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ABSTRACT: The incorporation of magnetic impurities into semiconductor nanocryst- ‘

als with size confinement promotes enhanced spin exchange interaction between e E
photogenerated carriers and the guest spins. This interaction stimulates new magneto- ( ,—-@\ H
optical properties with significant advantages for emerging spin-based technologies. Here % v “i 18

we observe and elaborate on carrier—guest interactions in magnetically doped colloidal
nanoplatelets with the chemical formula CdSe/Cd,_,Mn,S, explored by optically
detected magnetic resonance and magneto-photoluminescence spectroscopy. The host
matrix, with a quasi-type II electronic configuration, introduces a dominant interaction
between a photogenerated electron and a magnetic dopant. Furthermore, the data
convincingly presents the interaction between an electron and nuclear spins of the doped
ions located at neighboring surroundings, with consequent influence on the carrier’s spin
relaxation time. The nuclear spin contribution by the magnetic dopants in colloidal
nanoplatelets is considered here for the first time.

C olloidal semiconductor nanocrystals have attracted wide- studies reported the introduction of transition-metal magnetic
spread interest during the past three decades by virtue of ions with unfilled occupancy of atomic d-orbitals into various
their fundamental science as well as their possible use in semiconductor nanocrytals. Those DMS structures demon-
various optoelectronic applications.l_3 In the last decade, strated large changes in the optical and magneto-optical
studies paid special attention to incorporating magnetic properties, like giant magnetization and g-factors, polarization
impurities in nominally nonmagnetic colloidal semiconductors, of emission recombination, or an energy transfer.'*"'?~>°

for the formation of diluted magnetic semiconductor (DMS) The type of coupling between the semiconductor and

nanocrystals. The interest in such nanocrystals was motivated
by the ability to tailor spin properties in size-confined systems,
with promising implementation in quantum information,”
spintronics,5 solar cell concentrators,’ and light-emitting
diodes.” Past studies of bulk semiconductors have shown
that doping tunes crystallographic, optical, and magentic
properties.”~'" Subsequently, the development of multiple
quantum wells exposed for the first time the properties of DMS
in confined systems,'”'> and naturally, DMS was also
implemented in self-assembled quantum dots.”*~'® However,
the recent renewed attention indicates that DMSs developed in
colloidal nanocrystals offer benefits beyond those found in

dopant electronic states depends on the relative offset of their
ground and first excited states. For example, the valence and
conduction band edges in II-VI nanocystrals are composed
from a heavy hole (1Sy;, S =3/2) and an electron (1S, S =1/
2), respectively. A classical magnetic ion from the first row of
transition metals, e.g, Mn*" with five unpaired spins in the
ground state, experiences a tetrahedral ligand field once
positioned in a substitutional site in a II-VI semiconductor,
thus having in turn a ground and first excited state with °A;
and *T; symmetry. The heavy hole in the valence band has a

other structures, steming from the ability to tune size Received: July 10, 2019
confinement over a wide range, as well as from the controlled Accepted: July 17, 2019
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Figure 1. Optical and magneto-optical measurements: (a) absorbance curves and photoluminescence (PL) spectra of CdSe/CdS and (b) CdSe/
Cd,_,Mn,S (right) NPLs recorded at various temperatures; (c) PL time-decay curve recorded at 10, 100, and 290 K; (d) PL spectra of CdSe/
Cd,_,Mn,S NPLs recorded under the influence of different magnetic field (B,) strength, monitored with two opposing circular polarization
directions, (6*); (e) plot of the degree of circular polarization (DCP) versus strength of B, of CdSe/Cd,_Mn,S (top panel) and CdSe/CdS
(bottom panel) NPLs. The black dots are the experimental results, and the red dashed lines are fitted curves calculated according to eq 1.

minor dependence on temperature or size, thereupon, an
energy offset between 1S, and *T| states becomes the figure of
merit to determine the host—guest interaction. When *T| is
situated way above 1S,, recombination emission is dominated
by the semiconductor exciton emission with typical lifetime of
nanoseconds; when 1S, is positioned way above *T;, an
excitation above a host band gap results in an energy transfer
into guest states followed by *T, — °A; transition or
exceptionally *T,-to-conduction band repopulation,”” and
both of these processes are characterized by a microsecond
lifetime. When valence (p-orbit character) and conduction (s-
orbit character) states are nearly in resonance with the °A; and
*T, states, a mutual spin exchange process takes place, leading
to the so-called sp—d interaction, where s—d coupling follows a
potential spin exchange, while p—d corresponds to a kinetic
spin exchange process.”*~** The strength of a spin exchange is
mainly governed by the degree of the electronic state offsets, as
well as by the distribution function of a carrier at the site of the
dopant. The sp—d exchange induces the formation of mutual
alignment of host and guest electron spins and the formation
of a magnetic polaron, the last characterized by a broad
emission with a lifetime exceeding 100 ns.”” The sp—d
interaction is also responsible for the development of giant
magnetization and variation of sign and magnitude of a carrier
g-factor.***342%35 The spatial confinement of the carriers
within nanocrystals with diameters or thickness <10 nm
significantly enhances the sp—d exchange interaction.
Previous efforts investigating magnetically doped quantum
dots, 1 92022:2633,3436=42 1iphong ** and nanoplatelets44_46 of
II-VI, 11—V, and I-III-V colloidal semiconductors revealed
information about magnetization ﬂuctuations,37’47’48 exciton—
magnetic polaron formation,"”?”**°% and giant magnetization
and spin-coherence times.'”'”?"***'7%3 The studies have
indicated that magnetic doping provides the colloidal semi-
conductors with spin degrees of freedom. Moreover, formation
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of core/shell heterostructures enables tunability of carrier’s
distribution across different parts of the heterostructure.”* >’

The current work is focused on investigating magneto-
optical properties of CdSe/CdS core/shell nanoplatelets
(NPLs) doped with a diluted concentration of Mn** ions at
the shell regime. The NPLs showed thickness uniformity®*~%*
and narrow absorbance and emission bands.***>~%® Further,
the CdSe/CdS core/shell NPLs have a quasi-type II electronic
band-edge structure,** enabling different distribution of the
carriers across the NPLs and consequently inducing selective
carrier—dopant spin exchange interactions. Magneto-optical
photoluminescence was used to follow the change of a g-factor
by the incorporation of Mn?* dopants at the shell regime.
Furthermore, optically detected magnetic resonance experi-
ments, used in the colloidal DMS research for the first time,
showed persuasive evidence of the coupling between a
photogenerated electron and the nuclear spins of the guest
ion, appearing as a sextet manifold on top of an electron
magnetic resonance band. Coupling a carrier to the dopant
nuclei takes place via a direct process or, alternatively, bridging
by spin exchange between the carrier and the dopant-electron.
The contribution of nuclear spin coupling presumably
influenced the observed spin relaxation times.

The nanoplatelets (NPLs) under investigation, undoped
CdSe/CdS and magnetically doped CdSe/Cd;_Mn,S (x > 0)
core/shell heterostructures, were prepared via a procedure
given in the Supporting Information. The NPLs examined
consisted of a zinc-blende core-platelet with thickness/length/
width dimensions of 0.7 nm/30 nm/20 nm and a zinc-blende
shell with a thickness varying from 0.35 to 1.4 nm. A
representative transmission electron microscopy (TEM) image
of the NPLs examined is shown in Figure Sla. Absorbance
curves of CdSe cores and CdSe/Cd;_.Mn,S core/shell NPLs
recorded at room temperature are shown in panels b and ¢ of
Figure SI, respectively. The crystallographic zinc-blende
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structure was verified by X-ray diffraction, and the Mn**
content was measured via inductively coupled plasma (ICP)
analysis (1.1%) (not shown). Mn®' positioning within the
NPLs was examined by recording a ground-state electron spin
resonance (ESR) spectrum, as shown in Figure S1d (discussed
below). Mn?* has a total electron spin of S = 5/2. In principle,
all transitions obeying AS = +1 between the spin projections
mg = +5/2, +3/2, +1/2 should have been recognized in the
ESR spectrum. However, most of them have strong anisotropy,
and when measuring randomly oriented NPLs in a solution,
the resonance lines mostly averaged out except that of —1/2 <
+1/2. Thus, the ESR spectrum displays a characteristic sextet
related to the +1/2 of the Mn?*—electron spin transition split
by a nuclear—electron hyperfine interaction (with nuclear spin
I = 5/2). The hyperfine constant extracted from the ESR
spectrum is 0.8 yeV (6.9 mTesla), indicating the positioning of
Mn?* within the CdS crystal at the shell regime.’””°
Absorbance and photoluminescence (PL) spectra of CdSe/
CdS and CdSe/Cd,_,Mn,S NPLs (both with shell thickness of
1.4 nm) recorded at various temperatures are shown Figure
la,b by thin and bold lines, respectively. The absorbance
curves within the displayed spectral window include the first
and second exciton transitions, both shifted to lower energies
with an increase of the temperature following a Varshni trend
as commonly found in II-VI semiconductors. The PL spectra
of the undoped NPLs follow a trend similar to their
absorbance, despite a small deviation between 100 and 150
K, which is compatible with behavior reported before in
NPLs,”' and it is further explained in the Supporting
Information. The PL temperature dependence of doped
NPLs requires special attention: In the low-temperature
range (<130 K) the spectra are dominated by a broad
emission line Stokes shifted from the corresponding
absorbance by 100—130 meV, and the emission band is
accompanied by a weak tail at the low-energy side. The
spectrum at 4 K is centered at 1.97 eV and undergoes a mild
gradual blue-shift with the increase of the temperature up to
130 K (an anti-Varshni behavior); around 130 K, a second
narrow PL band merges, which gradually becomes the
dominant feature, and twists the trend to a Varshni behavior
with further increase of the temperature. The anti-Varshni
behavior was commonly found in magnetic doped nanocryst-
als, designating the formation of a magnetic polaron at
temperatures <130 K; however, the Varshni behavior at >130
K suggests the occurrence of band-edge exciton recombination.
Overall, the shift of the energy band gap with temperature with
respect to the invariant-temperature *T| state induced a change
of the emission process from a magnetic polaron to exciton
recombination, according to criteria discussed above. It is
important to note that the PL band at the lowest temperatures
also resembles the appearance of *T; — °A, recombination
emission; however, this atomistic event was reported
previously to center around 2.2 eV in zinc-blende structures.'’
To exclude any doubt, Figure 1c compares representative PL-
decay curves of doped NPLs at three different temperatures.
The variables used for the biexponential fit of those curves are
summarized in Table 1 in Methods, suggesting a dominant
component of 7 ns at the highest temperature and 127 ns at
the lowest temperature. Those time scales are different from
what is expected from an atomistic *T; — A, transition, which
occurs after microseconds. It is worth noting that the main
discussion below refers to solely the low-temperature emission;
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therefore, the nature of the high-temperature observations will
not be elaborated any further.

The PL spectra of CdSe/Cd,_,Mn,S core/shell NPLs were
further examined under the influence of an external magnetic
field (B,) while monitoring two opposing circular polarized
(6%) components at Faraday configuration (B, Il k-excitation).
Representative circularly polarized spectra of doped NPLs are
shown in Figure 1d recorded at 4 K, showing a small energy
gap between the components as well as a difference in their
integrated intensities (I,.). It is worth noting that one
component (6*) mainly stays intact, while the other (c7)
exhibits a variation in energy. This is a phenomenon often
found in polarized transition in semiconductors, originating
from mixing the nonresponding component with neighboring
states. The degree of circular polarization is defined as DCP =
(I, = 1,-)/ (1, + 1,_). A plot of DCP versus strength of the
applied magnetic field (from 0 to 8 T) is shown by the black
circles in the top panel of Figure le. For comparison, a DCP
plot of undoped NPLs is displayed in the bottom panel of
Figure le. The observed DCP of the undoped NPLs was fitted
to a relation, P = —(AE,/2kzT), whereas that of doped NPLs
reads as’’

P=-D tanh(L\J

2kp(T + Tp) (1)
Py is a prefactor that considers the random orientation of NPLs
in an ensemble, and T, defines a correction for Mn—Mn dipole
interactions. The exciton Zeeman splitting, AE,, for the
undoped NPLs is given by AE, = g, i5By+yB,’, where the first
term is the linear Zeeman contribution and the second term is
a diamagnetic shift. The variable y is a diamagnetic shift
coefficient, given as y = e*(r*)/8y; r is considered as the Bohr
radius of the electron that is nearly the same as that of the
exciton in II-VI semiconductors; u is the exciton reduced
mass. The fit to the DPC(B,) plot of undoped NPLs
demanded consideration of the diamagnetic shift. Then, the
fit with the exciton Bohr radius of 3 nm concealed a value of g,,
to be +0.21 in undoped NPLs. The best fit variables are
summarized in Table 2. For the doped NPLs, the expression of
AE; reads as AE; () = 8etsBo + 7By’ + l/szo(fea'fhﬂ)(So,);
where the third term expresses the carrier—dopant electron
spin exchange interaction including electron—dopant (Nya)
and hole—dopant (Nyf) coupling with N, the number of
cations per unit volume; Mn concentration (x); the electron
and hole distribution functions (f,;,) at the site of the Mn**
ions; an average value of the Mn®" spin projection on the
laboratory axis z ((S,.)), considered as a negative term by
convention. The values of f, and f;, were derived from a simple
electronic band structure model (see Figure S3) for NPLs with
a quasi-type II configuration, where the electron probability
density is larger at the core/shell interface with a further extent
into the shell region. The values of the variables Nya and Ny
were adopted from analogous bulk compounds with a similar
ligand field effect at the Mn** local site.””’* The DCP plot of
the doped NPLs is characterized by a nearly linear increase up
to 4 T, below which the DCP(B,) trend can be fitted to an
effective linear Zeeman term AE; = g.gpB,, where g is the
Landé g-factor of the exciton-magnetic polaron. Beyond 4
Telsa, the DCP value decreases with further increase of B,
because of a counterbalance between the Zeeman and
quadratic diamagnetic shift terms with respect to that of the
sp—d spin exchange term. The variables used for a best fit of
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Figure 2. ODMR measurements of doped and undoped NPLs: (a and b) ODMR spectra of undoped CdSe/CdS (upper plot) and of magnetic
CdSe/Cd,_Mn,S (bottom plot) NPLs given by the solid blue curves, recorded under Faraday configuration and monitored with a circular
polarization ¢* at 2.4 K. The dashed red curves correspond to a best fit of one polarization direction, calculated using eq 2. (c) ODMR spectra
similar to that shown in panel b recorded at various time intervals, corroborating the reproducibility of a fine structure—the sextet manifold. (d)
Representative ESR spectrum of the doped NPLs of the sample shown in panel panel b. (e and f) Representative SD-ODMR curves of undoped
(upper plot) and doped (bottom plot) NPLs (blue curves) brought together with the corresponding PL spectra (red curves).

the doped NPLs DCP curve are summarized in Table 2. It is
worth mentioning that some parameters are dictated by the
NPL-architecture (x, Ny, and T,) and carrier distribution (f,
and f},), leaving a small degree of freedom in the simulation
procedure. The best fit DCP curves are shown by the dashed
red lines, revealing g« = —4.1 for the doped NPLs. Therefore,
the giant g-factor in magnetically doped NPLs differs in
absolute value and sign from that of the undoped NPLs. The
difference is in agreement with an expected crossing of spin
states as was proposed theoretically’> and in concurrence with
previous studies of magnetically doped nanostructures.”®”” It is
worth mentioning that dephasing effects of carrier spins by
nuclear hyperfine interactions were not explicitly included in
the expressions above, but they are extensively discussed
below.

The optically detected magnetic resonance (ODMR)
spectra were recorded when mounting NPLs in a microwave
cavity at a spot of maximal attenuated magnetic field, B, (see a
scheme in Figure S4).”%”” The cavity was installed at the
center of poles of an external magnetic field, B, to achieve
magnetic resonance conditions. The NPLs were excited by a
continuous light source, and magnetic resonance conditions
were applied during the excited-state lifetime. The microwave
source was modulated by a square-wave generator, and optical
detection was synchronized by lock-in detection with the
microwave modulation.

A representative ODMR spectrum of undoped CdSe/CdS
NPLs with shell thickness of 1.4 nm is shown by the blue curve
in Figure 2a, recorded under Faraday configuration (Bl | k-
exc) and monitored with circular polarization (¢*) at 2.4 K.
The spectrum contains a single resonance band centered at
0.39 T, slightly deviating from a symmetric Lorentzian line
with a full width half-maximum of ~40 mTesla. A resonance
band broadening is related to size distribution, as well as to the
electron—nuclei unresolved interactions. The red curve in
Figure 2a corresponds to a simulation derived by a spin
Hamiltonian (see below). Observation along ¢~ polarization
showed a spectral pattern similar to that shown in Figure 2a,
only slightly shifted from resonance detected at ¢* (not
shown). The spectra recorded in Voight configuration (B, L k-
exc) are displayed in Figure SSa. The ODMR spectra of the
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undoped NPLs were recorded under various powers of
excitation and microwave radiation, as shown in panels b
and ¢ of Figure S5, respectively. These control experiments
specified the optimal conditions for ensuring excitation of a
single exciton, using a laser power of <3 mW and microwave
intensity of 3 mW.

A representative ODMR spectrum of doped CdSe/
Cd,_,Mn,S core/shell NPLs is shown by the blue curve in
Figure 2b. The spectrum was recorded under Faraday
configuration (B, Il k-exc) with ¢ polarization detection,
displaying an envelope band centered at ~0.38 T, super-
imposed by a manifold of sextet lines, with an average
intermanifold spacing of ~0.75 peV. Detection with ¢~
polarization showed a similar spectrum, which slightly shifted
from the resonance detected by o* (not shown). The
resonance central field of the 6" detected ODMR spectrum
of the doped NPLs deviates from that of the undoped NPLs by
10 mTesla, and its full width of half-maximum is narrower by
~10 mTesla. A few redundant experiments are presented in
Figure 2c, displaying three different ODMR spectra of the
doped NPLs recorded under the Faraday configuration at
diverse times, showing consistent appearance of a sextet
manifold above the wide envelope. Furthermore, Figure 2d
displays an ESR spectrum of the doped NPLs with a typical
hyperfine sextet. The bars marked in Figure 2¢,d designate the
intramanifold split energy, suggesting only a slight deviation
from one experiment to the other. An ODMR spectrum of
CdSe/Cd,_,Mn,S core/shell NPLs recorded in Voight
configuration is shown in Figure SSd, reflecting the linear
combination spectrum of the 6= components.

The relation of the resonance signals in the undoped and
doped NPLs to the spectral window of the corresponding PL
spectra was monitored by setting a steady resonance condition
and recording the PL spectra, forming the so-called spectral
dependence ODMR (SD-ODMR). A steady-state condition
was achieved by tuning the magnetic field to the central
resonance peak and applying the microwave radiation at the
operating frequency, 10.76 GHz. Representative SD-ODMR
responses for CdSe/CdS and CdSe/Cd,_,Mn,S NPLs are
depicted by the blue curves in Figure 2e,f. The corresponding
PL spectra are given for comparison by the red curves. The
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Figure 3. Following spin dynamics of carriers in NPLs: ODMR spectra of undoped (a) and doped (b) NPLs, recorded at different microwave
modulation frequencies as mentioned in the insets and recorded in-phase (6 = 0°) and at quadrature phase (6 = 90°). Plots of the absolute
integrated intensity of ODMR resonances versus the applied microwave modulation frequencies when measured at phase 6 = 0° (red symbols) and
0 = 90° (blue symbols) with respect to the microwave pulse, for the undoped (c) and doped (d) NPLs.

comparison in Figure 2f shows that the resonance event is
related to a large part of the exciton/magnetic polaron band,
with a lean toward the red side, which is more pronounced in
the doped NPLs. Moreover, the SD-ODMR response of the
doped NPLs covers an extra red tail in the PL spectrum,
recognized as a defect band recombination. A magnetic
resonance originating from two different spectral features
suggests the existence of a common paramagnetic site such as
an interface defect, responsible both for carrier trapping as well
as exciton localization. The assignments of the paramagnetic
centers are discussed below.

The ODMR methodology was further implemented to
obtain spin dynamic information. Representative ODMR
spectra of the undoped and doped NPLs, recorded at different
microwave modulation frequencies and measured in-phase (6
= 0°) and quadrature-phase (6@ = 90°) with respect to the
microwave pulse, are displayed in Figure 3ab. The spectra
show that the intensity of a positive resonance is reduced
gradually with the rise of the modulation frequency when
measuring at € = 0°, while resonance bands appear as negative
signals at @ = 90° and in any event, all measured signals
preserve the circular polarization under various microwave
modulation frequencies. Panels ¢ and d of Figure 3 denote
plots of absolute values of resonance intensities versus the
applied microwave modulation frequencies, given by the red
triangles and blue circles for the ODMR signals of undoped
(Figure 3a) and doped (Figure 3b) NPLs, respectively. The
red and blue dashed curves in Figure 3c,d correspond to a
fitting derived by the system frequency response described in
eq 4. The cross point between the in-phase and quadrature-
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phase trends provides information about the spin relaxation
time. The modulation dependence ODMR spectra shown in
Figure 3 are related to core/shell NPLs with shell thickness of
1.4 nm.

The ODMR spectrum of undoped NPLs exhibited a single
resonance band, associated with a spin flip of a single
photogenerated carrier. Considering the band-edge composi-
tion of II—VI semiconductors (with J;, = 3/2 and S, = 1/2),
only the electron can undergo a direct spin flip between its spin
projection component (m, = +1/2) by the absorption of a
single microwave photon, obeying a selection rule of AS = +1.
However, because of the time response of the ODMR
detection (hundreds of nanoseconds up to a microsecond),
direct detection of a conduction band electron (with a lifetime
of a single nanosecond) cannot be achieved. Thus, the
observed electron probably has larger localization with an
extended lifetime as indicated by lifetime measurements
(Figure 1c). According to the electron distribution calculations
(Figure S3), ~60% of the electron wave function is spread into
the shell regime; hence, an interface localization potential acts
on the electron. This localization potential can be associated
with thickness fluctuations or a core/shell interface defect.
Previous ODMR investigations have shown typical core/shell
trapping sites such as cation or anion vacancies, created
because of strain, forming twin boundaries or edge
dislocations. The vacancies typically involve deficiency of
neutral atoms (e-g-, Veao, Vo), or ions (Veayror 140 Vsaor s1-)s
where charged defects accommodate spin(s) on their own.”® It
is worth noting a possible generation of a strain due to the
incorporation of Mn ions at the core/shell interface during
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Figure 4. Diagram of the exciton and exciton—dopant electronic states. The diagram includes the following progressive interactions (from left to
right): electron—hole exchange (e—h), shape or crystal distortion, Zeeman split and exciton—dopant spin exchange split. A few selective exciton—
Mn** combined states IS)IJ,)ISy,) are marked on the middle block. Coupling between a resident carrier and nuclear spins of Mn?* ions (ey,*—
ny,) occurs either by direct or indirect interaction (right block). The colored horizontal lines depict the exciton (blue), Mn-electron spins

(orange), and Mn-nuclear spins (red) states.

layer-by-layer deposition. As the experimental observations
revealed a flip of one carrier by absorption of one microwave
photon, the existence of a charged vacancy is excluded; hence,
the trapping site is assumed to be electrically neutral
Neutrality is preserved in thickness fluctuations, as well as in
twin boundaries accommodating both an electron and a hole in
close proximity.*”"'

Based on the assumption given above, the ODMR spectra of
both the undoped and doped NPLs were simulated using a
general spin Hamiltonian as given in eq 2:°%7%

H = upSgBo + #yJ, 8,Bo + Hy(Saim)8yy,Bo

+ ]S_dse<SMn> + ]P—d‘]h (SMn> + ]e—hSeJh + Hye (2)
The first three terms correspond to the linear Zeeman
interaction of electron (S,), hole (J,), and magnetic ion
(Summ) spins with g,, g, and gy, g-factors, respectively. The host
matrix, composed of II-VI semiconductors with a zinc-blende
structure, determines involvement of a heavy hole with total
angular momentum of J; = 3/2 and a band-edge electron with
S. = 1/2. The ODMR resonances seen in Figure 2a are related
to a flip of a resident electron spin when conserving spin
selection rule of AS= +1, whereas a direct flip of the hole is
quantum mechanically forbidden. The fourth, fifth, and sixth
terms in eq 2 correspond to the sp—d exchange interactions
and isotropic electron—hole interaction, respectively, where,
J-a Jp-a and J._, are the electron—Mn**, hole—Mn**, and
electron—hole exchange interactions, respectively. The elec-
tron—dopant (J,_4) and hole—dopant (]p_d) correspond to
spin exchange interactions, when J,_4 = xf.Noa and J,_4 =
—xf,Nof.

The last term in eq 2 describes the hyperfine interaction,
encompassing complex concerns: (1) Photogenerated carriers
in Cd-based semiconductor NPLs might experience coupling
to nuclear spins of rare abundance isotopes of the Cd atoms.
Carrier depolarization due to the Overhauser effect was
commonly discussed in the past in confined systems, such as
multiple quantum wells and self-assembled QDs.*~* Further,
the colloidal QDs enclosed with organic molecules, ie.
hydrogen-based compounds, have already demonstrated
control of spin relaxation by the hydrogen nuclei’® The
mentioned nuclei contributions cannot be excluded in the
current case; however, they are not considered explicitly and
instead are correlated with the overall broadening of the
ODMR resonance signals. (2) The ODMR of the doped NPLs
showed a pronounced sextet composition (Figure 2b)
resembling the ESR spectra (Figure 2d), which deviate only
by a small extent. The envelope of the resonance in Figure 2b
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was correlated with a spin flip of a localized photogenerated
electron by an interface potential, while the sextet details are
correlated with the interaction between the trapped carrier and
the Mn nuclear spins. Such an interaction would take place
across a volume with a radius equal to that of the exciton (~ 3
nm). A simple estimation discussed in the Supporting
Information approximated the existence of ~3 Mn atoms in
the frame of the exciton across the core/shell interface.
Likewise, previous observations on bulk semiconductors
showed persuasive evidence for the increase of carrier—nuclei
interactions upon localization of the photogenerated carrier.*”
Accordingly, the hyperfine interaction was estimated based on
an expression similar to that given in ref 86:
Hye = v X, Ally(R)PS (T},,), where R, is the position of a
nucleus i with spin I' and with a hyperfine interaction constant
A" S, and T' are the spin operators of the localized-electron and
surrounding nuclei, respectively. v, is the volume of a unitary
cell. Assuming a homogeneous electron wave function just
across the interface at a position R, w(R) was evaluated as

w(R) = /2/(v,Ny ), with N being the total number of nuclei
within the frame of the exciton. The effective hyperfine

constant defined as A4 = v, X, Ally(R,)Pand evaluated as

—0.5 peV. The estimated A.; deviates slightly from that
extracted from the ODMR and ESR spectra (0.75 and 0.80
ueV, respectively). An ESR measure monitors the coupling of a
Mn electron to its own atomic nuclei. In contrast, the ODMR
measures the interaction of a resident carrier with neighboring
nuclei; thus, a smaller hyperfine constant is expected. (3)
Alternatively, a resident carrier is coupled to the Mn electron
spin by the known sp—d exchange mechanism; however, each
Mn electron drags with it the hyperfine interaction with its
own nuclei. Consequently, a ground-state hyperfine manifold is
folded onto the excited-state event of a photogenerated
electron spin. In other words, a resident carrier is subjected
to an indirect interaction with the Mn nuclear spins, assisted by
the sp—d exchange interaction, and the given expression for
Hy¢ can be implemented also for the indirect coupling.

Based on the three arguments above, best fit curves to the
ODMR signals were carried out using a spin Hamiltonian as in
eq 2, which are presented by the dashed red lines in Figures
2a,b. The fitted curves show close agreement to the
experimental results. The best fit parameters are summarized
in Table 2. The electron g-factor has a value close to a free
carrier but differs from that of a conduction band edge.”
Moreover, the electron g-factor is anisotropic when g, # g, =
8y suggesting localization of the carrier at a distorted site, such
as the core/shell interface, as proposed above and in a few
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previous publications.”>”*”**" The proposed model agrees

with the existence of an emission tail in the PL spectra of both
the undoped and doped NPLs, as well as with the SD-ODMR
response as shown in Figure 2e,f. Another factor, such as the
electron—hole exchange interaction, exhibits values compatible
with a quasi type-II heterostructures’ due to a partial carrier
separation. For the magnetically doped NPLs, the values of the
electron—dopant and hole—dopant interaction constants were
adopted from the relations given in eq 1.

Figure 4 displays a diagram presenting the various
interactions under consideration that lead to the ODMR
spectra of doped and undoped NPLs. From left to right, X
represents an electron—hole pair consisting of a heavy hole
with J; = 3/2 and an electron with S, = 1/2. Intrinsic electron—
hole exchange interaction splits X into a doublet (J = 2, 1),
with a further split into a 5-fold set by a crystal field and/or a
shape anisotropy (left block). The presence of an external
magnetic field (B,) lifts the remnant degeneracy (middle
block). The radiative circularly polarized optical transitions are
shown by the wavy red arrows. The magnetic resonance event
flips an electron spin, inducing a population shift from a dark
to a bright state (+£2 — +1). This process is marked by the
bold yellow arrows in the diagram. The excess density
population (p) in the bright state I+1) is pronounced as an
enhancement of luminescence intensity. Plotting the change in
the luminescence intensity versus magnetic field B, comprised
the ODMR spectrum. Further, the bright state I+1) undergoes
an additional split by a high electron spin Mn>* ground state
with Sy, = 5/2, as marked by the orange horizontal lines.
Selective combined exciton—dopant electron spin wave
functions are noted next to the orange lines as IS )J)ISy,).
For example, the lowest-lying bright eigenstates are [+1/
2)|=3/2)145/2 )\ and [=1/2) J+3/2),1—5/2 )1y and the two
highest-energy states are |—1/2)+3/2),/+5/2)y, and 1+1/
2)1=3/2)41=5/2)p- The character of the electron—Mn**
exchange is ferromagnetic at the bottom of the manifold but
becomes antiferromagnetic at the top. It is important to note
that the dark exciton |+2) should experience similar interaction
through its coupling with Sy, (not shown in the figure).
However, the ODMR transitions obey the selection rules of
AS,. =1 and AS,, = 0. The experimental observations revealed
a fine structure split of the ODMR signal, 0.75 peV, a value
that falls between a theoretical prediction of 10.5] yeV and an
ESR value of 0.8 peV. This proximity unprecedentedly
indicates coupling to nuclear spins with neighboring Mn*"
ions. The hyperfine split is displayed on the right block by red
horizontal lines. The interaction to nuclear spins occurs either
by a direct or an indirect coupling process according to the
arguments above. Indirect coupling is mediated via the carrier-
to-Mn*" electron coupling (the sp—d exchange) and displayed
schematically by the black arrows in the diagram (right block).
Interestingly, a past report published research about an ODMR
Mn-doped CdTe quantum well, depicting an extreme similarity
of the resonance pattern to that of the present work, with a
close hyperfine constant,”” proposing an indirect coupling of
the resident carrier to the guest’s nuclear spins.

A carrier—nuclear spin coupling in colloidal DMS has not
been extensively discussed; however, such an interaction might
have a strong influence on the magnetization and spin
relaxation times. Figure 3 illustrates the dependence of the
ODMR spectra on the frequency of the microwave radiation
modulation. The dependence is contingent on the excess
carrier density (p) accumulated at the |+1) following a
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microwave pulse, as well as on the balance between the
radiative lifetime and the spin relaxation time (7). A steady-
state condition can be generated by a continuous optical
excitation and a radiative lifetime comparable to the microwave
“on” time. In such a case, the excess carrier density induced by
microwave absorption is given by the following kinetic
equation:

P _ 61 + cos(ar)) = 2
t T

()

The first term in eq 3 corresponds to the microwave excitation
rate; G is a prefactor related to the quantum efliciency of the
process, and @ is the chopping modulation frequency of the
applied microwave. The second term expresses the depletion of
the spin population by a spin—lattice relaxation process. Under
the assumption of steady-state conditions, the following
solution for the kinetic equation is proposed:

p(t) = Gr ) cos(wt) +

_
1+ (07)

wT .
msln(ﬂ)t) +1
(4)

The first term in eq 4 is in-phase, while the second term is out-
of-phase (quadrature) with respect to the microwave
modulation period. The third term designates a situation
when p(t) > 0. A singular case takes place when 7w = 1, where
the amplitude of the quadrature term gains a maximal value
(and also bisects the in-phase curve). Therefore, this singular
point enables the evaluation of the spin-relaxation time; thus,
w(quadrature) = @, = 1/7.”

Based on the kinetic model given here, analysis of the plots
depicted in Figure 3c,d revealed a carrier—dopant spin lifetime
of ~ 2.5 ms in undoped NPLs and 1.0 ms in doped NPLs of
the same size and architecture. The spin relaxation of the
doped NPLs was expected to be longer than that of the
undoped NPLs because of mutual alignment between resident
carrier and the dopant electronic spins. However, the
observations showed contradictory behavior, with shorter
spin relaxation in the doped NPLs. This should be related to
a surplus interaction with nuclear spins, leading to decoherence
and shortening of the “giant” spin lifetime. Spin decoherence
via interaction with nuclear spins was widely discussed in
semiconductors, governed by paramagnetic isotopes of the
materials’ constituents,*® and was also shown to take place in
colloidal %uantum dots via coupling to organic ligand
nuclei.”#*%7

In summary, the ODMR method in combination with
magneto-PL spectroscopy supplied a thorough information
about trapping a photogenerated electron at a core/shell
interface in undoped and doped CdSe/CdS platelets. In
particular, the experiment afforded the opportunity to monitor
individual carrier—dopant interactions, and the present study
followed the electron—dopant coupling. The ODMR observa-
tions provided persuasive evidence for a hyperfine interaction
between a localized electron at a trap interface site, with
nuclear spins of next neighbor Mn2* ions localized at the core/
shell interface. The interaction happens either directly or
mediated through the carrier-to-Mn-electron spin exchange
process. Coupling to nuclear spins is of paramount importance
for understanding the steady-state and spin-relaxation
processes in diluted magnetic nanoscale semiconductors,
especially when considering those materials for emerging
spin-based technologies.
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The variables used for the biexponential fit are summarized in
Table 1, and the variables used for a best fit of the doped NPLs
DCP curve and for the undoped and doped NPLs ODMR
spectra are summarized in Table 2.

Table 1. PL Time-Decay of Doped NPLs

temperature (K) A, t; (ns) A, t, (ns)
10 0.3 9.5 0.7 127.4
20 0.3 10.8 0.7 117.8
30 0.3 7.2 0.7 103.5
50 0.4 10.7 0.6 87.0
75 0.6 11.7 0.4 84.5
100 0.7 9.5 0.3 56.8
130 0.9 7.5 0.1 31.0
160 7.4
200 7.2
230 5.9
260 6.7
290 6.1

Table 2. Physical Parameters Related to Equations 1—3

related
parameter value equation comments
S 5/2 eqs 1 and 2
fn 200
x 1.1%
Nya* 022 eV ref 35
Nyf* —1.28 eV ref 35
fe 0.63
fa 0.08
T, 9K
8 = &y 1.90 eq2 fitted parameters for the ODMR
& 2.07 signal of undoped NPLs,
o ’ based on the spin Hamiltonian
=g,  -086
& -1.1
Jon 09 pev
8 = &y 1.9 eq2 fitted parameters for the ODMR
& 21 signal of doped NPLs, based
o ' on the spin Hamiltonian
=g, —048
& —0.67
o = 2,00
& =
gM"b
Jo—d 0.76 meV
Jo—a —0.54 meV
Ay —0.50 peV
Tdoped 1 ms eq3
Tundoped 2.5 ms
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