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Abstract: Coherent spin dynamics of charge carriers in CsPbBr3 perovskite nanocrystals are studied
in a temperature range of 4-300 K and in magnetic fields of up to 500 mT using time-resolved pump-
probe Faraday rotation and differential transmission techniques. We detect electron spin Larmor
precession in the entire temperature range. At temperatures below 50 K, hole spin precession is
also observed. The temperature dependences of spin-related parameters, such as Lande g-factor
and spin dephasing time are measured and analyzed. The electron g-factor increases with growing
temperature, which can not be described by the temperature-induced band gap renormalization. We
find that photocharging of the nanocrystals with either electrons or holes depends on the sample
cooling regime, namely the cooling rate and illumination conditions. The type of the charge carrier
provided by the photocharging can be identified via the carrier spin Larmor precession.

Keywords: perovskite nanocrystals; CsPbBrs; coherent spin dynamics; electron and hole g-factors;
time-resolved Faraday rotation

1. Introduction

Lead halide perovskite semiconductors are the focus of research interest due to their
exceptional photovoltaic efficiency and optoelectronic properties [1-3]. The simple fabrica-
tion technology makes them attractive for applications as solar cells, light emitting devices,
radiation detectors, etc. They also demonstrate remarkable spin properties, facilitating
spintronic applications [3-6]. Colloidal nanocrystals (NCs), which have been successfully
synthesized from the lead halide perovskite, greatly increase the possibilities for tailoring
of the material properties [7,8]. Among them, the fully-inorganic CsPbBr; NCs are mostly
investigated and appreciated for their stability.

The spin physics of halide perovskite semiconductors is an emerging research field, which
exploits experimental techniques and physical concepts developed for spins in conventional
semiconductors [9,10]. Most of the optical techniques developed for the investigation of spin
properties and spin dependent phenomena work well for perovskite crystals, polycrystalline
films, nanocrystals, and two-dimensional materials. These are optical orientation [11-13], opti-
cal alignment [12], polarized emission in magnetic field [14-16], time-resolved Faraday /Kerr
rotation [17,18], time-resolved differential transmission [11,19,20], spin-flip Raman scatter-
ing [21,22], and optically-detected nuclear magnetic resonance [23-25]. The reported spin
dynamics cover huge time ranges from a few picoseconds at room temperature [11,19] up to
tens of nanoseconds for spin coherence [25] and spin dephasing [23] times and further up to
sub-millisecond times for longitudinal spin relaxation times [24] at cryogenic temperatures.

Experiments on coherent spin dynamics by means of time-resolved pump-probe Fara-
day/Kerr rotation reveal signals from electrons and holes provided by photocharging in
CsPbBr3 NCs [26]. The hole spin coherence has been observed up to room temperature [27],
and its optical manipulation has been implemented [28]. The electron spin coherence has
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not been demonstrated so far for perovskite NCs at room temperature. The spin mode-
locking effect reported recently for CsPb(Cl,Br); NCs in a glass matrix demonstrates that
the elaborated protocols of coherent spin synchronization can be implemented in perovskite
NCs [25]. Still, the understanding of spin relaxation and spin decoherence mechanisms is
far from being complete.

The Lande g-factor controlling the Zeeman splitting of charge carriers and excitons is a
key parameter in spin physics. We have recently shown that the universal dependences of
the electron, hole, and exciton g-factors on the band gap energy are predicted in bulk lead
halide perovskites [21,29]. Theoretical analysis predicts that, in NCs, additional mixing of
the band states provides a considerable contribution to the electron g-factor by deviating it
from the universal dependence for bulk; however, the mixing has only a weak effect on
the hole g-factor [30]. We have confirmed this through low-temperature measurements of
CsPbls NCs in glass. The temperature dependence of the carrier g-factors in perovskite
NCs has not been studied so far. Based on this simple approach, one expects that g-factor is
controlled by the temperature shift of the band gap energy. However, it has been shown
for GaAs and CdTe semiconductors that temperature dependence of the electron g-factor
may have other strong contributions [31-34], which have an origin that is not yet fully
clarified, even for conventional semiconductors. This motivates us to examine this problem
for perovskite NCs.

In this paper, we study the coherent spin dynamics of carriers in perovskite CsPbBrs
NCs by time-resolved pump-probe Faraday rotation and differential transmission tech-
niques. The spin dynamics are measured in the temperature range of 4-300 K, where the
carrier g-factors and spin relaxation times are evaluated. We find an unexpected temper-
ature dependence for the electron g-factor. Although at room temperature we observe
only electron spin precession, at low temperatures, the hole component may appear. We
demonstrate that the photocharging of the NCs with either electrons or holes depends on
the sample cooling regime, namely cooling rate and illumination conditions.

2. Materials and Methods
2.1. Samples

For this study, we use solution-grown lead halide perovskite CsPbBrz NCs with two
sizes of 4.60 nm (sample #1) and 4.74 nm (sample #2). The NCs were synthesized using a
procedure described in Refs. [35,36]. A total of 1-1.5 mg of the obtained NCs were dissolved
in 60 pL of 3.3 wt% polysterene solution in toluene, and 10 pL of the obtained solution
were drop-casted on 5 x 5 mm glass substrate and dried at room temperature overnight.

2.2. Photoluminescence and Optical Transmission

For optical experiments the samples were placed in a helium-flow cryostat, where the
temperature was varied from T = 4 K up to 300 K. Photoluminescence (PL) was excited by
a continuous-wave laser with a photon energy of 3.061 eV (wavelength of 405 nm) and a
power of 1.2 mW (excitation density of 1 W/cm?). The PL spectra were measured with an
0.5 m spectrometer and a charge-coupled device (CCD) camera. Optical transmission was
measured with a halogen lamp. The transmitted signal was normalized to the intensity of
the light sent directly to the detector. The PL and transmission spectra were recorded from
the sample area with a diameter of approximately 300 um.

2.3. Time-Resolved Faraday Rotation

To study the coherent spin dynamics of carriers, we used the time-resolved pump-
probe technique with detection of the Faraday rotation (FR) [37]. This technique was
successfully used for investigation of bulk perovskite semiconductors [17,18,21,23,38] and
CsPbBr; NCs [26-28]. Spin-oriented electrons and holes were generated by circularly
polarized pump pulses. The laser system used (light conversion) generated 1.5 ps pulses
with spectral width of about 1 meV at a repetition rate of 25 kHz (repetition period 40 ps).
The laser beam was split into pump and probe beams, which had coinciding photon ener-
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gies. The time delay between the pump and probe pulses was controlled by a mechanical
delay line. The pump beam was modulated with an electro-optical modulator between o
and o~ circular polarizations at a frequency of 26 kHz. The probe beam was linearly polar-
ized. The Faraday rotation angle of the probe beam, which was proportional to the carrier
spin polarization, was measured as a function of the delay between the pump and probe
pulses using a balanced photodetector connected to a lock-in amplifier synchronized with
the modulator. The pump power density was tuned to the range Ppump = 3.8-12.7 W/ cm?
and the probe power density was Pprope = 3.8-10 W/ cm?. The probe beam spot size on
the sample was slightly smaller than the size of the pump beam spot, which was about
100 pm in diameter. For the time-resolved FR measurements, the samples were placed in a
helium-flow optical cryostat and the temperature was varied in the range of 4-300 K. A
magnetic field up to 500 mT was applied perpendicular to the laser wave vector (Voigt
geometry, B L k) by means of an electromagnet.

2.4. Time-Resolved Differential Transmission

We used a time-resolved differential transmission (DT, AT/T) technique to study
population and spin dynamics of charge carriers and excitons at room temperature and
zero magnetic field. For measuring the population dynamics, the pump and probe beams
were linearly polarized. The pump beam intensity was modulated with an electro-optical
modulator at a frequency of 26 kHz. The probe beam transmitted through the sample and
the reference laser beam were sent to the balanced photodetector connected with the lock-in
amplifier synchronized with the modulator.

For measuring the spin dynamics, circularly polarized pump and probe beams were
used. This allowed us to measure the dynamics of the optical spin orientation degree (Poo)
at a picosecond time resolution. The pump beam had o circular polarization. The probe
beam was polarized either ¢ or ¢, and its intensity was modulated with a mechanical
chopper at a frequency of 2 kHz synchronized with the lock-in amplifier. The optical
orientation degree is calculated for the o polarized pump with:

() —1"(t)

Poo(t) = IROEYROR

)

Here, I (t) and [~ (t) are the signal intensities measured at ¢ and ¢~ polarizations of the
probe beam, respectively.

3. Results and Discussion
3.1. Photoluminescence and Transmission

Photoluminescence and transmission spectra of sample #1 measured at a room tem-
perature are shown in Figure 1a. The minimum in the transmission spectrum at 2.610 eV
corresponds to the exciton resonance in CsPbBrs NCs. The emission band is Stokes shifted
from this energy, having a maximum at 2.520 eV. The PL line full width at a half maximum
of 130 meV is determined by inhomogeneous broadening of the NC ensemble due to NC
size dispersion.

Sample #2 has very similar PL and transmission spectra with exciton resonance slightly
shifted to lower energies due to larger NC size compared to the sample #1 (see Figure 3a,b).
Their evolution with the temperature in the range of 5.4-300 K is shown in the Supplemen-
tary Materials, Figure S1. We use it for evaluation of the temperature shift of the band gap
energy involved in the discussion of the temperature dependence of the electron g-factor
given below.

It is worthwhile to note, that the exciton binding energy in bulk CsPbBr3 amounts to
31.5 meV [39,40], which provides exciton stability in a wide temperature range. In NCs,
this energy increases with decreasing the NC size [41,42].
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Figure 1. Electron spin dynamics in CsPbBr3z NCs (sample #1) measured at T = 300 K. (a) Photolu-
minescence (red line) and transmission (blue line) spectra. (b) FR dynamics at different magnetic
fields. Fits of the data at By = 0 and 430 mT with Equation (2) are shown by red dots. Pump power
density Poump = 8.4 W/ cm?. Laser photon energy Fy = 2.509 eV. (c) Amplitude of FR signal (red
dots) and spin relaxation time (blue dots) as a function of the laser energy near the exciton resonance.
By = 0 mT. (d—f) Magnetic field dependences of the Larmor frequency (red line shows linear fit),
spin dephasing time T; ., and FR amplitude.

3.2. Time-Resolved Faraday Rotation

Figure 1b shows the coherent spin dynamics measured by time-resolved FR in the
sample #1 at room temperature. The dynamics are measured at the laser energy of
Ey =2.509 eV, which corresponds to the maximum of the spectral dependence of the
FR signal amplitude at a zero magnetic field, see Figure 1c. This maximum is shifted
to lower energies with respect the exciton transmission minimum, as is expected for the
photogeneration of the spin coherence for the resident carriers via the charged exciton
(trion) resonances [26,37].

The FR dynamics (Figure 1b) are shown for transversal magnetic fields By (Voigt
geometry) varied from 0 up to 430 mT. The FR signals have one rapidly decaying oscillating
component, which we assign to the Larmor precession of a charge carrier spins in a magnetic
field. We evaluate the spin dephasing time (T;), amplitude (Aj), and Larmor precession
frequency (wy) by fitting these dynamics with [37]:

t
AFR(t) = ZAO,e(h) exp ( T+ ) cos(lee(h)t). (2)

eh 2,e(h)
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Note that this equation accounts for contributions of both electrons (e) and holes (h), as both
of them are typically present in the spin dynamics of bulk perovskites and their nanocrystals
at cryogenic temperatures [18,26]. For fitting room temperature dynamics, we use only
one contribution, and for fitting nonoscillating signal at zero magnetic field, the Larmor
frequency is set to zero. Examples of the fits for magnetic fields By = 0 and 430 mT are
shown by the red dots. The evaluated parameters and their magnetic field dependences
are shown in Figure 1d—f.

The dependence of the Larmor precession frequency on the magnetic field (Figure 1d)
is a linear function without offset at zero field. From its slope, we evaluate the Landé factor
ge = 1.76 = 0.03 using the following expression:

iy, ehy

usB ©)

|g e(h)| =
Here, 71 is the Planck constant and pp is the Bohr magneton. Note that the electron Zeeman
splitting at By = 430 mT is 0.04 meV only, which is much smaller than the inhomogeneous
broadening of the exciton transitions. Comparing this g-factor value with the results
of Refs. [21,26,30], we assign the signal oscillations to the precession of electron spins
in a transverse magnetic field. The time-resolved FR technique does not allow directly
determine the g-factor sign. However, we firmly assign it to positive based on the papers
cited above. Additional confirmation for our identification of the electron spin coherence at
a room temperature comes from the observation of the hole spin precession with smaller
gh = 0.44 at cryogenic temperatures, which we show below.

There are only two recent papers related to spin coherence in perovskite NCs at room
temperature [27,28]. In both papers, the hole spin coherence was reported at room temper-
ature for the CsPbBr; NCs, and we observe the electron spin beats. This demonstrates that
photocharging in our samples is different from the previous reports.

The evaluated spin dephasing time T is about 60 ps being independent of the mag-
netic field strength, Figure le. This means that at a room temperature, it is not controlled
by dispersion of g-factor, but rather by other spin relaxation mechanisms, among which
phonon-assisted spin relaxation is most probable. The spectral dependence of the T; time
is also very weak, Figure 1c.

The FR amplitude also weakly depends on the magnetic field, Figure 1f. We check
that the amplitude increases linearly with increasing pump power, whereas electron
g-factor and spin dephasing time are weakly sensitive to the power density in the range
Poump = 3.8-12.7 W/cm? (Figure S2 in Supplementary Materials). This indicates that we
perform experiments in a linear regime, despite using the laser with low repetition fre-
quency of 25 kHz and relatively high peak power.

Similar results on electron spin coherence at room temperature are obtained for sam-
ple #2. Spin dynamics at various magnetic fields and magnetic field dependences of its
parameters are shown in Figure S3 of the Supplementary Materials. The electron spin
dephasing time is T; , ~ 55 ps and the electron g-factor is ge = 1.69 & 0.02 being slightly
smaller than that in the sample #1.

For sample #2, we measure the spin dynamics in a large temperature range by cooling
the sample under laser illumination from 300 K down to 4 K in the magnetic field of
By = 410 mT, see Figure 2a—c. In this experiment, the laser energy is adjusted at each
temperature to the maximum of the FR amplitude in order to account for the temperature
shift of the exciton/trion transition.
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Figure 2. Spin dynamics of carriers in CsPbBrs NCs (sample #2) measured at different temperatures.
(a) FR dynamics in the temperature range of 95 — 300 K at By = 410 mT. (b) FR dynamics in the
temperature range of 10 — 50 K at By = 410 mT. (c¢) FR dynamics at different magnetic fields at
T = 4 K. (d) FR dynamics at By = 410 mT and T = 50 K (blue line) and fit with Equation (2) (red
dots). Lower panels show electron and hole contributions to the dynamics determined from the fit.
(e) FR dynamics measured after thermal cycling: heating the sample from T = 4 K, keeping it at
room temperature in the darkness for several hours, and cooling in the darkness to the temperature
of 4K (blue line). Fit with Equation (2) is shown by red dots. Ppump = 12.7 W/ cm?. (f) Magnetic field
dependence of the Larmor precession frequency of holes (blue dots) and its linear fit (red line).

In the temperature range 95-300 K only one Larmor frequency related to the electrons
is seen in the FR dynamics, Figure 2a. The Larmor precession frequency decreases with
lowering temperature. At 50 K and below, a second oscillating component with lower
Larmor frequency appears in the spin dynamics, Figure 2b,c. The magnetic field depen-
dence of the lower Larmor frequency, which is evaluated by the fit with Equation (2),
gives the g-factor g, = 0.44 £ 0.01, which we assign to holes (Figure 2f). Based on the
results of Refs. [21,26,30], the hole g-factor is expected to be positive. The hole g-factor
is independent of temperature in the range of 4-50 K, where the hole signal is detected,
Figure 3f. The hole spin dephasing time is T}, ~ 170 ps at low temperatures and decreases
down to 100 ps at 50 K, Figure 3g. We summarize the measured electron and hole spin
dynamics parameters in Table 1. Note that in bulk CsPbBr3 crystals both electron and
hole spin components were observed only at cryogenic temperatures with comparable,
but higher g factors (1.96 and 0.75, respectively) [18].
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Table 1. Spin parameters measured for CsPbBrs perovskite NCs at different temperatures. T; values
are given for By = 410 mT.

300 K 4K
Electron g-factor, ge 1.77 1.47
Hole g-factor, g, - 0.44
Electron spin dephasing time, T; , 60 ps 150 ps
Hole spin dephasing time, T; - 170 ps
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Figure 3. Temperature dependences of the parameters controlling spin dynamics in CsPbBrs NCs
(sample #2). (a) Transmission spectra at T = 5.4 K and 300 K. (b) Photoluminescence spectra at
T = 5.4 K and 300 K. (c) Temperature dependence of exciton energy evaluated from the absorption
spectra (see Figure Sla). (d) Temperature dependence of electron g-factor (red circles). Green line
shows model expectation accounting only for the temperature shift of the band gap. (e) Temperature
dependence of electron spin dephasing time. (f) Temperature dependence of hole g-factor. (g) Tem-
perature dependence of hole spin dephasing time. Data in panels (d—g) are measured at By = 410 mT
and at Ppymp = 12.7 W/cm?.

Let us turn to the temperature dependences of the electron spin parameters evaluated
from the FR dynamics. The electron spin dephasing time increases from 55 ps at 300 K up
to 150 ps at 4 K, Figure 3e. This is expected behavior, as phonon-assisted spin relaxation
mechanisms loose their efficiency at cryogenic temperatures.

Temperature dependence of the electron g-factor is the most interesting and unex-
pected finding of this study. One can see in Figure 3d, that g = 1.47 at T = 4 K and
stays constant at this value for the temperature increasing up to 120 K. However, with
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further temperature increase, it grows nearly linearly, reaching 1.69 at 300 K. This behavior
qualitatively correlates with the temperature shift of the exciton energy (Figure 3c), which
in turn reflects the temperature variation of the band gap energy.

We recently experimentally demonstrated (at cryogenic temperatures) and theoreti-
cally, that the electron g-factor in bulk lead halide perovskites has a universal dependence
on the band gap energy [21], and its value decreases with growing the band gap energy.
We take the energy shift of the exciton from Figure 3¢ and estimate the expected changes
for ge(T). The resulting dependence is shown by a green line in Figure 3d. One can see that
the dependence is weak and small decrease in g. at higher temperatures is expected. This
is in strong contrast with what we find experimentally. Obviously, some other mechanisms
are involved here, which have an origin that is to be disclosed in future studies. It will be
important to clarify experimentally whether this temperature dependence of g. reflects the
properties of bulk perovskites or is specific for NCs. As we commented in the introduction,
even for conventional semiconductors such as GaAs and CdTe, the temperature depen-
dence of the electron g-factor is not fully understood. For GaAs, the possible temperature
dependence of the interband matrix element was suggested [34], which in principle may
be relevant for the perovskite semiconductors, but require solid experimental and/or theo-
retical proofs. Note that in Ref. [21] the universal dependence of the carrier g-factors on
the band gap energy is derived assuming constant interband matrix elements. Another
possible source of the ge temperature dependence is the involvement of the states with
larger k-vector [33]; however, its influence should be reconsidered for NCs with strong
carrier confinement. Additionally, strong electron-phonon interaction in the perovskite
semiconductors may lead to temperature-dependent modification of the energy spectrum
and, consequently, of the carrier g-factors.

We show above in Figure 2a—c, that for NCs, which are cooled rather slow and under
laser illumination, the hole signal appears below 50 K as a second Larmor precession
frequency. In the case when the cooling from 300 K is performed in darkness and relatively
fast (during about 20 min), the hole signal does not appear, and only the electron spin
precession is seen at T = 4 K, Figure 2e. Obviously, photocharging of NCs either by
electrons or by holes is responsible for this phenomenon [43]. Note that time-resolved FR is
a very suitable technique for identifying the type of the resident carriers in colloidal NCs
by measuring the Larmor precession of the specific carrier. We have demonstrated this
for CdSe- and CdS-based colloidal NCs [44—46]. For CdS NCs, we have shown that the
photocharging can develop dynamically from negative to positive [44]. The photocharging
physics is complex and is determined by many factors (concentration and parameters of
surface states, efficiency of Auger processes for electrons and holes, matrix in which NCs
are embedded, lattice temperature, cooling and illumination conditions, etc.). Our results
show that depending on illumination conditions during the cooling process we can realize
either negatively photocharged NCs or coexistence of the negatively and positively charged
NCs. In both cases, the presence of neutral (empty) NCs is also expected; however, these
do not appear in the time-resolved FR experiments.

3.3. Differential Transmission and Optical Orientation Dynamics

To obtain further insight in the population and spin dynamics, we use the time-
resolved differential transmission technique. The measurements were performed for
sample #1 at room temperature and at zero magnetic field. The laser energy of E;, = 2.509 eV
is the same as in experiments with the time-resolved FR presented in Figure 1.

The population dynamics, measured with linearly polarized pump and probe beams,
are shown in Figure 4a. Initially, about 20% of the signal amplitude decays with time
71 = 40 ps and further signal decays with 7, = 2.2 ns. We study the ensemble of CsPbBr3
NCs, where neutral NCs coexist with NCs charged by either electrons or holes. The neutral
NCs gives rise to the dynamics of (neutral) excitons, and the charged NCs to the trion
dynamics. Recombination dynamics of excitons in lead halide perovskite NCs at room
temperature falls in the range of 1-2 ns [47-49]. Therefore, we assign the longer time of
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2.2 ns in our NCs to the lifetime of excitons in neutral NCs. The shorter time of 40 ps can
be assigned to trion lifetime in charged NCs, which is shortened by efficient Auger process.
From the ratio of the amplitudes of the exciton and trion decays in Figure 4a we evaluate
that about 20% of the NCs are charged and 80% stay neutral at room temperature.

AT/T (arb. units)

AT/T
o

i ] Pump o* Probe o*
— Pump o* Probe 6~

(%)

00

P

Time (ns)

Figure 4. Time-resolved differential transmission measurements of CsPbBr3 NCs (sample #1) at
T = 300 K. (a) Population dynamics measured with linearly polarized pump (Ppump = 5.1 W/ cm?)
and linearly polarized probe. Red dots show two-exponential fit. Ey = 2.509 eV. (b) Spin dynamics
measured for ¢ polarized pump and for either 0" (red line) or o~ (blue line) polarized probe.
Poump = 127 W/ cm?. (c) Dynamics of optical spin orientation degree (blue line) calculated for data
from panel (b). Dots show two-exponential fit.

Spin dynamics can be also addressed by the time-resolved differential transmission
technique when the circularly polarized pump and probe are used. The circularly polarized
pump, for which we take o polarization, photogenerates spin-polarized excitons/trions or
charge carriers. Dynamics of their spin polarization are probed by transmission of either ¢
or ¢~ circularly polarized probe. The respective dynamics are shown in Figure 4b. These
dynamics are similar to those measured in Refs. [19,50], except for a negative signal that we
observe for a very short time. It is presumably related to the non-linear effects taking place
for time-overlapping pump and probe pulses. The underlying mechanisms of carrier spin
orientation are the same as in the time-resolved FR experiments and described in Ref. [37].
From these dynamics, we calculate the optical orientation degree using Equation (1), and
these dynamics are displayed in Figure 4c. The Py, (t) dynamics have two spin relaxation
times of 7 = 8 ps and 7 = 66 ps. The longer time coincides with T}, = 60 ps time
that we measure by the time-resolved FR, Figure le. Based on that, we assign it to the
spin relaxation of resident electrons in negatively charged NCs. The faster time of 8 ps
can be either related to the spin relaxation of excitons in neutral NCs or to the hole spin
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relaxation in negatively charged trions. We suggest that the exciton spin relaxation is more
probable here.

We are aware of only one report where the spin dynamics in perovskite (CsPbls)
NCs have been measured by the time-resolved differential transmission [19]. Measured
spin relaxation times of 3 ps at room temperature and 32 ps at cryogenic temperatures
were attributed to charge carriers. In this experiment, the carriers were photogenerated
with a large excess energy, as the laser photon energy was considerably detuned from the
exciton resonance. This is an important difference from the conditions of our experiment,
where the resonant excitation was used. In our experiment, we measured 66 ps at a room
temperature for the spin relaxation dynamics of the resident electrons at the bottom of the
conduction band.

Application of the time-resolved differential transmission technique to the bulk lead
halide perovskites, such as MAPbI;, CsPbls, MAPbBr3, and CsPbBrs polycrystalline films,
evidence very fast spin dynamics of <5 ps [11,20]. Note that the data for bulk structures
should be taken with care when comparison with NCs is made, as zero-dimensional confine-
ment strongly modifies the available spin relaxation mechanisms of carriers and excitons.

4. Conclusions

We have studied carrier spin dynamics in CsPbBr3 perovskite nanocrystals by means
of the time-resolved Faraday rotation and differential transmission techniques. Coherent
spin dynamics in form of the Larmor spin precession of electrons and holes are provided
by the NCs singly photocharged by these carriers. The photocharging process depends
on whether the sample is cooled under laser illumination or in darkness. The coherent
spin precession of electrons is observed in the temperature range from 4 K up to room
temperature. Their spin dephasing time of 60 ps at room temperature is rather long
compared to that for conventional semiconductors. Unexpected temperature dependence
of the electron g-factor, which increases with growing temperature and with increasing
the band gap energy, is found. The coherent spin dynamics of holes emerge at cryogenic
temperatures of 4-50 K. Our results demonstrate that lead halide perovskite NCs are very
interesting and promising materials for spintronics and information technologies exploiting
spin-dependent phenomena.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13172454/s1, Figure S1: photoluminescence and transmission
spectra of the sample #2 measured in a temperature range 5.4-300 K; Figure S2: dependences of
spin parameters on the pump power density in the sample #1; Figure S3: experimental data for
time-resolved FR studies of the sample #2.

Author Contributions: Conceptualization, E.A.Z. and D.R.Y.; methodology, SR.M., E.A.Z. and
V.V.B,; validation, S R.M., E.A.Z,, E.-VK,, V.V.B. and D.R.Y,; investigation, S.R.M., E.A.Z. and E.VK,;
writing—original draft preparation, E.A.Z. and D.R.Y.; writing—review and editing, SR.M., E.A.Z,,
D.RY. and V.V.B; supervision, D.R.Y. and E.A.Z.; project administration, D.R.Y. and V.V.B.; fund-
ing acquisition, D.R.Y. and V.V.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian
Federation, Contract No. 075-15-2021-598 at the P. N. Lebedev Physical Institute.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Samples for these studies were provided by D. N. Dirin and M. V. Kovalenko
from ETH Ziirich. We are thankful to M. O. Nestoklon and M. M. Glazov for fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/nano13172454/s1
https://www.mdpi.com/article/10.3390/nano13172454/s1

Nanomaterials 2023, 13, 2454 11 of 12

References

1. Jena, A. K,; Kulkarni, A.; Miyasaka, T. Halide perovskite photovoltaics: Background, status, and future prospects. Chem. Rev.
2019, 5, 3036-3103. [CrossRef]

2. Vinattieri, A.; Giorgi, G. (Eds.) Halide Perovskites for Photonics; AIP Publishing: Melville, NY, USA, 2021.

3.  Vardeny, Z.V.; Beard, M.C. (Eds.) Hybrid Organic Inorganic Perovskites: Physical Properties and Applications; World Scientific:
Singapore, 2022.

4. Wang, J.; Zhang, C.; Liu, H.; McLaughlin, R.; Zhai, Y.; Vardeny, S.R.; Liu, X.; McGill, S.; Semenov, D.; Guo, H.; et al. Spin-
optoelectronic devices based on hybrid organic-inorganic trihalide perovskites. Nat. Commun. 2019, 10, 129. [CrossRef]

5. Ning, W.; Bao, ].; Puttisong, Y.; Moro, E; Kobera, L.; Shimono, S.; Wang, L.; Ji, F.; Cuartero, M.; Kawaguchi, S.; et al. Magnetizing
lead free halide double perovskites. Sci. Adv. 2020, 6, eabb5381. [CrossRef]

6. Kim, Y.-H.; Zhai, Y,; Lu, H.; Pan, X,; Xiao, C.; Gaulding, E.A.; Harvey, S.P; Berry, ].J.; Vardeny, Z.V.; Luther, ].M.; et al. Chiral-
induced spin selectivity enables a room-temperature spin light-emitting diode. Science 2021, 371, 1129. [CrossRef]

7. Kovalenko, M.V,; Protesescu, L.; Bondarchuk, M.I. Properties and potential optoelectronic applications of lead halide perovskite
nanocrystals. Science 2017, 358, 745-750. [CrossRef]

8.  Efros, A.L,; Brus, L.E. Nanocrystal quantum dots: From discovery to modern development. ACS Nano 2021, 15, 6192-6210.
[CrossRef]

9.  Meier, F; Zakharchenya, B.P. (Eds.) Optical Orientation; North Holland: Amsterdam, The Netherlands, 1984.

10. Dyakonov, M.I. (Ed.) Spin Physics in Semiconductors; Springer International Publishing AG: Berlin/Heidelberg, Germany, 2017.

11. Giovanni, D.; Ma, H.; Chua, J.; Gratzel, M.; Ramesh, R.; Mhaisalkar, S.; Mathews, N.; Sum, T.C. Highly spin-polarized carrier
dynamics and ultralarge photoinduced magnetization in CH3NH3Pbl3 perovskite thin films. Nano Lett. 2015, 15, 1553-1558.
[CrossRef]

12.  Nestoklon, M.O.; Goupalov, S.V.; Dzhioev, R.I,; Ken, O.S.; Korenev, V.L.; Kusrayev, Y.G.; Sapega, V.F.; de Weerd, C.; Gomez, L.;
Gregorkiewicz, T.; et al. Optical orientation and alignment of excitons in ensembles of inorganic perovskite nanocrystals. Phys.
Rev. B 2018, 97, 235304. [CrossRef]

13. Kopteva, N.E.; Yakovlev, D.R; Yalcin, E.; Akimov, L.A.; Nestoklon, M.O.; Glazov, M.M.; Kotur, M.; Kudlacik, D.; Zhukov, E.A.;
Kirstein, E.; et al. Giant optical orientation of exciton spins in lead halide perovskite crystals. arXiv 2023, arXiv:2305.10875.

14. Zhang, C.; Sun, D.; Sheng, C.X.; Zhai, Y.X.; Mielczarek, K.; Zakhidov, A.; Vardeny, Z.V. Magnetic field effects in hybrid perovskite
devices. Nat. Phys. 2015, 11, 427. [CrossRef]

15. Zhang, C.; Sun, D.; Yu, Z.-G.; Sheng, C.-X.; McGill, S.; Semenov, D.; Vardeny, Z.V. Field-induced spin splitting and anomalous
photoluminescence circular polarization in CH3NH;3PbI; films at high magnetic field. Phys. Rev. B 2018, 97, 134412. [CrossRef]

16. Canneson, D.; Shornikova, E.V.; Yakovlev, D.R.; Rogge, T.; Mitioglu, A.A ; Ballottin, M.V.; Christianen, P.C.M.; Lhuillier, E.; Bayer,
M.; Biadala, L. Negatively charged and dark excitons in CsPbBrs perovskite nanocrystals revealed by high magnetic fields. Nano
Lett. 2017, 17, 6177-6183. [CrossRef] [PubMed]

17.  Odenthal, P; Talmadge, W.; Gundlach, N.; Wang, R.; Zhang, C.; Sun, D.; Yu, Z.-G.; Vardeny, V.Z.; Li, Y.S. Spin-polarized exciton
quantum beating in hybrid organic-inorganic perovskites. Nat. Phys. 2017, 13, 894. [CrossRef]

18. Belykh, V.V,; Yakovlev, D.R.; Glazov, M.M.; Grigoryev, P.S.; Hussain, M.; Rautert, J.; Dirin, D.N.; Kovalenko, M.V.; Bayer, M.
Coherent spin dynamics of electrons and holes in CsPbBr3 perovskite crystals. Nat. Commun. 2019, 10, 673. [CrossRef]

19. Strohmair, S.; Dey, A.; Tong, Y.; Polavarapu, L.; Bohn, B.J.; Feldmann, J. Spin polarization dynamics of free charge carriers in
CsPblz nanocrystals. Nano Lett. 2020, 20, 4724—4730. [CrossRef]

20. Zhou, M.; Sarmiento, J.S.; Fei, C.; Zhang, X.; Wang, H. Effect of composition on the spin relaxation of lead halide perovskites. J.
Phys. Chem. Lett. 2020, 11, 1502-1507. [CrossRef]

21. Kirstein, E.; Yakovlev, D.R,; Glazov, M.M.; Zhukov, E.A.; Kudlacik, D.; Kalitukha, 1.V.; Sapega, V.E; Dimitriev, G. S.; Semina, M.A.;
Nestoklon, M.O.; et al. The Landé factors of electrons and holes in lead halide perovskites: Universal dependence on the band
gap. Nat. Commun. 2022, 13, 3062. [CrossRef]

22. Harkort, C.; Kudlacik, D.; Kopteva, N.E.; Yakovlev, D.R.; Karzel, M.; Kirstein, E.; Hordiichuk, O.; Kovalenko, M.V.; Bayer, M.
Spin-flip Raman scattering on electrons and holes in two-dimensional (PEA),Pbl, perovskites. Small 2023, 19, 2300988. [CrossRef]

23. Kirstein, E.; Yakovlev, D.R.; Glazov, M.M,; Evers, E.; Zhukov, E.A.; Belykh, V.V,; Kopteva, N.E.; Kudlacik, D.; Nazarenko, O.; Dirin,
D.N,; et al. Lead-dominated hyperfine interaction impacting the carrier spin dynamics in halide perovskites. Adv. Mater. 2022,
34, 2105263. [CrossRef]

24. Belykh, V.V, Skorikov, M.L.; Kulebyakina, E.V.; Kolobkova, E.V.; Kuznetsova, M.S.; Glazov, M.M.; Yakovlev, D.R. Submillisecond
spin relaxation in CsPb(Cl,Br)3 perovskite nanocrystals in a glass matrix. Nano Lett. 2022, 22, 4583-4588. [CrossRef]

25. Kirstein, E.; Kopteva, N.E.; Yakovlev, D.R.; Zhukov, E.A.; Kolobkova, E.V,; Kuznetsova, M.S.; Belykh, V.V.; Yugova, LA,
Glazov, M.M.; Bayer, M.; et al. Mode locking of hole spin coherences in CsPb(CL Br); perovskite nanocrystals. Nat. Commun. 2023,
14, 699. [CrossRef]

26. Grigoryev, PS.; Belykh, V.V,; Yakovlev, D.R.; Lhuillier, E.; Bayer, M. Coherent spin dynamics of electrons and holes in CsPbBr3
colloidal nanocrystals. Nano Lett. 2021, 21, 8481-8487. [CrossRef] [PubMed]

27. Crane, M.].; Jacoby, L.M.; Cohen, T.A.; Huang, Y.; Luscombe, C.K.; Gamelin, D.R. Coherent spin precession and lifetime-limited

spin dephasing in CsPbBr; perovskite nanocrystals. Nano Lett. 2020, 20, 8626-8633. [CrossRef]


http://doi.org/10.1021/acs.chemrev.8b00539
http://dx.doi.org/10.1038/s41467-018-07952-x
http://dx.doi.org/10.1126/sciadv.abb5381
http://dx.doi.org/10.1126/science.abf5291
http://dx.doi.org/10.1126/science.aam7093
http://dx.doi.org/10.1021/acsnano.1c01399
http://dx.doi.org/10.1021/nl5039314
http://dx.doi.org/10.1103/PhysRevB.97.235304
http://dx.doi.org/10.1038/nphys3277
http://dx.doi.org/10.1103/PhysRevB.97.134412
http://dx.doi.org/10.1021/acs.nanolett.7b02827
http://www.ncbi.nlm.nih.gov/pubmed/28820601
http://dx.doi.org/10.1038/nphys4145
http://dx.doi.org/10.1038/s41467-019-08625-z
http://dx.doi.org/10.1021/acs.nanolett.9b05325
http://dx.doi.org/10.1021/acs.jpclett.0c00004
http://dx.doi.org/10.1038/s41467-022-30701-0
http://dx.doi.org/10.1002/smll.202300988
http://dx.doi.org/10.1002/adma.202105263
http://dx.doi.org/10.1021/acs.nanolett.2c01673
http://dx.doi.org/10.1038/s41467-023-36165-0
http://dx.doi.org/10.1021/acs.nanolett.1c03292
http://www.ncbi.nlm.nih.gov/pubmed/34591496
http://dx.doi.org/10.1021/acs.nanolett.0c03329

Nanomaterials 2023, 13, 2454 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Lin, X.; Han, Y.; Zhu, J.; Wu, K. Room-temperature coherent optical manipulation of hole spins in solution-grown, perovskite
quantum dots. Nat. Nanotechnol. 2022, 18, 124. [CrossRef]

Kopteva, N.E.; Yakovlev, D.R; Kirstein, E.; Zhukov, E.A.; Kudlacik, D.; Kalitukha, L.V.; Sapega, V.F.; Dirin, D.N.; Kovalenko, M.V,;
Baumann, A.; et al. Weak dispersion of exciton Lande factor with band gap energy in lead halide perovskites: Approximate
compensation of the electron and hole dependences. arXiv 2023, arXiv:2301.12775.

Nestoklon, M.O.; Kirstein, E.; Yakovlev, D.R.; Zhukov, E.A.; Glazov, M.M.; Semina, M.A.; Ivchenko, E.L.; Kolobkova, E.V,;
Kuznetsova, M.S.; Bayer, M. Tailoring the electron and hole Lande factors in lead halide perovskite nanocrystals by quantum
confinement and halide exchange. arXiv 2023, arXiv:2305.10586.

Oestreich, M.; Riithle, W.W. Temperature dependence of the electron Landeé g-factor in GaAs. Phys. Rev. Lett. 1995, 74, 2315.
[CrossRef] [PubMed]

Oestreich, M.; Hallstein, S.; Heberle, A.P; Eberl, K.; Bauser, E.; Rithle, W.W. Temperature and density dependence of the electron
Lande g factor in semiconductors. Phys. Rev. B 1996, 53, 7911. [CrossRef]

Zawadzki, W.; Pfeffer, P.; Bratschitsch, R.; Chen, Z.; Cundiff, S.T.; Murdin, B.N.; Pidgeon, C.R. Temperature dependence of the
electron spin g factor in GaAs. Phys. Rev. B 2008, 78, 245203. [CrossRef]

Hiibner, J.; Dohrmann, S.; Hagele, D.; Oestreich, M. Temperature-dependent electron Landé g factor and the interband matrix
element of GaAs. Phys. Rev. B 2009, 79, 193307. [CrossRef]

Akkerman, Q.A.; Nguyen, T.P.T.; Boehme, S.C.; Montanarella, F; Dirin, D.N.; Wechsler, P.; Beiglbock, F.; Raino, G.; Erni,
R.; Katan, C.; et al. Controlling the nucleation and growth kinetics of lead halide perovskite quantum dots. Science 2022,
377,1406-1412.

Bujalance, C.; Calio, L.; Dirin, D.N.; Tiede, D.O.; Galisteo-Lopez, J.E; Feist, J.; Garcia-Vidal, F. ].; Kovalenko, M.V.; Miguez, H.
Strong light-matter coupling in lead halide perovskite quantum dot solids. arXiv 2023, arXiv:2306.10884.

Yakovlev, D.R.; Bayer, M. Coherent spin dynamics of carriers. In Spin Physics in Semiconductors; Dyakonov, M.L, Ed.; Springer
International Publishing AG: Berlin/Heidelberg, Germany, 2017; Chapter 6, pp. 155-206.

Garcia-Arellano, G.; Trippé-Allard, G.; Legrand, L.; Barisien, T.; Garrot, D.; Deleporte, E.; Bernardot, E; Testelin, C.; Chamarro,
M.E.ergy tuning of electronic spin coherent evolution in methylammonium lead iodide perovskites. J. Phys. Chem. Lett. 2021,
12, 8272.

Yakovlev, D.R.; Crooker, S.A.; Semina, M.A.; Rautert, J.; Mund, J.; Dirin, D.N.; Kovalenko, M.V.; Bayer, M. Exciton-polaritons
in CsPbBr; crystals revealed by optical reflectivity in high magnetic fields and two-photon spectroscopy. arXiv 2023,
arXiv:2307.07035.

Yang, Z.; Surrente, A.; Galkowski, K.; Miyata, A.; Portugall, O.; Sutton, R.J.; Haghighirad, A.A.; Snaith, H.].; Maude, D.K,;
Plochocka, P; et al. Impact of the halide cage on the electronic properties of fully inorganic cesium lead halide perovskites. ACS
Energy Lett. 2017, 2, 1621.

Shrivastava, M.; Krieg, F.; Mandal, D.; Poonia, A.K.; Bera, S.K.; Kovalenko, M.V.; Adarsh, K.V. Room-temperature anomalous
coherent excitonic optical Stark effect in metal halide perovskite quantum dots. Nano Lett. 2022, 22, 808. [PubMed]

Biffi, G.; Cho, Y.; Krahne, R.; Berkelbach, T.C. Excitons and their fine structure in lead halide perovskite nanocrystals from
atomistic GW/BSE calculations. . Phys. Chem. C 2023, 127, 1891-1898.

Yakovlev, D.R.; Rodina, A.V.; Shornikova, E.V.; Golovatenko, A.A.; Bayer, M. Coherent spin dynamics of colloidal nanocrystals.
In Photonic Quantum Technologies: Science and Applications; Benyoucef, M., Ed.; Wiley-VCH: Hoboken, NJ, USA, 2023.

Feng, D.H.; Yakovlev, D.R.; Pavlov, V.V,; Rodina, A.V.; Shornikova, E.V.; Mund, J.; Bayer, M. Dynamic evolution from negative to
positive photocharging in colloidal CdS quantum dots. Nano Lett. 2017, 17, 2844-2851. [PubMed]

Hu, R.R; Yakovlev, D.R;; Liang, P,; Qiang, G.; Chen, C,; Jia, T.Q.; Sun, Z.R.; Bayer, M.; Feng, D.H. Origin of two Larmor frequencies
in the coherent spin dynamics of colloidal CdSe quantum dots revealed by controlled charging. J. Phys. Chem. Lett. 2019,
10, 3681-3687.

Hu, R.R.;; Wu, Z.; Zang, Y.Y.; Yakovlev, D.R.; Liang, P; Qiang, G.; Guo, J.X;; Jia, T.Q.; Sun, Z.R.; Bayer, M.; et al. Long-lived
negative photocharging in colloidal CdSe quantum dots revealed by coherent electron spin precession. J. Phys. Chem. Lett. 2019,
10, 4994-4999. [PubMed]

Seth, S.; Ahmed, T.; Samanta, A. Photoluminescence flickering and blinking of single CsPbBr3 perovskite nanocrystals: Revealing
explicit carrier recombination dynamics. J. Phys. Chem. Lett. 2018, 9, 7007-7014. [PubMed]

Dey, A.; Rathod, P.; Kabra, D. Role of localized states in photoluminescence dynamics of high optical gain CsPbBr3 nanocrystals,
Adv. Opt. Mater. 2018, 6, 1800109.

Diroll, B.T.; Zhou, H.; Schaller, R.D. Low-temperature absorption, photoluminescence, and lifetime of CsPbX3 (X = Cl, Br,
Ln.nocrystals. Adv. Funct. Mater. 2018, 28, 1800945.

Li, Y; Luo, X; Liu, Y,; Lu, X.; Wu, K. Size- and Composition-Dependent Exciton Spin Relaxation in Lead Halide Perovskite
Quantum Dots. ACS Energy Lett. 2020, 5, 1701-1708.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1038/s41565-022-01279-x
http://dx.doi.org/10.1103/PhysRevLett.74.2315
http://www.ncbi.nlm.nih.gov/pubmed/10057897
http://dx.doi.org/10.1103/PhysRevB.53.7911
http://dx.doi.org/10.1103/PhysRevB.78.245203
http://dx.doi.org/10.1103/PhysRevB.79.193307
http://www.ncbi.nlm.nih.gov/pubmed/34990139
http://www.ncbi.nlm.nih.gov/pubmed/28367630
http://www.ncbi.nlm.nih.gov/pubmed/31408346
http://www.ncbi.nlm.nih.gov/pubmed/30500204

	Introduction
	Materials and Methods
	Samples
	Photoluminescence and Optical Transmission
	Time-Resolved Faraday Rotation
	Time-Resolved Differential Transmission

	Results and Discussion
	Photoluminescence and Transmission
	Time-Resolved Faraday Rotation
	Differential Transmission and Optical Orientation Dynamics

	Conclusions
	References 

