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Optically detected magnetic resonance in
CdSe/CdMnS nanoplatelets
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Core/shell CdSe/(Cd,Mn)S colloidal nanoplatelets containing magnetic Mn?* ions are investigated by the
optically detected magnetic resonance technique, combining 60 GHz microwave excitation and photo-
luminescence detection. Resonant heating of the Mn spin system is observed. We identify two mecha-
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nisms of optical detection, via variation of either the photoluminescence polarization or its intensity in an
external magnetic field. The spin-lattice relaxation dynamics of the Mn spin system is measured and used
for evaluation of the Mn concentration. In CdSe/(Cd,Zn,Mn)S nanoplatelets the addition of Zn in the shells

rsc.li/nanoscale significantly broadens the magnetic resonance, evidencing local strain.
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. Introduction

Colloidal semiconductor nanocrystals (NCs) form an emerging
class of nanostructures with a great variety of material compo-
sitions and shapes. Rather young members in the family of
colloidal NCs are quasi-two-dimensional nanoplatelets (NPLs)
with a thickness of a few monolayers only." The spin pro-
perties and magneto-optical effects in semiconductors can be
greatly modified by implementing magnetic impurities, pro-
viding materials known as diluted magnetic semiconductors
(DMSs).*” Among them the most popular are II-VI semi-
conductors, like (Cd,Mn)Te, (Cd,Mn)Se and (Zn,Mn)Se with
Mn** magnetic ions. Doping with magnetic ions has been suc-
cessfully realized for colloidal NCs, where the characteristic
DMS properties have been observed for spherical quantum
dots (QDs),* ** nanoribbons,""® and NPLs."” >

Optically detected magnetic resonance (ODMR) is a power-
ful technique for investigating the electronic and spin struc-
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ture of semiconductors and their nanostructures, for a review
see ref. 24-26. It has been successfully applied to nano-
structures, where it has an obvious advantage over the electron
paramagnetic resonance (EPR) technique, whose sensitivity is
typically insufficient. Optical detection is much more sensitive
and in combination with spectral selectivity is well suited for
state-selective nanostructure investigations,>”*® including col-
loidal nanocrystals.>* > Also for low-dimensional diluted mag-
netic semiconductor heterostructures, ODMR has proven its
power. We have shown, e.g., for (Zn,Mn)Se-based quantum
wells,*® that the microwave-induced heating of the Mn spin
system, both resonant and nonresonant, can be experimentally
detected through several signatures in the photoluminescence
(PL) spectra: (i) the shift of the energy of the emission line due to
reducing the exciton giant Zeeman splitting, (ii) the degree of cir-
cular PL polarization in external magnetic field, and (iii) the emis-
sion intensity. Also the spin-lattice relaxation (SLR) dynamics of
the Mn spin system can be measured via time-resolved PL detec-
tion after pulsed microwave excitation. Very recently, ODMR
studies of DMS CdSe/(Cd,Mn)S core/shell nanoplatelets**** and
nanorods* have been reported. The measured dynamics of the
ODMR signals has been related to the spin-lattice relaxation
dynamics of the Mn>" spin system and it has been suggested for
evaluation of the Mn concentration.>”

In this paper, we present optically detected magnetic reso-
nance studies of core/shell CdSe/(Cd,Mn)S and CdSe/(Cd,Zn,
Mn)S nanoplatelets. Resonant heating of the Mn spins by
microwave radiation is detected. We identify two mechanisms,
which provide the ODMR signals. The first one is measured by
the reduction of the circular polarization degree under micro-
wave radiation. It is provided by the decrease of the giant
Zeeman splitting of excitons, when the Mn spin polarization is

This journal is © The Royal Society of Chemistry 2020
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reduced. The second mechanism is measured by the decrease
of the integral PL intensity being controlled by competition of
radiative and  nonradiative  exciton  recombination.
Interestingly, the widths of the resonances are different for
these two methods of detection. The relative contributions of
these two mechanisms vary with Mn content. The polarization
response dominates in the sample with the lowest Mn concen-
tration, while the change in the PL intensity prevails in the
nanoplatelets with the highest Mn content. The spin-lattice
relaxation dynamics of the Mn spin system is measured, which
we use as an experimental approach for the evaluation of the
Mn concentration in the studied colloidal nanoplatelets.

Samples

Five samples of core-shell nanoplatelets were investigated.
Details of their synthesis are given in ref. 4, 17 and 37 and
section S3 in ESIL.{ All samples have a 2 monolayer thick CdSe
core and 4 monolayer thick shells cladding the core. The non-
magnetic reference sample #0 contains CdSe/CdS nanoplate-
lets. The diluted magnetic semiconductor samples #1, #2 and
#3 have Cd,_,Mn,S shells with Mn concentrations of x = 0.009,
0.010 and 0.029, respectively. Sample #4 has a
Cdy.9-xZno1Mn,S shell with x = 0.010. The sample parameters
are given in Table 1. Note that the Mn concentrations obtained
by inductively coupled plasma mass spectrometry (ICP-MS)
measurements differ from the values that we obtain from the
spin-lattice relaxation dynamics (details are given below). We
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are convinced that the latter values are more relevant and will
use them in the paper.

Previously, we examined the CdSe/(Cd,Mn)S NPLs con-
sidered here by means of several magneto-optical tech-
niques.*> We conclude that the photoluminescence is contrib-
uted by recombination of neutral (bright and dark) and
charged excitons. The exchange interaction of neutral and
charged excitons localized in the CdSe core with the magnetic
Mn”" ions in the shell was demonstrated. We showed that the
exchange interaction is dominated by the hole (p-d exchange),
whose wave function has about 30% penetration into the
shells. The electron wave function has about 60% penetration,
but the electron in conduction band has a considerably
smaller exchange interaction integral (s-d exchange), com-
pared to the hole in the valence band, which is typical for II-VI
DMSs.®” We showed by time-resolved photoluminescence that
the emission in the spectral range of 2.0-2.3 eV is due to
neutral and charged excitons and has no contribution of the
Mn emission.

Il Experimental results
A Photoluminescence in magnetic field

Low temperature photoluminescence (PL) spectra of the
studied DMS NPLs are shown in Fig. 1a. They are composed of

Table 1 Parameters of CdSe/Cd;_,Mn,S and CdSe/Cdg9_xZNo1Mn,S NPLs. Mn concentrations are measured by ICP-MS and evaluated from the
spin—lattice relaxation dynamics in ODMR experiments. FWHM is full width at half maximum of the ODMR line measured either via AP, or Al/l. gun
is g-factor of the Mn spins corresponding to given By at microwave frequency v = 59.6 GHz, its accuracy is +0.005

PL maximum PL FWHM Mn content 7L,k Mn content r FWHM AP. FWHM AI/l By
Sample energy (eV) (meV) from ICP-MS, x  (us) from ODMR,x (mT) (mT) (mT) (T) Svn
#0 CdSe/CdS 2.127 70 0 — 0 — — — — —
#1 CdSe/(Cd,Mn)S 2.133 65 0.012 405  0.009 21 39 42 2.130 1.999
#2 CdSe/(Cd,Mn)S 2.139 75 0.019 350 0.010 25 40 44 2.139 1.991
#3 CdSe/(Cd,Mn)S 2.150 95 0.050 20 0.029 39 46 58 2.133 1.996
#4 CdSe/(Cd,Zn,Mn)S  2.184 78 0.010 370 0.010 51 71 120 2.132  1.997
1.0 Q L 1.15
A b
(a) = 05| ® #1 x=0009 | £
O L P
L = /Mm
% Rl =110
g T T #4  0.010 =
205 - 203 s
= g | #3  0.029 S
T TRad® € 1.05
L = + =
201 #2 0.010 o
| | | o / | |
00 1 L1 L1y ) 00 1 100
205 210 215 220 225 0 1 2 3 0 1 2 3
Energy (eV) Magnetic field (T) Magnetic field (T)
Fig. 1 (a) Photoluminescence spectra of CdSe/(Cd,Mn)S and CdSe/(Cd,Zn,Mn)S nanoplatelets: sample #1 (blue), #2 (green), #3 (red), and #4

(black). Excitation density 4 W cm™2, B = 0 T, and T = 1.8 K. (b) Degree of circular polarization as a function of magnetic field for the same samples.
(c) Dependence of the integral PL intensity on magnetic field in CdSe/(Cd,Mn)S NPLs. Data are normalized to the PL intensity at zero magnetic

field, lo.
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a relatively broad emission band (full width at half maximum
(FWHM) of 65-95 meV) with a low-energy tail, which is typical
for ensembles of colloidal core/shell NPLs. The energies of the
emission maxima of the different CdSe/(Cd,Mn)S NPLs are
close to each other in the range of 2.127-2.150 eV, while the
maximum for the CdSe/(Cd,Zn,Mn)S NPLs is shifted to higher
energy (2.184 eV) due to the stronger quantum confinement
provided by the higher barriers containing Zn. The PL peak
positions and widths are listed in Table 1.

In external magnetic field applied in the Faraday geometry
(parallel to the wavevector of the measured emission) the PL is
circularly polarized. The degree of circular polarization (DCP)
is defined as P. = (I' — I)/(I" + I"), where I' and I" are the
intensities of the ¢ and o~ circularly polarized PL com-
ponents, respectively. P.(B) increases linearly in weak fields up
to 0.5 T, before it reaches saturation in high magnetic fields at
the level P2 (Fig. 1b). The polarization originates from the
Zeeman splitting of the exciton states and reflects their
different thermal populations.*®

The DCP for neutral and charged excitons (trions) can be
written as®>3%*°

Here AEy(B) is the Zeeman splitting, kg is the Boltzmann
constant, 7 is the exciton lifetime and 7, is the spin relaxation
time. The saturation degree of polarization P$** depends on the
specifics of the spin level structure and the NPL orientation in
the ensemble. In DMS structures, fast spin relaxation is pro-
vided by interaction with the magnetic ions, so that z > r5 and
the dynamical factor 7(zr + 75) ~ 1. In DMS NPLs the Zeeman
splitting is contributed by the intrinsic one, which is con-
trolled by the exciton (trion) g-factor, and the additional term,
Eexen(B), describing the exciton (trion) exchange interaction
with the Mn>" spins:

AEz(B) = gupB + Eexch(B)~ (2)

Typically in DMSs the second term provides the giant
Zeeman splitting, as at low temperatures Eexn(B) significantly
exceeds the intrinsic splitting.®”

The g-factor of the neutral dark exciton with angular
momentum +2 (which is the ground exciton state) is gxr = ge —
3gn = +3.8.%% Here g. = +1.70 >>*"*> is the electron g-factor in
CdSe/CdS NPLs and g, = —0.7 is the hole g-factor, measured in
high magnetic fields.>® The exchange term is determined by
the exchange interaction of the electron and the hole in the
exciton with the Mn>" ions, which are polarized by the external
magnetic field. Therefore, it depends on the overlap of the
electron and hole wave functions with the (Cd,Mn)S shells.

The negatively charged exciton (negative trion) is composed
of two electrons in the singlet state and one hole. Its intrinsic
Zeeman splitting is given by the hole g-factor and the exchange
splitting by the hole penetration into the DMS shells. As we
showed in ref. 22 and section S4 in ESI,{ the DCP is negative
in nonmagnetic CdSe/CdS NPLs, but positive in DMS NPLs

21934 | Nanoscale, 2020, 12, 21932-21939
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due to the dominating contribution of the hole exchange inter-
action with the Mn*" ions.

The integral PL intensity in CdSe/(Cd,Mn)S NPLs increases
with magnetic field (Fig. 1c), and the increase is stronger for
NPLs with higher Mn concentration reaching +12% at B=3 T
for sample #3. The intensity increase is also present in CdSe/
(Cd,Zn,Mn)S NPLs, but absent in the nonmagnetic reference
sample #0 (section S4 in ESIt). This increase is typical for bulk
DMSs*® and was reported also for DMS quantum wells and
quantum dots.***> It is explained by the magnetic-field-
induced suppression of the spin-dependent Auger process, in
which an exciton transfers its energy to a Mn>" ion. The Auger
suppression is related to the polarization of both the Mn**
spins and the exciton spin by the magnetic field, resulting in
relative spin configurations that are unfavorable for this
process.

From the results presented in Fig. 1b and ¢ one can see that
the experimental information on the Mn spin polarization
(and correspondingly the Mn spin temperature) can be
received from the DCP and the integral PL intensity. Therefore,
these characteristics can be used for ODMR detection, when
the Mn spin system is resonantly heated by microwaves.

B ODMR signals

The ODMR study of the NPLs was performed using the tech-
nique described in ref. 36, where the microwave-induced vari-
ations of the PL spectra (for both circularly polarized com-
ponents) are recorded as functions of magnetic field
(Methods). The ODMR spectra are presented as changes of
normalized PL intensity

I (E) — I*(E)
I*(E)

_ ATE(E)
O IE(E)

Here I(E) is the intensity of the unperturbed PL spectrum
and I (E) is the PL intensity under microwave excitation (for
the ¢" and ¢~ circular polarized components), E is PL photon
energy.

Fig. 2 shows detailed ODMR studies performed with the
microwave at frequency of 59.6 GHz on sample #1. For the
other samples, see ESI{ (Fig. S1-S37). The microwave-induced
changes of the ¢" and ¢~ PL components are shown in Fig. 2a
and b, respectively. Here, the vertical axis denotes the photon
energy and the horizontal axis gives the magnetic field. The
data shown by the color scale are the differences between the
PL intensities without and with microwave irradiation AI* =
I — I, normalized on the PL intensity I*. In both panels a
colored signal appears in around By ~ 2.130 T, corresponding
to the magnetic resonance of the Mn>" ions. The blue color for
the ¢ polarized component means that the PL signal
decreases under microwave radiation. Vice versa, the red color
for the ¢~ polarized component indicates the PL increase. This
is the effect expected for the DCP, as the polarization degree is
positive (I' > I") without microwaves, and the microwave
heating results in a decrease on the Mn spin polarization and,
thus, of the DCP. This is additionally illustrated in Fig. 2c,

This journal is © The Royal Society of Chemistry 2020
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(a) and (b) Microwave induced variation of 6~ and ¢* components of the PL intensity in sample #1 as a function of magnetic field. T = 1.8 K,

microwave frequency v = 59.6 GHz. Arrows show position of the PL maximum. (c) Microwave-induced change of degree of circular polarization
(AP,). (d) Microwave-induced change of total PL intensity. (e) AP, as a function of magnetic field at the PL maximum of 2.133 eV. (f) ODMR detected
through the total PL intensity at 2.133 eV. Spectral dependence of ODMR signals detected via degree of circular polarization (g) and total PL intensity

(h) at the resonance field of Bg = 2.130 T. Blue line shows PL spectrum.

where

_I;;W—Ihjlwiﬁ —I

B It +1-

APe(B,E) L + Iuw

is presented. Here Iiy (B, E) and I(B, E) are functions of the
magnetic field and photon energy.

We showed earlier that in (Zn,Mn)Se-based quantum wells
the ODMR can be detected not only via the DCP, but also via
the total PL intensity,’® which is the sum of both circularly
polarized PL components I = I' + I". We find that this is also
possible for DMS NPLs. In order to highlight this and present
it separately from the DCP changes, we plot in Fig. 2d the nor-
malized total PL intensity variation:

Al AI* + AI”
I I+

The blue color indicates a signal decrease. It is expected as
the Mn heating corresponds to an effective decrease of the
external magnetic field in the I(B) dependence, compare with
Fig. 1c.

Resonance profiles of the DCP and PL intensity variations
for fulfilling the ODMR conditions at energy of the PL
maximum are plotted in Fig. 2e and f, respectively. Their para-
meters will be discussed below. In Fig. 2g and h we show the
spectral dependences of the two effects detected at the reso-
nance field of Bg = 2.130 T. The maximal changes occur at the
PL maximum and they are decreasing smoothly towards the
low energy tail. At the high energy side the variation of the PL
intensity drops abruptly. We checked that it cannot be related
to the giant Zeeman splitting, as for that signal already very
small shifts of <0.1 meV are sufficient. It seems that the
observed change is due to some redistribution of intensity
within the PL band, ie. within the NPL ensemble. Among
possible mechanisms one may suggest the redistribution

This journal is © The Royal Society of Chemistry 2020

among trion and exciton emission and modification of energy
transfer (Forster energy transfer) within the NPL ensemble.

In general, all four studied DMS NPL samples demonstrate
the similar behavior (compare Fig. 2 and Fig. S1-S37). The
ODMR resonances appear both in the polarization and PL
intensity responses, but their relative amplitudes vary from
sample to sample. This is illustrated in Fig. 3a, where the
microwave induced variations of the ¢ polarized PL com-
ponent are compared for samples #1 (x = 0.009) and #3 (x =
0.029). The two signals have opposite signs: AI'/I" is positive
for sample #1, which is due to the dominating polarization
response, while it is negative for sample #3 due to the prevail-
ing response in the PL intensity.

Fig. 3b and c show the ODMR resonances for all studied
samples, monitored via the variations of DCP and total PL
intensity, respectively. The hyperfine level structure of the
Mn>" spin resonance is not resolved, as expected considering
the relatively high Mn concentrations of the studied samples,
see for example ref. 46, where only the envelope of the Mn fine
and hyperfine structure could be observed. The ODMR reso-
nance may be broadened due to NPL size fluctuations or
dipole-dipole interaction between the Mn spins. Also vari-
ations of local strain in the thin DMS shells may provide
broadening.

The localized spins of Mn>" ions in magnetic field can be
described by the spin Hamiltonian

Hy = gunpsBS + SDS + ASI

where S = 5/2 is the electron spin of Mn®", I = 5/2 is the spin of
the Mn nucleus, D is tensor of the zero field splitting, A is the
hyperfine constant. Literature values of A are in the range from
6.65 to 7.17 mT.2**"™*° We choose A = 6.9 mT and D = 0, fit
ODMR resonances in polarization from Fig. 3b and evaluate
the width of individual spin levels, I". In the CdSe/(Cd,Mn)S

Nanoscale, 2020, 12, 21932-21939 | 21935
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bottom axis corresponds to the resonance field Bg. (d) Comparison of individual linewidths I" of ODMR resonances for U+000A CdSe/(Cd,Mn)S NPLs
(closed circles, color code is the same as in other panels) and for CdSe/(Cd,Zn,Mn)S NPLs (open circle) with Zn;_,Mn,Se/(Zn,Be)Se quantum wells (open

squares), see section S2 in ESL{

NPLs they are 21, 25 and 39 mT in samples #1, #2 and #3,
respectively. One can see in Fig. 3d, that they are very close to
the I' values measured in Zn;_,Mn,Se/(Zn,Be)Se quantum
wells (open squares), see section S2 in ESL}

In the CdSe/(Cd,Mn)S NPLs the linewidth increases with
increasing Mn concentration. Interestingly, the resonance
widths differ for the DCP and PL intensity resonances, while
they are expected to be the same being controlled by the pro-
perties of the Mn spin system only. The difference is about
10-20% for the CdSe/(Cd,Mn)S NPLs, but reaches about a
factor of two in the CdSe/(Cd,Zn,Mn)S NPLs (see Table 1 and
Fig. S3e, ff). We checked that this is not due to the spectral
dependence of the resonance shape, as the ODMR signals
have a smooth spectral dependence in the energy range below
the PL maximum. We suggest that an additional nonlinear
effect, whose origin needs to be identified, is responsible for
that.

Sample #4 with (Cd,Zn,Mn)S shells exhibits the broadest
ODMR contour with the FWHM of 71 mT and I" = 51 mT
(shown in Fig. 3d with an open circle), although its Mn
content is x = 0.01, ie. a I' value comparable to those for
samples #1 and #2 is expected. This finding can be explained

21936 | Nanoscale, 2020, 12, 21932-21939

by the presence of axial strain in the (Cd,Zn,Mn)S shells,
which results in a finite zero-field splitting value D, different
from the one in (Cd,Mn)S. Note that for the ensemble of ran-
domly oriented nanoplateletes it is difficult to provide an esti-
mate of the D constant from the resonance width.
Interestingly, sample #4 with Zn in the shell demonstrates
about an order of magnitude larger ODMR signals compared
to the CdSe/(Cd,Mn)S NPLs (Fig. S37).

Table 1 contains also information on the resonance fields
By and the evaluated g-factors gy, for the applied microwave
frequency of v = 59.6 GHz. The gy, values are close to 2.01 as
established for the Mn>" ions in II-VI DMSs.*’

C Spin-lattice relaxation dynamics of the Mn spin system

One can implement in the ODMR technique time-resolved
detection of the microwave-induced changes.’****%*° For
that, the dynamics of the changes in either DCP or PL intensity
can be measured. We performed corresponding experiments
for all studied samples and show in Fig. 4a the time evolution
of the relative changes of PL intensity after a microwave pulse.
The relaxation dynamics is determined by cooling of the Mn
spin system via spin-lattice relaxation (SLR). The SLR time,

This journal is © The Royal Society of Chemistry 2020
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are placed on the line according to the measured 75 r (Table 1).

Tsir, 1S in the range between 350 and 405 ps in samples #1, #2
and #4, but is much shorter, only 20 ps, in sample #3
(Table 1).

It is known that the zgx of Mn?' ions in II-VI semi-
conductors follows a very strong dependence on the Mn con-
centration x, which covers about five orders of magnitude
from 1 ms down to 10 ns with increasing x from 0.004 up to
0.11, see Fig. 8.10 in ref. 50. In Fig. 4b we show by the black
line an interpolated dependence based on the experimental
data at 7 = 1.6 K, collected in ref. 50. This strong dependence
arises from the fact that an isolated Mn>" ion does not couple
to the phonon system and the SLR dynamics is controlled by
the Mn-Mn interactions. The strong dependence zgr(x) can
serve as a precise benchmark for the evaluation of the Mn con-
centration. It is especially interesting for our structures, where
direct measurement of the giant Zeeman splitting is not poss-
ible. In Fig. 4b we place the experimental data points on the
black line, according to the zg r values, and evaluate the Mn
content. As one can see from Table 1, the nominal Mn concen-
trations measured by the ICP-MS method are in good agree-
ment with our data for samples #1 and #4, but differ clearly
for samples #2 and #3.

1l Conclusion

In summary, we have performed detailed ODMR studies of
CdSe/(Cd,Mn)S and CdSe/(Cd,Zn,Mn)S nanoplatelets contain-

This journal is © The Royal Society of Chemistry 2020
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ing magnetic Mn>* ions. Two signatures of ODMR detection
known from diluted magnetic semiconductor quantum wells
are approved also for the nanoplatelets. They are related to the
resonant microwave heating of the Mn>" spins detected via
changes of the PL polarization or PL intensity. The spin-lattice
relaxation dynamics measured in time-resolved ODMR allows
us to evaluate the Mn concentration by the approach not invol-
ving the giant Zeeman splitting of excitons. Being combined
with the direct measurements of the exciton giant Zeeman
splitting, e.g., via magneto-absorption or magnetic circular
dichroism, it would allow one to measure the modification of
the carrier-Mn exchange integrals in the strongly confinement
regimes. The ODMR technique can be readily used for the
samples with different Mn distribution, e.g., in core only or
with various Mn concentrations in core and shell.

IV Methods

The ODMR spectrometer used for the current study is based
on an all solid-state microwave oscillator/scalar analyzer (G4-
602E module produced by the ELMIKA Company) with a
tuning range of 59.05-60.55 GHz (0.248 meV photon energy)
and a maximal output power of 140 mW. The oscillator can
operate in cw mode or in periodically pulsed mode with a
maximum frequency of 30 MHz, a transition time of the micro-
wave pulse of less than 4 ns, and 60 dB damping level during
blanking. The sample is placed in a cylindrical TE; type
tunable microwave cavity with a Q-factor varied in the
600-2500 range. The typical effective induction of the mag-
netic component of the microwave field is B, = 0.13 mT. The
microwave transmission system is based on a rectangle wave-
guide equipped with a variable attenuator with a maximum
attenuation level of 40 dB. The microwave cavity has two pairs
of orthogonal apertures with conic cross sections for optical
access with a numerical aperture of NA = 0.2. The cavity with
the sample was mounted in the variable temperature insert of
an Oxford Instruments magnetic cryostat, type SM-4000. The
ODMR measurements were performed at a temperature of T =
1.8 K with the sample immersed in superfluid helium.
Magnetic fields up to 3 T were applied in the Faraday
geometry.

The sample in the cavity was excited by a 405 nm semi-
conductor laser (photon energy 3.06 eV) with 0.5 mW power,
focused into a spot with a diameter of 400 pm. In the continu-
ous wave regime the density of photoexcitation is kept at a low
level of 4 mW cm ™2, in order to minimize additional heating
of the Mn spin system. The PL emission was collected in back
scattering geometry and dispersed by a 0.5 m Cherny-Turner
grating spectrometer, equipped for detection with a
Hamamatsu charge-coupled-device (CCD) camera operating in
the fast frame transfer (FFT) mode and synchronized with the
microwave excitation pulse train switching (typical microwave
switching period of 100 ms). The magnetic-field dependences
for ODMR are obtained by scanning the field with a small step
of 1 mT and recording full spectra of photoluminescence and
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microwave induced changes of the photoluminescence at each
magnetic field value.

The time-resolved ODMR measurements were provided
using a time-correlated single-photon counting technique
(TCSPC). A low-noise avalanche photodiode module, type PDM
from Micro Photon Device Company, was used in combination
with a MSA-6A (FAST Comtech) TCSPC multichannel analyzer.
The temporal resolution of this combination was about 30 ns.
During the time-resolved ODMR measurements the photo-
luminescence was excited with a continuous wave laser, while
the microwave power was modulated with 100-1000 Hz
frequency.

The studied NPLs were synthesized by colloidal chemistry,
the details are given in section S3 in ESL} For the ODMR
experiments they were drop-casted on substrates. For better
adhesion, the NPLs were deposited on the (001) surface of Si
plates with 4 x 1 x 0.3 mm® dimension, decorated by ZnO
nanorods.
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