted value for the carrier-dopant
interaction was found to be much weaker (~2 yeV) than in II-VI
NCs. This weak exchange interaction can be attributed to generally
weak s—d coupling and the instantaneous structural and electronic
fluctuations inherent in soft perovskite materials.

In Cu-containing QDs, a Cu electronic state positioned deep
within the bandgap plays a role in recombination emission. In
Cu-doped CdSe/CdS, the Cu site traps a hole immediately after exci-
tation, followed by the MLcgCT recombination singlet process. In
Culn$,, the study confirms that the trapped hole at a Cu site drags
the counter electron, resulting in self-trapped excitons with a triplet
recombination mechanism. Overall, magnetic ions manipulate the
optical properties of semiconductor NCs through various routes.

Additionally, the study provides important insights into the
spin-relaxation time (T1). The findings indicate a trend of extension
of the spin-relaxation time when the host-electron spin interacts
with that of the dopant, compared to undoped counterparts. How-
ever, an exception to this trend is observed when nuclear coupling
is involved, as seen in the case of Mn“-doped NPLs. This reversal
in the spin-relaxation time highlights the complex interplay between
different spin-related interactions.

In summary, the spin-related information revealed in the inves-
tigated materials provides a comprehensive understanding of the

REVIEW pubs.aip.org/aipl/jcp

influence of dopants on the physics of semiconductor nanocrystals.
This knowledge paves the way for implementing these materials in
various spin-related technologies.

V. METHODS

Kinetic model. The kinetic model used in the above studies is
presented in the following equation:

% =G - Cing + kMW(nt - ”s) - kISC(n: - Fns)

dt
+ k13c(1’lt — (1 - F)n[),

% :Gt—C¢n¢+ka(nS—nf)—k[sc(nt—(l—F)nt) (4)

+ k[sc(l’l; - FI’IS)

AEN\—1
F= (1 + ekT) 5 Cop=tsr+dsys I o< reng + reny,

where n; and ns represent the triplet populations (S = 1, ms
= £1,0) and singlet (S = 0) spin sublevels, respectively. G; and Gs
are the generation rates, d; and d, are the dissociation rate con-
stants, r; and rs represent the recombination rate constants, karw is
the rate constant of the magnetic resonance transitions, kisc is the
intersystem-crossing rate constant, F corresponds to a Fermi-Dirac
thermal distribution function, and AE refers to the energy associ-
ated with a resonance transition. A few variables, like kisc, ds, ds,
and r, were found to be negligible with respect to other dominant
factors. Here, kmw can be expressed as a function of the spin relax-
ation time, T;. The value of T was extracted from the extrema of the
integrated OP signal. As explained in the main text, at this point, the
MW modulation frequency is proportional to 1/T;.

PL and ODMR spectroscopy. ODMR measurements were car-
ried out using a home-built ~10.8 GHz resonator with a window for
laser irradiation placed in a Janis 12 CNDT liquid helium cryostat
with a superconducting coil for magnetic field sweep. The magnetic
field was controlled by an Oxford IPS 120 power supply. The sample
was excited by a continuous-wave (CW) Laser diode with a wave-
length of 405 nm. A microwave (MW) irradiation was generated
by an HP 83620A source, triggered by a Stanford DG 535 pulse
generator, and amplified by a Narda West 60583 MW amplifier.
After excitation and magnetic resonance occurrence, the ODMR
signal was passed through a 450/532 nm long-pass filter, inserted
into a monochromator (SpectraPro 300i spectrometer), and detected
with a Si-diode. The ODMR signal was recorded by an Ametek
7270 Lock-in amplifier referenced by on-off modulation of the MW
(audio frequency of 0.02-20 kHz). ODMR experiments were per-
formed in Voigt (By L excitation) and Faraday (Bo || excitation)
configurations, where a quarter waveplate and a linear polarizer were
used to collect the right- and left-circularly polarized light in the
latter. PL measurements were carried out in the same setup as the
ODMR, using a chopper wheel to modulate the laser before exci-
tation. The samples were sealed in quartz capillaries using Parafilm
under ambient conditions. All ODMR simulations were performed
using MATLAB code following the spin Hamiltonian in Eq. (1),
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assuming the contribution of an ensemble of spins at 2.5 K under
10.8 GHz microwave irradiation.
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