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Abstract: Coherent spin dynamics of electrons in CdSe colloidal nanoplatelets are investigated by
time-resolved pump–probe Faraday rotation at room and cryogenic temperatures. We measure elec-
tron spin precession in a magnetic field and determine g-factors of 1.83 and 1.72 at low temperatures
for nanoplatelets with a thickness of 3 and 4 monolayers, respectively. The dephasing time of spin
precession T∗2 amounts to a few nanoseconds and has a weak dependence on temperature, while
the longitudinal spin relaxation time T1 exceeds 10 ns even at room temperature. Observations of
single and double electron spin–flips confirm that the nanoplatelets are negatively charged. The
spin–flip Raman scattering technique reveals g-factor anisotropy by up to 10% in nanoplatelets with
thicknesses of 3, 4, and 5 monolayers. In the ensemble with a random orientation of nanoplatelets,
our theoretical analysis shows that the measured Larmor precession frequency corresponds to the
in-plane electron g-factor. We conclude that the experimentally observed electron spin dephasing
and its acceleration in the magnetic field are not provided by the electron g-factor anisotropy and can
be related to the localization of the resident electrons and fluctuations of the localization potential.

Keywords: colloidal nanocrystals; CdSe nanoplatelets; time-resolved Faraday rotation; coherent spin
dynamics; Landè factor; spin–flip Raman scattering

1. Introduction

Colloidal chemical synthesis is a common method for fabricating semiconductor
nanocrystals of various shapes and sizes. Colloidal CdSe nanoplatelets (NPLs) have
thicknesses of several monolayers (MLs) and large lateral dimensions. They exhibit bright
optical properties [1–4], such as high stability, large absorption cross sections [5], and narrow
spectral lines [6], which are very attractive for their optoelectronics applications [7,8]. High
optical gain and amplification of spontaneous emission with a low threshold have also
been reported [9–11]. Even transistors can be fabricated based on NPLs due to their large
lateral dimensions [12].

Colloidal NPLs are convenient model materials for studying the electronic, optical,
and spin properties of two-dimensional (2D) systems. However, their spin properties are
still poorly investigated and understood compared to epitaxially grown semiconductor
quantum wells. Despite their similar thicknesses, their properties can be very different.
Thus, knowledge of the spin properties gained from epitaxial nanostructures can be used
for NPLs only after careful experimental and theoretical verification.

Excitons, which are bound states of an electron and a hole, are very prominent in
optical spectra of CdSe NPLs. In bulk CdSe, the exciton binding energy is 15 meV [13–15].
However, it increased greatly in the CdSe NPLs and reaches hundreds of meV [16–20].
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Photoluminescence (PL) spectrum of the CdSe NPLs typically consists of two lines sepa-
rated by 10–30 meV depending on the NPL thickness. The low-energy line corresponds
to a negatively charged exciton (trion), and the high-energy line is related to a neutral
exciton [21–23]. The neutral exciton ground state is a doubly degenerate dark state, which
is 3–6 meV lower in energy than the bright exciton state [24,25].

Spin studies of CdSe nanocrystals started more than 20 years ago [26–28] and still
attract attention of researchers [29–32]. A very unusual effect has been found, i.e., the
manifestation of surface spins, which strongly polarize exciton spins in CdSe NPLs at low
temperatures [33]. Spin properties and electron g-factors have been studied by spin–flip
Raman scattering (SFRS) techniques in CdSe/CdS core/shell NPLs with thick shells [34]
and in bare-core CdSe NPLs [35]. Also, the optical alignment and optical orientation of
excitons have recently been studied in CdSe/CdS core/shell NPLs [36].

A very powerful and informative experimental tool to study spin coherence and
other spin properties of semiconductor nanostructures is the time-resolved pump-probe
Faraday rotation (TRFR) technique [37]. It has been successfully used for colloidal II-VI
nanocrystals in the form of quantum dots, both grown by wet chemistry in solution and
synthesized in glass [38–49]. For NPLs there are only two of such studies, which are mostly
focused on CdSe/CdS core/shell NPLs at room temperature [34,50]. In Ref. [50] the results
for bare-core 4 ML CdSe NPLs were presented, whereas the main focus was shifted to
CdSe/CdS core/shell NPLs. These experiments have been performed for NPLs in solution.
In Ref. [34] CdSe/CdS core/shell NPLs with thick shells have been investigated. Thus, the
experimental information on spin dynamics in CdSe NPLs is very limited, especially, on
their temperature dependence. This motivates us to study systematically the spin dynamics
of bare-core CdSe NPLs at wide temperature range.

In this paper, we present comprehensive studies of the coherent spin processes in
bare-core CdSe NPLs. We measure coherent spin dynamics in 3 and 4 ML CdSe NPLs by
means of TRFR in the temperature range from 5 K up to room temperature. To measure
g-factor, inhomogeneous spin dephasing time T∗2 , and longitudinal spin relaxation time
T1 of electrons we use tilted magnetic fields. We attribute the observed spin beats to
resident electrons with nanosecond-long spin dephasing time T∗2 in the whole temperature
range. Our experiments revealed long longitudinal spin relaxation with characteristic
times T1 exceeding 10 ns at room temperature. Such long spin relaxation times at a room
temperatures are untypical for semiconductor structures and revealed for the first time in
NPLs. We show that electron g-factor increases with decreasing NPL thickness and shows
unexpected increase with temperature. The SFRS measurements reveal electron g-factor
anisotropy and evidence the presence of at least two localized resident electrons in some
NPLs by detecting the double electron spin-flip. We show theoretically why the anisotropy
of the electron g-factor is not observed in TRFR studies. We analyze theoretically the origin
of the electron spin inhomogeneous dephasing in the transverse magnetic field and show
that it is only weakly contributed by the spread of NPL lateral sizes and electron g-factor
anisotropy, even in the case of randomly oriented NPLs in the ensemble. We conclude that
the inhomogeneous spin dephasing could be caused by the electron g-factor dispersion
due to different electron localization conditions in the NPLs, and by presence of charged
impurities near the NPLs surface resulting in Rashba-type spin-orbit coupling [51,52].

2. Materials and Methods
2.1. Samples

We studied CdSe NPLs with thicknesses of 3 ML, 4 ML, and 5 ML obtained by colloidal
synthesis. In particular, 3 ML NPLs were prepared according to Di Giacomo et al. [4]
using cadmium octanoate as the precursor; 4 ML NPLs were prepared according to
Bertrand et al. [3] using cadmium acetate dihydrate to induce 2D growth, and 5 ML NPLs
were prepared according to Ithurria et al. [2]. The NPLs had a rectangular shape with a
width of 7± 2 nm (7.8± 2 for 5 ML) and lengths of 37± 16 nm (3 ML), 29± 4 nm (4 ML),
and 30± 2 nm (5 ML). For optical measurements, a concentrated solution of CdSe NPL was
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drop-cast on a glass or silicon substrate and dried. Some measurements on spin dynamics
at room temperature were performed for NPLs in a solution.

2.2. Time-Resolved Faraday Rotation

The coherent spin dynamics are measured by the time-resolved pump–probe Faraday
rotation (TRFR) technique. The laser system consisting of a Yb-KGW (Ytterbium doped
potassium gadolinium tungsten) laser (PHAROS, Light Conversion, Ltd., Vilnius, Lithua-
nia) integrated with a regenerative amplifier, combined with a narrow-band picosecond
optical parametric amplifier (ps-OPA, ORPHEUS-PS Light Conversion Ltd.) generates
picosecond pulses with a spectral width of about 1 nm and a repetition rate of 25 kHz (repe-
tition period 40 µs). The laser photon energy is tunable in the spectral range of 0.47–3.88 eV
(320–2600 nm). The laser beam is split into pump and probe beams. To create a controlled
delay between the pump and probe, the pump beam is passed through a mechanical delay
line with a retroreflector. The pump beam is modulated with an electro-optical modula-
tor between σ+ and σ− polarizations at a frequency of 26 kHz to eliminate background
signal and nuclear spin effects. The probe beam is linearly polarized. The pump and
probe average powers are 200 µW and 150 µW, respectively. The diameter of the pump
and probe beam spots is about 100 µm. The Faraday rotation angle of the probe beam,
which is directly proportional to the spin polarization in the sample, is measured using a
Wollaston prism, a balanced photodetector, and a lock-in amplifier, synchronized with the
electro-optical modulator.

For magneto-optical measurements, samples are placed in a helium flow cryostat. The
sample temperature is set in a range from 5 K to 295 K. When measuring the temperature
dependence of spin dynamics, a magnetic field generated by a permanent magnet is applied
at an angle α = 35◦ to the normal of the substrate. To study the magnetic field dependence,
the cryostat with the sample is placed between two poles of an electromagnet, providing
Voigt magnetic fields of up to 430 mT.

2.3. Time-Resolved Differential Transmission

To study the dynamics of the differential transmission ∆T/T, we use a pump–probe
technique similar to that described above with the same laser system. Here, the pump pulse
is linearly polarized and amplitude-modulated at a frequency of 52 kHz. Photogenerated
carriers in NPLs modify transmission, the dynamics of which are detected by a linearly
polarized probe pulse measured by a photodetector and lock-in amplifier.

2.4. Time-Resolved Photoluminescence

To study the PL dynamics, we use a streak camera (with a time resolution of 5 ps)
coupled with a 0.5 m spectrometer (with a spectral resolution of 1 nm). The time resolution
of the whole system “streak camera and spectrometer” is about 10 ps for short-range (<2 ns)
measurements with the SynchroScan streak camera module and is correspondingly reduced
for long-range (>2 ns) measurements with the single sweep module. In these experiments,
the samples are excited by the second harmonics of Ti:Sapphire laser pulses. The pulses,
with a duration of 1 ps and a repetition rate of 76 MHz, are generated at a photon energy of
1.722 eV (720 nm) and frequency is doubled to 3.444 eV (360 nm).

2.5. Spin–Flip Raman Scattering

SFRS measurements are performed at a cryogenic temperature of 2 K for samples
in contact with pumped liquid helium. A split-coil superconducting solenoid is used
to apply magnetic fields up to 5 T in Voigt (perpendicular to the optical axis) and Fara-
day (parallel to the optical axis) geometries. The SFRS is measured in a backscattering
geometry. For excitation, we use emission lines of an Ar-ion laser: 2.541 eV (488 nm),
2.497 eV (476.5 nm), and 2.471 eV (501.7 nm), a He-Cd laser: 2.808 eV (441.6 nm), and an
Nd:YAG laser: 2.331 eV (532 nm). The laser power density on the sample surface is about
10 Wcm−2. The scattered light is analyzed by a Jobin-Yvon U1000 double monochromator
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equipped with a cooled GaAs photomultiplier connected to conventional photon counting
electronics. To record a sufficiently strong SFRS signal and to suppress the laser stray light,
spectral slit widths of 0.2 cm−1 (0.025 meV) are used. To characterize the polarization
properties of the SFRS lines, conventional polarization optics are used, such as λ/4-plates
and Glan–Thompson prisms.

2.6. Photoluminescence

At a temperature of 5 K, PL is detected with the experimental setup used for time-
resolved PL measurements and is integrated over time. At T = 2 K, the PL is measured with
the setup used for the SFRS. The samples are excited by an Ar-ion laser at 2.410 eV (514.5 nm)
in the case of 3 ML and 4 ML NPLs and by the solid-state laser with a photon energy of
3.062 eV (405 nm) in the case of 5 ML NPLs. The PL is detected by a Jobin-Yvon U1000
double monochromator equipped with a cooled GaAs photomultiplier.

3. Results

We studied CdSe NPLs with thicknesses of 3 ML, 4 ML, and 5 ML, which were
synthesized by colloidal chemistry. Their PL spectra—measured at a temperature of
T = 2 K—are shown in Figure 1a. One can see that the emission spectrum shifts to higher
energies with decreasing NPL width, which is due to the carrier quantum confinement.
The spectral energies of PL agree well with the literature data [21,24]. All spectra have
double-line structures, where the dominating low-energy line corresponds to the trion
(negatively charged exciton) recombination, and the weak high-energy line is related to the
exciton recombination [21,24]. The energy difference between line maxima corresponds
to the trion-binding energy. It reaches about 40 meV in 3 ML NPLs and decreases to
20 meV in 5 ML NPLs, which is consistent with the values in Refs. [21,24]; see Figure S4,
Supplementary Materials.
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Figure 1. (a) Photoluminescence spectra of CdSe NPLs measured at T = 2 K. The samples are excited
by a continuous wave laser with a photon energy of 3.062 eV for 3 and 4 ML and 2.410 eV for 5 ML
NPLs. Exciton (X) and trion (T) lines are marked. Triangles show the excitation energies used for
the SFRS measurements. (b) Dynamics of time-resolved differential transmission (red) measured at
2.762 eV and PL (blue), excited at 3.444 eV, and integrated over the spectrum of 3 ML NPLs. Times
of the short and long components, τshort and τlong, are obtained by fitting experimental data with
the multi-exponential decay function. (c) Schematics of NPLs on the substrate in a magnetic field.
n is the normal to the substrate plane, c is the normal to the NPL plane (anisotropy axis), and α is an
angle between the n and magnetic field B. (d) Schematics of g-factor anisotropy in NPL. g|| and g⊥
correspond to the g-factor in the magnetic field directed along and perpendicular to c, respectively.
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Figure 1b shows the population dynamics in 3 ML NPLs measured by time-resolved
differential transmission and PL. The differential transmission is detected at a photon
energy of 2.762 eV, while PL is integrated over the whole spectrum. Both dynamics are
multi-exponential, with the characteristic time of the shortest component τshort ≈ 20 ps.
At longer times, the differential transmission and PL decay with times τlong of 2 ns and
100 ps, respectively. For NPLs, at cryogenic temperatures, the trion and exciton emis-
sions differ drastically in their recombination dynamics: trion has a single fast decay time
of 90 ps, and exciton has a two-component decay corresponding to bright (10 ps) and
dark (46 ns at T = 4.2 K) excitons [21]. Thus, we assign the short PL component with
20 ps to bright excitons and the long one with 100 ps to trion recombination. The dark
exciton is not visible in the PL dynamics, since at low temperatures it has a very long
decay time and very low amplitude [21], which hinders its detection within the intensity
dynamical range of the streak camera. The differential transmission reflects changes in
exciton and trion populations, as well as the redistribution of exciton and trion oscillator
strengths as a result of photocharging. Accordingly, the fast dynamics of 20 ps can cor-
respond to the population of bright excitons (the effect that they bleach absorption) and
the long dynamics of 2 ns or longer (as we are limited by a time range) are due to NPL
photocharging (Supplementary Materials, Section S1). A comparison of the differential
transmission measured at energies of 2.762 eV and 2.749 eV is presented in Figure S1,
Supplementary Materials.

3.1. Coherent Spin Dynamics at T = 5 K

To study the spin dynamics in CdSe NPLs, we use a time-resolved Faraday rotation
technique. In these experiments, an external magnetic field B is applied in the Voigt
geometry, being perpendicular to the optical axis z and the normal to the substrate plane
n: B ⊥ n. It corresponds to angle α = 90◦ in Figure 1c. Note that individual NPLs in the
studied ensembles can be oriented at various angles to the substrate normal, so that the
normal to the NPL plane (anisotropy c-axis, c) is not necessarily parallel to n.

Figure 2a shows that the Faraday rotation (FR) dynamics in 3 ML NPLs measured in
magnetic fields varied from 0 up to 430 mT. At a zero magnetic field, the nonoscillatory de-
cay with a time of 1 ns is observed. In nonzero magnetic fields, the dynamics have damped
oscillations, which reflect Larmor precession and dephasing of the spin polarization, S(t),
created by pump pulses. The Larmor frequency of the spin precession, ωL, is determined
by the Landé g-factor and scaled with the magnetic field strength according to

ωL = |g|µBB/h̄ . (1)

Here µB is the Bohr magneton. The oscillation damping is described by the spin dephasing
time T∗2 , which characterizes the inhomogeneity of the spin ensemble. The Faraday rotation
dynamics can be approximated by

S(t) = S0 exp(−t/T∗2 ) cos(ωLt), (2)

where S0 is the initial spin polarization photogenerated along the optical axis.
Fitting the experimental data with Equation (2) allows us to evaluate the Larmor

precession frequency and the spin dephasing time. Their magnetic field dependences are
shown in Figure 2b. The Larmor precession frequency is proportional to B according to
Equation (1), giving |g| = 1.83 for 3 ML NPLs. We show below that this g-factor can be
assigned to electrons. The spin dephasing time T∗2 decreases with the growing magnetic
field, which is typical for inhomogeneous ensembles with a finite spread of the g-factor
distribution ∆g. This dependence can be described by the equation given in Ref. [37]:

1
T∗2 (B)

≈ 1
T∗2 (0)

+
∆gµBB

h̄
. (3)
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Here, T∗2 (0) is the spin dephasing time at the zero magnetic field. The second term is
responsible for inhomogeneous dephasing in the magnetic field. Fitting the experimental
data in Figure 2b with Equation (3) yields ∆g = 0.06 for 3 ML NPLs at T = 5 K. Room tem-
perature measurements give ∆g = 0.08 for 3 ML and 0.17 for 4 ML NPLs (Supplementary
Materials, Section S3). Below, we theoretically analyze and discuss the possible origins of
the g-factor spread, particularly the role of g-factor anisotropy and the random orientation
of NPLs.

The spectral dependence of the FR amplitude measured at B = 270 mT is shown in
Figure 2c. It has a typical dispersion-like shape in the vicinity of the trion resonance and
reaches a maximum near the PL maximum. The FR amplitude dispersion is in agreement
with the theoretical analysis of Ref. [53], where the change in the amplitude sign at the
trion resonance was explained. The g-factor has weak spectral dependence (Figure S2b,
Supplementary Materials). The spin dephasing time T∗2 is 0.3 ns at higher energies and
increases to 0.6 ns at lower energies, which is presented and discussed in detail in the
Supplementary Materials, Section S2.
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Figure 2. Spin dynamics in 3 ML CdSe NPLs at T = 5 K. (a) TRFR measured at different Voigt
magnetic fields. The photon spectral energy is 2.755 eV. (b) The magnetic field dependence of Larmor
precession frequency (red triangles) and inhomogeneous transverse spin dephasing time T∗2 (blue
circles). The Larmor precession frequency increases linearly with the magnetic field and its slope
fitted with Equation (1) (solid red line) gives |g| = 1.83. The dashed line shows the fit of the data for
T∗2 (B) by Equation (3) with ∆g = 0.06. (c) The PL spectrum (red curve) and spectral dependence of
FR amplitude (blue circles) at B = 270 mT. PL is excited by the picosecond laser pulsed with a photon
energy of 3.444 eV.

3.2. Temperature Dependence of Spin Dynamics

In order to measure the temperature dependences of both transverse and longitudinal
components of spin polarization and evaluate the corresponding transverse and longitu-
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dinal spin relaxation times, we use the tilted magnetic field geometry. The magnetic field
B = 50 mT is applied at an angle α = 35◦ to the substrate normal n, while the light is
directed along n (Figure 1c). In such a case, the spin dynamics are described as follows:

S(t) = S⊥ sin α cos(ωLt) exp(−t/T∗2 ) + S‖ cos αexp(−t/T1). (4)

Here, S⊥ = S0 sin α and S‖ = S0 cos α are the transverse and longitudinal components
of the spin polarization with respect to the magnetic field, respectively, created by the
pump pulses. The first term in Equation (4) is similar to Equation (2), while the second
term describes the longitudinal spin relaxation with time T1. In general, the longitudinal
decay can be multi-exponential. Equation (4) does not take into account the anisotropy of
the electron g-factor in the NPL. However, its account would not significantly modify the
values of the spin dephasing times (see Figure S11).

FR dynamics measured at different temperatures in 3 ML NPLs are shown in Figure 3a.
Here, we present data up to 270 K, while similar results at room temperature are presented
in the Supplementary Materials (Sections S3 and S4). Even at room temperature, we observe
long transverse and longitudinal spin dynamics. Fitting with Equation (4) allows us to
separate them and evaluate g-factors and spin relaxation times T1 and T∗2 . An example
of such an evaluation for the spin dynamics at T = 164 K is presented in Figure 3b. The
transverse component yields a g-factor of 1.92 and T∗2 = 0.9 ns. The longitudinal relaxation
has two components, short and long, manifested as decay and constant levels, respectively,
in the lower part of Figure 3b. Tshort

1 is about 1–2 ns, and it varies slightly with temperature
(Table S1, Supplementary Materials). The characteristic time corresponding to the long
component Tlong

1 , even at room temperature, is much longer than the maximum delay of

6 ns in our experiment. Therefore, we conclude that Tlong
1 � 10 ns.
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tilted by α = 35◦ with respect to the substrate normal. (a) FR dynamics at various temperatures in
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3 ML NPLs. (b) FR dynamics in 3 ML NPLs at T = 164 K (upper graph). The middle and lower
graphs show transverse and longitudinal components of experimentally measured spin dynamics.
The components are distinguished by fitting with Equation (4). (c) Temperature dependence of T∗2
time for 3 ML (blue circles) and 4 ML (open green triangles) NPLs. (d) Temperature dependence of
g-factor for 3 ML (blue circles) and 4 ML (open green triangles) NPLs.

Figure 3c shows temperature dependences of T∗2 in 3 ML and 4 ML NPLs. At T = 10 K,
the times are T∗2 = 1.0 ns for 3 ML NPLs and 1.4 ns for 4 ML NPLs. The time decreases
with temperature down to values of about 0.7 ns at T = 250 K. This result is unusual
for semiconductor structures, where commonly, phonon scattering drastically accelerates
spin relaxation at elevated temperatures. Figure 3d presents temperature dependences of
g-factors. For 4 ML NPLs, it is approximately constant at the level of 1.72, but for 3 ML
NPLs, the g-factor increases by 10% with the temperature ranging from 1.85 to 2.0. This
result contradicts the expected behavior of semiconductor systems, where, according to
the Roth–Lax–Zwerdling equation [54], the decrease in band gap energy with temperature
should lead to a decrease in the electron g-factor.

3.3. Electron g-Factor Anisotropy Measured by Spin–Flip Raman Scattering

We measure the electron g-factor and its anisotropy in 3, 4, and 5 ML NPLs by means
of spin–flip Raman scattering. The experiments are performed at the cryogenic temperature
of 2 K, in magnetic fields applied in Voigt (B ⊥ z ‖ n), Faraday (B ‖ z ‖ n), or tilted
geometries. Figure 1c illustrates the experimental geometries, where α is the angle between
the magnetic field B and the normal to the substrate surface n. Polarization properties
of SFRS are measured in two configurations: linear cross-polarization (V-excitation and
H-detection) and linear co-polarization (H-excitation and H-detection). Notations H (hor-
izontal) and V (vertical) are used for the parallel and perpendicular orientations of the
photon electrical vector, with respect to the magnetic field direction, which is parallel to the
horizontal direction.

As an example of polarized SFRS, we present the data for 3 ML NPLs. Figure 4a
shows SFRS spectra in co- and cross-polarizations measured under resonant excitation
of the exciton at Eexc = 2.808 eV in the Faraday magnetic field B = 5 T. Stokes (positive
Raman shifts) and anti-Stokes (negative Raman shifts) areas of the spectra exhibit a broad
background of resonant PLs (approximately shown by thin dashed curves) and lines
separated by the energy at around ±0.5 meV from the laser line. These lines are attributed
to the electron spin–flip Raman scattering process. Since the Stokes area of the spectrum, to
a larger extent, is influenced by resonant PL, the polarization properties there are not as
clear. In contrast, in the anti-Stokes area, where resonant PL is negligible, the electron spin–
flip line is four times more intense in cross-polarizations (V-excitation and H-detection) than
in co-polarizations (V-excitation and V-detection). The observation of spin-flip lines under
resonant excitation of the exciton in cross-polarizations indicates that the mechanism of
electron spin–flip is related to the interaction between a resident electron and a photoexcited
exciton, as suggested in Ref. [35] for similar bare-core CdSe NPLs. The presence of a resident
electron in an NPL means that this NPL is negatively charged.

The magnetic field dependence of the Raman shift is shown in Figure 4b for two
geometries: Faraday (α = 0◦, light blue diamonds) and Voigt (α = 90◦, dark blue squares).
From the linear fit of these dependences, one can determine the g-factor via electron Zeeman
splitting ∆ = µB|g|B. For 3 ML NPLs, this fit yields Voigt and Faraday g-factors gV = 1.88
and gF = 1.72, respectively. The typical accuracy for g-factor values in SFRS experiments is
better than ±0.1. The measured values of the g-factor correspond to the electron g-factor
calculated in Ref. [55]. The difference between gV and gF originates from the anisotropy
of the electron g-factor in a CdSe NPL due to its natural low symmetry (Figure 1d): the
component of the g-factor tensor g‖ (parallel to the normal to NPL plane c) differs from g⊥
(perpendicular to c). In a completely randomly oriented ensemble, this difference is not
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observable. Thus, the observation of different g-factors in Voigt and Faraday geometries
reveals the preferential orientation of NPLs on the substrate.

Figure 4. Spin–flip Raman scattering in CdSe NPLs. (a) SFRS spectra of 3 ML CdSe NPLs measured
under resonant excitation of exciton at 2.808 eV (see Figure 1a) in cross- (red) and co- (blue) linear
polarizations. Magnetic field B = 5 T is applied in Faraday geometry, T = 2 K. Dashed lines
represent the resonant PL background. (b) Magnetic field dependence of the Raman shift of the
electron spin–flip line measured in the Voigt (dark blue squares) and Faraday (light blue diamonds)
geometries for excitation at 2.808 eV of 3 ML NPLs. The shifts are evaluated from the anti-Stokes area
of VH-polarized spectra. Solid lines are linear fits of the data. (c) Anisotropy of electron g-factor in
NPLs of different thicknesses: 3 ML (blue diamonds), 4 ML (green circles), and 5 ML (red crosses).
(d) SFRS spectra of 4 ML CdSe NPLs measured at different excitation energies. Faraday magnetic
field B = 5 T, T = 2 K. Here, “e” stands for electron spin–flip and “2e” for double electron spin–flip.

Polarization and angular properties of SFRS are analogous to what we reported for
CdSe NPLs in Ref. [35]. In this work and Ref. [56] it was theoretically shown that the signal
from a single electron spin flip in Voigt geometry comes from NPLs oriented horizontally
on the substrate so that gV represents g⊥. In turn, in Faraday geometry this signal should
not be observed for NPLs oriented either strictly vertical (standing on the substrate, c ⊥ n)
or strictly horizontal (laying on the substrate, c ‖ n). Nevertheless, it is clearly visible in the
experiment (see Figures 4a and S5). Theoretical calculations predict a clearly distinguishable
signal in Faraday geometry in two cases: if the NPLs are slightly tilted from 1) vertical and
2) horizontal orientation. In the first case, the observed g-factor gF must be equal to gV and
they both correspond to g⊥ of an individual NPL. In the second case, corresponding to
our experimental data, gF differs from gV and approximately represents g‖ of individual
NPL. Even for such off-plane NPLs (schematics of such ensemble is given in Figure 1c)
the theory predicts rather strict selection rules: line, corresponding to the single electron
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spin flip should be observed in cross linear polarizations in the Faraday geometry. This
corresponds to our experimental findings, see Figures 4a and S5.

SFRS spectra, containing electron spin-flip line with the same polarization properties,
were also observed for 4 and 5 ML NPLs. Thus, in all samples we observe spin flip of
the resident electron interacting with the photogenerated exciton [35]. Additional data on
SFRS and its polarization properties in 4 ML NPLs are given in Supplementary Materials,
Section S6. Data on electron g-factor and its anisotropy in 3, 4 and 5 ML NPLs are summa-
rized in Figure 4c. NPLs of all three thicknesses demonstrate g-factor angular dependence.

Solid lines here are given by g(α) =
√

g2
F cos2 α + g2

V sin2 α, with g-factor values gF and gV ,
summarized in Table 1 and Figure 5. The anisotropy in all three samples is due to NPLs
favorable orientation on the substrate (in-plane and slightly off-plane NPLs). As it was men-
tioned, on the basis of the theory from Refs. [35,56], we can assign experimentally measured
gF and gV to intrinsic NPL g-factor tensor components parallel and perpendicular to the
NPL c-axis, g‖ and g⊥, respectively. Figure 4c shows that in general, the g-factor decreases
with increasing of NPLs thickness in agreement with quantum confinement reduction and
theoretical calculations, see Figure 5 and Supplementary Materials, Section S7.
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Figure 5. Calculated dependence of the electron g-factor on the NPL thickness for the CdSe NPL
width 9 nm (red), 7 nm (black), 5 nm (blue), and infinite length. Dashed lines show the results of the
calculations for infinite quantum box potential. Solid lines show the results of the calculation for
the harmonic oscillator potential with an oscillator length of Losc = L/4 providing 95% probability
of finding the electron inside the NPL. Black symbols show the SFRS data points for three NPL
thicknesses. Squares and triangles correspond to Voigt and Faraday geometries, respectively. Green
squares show g-factors determined from TRFR at low temperatures. The error bar for the 3 ML
sample shows the ∆g spread determined from the dependence of T∗2 on the magnetic field at T = 5 K.
The error bar for the 4 ML sample shows the ∆g spread determined from the dependence of T∗2 on
the magnetic field at T = 295 K.

The spectra of spin–flip Raman scattering on electrons in 4 ML NPLs are shown in
Figure 4d. Here, we use excitation energies, shown by triangles in Figure 1a: excitation
in trion, in exciton, and above exciton. Under resonant exciton excitation (the dark green
spectrum in Figure 4d), we observe electron spin–flip lines at shifts of ±0.5 meV, as well as
double electron spin–flip lines (2e) at ±1 meV. The latter corresponds to the mechanism



Nanomaterials 2023, 13, 3077 11 of 16

where the photogenerated exciton interacts with two resident electrons, mediating their
spin–flips. The observation of the double electron spin–flip means that some NPLs are
doubly negatively charged, and the photoexcited exciton does not form a singlet trion
state with either of them [56]. The Raman shift of the double electron spin–flip matches
the doubled Raman shift of the single electron spin–flip. This means that the two resident
electrons involved in the process do not interact with each other but only with the exciton.
The absence of such interaction means that the resident electrons are localized sufficiently
distant from each other in the NPL. The relative intensity of the double electron spin–flip
is larger under resonant excitation of the exciton, supporting the mechanism of resident
electron spin–flip via the photogenerated exciton.

Table 1. g-factor anisotropy in CdSe NPLs revealed by SFRS. T = 2 K.

Sample gF ≈ g‖ gV = g⊥

3 ML 1.72 1.88
4 ML 1.61 1.72
5 ML 1.52 1.61

Thus, using the SFRS technique, we find that the studied CdSe NPLs are negatively
charged, and some of them are (at least) doubly negatively charged with resident localized
electrons. We measure the electron g-factor and its anisotropy in NPLs of different thicknesses.

4. Discussion

We studied the electron spin coherence in CdSe NPLs of different thicknesses by
means of time-resolved Faraday rotation. The fact that we address electron spins deserves
detailed explanations. First, we note that the dominant line in the PL spectra corresponds
to negatively charged excitons (trions), as identified by several experimental approaches in
Ref. [21]. Second, the measured values of the g-factor correspond to the electron g-factor
recently calculated in Ref. [55], while the calculated hole g-factor is close to zero. Thus, we
can safely conclude that electron spin precession is observed in our experiments.

The values of the electron g-factors measured at low temperatures are shown in
Figure 5, along with the results of the theoretical calculations, which take into account the
thickness and lateral sizes of NPLs (details of the calculation are given in the Supplementary
Materials, Section S7). The g-factor increases with decreasing NPL thickness from 1.6 for
5 ML to 1.8 for 3 ML, in agreement with theoretical calculations. Note that in bulk CdSe
with zinc blende crystal structure, the electron g-factor is positive and equal to 0.42 [57].
The decrease in NPL thickness increases the quantum confinement energy, and the electron
g-factor is increased according to the Roth–Lax–Zwerdling equation [54].

As shown in Figure 5, the harmonic oscillator model gives better agreement (compared
to the infinite quantum box model) of the calculated g-factors measured in the TRFR and
SFRS experiments. Therefore, we can say that NPLs are charged with electrons which are
localized. The resident electron localization also follows from the observation of the double
equidistant spin-flip lines in SFRS experiment.

The TRFR experiments show that dephasing time of the electron spin precession T∗2
is about 1 ns and weakly depends on temperature, while the time of the longitudinal
spin relaxation T1 is longer than 10 ns at both helium and room temperatures. Such long
spin relaxation times correspond to long-lived electrons remaining in NPLs as a result of
photocharging, which is revealed in measurements of differential transmission dynamics
(Figure 1b). Spin dephasing times of the order of a nanosecond at room temperature were
reported for CdSe and CdS quantum dots [38–44]. However, we are not aware of the works
reporting long decay of the longitudinal spin component at room temperature. Note also,
that in GaAs-based bulk structures, quantum wells and quantum dots spin relaxation times
can be in nanosecond or even microsecond range at liquid helium temperature, but they
are dramatically shortened when temperature is increased by several tens of Kelvin and
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fall in few picoseconds range at room temperature.The mechanisms of spin dephasing and
relaxation in the studied NPLs apart from the spread of g-factors need further investigation.
One of the sources of the spin dephasing may be the spin-orbit coupling induced by charge
impurities on NPL surface [51,52].

The magnetic field dependence of the spin coherence time T∗2 , which, for 3 ML NPLs, is
shown in Figure 2b, is proportional to 1/B. This is typical for the mechanism related to the
g-factor spread ∆g, which we evaluate from these measurements as 0.08 and 0.17 for 3 and
4 ML NPLs, respectively, at room temperature, and ∆g = 0.06 for 3 ML NPLs at T = 5 K.
Let us discuss the possible origin of the observed ∆g. Figure 5 shows that these ∆ g values
are larger than the fluctuations of the g-factor caused by the fluctuations of the NPL lateral
sizes. We suggest two possible sources of ∆g in the studied NPLs: (1) anisotropy of the
electron g-factor revealed by the SFRS; and (2) localization of the resident electron at NPL
surfaces and/or edges and fluctuations of the localization conditions.

Observation of the g-factor anisotropy in SFRS is possible for ensembles where the
preferable orientation of the NPLs is close to horizontally lying and slightly tilted [35,56].
Theoretical consideration of the effect of the observed g-factor anisotropy and different
orientations of the NPLs in the ensemble on the electron dephasing in TRFR experiments in
the Voigt geometry is presented in the Supplementary Materials, Section S8. We show that
the spin dephasing time T∗2 related to this effect should be in the nanosecond range even at
B = 450 mT (Figure S10, Supplementary Materials). Thus, the experimentally observed
electron spin dephasing and its acceleration in the magnetic field are not provided by the
electron g-factor anisotropy. The electron g-factor measured by TRFR corresponds to the
transverse electron g-factor g⊥. Therefore, we suggest that the measured ∆g values are
provided by the localization of the resident electrons in the NPL and the fluctuations of the
localization potential.

Surprisingly, the electron g-factor in CdSe NPLs increases with temperature (Figure 3d).
This is in contrast to the behavior expected from the Roth–Lax–Zwerdling equation [54]
for II-VI and III-V semiconductors with a zinc blend lattice. A similar effect was observed
for the temperature dependence of the g-factor in bulk GaAs and CdTe [58–61], where
the g-factor increase with temperature was supposed to be a result of band parameters
renormalization. However, in our case, it can also be contributed to by a change in the
localization conditions.

5. Conclusions

We studied the spin properties of electrons confined in CdSe nanoplatelets with
thicknesses of 3, 4, and 5 monolayers by means of time-resolved Faraday rotation and spin–
flip Raman scattering. We observe coherent spin precession of electrons in a temperature
range from 5 K up to 295 K and measure the electron g-factor, which corresponds to the
transverse g-factor g⊥ determined from spin–flip Raman scattering studies. We show
theoretically that spin precession detected in TRFR experiments originates from NPLs
lying on a substrate along the magnetic field and perpendicular to the laser beam (and
slightly inclined), while NPLs “standing” on a substrate are invisible in TRFR experiments.
The electron spin dephasing time of the order of a nanosecond and longitudinal spin
relaxation time exceeding 10 ns at room temperature are found. Observations of double-
electron spin–flip and its model consideration allow us to ascribe the observed coherent
spin dynamics to localized electrons. Our theoretical analysis shows that the measured
acceleration of electron spin dephasing in magnetic fields is provided not by the electron
g-factor anisotropy or by the dispersion of electron g-factors due to the spread of NPLs’
lateral sizes, but by different localization conditions of resident electrons. This work
demonstrates the possibility of the optical orientation of resident spins and their unusually
long relaxation times in CdSe NPLs at room temperature. It opens new avenues for the
fundamental investigation of underlying spin relaxation mechanisms in this system and its
use in spintronics applications.
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Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nano13233077/s1, Section S1: Dynamics of photoluminescence and
differential transmission at T = 5 K and 295 K; Section S2: Spectral dependences of spin parameters
in 3 ML NPLs; Section S3: The magnetic field dependence of the spin dephasing time at room
temperature; Section S4: Longitudinal spin relaxation times T1; Section S5: Trion binding energies;
Section S6: Spin-flip Raman scattering in 4 ML NPLs; Section S7: Calculation of the electron g-factor
dispersion caused by the dispersion of NPL lateral sizes; Section S8: Theory of TRFR in CdSe NPLs.
Refs. [16,21,34,35,44,45,50,53,55,62–68] are cited in the supplementary materials.
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