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ABSTRACT: Diluted magnetic semiconductor (DMS) colloidal

nanocrystals demonstrate remarkable magneto-optical properties.

The ability to control their magnetization and, consequently, the

circula'lr pola_rizatio? of exciton emission hf)lds significant poter_ltial CdSe/CdMnS
for spintronic applications. However, the interplay between bright

and dark exciton recombination and its impact on the polarization f

of emission are not yet fully understood. We measure the magneto- —

optical properties of colloidal CdSe/CdMnS nanoplatelets at T -
cryogenic temperatures in high magnetic fields up to 30 T. The
degree of circular polarization of photoluminescence demonstrates Mn?*
nonmonotonous behavior in a magnetic field. In low magnetic

fields, the polarization degree is positive due to an exchange
interaction of excitons with localized spins of magnetic Mn®* ions.

After reaching a maximum, the polarization degree starts to decrease and reverses the sign to negative in high magnetic fields, which
is unusual in DMSs. The critical magnetic field, in which the sign is reversed, increases when the temperature is elevated. We develop
a model that explains this behavior by an interplay of bright and dark exciton recombination. In high magnetic fields, the dark
exciton radiative recombination rate accelerates due to mixing with the bright state, and the intrinsic Zeeman splitting of dark exciton
overcomes the exchange with Mn?' ions. As a result, the lowest |-2) exciton energy level dominates in emission, providing
negatively polarized photoluminescence.
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1. INTRODUCTION The synthesis and understanding of optical properties of
colloidal DMS NCs are still at an early stage, while several
important results have already been established. Giant Zeeman
splitting has been demonstrated in various experiments.”>~>°
In contrast to intrinsic Zeeman splitting, which is observed in
nonmagnetic NCs, the exchange interaction with magnetic
impurities provides an additional spin splitting, which can be
several orders of magnitude larger than the intrinsic splitting.
The exchange interaction of excitons with Mn>" ions has been

Diluted magnetic semiconductor (DMS) colloidal nanocrystals
(NCs) are formed by doping colloidal NCs with transition-
metal ions; commonly Mn®" ions are used for II-VI
semiconductors.' > The strong exchange interaction between
the host semiconductor sp—electrons and holes, and the
localized transition-metal d—electrons, leads to bright spin-
dependent and magneto-optical phenomena, such as giant

Zeeman splitting,* giant Faraday and Kerr rotation,” and

magnetic polaron formation.””" These phenomena were first proven Ezf_%?ptically detected magnetic resonance
investigated in bulk DMS materials based on II-VI semi- (ODMR),” ™" as well as high-frequency electron para-
conductors like (Cd,Mn)Te, (Zn,Mn)Se, and so forth, and magnetic resonance (312PR) and electron nuclear double
later in DMS quantum wells and quantum dots grown by resonance (ENDOR).™ Magnetic polaron formation has

molecular-beam epitaxy.”~"?
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magnetism with optical properties makes them versatile
components for future technological innovations.
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been published,”>*® and giant internal magnetic fields due to

Mn spin fluctuations have been reported.*’

In particular, DMS two-dimensional colloidal nanoplatelets
(NPLs) are interesting because NPLs have extraordinary
optical properties compared to spherical NCs and nanorods.*
They inherit from nonmagnetic NPLs high quantum yields,
narrow emission spectra, fast radiative recombination times,
and possibility to control their structure on a monolayer
scale.””™** The most studied DMS NPLs have CdSe cores and
doped CdMnS shells.””**** In these structures, the electrons
and holes are confined in the nonmagnetic CdSe core, and the
penetration of their wave functions into the CdMnS shells
provides the sp—d exchange interactions. CdMnS NPLs with
strong overlap of the carrier wave function with Mn®* ions have
also been synthesized,”" and silver-doped CdSe NPLs have
demonstrated magnetic behavior.”

Photoluminescence (PL) of excitons in DMS CdSe-based
quantum dots is found only if the exciton energy is below the
Mn emission at 2.1 eV, which is valid only for large-size
NCs.””** CdSe/CdMnS NPLs do not demonstrate Mn
emission,””** probably due to limited penetration of electron
and hole wave functions into the shells,*”***° which is strong
enough for sp—d exchange but not sufficient for effective
energy transfer from excitons to Mn. Also, double, exciton and
Mn, emission has been reported in ZnSe:Mn-based NCs with a
large separation between exciton and Mn emission ener-
gies. 43

There is a very limited number of studies on the polarized
emission of excitons in high ma§netic fields in DMS colloidal
NCs. CdSe-based quantum dots”*” and NPLs">** have been
studied in magnetic fields up to S T, demonstrating a rapid
increase and saturation of the degree of circular polarization
(DCP). Among other materials, Mn-doped PbS colloidal
quantum dots have been measured up to 30 T.”® We have
previously reported on magneto-optical studies of DMS NPLs
in magnetic fields up to 15 T.”” A rapid increase in DCP,
followed by a slow decrease, was observed.

In this article, we study the magneto-optical properties of
core/shell CdSe/CdMnS NPLs, which arise from excitons
interacting with magnetic Mn?* ions. Experiments are
performed in high magnetic fields up to 30 T and at cryogenic
temperatures down to 4 K. A nonmonotonous dependence of
the DCP of PL on the magnetic field is found. We demonstrate
that the interplay between dark and bright exciton states is
responsible for this behavior and develop a model that
qualitatively describes the experimental results.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. 2.1.1. Chemicals. Cadmium acetate
dihydrate (Cd(OAc),2H,0), trioctylamine (TOA), oleylamine
(OLA), N-methylformamide (NMF), ammonium sulfide solution
(40—48 wt % in water), trioctylphosphine (TOP), oleic acid (OA),
hexane, acetonitrile, toluene, and manganese(II) acetate from Sigma-
aldrich.

2.1.2. Synthesis of 2 ML CdSe Nanoplatelets. The synthesis of the
NPLs was performed according to a previously reported method.>® A
mixture of 860 mg of Cd(OAc),2H,0, 1 mL of OA, and 60 mL of
TOA was degassed for 1 h at room temperature. Then, it was heated
to 115 °C under an argon flow. When the temperature reached 115
°C, 1 mL of 1 M TOP-Se was swiftly injected, and the mixture was
kept at 115 °C for 2 h. After that, the solution was cooled down to
room temperature and centrifuged after the addition of ethanol and
hexane. The precipitated NPLs were dispersed in hexane.
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2.1.3. Synthesis of CdSe/CdMnS and CdSe/CdZnMnS Core/Shell
NPLs. Here, we used a modified procedure of the c-ALD recipe
reported previously.”” The 2 ML CdSe NPLs were dispersed in 1 mL
of hexane, and S mL of NMF with 40 uL of a 40—48% aqueous
solution of ammonium sulfide—as the sulfur shell growth precursor—
was added on top of the NPL dispersion and stirred for 2 min. Then,
the reaction was stopped by the addition of acetonitrile and excess
toluene, and the mixture was precipitated via centrifugation. The
precipitate was redispersed in NMF and precipitated again after the
addition of acetonitrile and toluene to remove unreacted precursors.
Finally, the NPLs were dispersed in 4 mL of NMF. The cation
precursor solution consisted of Mn(OAc), and Cd(OAc),2H,0 in
NME for the deposition of the CdMnS shell to obtain CdSe/CdMnS
core/shell NPLs, and Mn(OAc),, Cd(OAc),2H,0, and Zn(OAc),
2H,0 in NMF for the deposition of the CdZnMnS shell to obtain
CdSe/CdZnMnS core/shell NPLs. For the cation deposition step, 1
mL of the cation precursor mixture was added to the NPL dispersion,
and it was stirred for 45 min in a nitrogen-filled glovebox. Then, the
reaction was stopped by the addition of excess toluene, and the
mixture was precipitated via centrifugation and dispersed in NMF.
The same cleaning step was repeated twice more to remove excess
precursors. To increase the number of shells, the steps explained
above were repeated until the desired shell thickness was achieved.
Lastly, S mL of hexane and 100 uL of OLA were added on top of the
precipitated NPLs after achievement of the desired shell thickness,
and the mixture was stirred overnight. To remove excess ligands, the
dispersion of NPLs was precipitated by addition of ethanol,
redispersed, and kept in hexane for further usage.

Samples #1—#3 had cores synthesized in the same batch. Samples
#2 and #3 were synthesized in the same c-ALD synthesis. This means
that, after growing 2 ML shells on each side of the cores, a portion of
the solution was taken to finish the synthesis and produce sample #2,
while the rest was used to grow 4 ML thicker shells and produce
sample #3.

Similarly, samples #4—#6 had the same cores and were synthesized
together. After growing a 1 ML shell on each side of the CdSe cores, a
portion of the NPLs was taken to produce sample #4. The rest was
used to grow an additional shell of 1 ML, and after this procedure, a
portion of the NPLs was taken to produce sample #S. The rest was
taken to repeat growth of the 1 ML shell and used to produce sample
#6.

2.2. Experiments in Magnetic Fields up to 30 T. The
measurements were performed in the High Field Magnet Laboratory
(HFML), Nijmegen. Samples were mounted on a titanium sample
holder on top of a three-axis piezo-positioner. The sample stage was
placed in an optical probe made of carbon and titanium to minimize
possible displacements at high magnetic fields. Laser light was focused
on the sample by a singlet objective (2 mm working distance). The
same lens was used to collect the PL emission and direct it to the
detection setup (backscattering geometry). The optical probe was
mounted inside a liquid helium bath cryostat (4.2 K) inserted in a SO
mm bore Florida-Bitter electromagnet with a maximum dc magnetic
field strength of 31 T. Experiments were performed in Faraday
geometry (excitation and detection beams were parallel to the
magnetic field direction).

The PL was excited by a diode laser operating at 405 nm (photon
energy of 3.06 eV) in a continuous wave (cw) or pulsed mode (pulse
duration of 40 ps). The PL was dispersed with a 0.3 m spectrometer
and detected either by a liquid-nitrogen-cooled charge-coupled device
(CCD) camera or a Si avalanche photodiode (APD) connected to a
conventional time-correlated single-photon counting system. The
instrumental response time was about 200 ps. The PL circular
polarization degree was analyzed by a combination of a quarter-wave
plate and a linear polarizer. The duration of the time-resolved
measurements was limited to 1 min, which was the amount of time
the magnet could stay in high magnetic fields. For this reason, the
measured decay rates have a low accuracy, with an error of +$ ns.

2.3. Lifetime Measurements. Recombination dynamics at
temperatures down to 2 K were measured at TU Dortmund. The
PL was excited by a diode laser operating at 405 nm (photon energy
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Table 1. Parameters of the Studied CdSe/CdS and CdSe/CdMnS NPLs

sample  core thickness  shell thickness total thickness f, (AE. = 0.3 eV) f; (AE, = 045 eV) Mn concentration emission energy (T = 4 K), eV

#1 2 ML 2 ML 6 ML 0.37 0.22 0 222
#2 2 ML 2 ML 6 ML 0.37 0.22 0.4% 221
#3 2 ML 6 ML 14 ML 0.58 0.26 0.4% 2.12
#4 4 ML 1 ML 6 ML 0.08 0.03 0.4% 2.13
#5 4 ML 2 ML 8 ML 0.18 0.06 0.4% 2.07
#6 4 ML 3 ML 10 ML 0.24 0.07 0.4% 2.01
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Figure 1. (a) Cartoons representing the studied NPL samples. Yellow layers: CdSe cores; green layers: CdS shells; red balls: Mn?* ions. (b)
Photoluminescence spectra of the samples at T = 4 K. (c) Recombination dynamics measured at the emission maxima. Color codes are the same as
in panel (b). Inset presents the three-level model: IA) and IF) are the bright and dark exciton states, IG) is the unexcited crystal state, AE,p is the
bright-dark exciton splitting, I'y and I'; are the radiative recombination rates of bright and dark excitons, respectively. (d) Recombination dynamics
in sample #6 measured at emission maximum in magnetic fields of 0, 15, and 30 T at T = 4 K.

of 3.06 eV) in pulsed mode (pulse duration of 40 ps). The PL was Figure 1b shows PL spectra of all samples measured at T = 4
dispersed with a 0.5 m spectrometer and detected by a Si APD K. Samples #1 and #2 have similar core and shell thicknesses,
connected to a conventional time-correlated single-photon counting but sample #2 has Mn in the shell. These two samples have

system. The instrumental response time was about 200 ps. very similar PL spectra with emission maxima at the energies of

2.22 and 2.21 eV, respectively. This shows that the
implementation of a small Mn concentration does not change

3. RESULTS AND DISCUSSION

Six CdSe/CdMnS and CdSe/CdS NPL samples were grown in the exciton emission. Emission of sample #3 with the same
this study. The synthesis was performed according to our core and a thicker shell is red-shifted to 2.12 eV due to the
previously published procedures (see refs 42,58,59 and the penetration of electron and hole wavefuctions into the shell,
Section 2 for details). Samples #1—#3 have 2 ML (monolayer) which reduces the quantization energies of the electrons and

thick CdSe cores and shells consisting of 2 ML of CdS (#1), 2 holes. Samples #4—#6 have similar cores with 4 ML thickness
ML of CdMnS (#2), and 6 ML of CdMnS (#3) cladding the and shells increasing from 1 to 3 ML, and their emission
core. Samples #4—#6 have 4 ML thick CdSe cores and CdMn$ maxima are at 2.13, 2.07, and 2.01 eV, with smaller energies

shells with 1 ML (#4), 2 ML (#5), and 3 ML (#6) thicknesses. corresponding to thicker shells. All six samples have fwhm (full

Several studies, which we have performed before on similar width at half-maximum) of about 100 meV, which is typical for
samples, have confirmed the successful doping of Mn into the core/shell NPLs and is explained by the inhomogeneous
shells of the NPLs. First, as also observed in the present study, broadening of the NPL ensembles and multiple emission lines
the circular polarization of emission in an external magnetic from individual NPLs.>""
field reverses its sign, changing from negative in undoped Figure lc shows recombination dynamics measured at
NPLs to positive in Mn-doped NPLs. This behavior is emission maxima with a time resolution of 200 ps. All
attributed to the exchange interaction between charge carriers dynamics are quite similar; they are multiexponential with an
and magnetic Mn?* ions.””** Second, ODMR reveals a initial fast decay on a time scale of about 3 ns followed by a
resonance, responsible for the interaction of excitons, localized slower decay. The average lifetimes estimated from three-
in CdSe cores, with Mn?" ions in CdMnS shells.”*** Third, exponential decays are from 15 to 40 ns with an error of &5 ns
successful Mn doping inside the lattice of CdS shells is (see the Section 2).
confirmed by high-frequency EPR.** Figure 1d shows recombination dynamics measured at the

Samples #2—#6 have similar Mn concentrations of about x = emission maximum in sample #6 at various magnetic fields up
0.004 (0.4%) according to our previous studies using ODMR to 30 T. The PL decays remain unchanged under an applied
on similar NPLs.””** The sample parameters are given in magnetic field. Additional data on emission decays in samples
Table 1, and cartoons representing the NPL structures are #1—#6 measured at various temperatures and magnetic fields
shown in Figure la. are presented in Supporting Information SI.
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Figure 2. (a, b) Spectra of the 6* (red)- and 6~ (blue)-polarized PL in samples #1 and #2 measured at T = 4 K and B = S T. Right scale: spectrally
resolved degree of circular polarization (DCP, green). (c—e) DCP measured at PL maximum as a function of the magnetic field at various
temperatures: (c) sample #1, (d) sample #2, and (e) sample #3. Cartoons schematically show the band structures and electron and hole wave

functions (blue and green contours, respectively).
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Figure 3. (a, b) Spectra of the 6" (red)- and 6~ (blue)-polarized PL in samples #4 and #6 measured at T = 4 K and B = § T. Right scale: spectrally
resolved degree of circular polarization (DCP, green). (c—e) DCP measured at the PL maximum as a function of the magnetic field at various
temperatures: (c) sample #4, (d) sample #5, and (e) sample #6. Cartoons schematically show the band structures and electron and hole wave

functions (blue and green contours, respectively).

The exciton recombination dynamics in our samples are
weakly affected by the temperature or magnetic field. We
discussed this issue in similar samples in ref 29. In short, in
CdSe-based core/shell NPLs, the exciton fine structure has five
states, with the two lowest exciton states being the dark exciton
IF) with the angular momentum projections |+2) and the
bright exciton |A) with the angular momentum projections
|+1)*49%% (see inset in Figure 1c). The other three states,
with angular momentum projections 0%}, I£1Y), and 10Y), are
separated by more than 100 meV from the |A) and IF) states
and do not participate in emission. The splitting between the
|A) and IF) states, AE,y, is typically about 1 meV in similar
NPLs,””** which is comparable to kT even at cryogenic
temperatures. Here, k is the Boltzmann constant. Excitons
populate both the dark and bright exciton states. The dark
state has a higher occupation than the bright state, but its
radiative recombination rate is slower: I'z < I',, and the
emission is contributed by the dark and bright excitons. Here,
'y and I are the radiative recombination rates of the dark and
bright excitons, respectively. As a result, the PL dynamics are
not sensitive to changes of the magnetic field and temperature,
as is the case in colloidal bare CdSe NPLs and NCs with large
bright-dark splittings.*****~®” The magnetic field, on one
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hand, splits the exciton energy levels, which leads to the
thermal redistribution of exciton populations of these levels.
On the other hand, the magnetic field mixes the bright and
dark exciton states, accelerating the dark exciton and slowing
down the bright exciton radiative rates. It should be noted that
the acceleration only occurs for NPLs with the quantization
axis tilted relative to the magnetic field direction, but this is
true for most NPLs in the ensemble (see Supporting
Information S1). Our experimental accuracy of measuring
radiative recombination rates is about +30% (see the Section
2), and we cannot resolve small variations of the rate.

It should be noted that the PL dynamics, which are not
affected by temperature and magnetic field, could indicate
trion (charged exciton) recombination. However, we are
convinced that excitons are the main emitting states in these
NPLs for two reasons: (i) exciton emission has been reported
in various core/shell CdSe/CdS NPLs with thin shells,zg"?’l’64
and (ii) trion emission would not explain the nonmonotonous
dependence of the DCP on a magnetic field (see below). It is
possible that trion emission also has some impact on the PL.
Taking trions into account would not change the results but
would complicate the modeling. Therefore, we consider only
exciton emission and neglect the trions.

https://doi.org/10.1021/acsanm.4c05364
ACS Appl. Nano Mater. 2025, 8, 974—984
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Figure 2a,b shows circularly polarized PL spectra of samples
#1 and #2 measured at T = 4 K in a magnetic field of B=5 T.
The spectra are normalized so that the intensity of the sum of
6" and ¢ -polarized PL at the emission maximum equals unity.
In nonmagnetic sample #1, the ¢ -polarized PL has larger
intensity, while in DMS sample #2, the ¢*-polarized PL is
stronger. The DCP is calculated using the following equation:

I'-1

P )
where I" and I” are the intensities of 6*- and 6™ -polarized PL,
respectively. In sample #1, the DCP is negative and equals
—0.1, while in sample #2, the DCP is positive and equals +0.2.
In all studied samples, the spectral dependence of the DCP is
weak or absent.

Figure 2c—e shows the DCP in samples #1—#3 measured at
various temperatures in magnetic fields from 0 to 30 T. In
sample #1 at 4 K, the absolute DCP value increases in B < 10
T and starts to saturate in B > 10 T, reaching —0.36 in high
magnetic fields. At higher temperatures, the absolute DCP
value increases slowly with the magnetic field, and at 20 K, the
DCP cannot reach saturation. In sample #2 at 4 K, the DCP
depends on the magnetic field nonmonotonously. Initially, it is
positive and reaches +0.18 at B = 5 T. In stronger fields, the
DCP decreases and crosses zero at a critical magnetic field B, =
29.5 T. When the temperature increases, the DCP maximum
value reduces, and B_ shifts to higher magnetic fields, which
cannot be reached in our experiments. Sample #3 has a
positive DCP, which reaches +0.4 already at B = 3 T at 4 K,
and slightly decreases in higher magnetic fields. At 20 K, the
DCP saturates at +0.33 for B > 10 T.

Qualitatively similar behavior is found in samples #4—#6.
Figure 3a,b shows polarized PL spectra of samples #4 and #6 at
B =S5 T. In sample #4, the DCP is negative and equals —0.08,
while in sample #6, it is positive and equals +0.28. Figure 3c—e
shows the DCP in samples #4—#6 at various temperatures
measured in magnetic fields from 0 to 30 T. In sample #4 at 4
K, the DCP monotonously reaches the saturation value of
—0.29 at B = 30 T. At higher temperatures, the absolute DCP
value increases slowly with field growth, and at 20 K, the DCP
cannot reach saturation. Surprisingly, despite the presence of
Mn?" in sample #4, its DCP is negative and shows behavior
similar to the nonmagnetic sample #1, compare with Figure 2c,
which indicates the very weak interaction of excitons with the
Mn®" ions in this sample with a thin CdMnS core. In samples
#5 and #6, the DCP is nonmonotonous. In sample #5 at 4 K, it
reaches +0.35 at B = 3.5 T, crosses zero at B, = 15 T, and
reaches —0.38 at B = 30 T, still not saturating. At higher
temperatures, B shifts to higher fields, reaching B, = 24 T at
20 K. In sample #6, the behavior is similar, but B, is slightly
higher: B, = 20 T at 4 K, and more than 30 T at 20 K.

The DCP dependence on the magnetic field in samples #1
and #4 is typical for CdSe-based nonmagnetic colloidal
NCs,*>%*% but the DCP observed in other samples is unusual.
There are two experimental facts that have to be explained.
First, a nonmonotonous DCP dependence on a magnetic field,
and second, an increase of B, with increasing temperature.

Three mechanisms could be responsible for this (i) interplay
between the intrinsic and exchange Zeeman splittings of
excitons or trions, (ii) spin-dependent recombination of dark
excitons, and (iii) interplay between bright and dark exciton
states emitting in 6" and ¢~ polarizations, respectively. Let us
consider these mechanisms. We use the conventional approach
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for diluted magnetic semiconductors, which is based on the
consideration of the exchange interaction of an exciton with
the Mn>* ions within the mean-field approximation.'”'*
Recently, we successfully implemented this approach to
describe the DCP in CdSe/CdMnS NPLs.*”**

3.1. Interplay between the Intrinsic and Exchange
Zeeman Splittings of Excitons or Trions. The exchange
interaction of electron band states with localized magnetic ions
results in giant Zeeman splitting. The Zeeman splitting of
electrons, holes, or excitons in DMS materials has two
contributions:

AE,(B) = AEM(B) + AES"(B) )
Here, AES"(B) is the intrinsic Zeeman splitting characteristic
for nopmagnetic NCs. In the presence of an external magnetic
field B, a particle with a magnetlc moment i acquires an

energy AEmtr(B) = —[l B. The magnetic moment can be
expressed as ﬂ g,uB], where g is the g-factor, yg is the Bohr
magneton, and ] is the angular momentum of the particle. The
energies acquired by, for example, bright exciton states with
angular momentum projections J; = |-1) and J; = |+1) are
different, and a Zeeman splitting between these two states
appears. AES"(B) represents the exchange energy due to the
interaction of excitons or charge carriers with magnetic Mn?*
ions.

The Zeeman splitting of electrons in CdSe/CdMnS NPLs is

AE, (B) = AEJY(B) + AESS(B)

=g B — (Syn(B))axNoarf, (3)
and of holes:
AE,,(B) = AEL¥(B) + AEZh(B)
=—3g #yB — (Sym(B))xNSf, (4)

Here, g, and g, are the electron and hole g-factors, respectively,
(Smn(B)) is the mean spin of Mn®' ions, x is the Mn
concentration, N is the number of cations per unit volume, o
and f are the s—d and p—d exchange constants, respectively. f,
and f, are the probabilities of finding an electron and a hole in
the shells, respectively. Here, we assume that the heavy hole is
the ground hole state, which is true for CdSe-based NPLs. 41,63
We use the definition of the hole g-factor sign that is
commonly used for colloidal NCs.”"”!

In the studied samples, the Mn>* ions are located in the
shells, and the penetration of the electron and hole wave
functions into the shells controls the exchange interaction. The
penetration can be calculated using a particle-in-a-box model
(see Supporting Information S3). Since the conduction and
valence band offsets between CdSe and CdS are not precisely
known, the probabilities of finding an electron and a hole in
the shell can be estimated with certain tolerance. The values of
f. and f;, which we used for calculations of the DCP, are given
in Table 1. The electron and hole wave functions are shown
schematically in the insets of Figures 2c—e and 3c—e.

According to egs 3 and 4, the exchange part of the carrier
Zeeman splitting depends on the mean spin of the Mn>" ions
(Syn(B)). The dependence of (Sy,(B)) on the magnetic field
is described by the modified Brillouin function for spin 5/2
(see Supporting Information S4). Examples of calculated
intrinsic and exchange electron and hole Zeeman splittings at
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Figure 4. Calculated degree of circular polarization (DCP) of excitons as a function of the magnetic field at various temperatures for samples #1—
#6 (panels (a—f), respectively) with parameters given in text. Insets show calculated exciton energies at T = 4 K; the o~ emitting states are dark

blue, and the ¢" emitting states are pink.

various temperatures are shown in Figures S9 and S10. The
exchange part increases rapidly in low magnetic fields and
saturates for B > 10 T, while the intrinsic part increases linearly
with the magnetic field. This means that, if the intrinsic and
exchange splittings have opposite signs, there is a finite
magnetic field B, in which AEX"(B) + AES"(B.) = 0. In
this field, the Zeeman splitting reverses sign, and so does the
DCP.

The competition between intrinsic and exchange splittings
can explain the nonmonotonous dependence of the DCP on
the magnetic field. This is valid for negatively charged trions
and excitons but not for positively charged trions, which are
not expected to demonstrate a nonmonotonous DCP, since
their intrinsic and exchange splittings have the same signs.
However, this competition does not explain the shift of the
critical magnetic field B, to higher fields with increasing
temperature. Indeed, the average spin of Mn®" ions decreases
with increasing temperature, and consequently, the exchange
splitting reduces. This means that the intrinsic splitting
compensates for the exchange splitting at lower fields as the
temperature increases, or, in other words, B. decreases with
increasing temperature. This is valid for any two-level system
including negatively charged trions, dark excitons, and bright
excitons (see Supporting Information S4 and SS for more
details).

3.2. Spin-Dependent Dark Exciton Recombination. A
nonmonotonous dependence of the DCP on the magnetic
field, with the sign reversal from positive to negative, has been
observed in nonmagnetic bare-core CdSe NPLs.”” The effect is
caused by the spin-dependent recombination of the dark
exciton, assisted by flips of the surface spins. The surface spins
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are polarized by the magnetic field, making the emission of
excitons with an angular momentum projection |+2), which is
0" -polarized, more favorable than the emission of excitons with
an angular momentum projection |—2), which is 6~ -polarized.
In low magnetic fields, this effect can overcome the
polarization caused by the thermal population of the Zeeman
levels. In other words, while the exciton state with momentum
projection |—2) has lower energy and higher occupation, the
emission from the upper |+2) state is stronger due to the spin-
dependent recombination via surface spins. When the
magnetic field increases, the Zeeman splitting grows, and the
occupation of the |—-2) state increases. This is favorable for the
o -polarized emission. Therefore, the DCP is positive in low
magnetic fields and reverses the sign to negative in high
magnetic fields. Under certain conditions, B, increases with
increasing temperature.

In core/shell NPLs, which are used in the present study,
electron and hole wave functions are mostly localized in the
cores and partly penetrate into the shells, but their amplitudes
at the surface are very small compared to those of bare-core
NPLs. Moreover, the surface spin-dependent recombination is
not connected to the presence of Mn, and it would manifest
itself in the nonmagnetic sample #1; however, a positive DCP
is observed only in DMS samples. Therefore, we exclude the
spin-dependent recombination assisted by surface spins from
possible explanations of the nonmonotonous DCP.

The localized spins of magnetic Mn?* ions can act for spin-
dependent recombination similar to surface spins. We modeled
a situation where only the dark exciton is involved in
recombination, and the increase of B, with increasing
temperature is explained by strong Mn-assisted spin-dependent
recombination process (see Supporting Information S7 for
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more details). However, this hypothesis requires extremely
strong Mn-assisted recombination with a rate four times faster
than that of I'z. This would result in much faster PL dynamics
in DMS NPLs compared to nonmagnetic sample #1, which is
not observed experimentally (Figure 1c). We also did not
observe such strong recombination acceleration in our
previous studies on similar NPLs.”

The requirement for very strong Mn-assisted recombination
is partially due to the fact that the recombination of dark
excitons not assisted by Mn would lead to B, shifting to lower
fields with increasing temperature (see (Section 3.1)). The
spin-dependent recombination should be very strong to
compensate this effect.

With the arguments given above, we exclude spin-dependent
recombination as the explanation of the increase of B, with
increasing temperature.

3.3. Interplay between Bright and Dark Exciton
States Emitting in 6* and 6~ Polarizations, Respectively.
The bright exciton Zeeman splitting is calculated using the
electron and hole splittings:

AEZ,XA(B) = gXA/’tBB + AE;T)C(}A(B) (5)
where gy, = —g. — 3g, is the bright exciton g—factor,éz’73 and

AESSH(B) = ~ABS + AESY
ilarly, the dark exciton Zeeman splitting reads as

is the exchange term. Sim-

exch
AE; xp(B) = g, .HyB + AE;\x(B) (6)
where gy = g — 3g, is the dark exciton g—fau:tor,éz’73 and

AESSH(B) = AESS + AESY" is
Figure 4 shows the modeled DCP at various temperatures in
all samples. The insets show the corresponding energy levels of
the bright and dark excitons as functions of the magnetic field
at T = 4 K. The following parameters are used: g, = 1.7,””7*”°
g = —0.7," Noat = 022 eV and Nofi = —1.8 eV,"> AE,; = 1
meV,zg’Mfe and f;, listed in Table 1, T, = 0.1 ns™’, and 'z =
0.01 ns™' (see Supporting Information S1). Details of the
modeling can be found in Supporting Information S4, SS.

The intrinsic dark and bright exciton g-factors are positive
(+3.8 and +0.4, respectively). Therefore, in the nonmagnetic
sample #1, the state with |-2) angular momentum projection
has lower energy than the |+2) state, and the |-1) state has
lower energy than the |+1) state (inset in Figure 4a). The
intrinsic dark exciton splitting is larger than the intrinsic bright
exciton splitting, compare the energy separation between the
[-2) and |+2) states with the splitting between the |-1) and
[+1) states. We neglect the anticrossing of exciton energy levels
in our calculations because we observe no indication of it
(sharp resonances in the dependences of total PL intensity and
DCP on a magnetic field”®), see Supporting Information S6 for
more details.

The PL from sample #1 is ¢ -polarized in a magnetic field
(Figure 4a). At T = 4 K, it is mostly contributed by emission
from the |-2) exciton state. At higher temperatures, the
polarization degree decreases because the other states are
thermally populated and participate in emission. In modeling,
we assume the Boltzmann exciton distribution. It should be
noted that we do not take into account the depolarizing factors
so that the absolute value of the DCP at low temperatures and
in high magnetic fields reaches 1 (i.e., 100%). In real NCs,
various factors can reduce the polarization: orientation of the
NPL quantization axis arbitrary to the magnetic field,”””*

the exchange term.
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dynamical factor,”” phonon-assisted recombination, and

linearly polarized emission due to the NPL anisotropic
shape.”” The dynamical factor is about unity in the studied
samples (Figure S3); in other words, the spin relaxation time is
small compared to the lifetime. We believe that NPL
orientation (see Supporting Information S1) and linearly
polarized emission due to the NPL shape are the main
depolarization mechanisms. The absolute values of the DCP
experimentally measured in this study do not exceed 0.4.
Therefore, our calculations reproduce the shape, but not the
absolute values.

Sample #2 (Figure 4b) has the same design as sample #1,
but the shell is doped with Mn. The exchange interaction alters
the energies of the exciton states in a magnetic field. The bright
exciton |+1) state is lower than the |-1) state, and the splitting
between them quickly increases with growing field and
saturates at about 5 T. For the dark exciton, the exchange
Zeeman splitting also inverts the |+2) states in low magnetic
fields so that the |+2) state has lower energy. However, in
magnetic fields above 14 T, the intrinsic splitting of the dark
exciton dominates, and the |—2) dark exciton state is below the
[+2) state. Above 23 T, the lowest exciton state is |—2). The
corresponding DCP (black line in Figure 4b) is positive and
reverses sign at 30 T. The magnetic field, in which the sign is
reversed, is determined by the competition between the
emission of the thermally populated 1-2) and I+1) states. At
higher temperatures, the |+1) level is populated in magnetic
fields up to 30 T, and the DCP is positive (red, green, and blue
lines in Figure 4b).

Sample #3 (Figure 4c) has a thicker shell and larger
exchange energy. The |+2) state below 2 T and |+1) state
above 2 T are the lowest in energy, and the emission is o'-
polarized. At 4 K, the DCP saturates already at 1 T and stays at
this nearly saturated level up to 30 T. At 20 K, the DCP
increases in magnetic fields from 0 to 15 T and stays about
constant above 15 T.

Sample #4 (Figure 4d) has a 4 ML thick core and 1 ML
thick CdMnS shells. Due to the very small penetration of the
electron and hole wave functions into the shell (Table 1), the
exchange Zeeman splittings are very small. In the bright
exciton, the exchange splitting slightly overcomes the intrinsic
splitting, and the |+1) state has slightly lower energy than the
|—1) state. In the dark exciton, the intrinsic splitting overcomes
the exchange splitting, and the lowest dark exciton state is
[—2). As a result, at 4 K the DCP is positive in low magnetic
fields due to the dominating emission from the I+1) state and
reverses the sign already at 2 T. In the experiment, we
observed negative DCP starting from 0 T (compare with
Figure 3c). At higher temperatures, the stronger contributions
from the upper states reduce the DCP, but the behavior is
generally the same.

Samples #5 and #6 (Figure 4e,f) have 2 and 3 ML thick
shells, respectively. The penetrations of the electron and hole
wave functions into the shells are stronger than in sample #4,
which increases the exchange with Mn®". As we discussed
above, the bright exciton has about an order of magnitude
smaller intrinsic Zeeman splitting than the dark exciton
because of the different g-factors. Additionally, the bright

exciton has a larger exchange Zeeman splitting than the dark

, h
exciton because the electron exchange energy AE;

enters
eqs S and 6 with opposite signs. As a result, the exchange with
Mn? spins affects the bright exciton more strongly than the
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dark exciton. The I+1) bright exciton state is always below the
|-1) state, while in the dark exciton, the intrinsic splitting
overcomes the exchange at 1.5 and 2 T in samples #5 and #6,
respectively, at 4 K. In low magnetic fields at 4 K, the emission
is o'-polarized because the |+1) bright exciton level is
populated, and it has faster recombination rate. With the
increasing magnetic field, the splitting between the lowest 1-2)
and the upper |+1) levels increases, and above about 6 T in
sample #5 (8 T in sample #6), when only the |-2) level is
populated, the DCP is o™ -polarized. At higher temperatures,
stronger magnetic fields are needed to depopulate the |+1)
level, and the critical magnetic field B, shifts to higher fields.

Comparison of the modeling with experimental data
indicates that the interplay between the bright and dark
exciton states emitting in opposite polarizations can explain
both the nonmonotonous dependence of the DCP on the
magnetic fleld and the increase of the critical magnetic field B,
with increasing temperature.

We believe that a similar effect can be observed in various
DMS and some nonmagnetic colloidal NCs. We found a
similar behavior in CdSe/CdZnMnS NPLs (see Supporting
Information S2). According to our calculations, NCs with a
small bright-dark splitting and opposite signs of AE;y, and
AE; xy are good candidates to observe this bright-dark exciton
interplay (Supporting Information S8). The bright-dark
splitting AE,r is an important parameter, which should not
exceed several meV; otherwise, the temperature population of
the bright state would be too low. We predict that a similar
interplay can be observed in nonmagnetic NCs with g, = 1.7
and g, = —0.2, and in large-size DMS quantum dots, where
exciton emission is not quenched and AE,y is small.

4. CONCLUSIONS

In summary, magneto-optical experiments on CdSe/CdMnS
nanoplatelets reveal a strong influence of the exchange of
excitons with Mn** ions on the circular polarization of PL. The
competition between the bright and dark exciton PL leads to a
nonmonotonous dependence of the degree of circular
polarization on the magnetic field strength. The electron and
hole exchange interactions with Mn** ions can be tuned by
modifying the composition of nanoplatelets (material and
thickness of core and shell layers, number of shells, and Mn
concentration). This can be done with high precision since
nanoplatelets are grown layer by layer. This makes them
unique among the whole family of colloidal DMS nanocrystals.
This flexibility can be used to reveal new spin-dependent
effects in DMS colloidal nanocrystals.
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