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Landé g-factors in CsPblz nanocrystals embedded
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The coherent spin dynamics of electrons and holes in CsPblz perovskite nanocrystals in a glass matrix are
studied by the time-resolved Faraday ellipticity technique in magnetic fields up to 430 mT across a temp-
erature range from 6 K to 120 K. The Landé g-factors and spin dephasing times are evaluated from the
observed Larmor precession of electron and hole spins. The nanocrystal size in the three studied samples
varies from about 8 to 16 nm, resulting in exciton transition varying from 1.69 to 1.78 eV at a temperature
of 6 K, allowing us to study the corresponding energy dependence of the g-factors. The electron g-factor
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decreases with increasing confinement energy in the NCs as a result of NC size reduction, and also with
increasing temperature. The hole g-factor shows the opposite trend. Model analysis shows that the vari-
ation of g-factors with NC size arises from the transition energy dependence of the g-factors, which
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| Introduction

The successful synthesis of colloidal nanocrystals (NCs) from
lead halide perovskites has greatly increased the possibilities
for tailoring their material properties"> and enhancing their
attractiveness for applications in photovoltaics, opto-
electronics, electronics, and beyond.’”® Lead halide perovskite
NCs are commonly synthesized by colloidal chemistry in solu-
tions and can be composed of hybrid organic-inorganic or
fully inorganic materials. In comparison to the hybrid
organic-inorganic perovskite NCs, fully inorganic NCs made
of, e.g., CsPbl;, CsPbBr3, or CsPbCl;, show considerably higher
stability under ambient conditions. Further enhanced stability
is achieved when the NCs are synthesized in a glass matrix
from a melt,”"* which also facilitates their usage in opto-
electronic applications.
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becomes strongly renormalized by temperature.

Lead halide perovskite NCs also demonstrate interesting
spin-dependent properties,"*> which have been determined by
several optical and magneto-optical techniques. Among them
are optical orientation and optical alignhment,'* polarized
emission in the magnetic field,"> time-resolved Faraday/Kerr
rotation,'®® time-resolved differential transmission,>' and
optically detected nuclear magnetic resonance.’® The reported
spin dynamics cover wide temporal ranges from a few pico-
seconds for the fast exciton quantum beatings,?*>* up to tens
of nanoseconds for the carrier spin coherence®® and spin
dephasing'” times, and up to sub-milliseconds for the longi-
tudinal spin relaxation times'? at cryogenic temperatures.
Among the above-mentioned techniques, time-resolved
Faraday/Kerr rotation is particularly informative, as it provides
comprehensive data on the electron and hole Landé g-factors,
spin coherence, spin dephasing and longitudinal spin relax-
ation. It can reveal signals from long-living electrons and holes
provided by photocharging of NCs.'”'® In CsPbBr; NCs, the
observation of coherent spin precession of carriers has been
reported from cryogenic up to room temperatures.'®'® Also all-
optical manipulations of the spin coherence at room tempera-
ture have been demonstrated.'® The spin mode-locking effect
reported recently for CsPb(Cl,Br); NCs in a glass matrix
demonstrates that advanced protocols of coherent spin syn-
chronization can be implemented in perovskite NCs.>’

A key parameter in spin physics is the Landé g-factor, which
determines the Zeeman splitting of charge carriers. In solid

This journal is © The Royal Society of Chemistry 2024
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state systems, electrons and holes are quasi-particles and their
g-factors might be drastically different from the g, ~ 2 of a free
electron. This difference is dictated by the band parameters of
the system.>® We recently showed experimentally and theoreti-
cally that in bulk lead halide perovskites the electron, hole,
and exciton g-factors follow universal dependencies on the
band gap energy.””*® In NCs, the additional mixing of the
band states by confinement significantly contributes to the
electron g-factor, causing deviations from the universal depen-
dence for the bulk; however, mixing has only a weak effect on
the hole g-factor,”® as predicted theoretically and confirmed
experimentally by low-temperature measurements at 7 = 5 K
for CsPbI; NCs in glass. It is interesting to extend these experi-
ments to higher temperatures, which could provide additional
information about the band structure influence. At first
glance, one would expect that the g-factor behaves according to
the temperature shift of the band gap energy. However, it was
shown for GaAs and CdTe semiconductors that the tempera-
ture dependence of the electron g-factor may also have other
strong contributions,*** the origin of which is not yet fully
clarified even for conventional semiconductors.

In this paper, we study the coherent spin dynamics of elec-
trons and holes in perovskite CsPbI; NCs in glass by the time-
resolved Faraday ellipticity technique. The spin dynamics are
measured in a temperature range of 6-120 K, from which the
electron and hole g-factors as well as the spin relaxation times
are evaluated. By analyzing NCs of different sizes in three
samples at different temperatures, we measure the spin pro-
perties across a range of optical transition energies exceeding
100 meV. Our model analysis explains the observed qualitative
trends for the carrier g-factor dispersion and its variation with
temperature. Experiment and theory are also in good quanti-
tative agreement for the hole g-factor, but show significant
deviations for the electron g-factor, origins of which need to be
understood further.

Il Experimental results

We study experimentally a set of CsPbl; NCs embedded in a
fluorophosphate glass matrix, namely, three samples with
different NC sizes covering a range of 8-16 nm. We label them
in this paper as samples #1, #2 and #3. The photo-
luminescence and absorption spectra of these samples at a
temperature of 7= 6 K are presented in the ESI Fig. S1.f The
rather wide size dispersion in each sample together with the
change between the samples allows us to cover the spectral
range of exciton transitions of 1.69-1.78 eV at 6 K (Fig. 1d), see
also ref. 29, where samples from the same synthesis procedure
were investigated. By tuning the laser photon energy, we selec-
tively address NCs with a specific exciton transition energy
corresponding to a specific NC size. For that, spectrally narrow
laser pulses with 1 meV width and 1.5 ps duration are used for
excitation.

The time-resolved Faraday ellipticity (TRFE) technique is
used to measure the coherent dynamics of electron and hole
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spins in a magnetic field to determine their parameters. This
all-optical pump-probe technique exploits polarized laser
pulses,®®?> where spin-oriented carriers are photogenerated by
the circularly-polarized pump pulses and the dynamics of
their spin polarization are detected through the change of the
ellipticity of the linearly polarized probe pulses.>***” The pre-
sented experiments are performed at cryogenic temperatures
in the range of 6-120 K. Magnetic fields up to 430 mT are
applied in the Voigt geometry, perpendicular to the light wave
vector.

A. Electron and hole spin dynamics at T=6 K

An example of the TRFE dynamics measured on sample #1 at
T = 6 K for the laser photon energy E;, = 1.703 €V is shown in
the top panel of Fig. 1a. The dynamics are measured with the
magnetic field B = 350 mT applied perpendicular to the light
wave vector (Voigt geometry). The TRFE signal contains two
oscillating and one nonoscillating component. The oscillations
are observed only in finite external magnetic field and we
assign them to coherent spin precession of the charge carriers
with the Larmor precession frequency @y, which is determined
by the g-factor and scales with the magnetic field B according
to:

oy, = |g|usB/h. (1)

Here, up is the Bohr magneton and 7 is the reduced Planck
constant. The decay of the oscillations is described by the spin
dephasing time T,, which in an inhomogeneous ensemble of
NCs is commonly determined by the spread of Larmor preces-
sion frequencies. The dashed red line in Fig. 1a shows a fit to
the spin dynamics using the following function:

Ape(t) o< > S cos(ayit) exp(—t/T, )
i=eh (2)

+ 81 exp(—t/no)-

Here, Sp . and Sy 1, are the initial light-induced spin polariz-
ations of electrons and holes, respectively. S; is the initial spin
polarization corresponding to the nonoscillating component.
T,. and T,,, are the electron and hole spin dephasing times,
Tno 1S the decay time of the nonoscillating component. The
three contributions after decomposition are shown in Fig. 1a.
One can see that the nonoscillating component with z,, = 1.3
ns has a very small amplitude so we do not consider it any
further in our analysis. We assign the fast and slow oscillating
components to the electron (wy = 73.3 rad ns™*, T, . = 100 ps)
and hole (wy, = 4.0 rad ns™', T,, = 200ps) spin precession,
respectively. We base this assignment on the known dependen-
cies of the carrier g-factors on the band gap energy in lead
halide perovskite bulk crystals®” and on the confinement
energy in nanocrystals.”® The spin dynamics measured in
different magnetic fields for samples #1 and #2 are shown in
the ESI, Fig. S3 and S4.t

The magnetic field dependencies of the Larmor precession
frequencies are shown in Fig. 1b. As expected, they show linear
dependencies on the magnetic field strength without any
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Fig. 1 Coherent spin dynamics in CsPbl; NCs at T = 6 K. (a) TRFE dynamics (black solid line) of sample #1, measured in B = 350 mT at the laser
photon energy E; = 1.703 eV. Red dashed line shows a fit to the signal, using egn (2). The three lower traces show the decomposed contributions to
the signal. (b) Magnetic field dependencies of the electron (red circles) and hole (blue triangles) Larmor precession frequencies. Fits to the experi-
mental data with eqgn (1) (solid lines) gives |ge| = 2.33 and |gy| = 0.14. (c) Magnetic field dependencies of the spin dephasing times T; for electrons
(red circles) and holes (blue triangles). Solid lines show fits with eqn (3). (d) Spectral dependencies of the electron FE amplitude Sg . for the studied

samples #1 (green circles), #2 (red open circles), and #3 (black circles) in

B = 430 mT. Lines are guides to the eye. (e) Spectral dependencies of the

electron (circles) and hole (triangles) g-factors in the three studied samples. Solid lines give the calculations for CsPbls NCs from ref. 29.

offset for extrapolation to zero field which may arise from the
exchange interaction effects between electrons and holes.
According to eqn (1), the slopes of these dependencies corres-
pond to the absolute values of the electron and hole g-factors |
ge| =2.33 and |gy| = 0.14. It was shown in ref. 29 that in CsPbl;
NCs the electron g-factor is positive, while the hole g-factor
crosses zero within the studied spectral range and can be
either negative or positive. The TRFE technique does not
provide direct information about the g-factor sign. It can, in
principle, be identified through dynamic nuclear polarization
detected via TRFE, as demonstrated for FA,Csg.1Pbl, gBrg.,
crystals, but is very sensitive to temperature and was observed
only at T = 1.6 K.*®* We show below that the analysis of the
spectral dependence of the hole g-factor allows us to conclude
that at an energy of 1.703 eV, gy, is negative, i.e. g, = —0.14.

It is worth mentioning that the magnetic field dependen-
cies of the Larmor precession frequencies shown in Fig. 1b
have no offset at zero magnetic field. Therefore, we can safely
assign the measured spin dynamics to independent resident
electrons and holes confined in the NCs and not to carriers
bound to excitons. More arguments along that line can be

21498 | Nanoscale, 2024, 16, 21496-21505

found in ref. 17 and 29. The resident carriers in the NCs can
arise from long-living photocharging, where either the electron
or the hole from a photogenerated electron-hole pair escapes
from the NC. As a result, some NCs in the ensemble are
charged with electrons, some NCs with holes, while the rest
remain neutral.

The magnetic field dependencies of the spin dephasing
times of electrons (7,.) and holes (7,,) are shown in
Fig. 1c. With the maghetic field growmg from 90 mT to
430 mT, dephasing times for both carriers decrease, namely,
for the electrons from 260 ps to 90 ps and for the holes from
350 ps to 200 ps. This behavior is typical of inhomogeneous
spin ensembles with a finite g-factor spread Ag and can be
described by the following expression:**

1 1 AgugB
HORCAONE G)

Here, T,(0) is the spin dephasing time at zero magnetic
field. Fitting the experimental data with eqn (3), yields Ag. =

This journal is © The Royal Society of Chemistry 2024
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0.25 for the electrons and Agy, = 0.07 for the holes. Thus, the
relative spreads are Age/g. = 11% and Agy/gn = 50%.

Fig. 1d shows the spectral dependence of the electron FE
amplitude S, for the three studied samples. These profiles
can be considered as those of exciton absorption in the
inhomogeneous NC ensembles. They have different widths
with the narrowest distribution in sample #1 and the largest
distribution in sample #3. The traces of three samples overlap
spectrally with each other so that they continuously cover the
spectral range of 1.69-1.78 eV at T = 6 K, in agreement with
the variation of NC sizes from about 8 to 16 nm,*® where the
smallest NCs have the highest energy due to the strongest
carrier quantum confinement.

The spectral dependencies of the electron and hole
g-factors are shown in Fig. 1e. Both dependencies show mono-
tonic changes with increasing energy. The electron g-factor
decreases from +2.34 to +1.72 and the hole g-factor increases
starting from a negative value of —0.19 and reaching a positive
value of +0.36. The experimental results are in good agreement
with the predictions of the tight-binding calculations from ref.
29 shown by solid lines, which account for the band mixing
caused by electron and hole quantum confinement in CsPbI;
NCs. Note, that in ref. 29 we measured the same CsPbI; NCs,
but with a laser system having a high pulse repetition rate of
76 MHz, which has about three orders of magnitude smaller

View Article Online
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peak power. This limited the spectral range where the spin
parameters could be reliably determined, e.g., for the hole
g-factor it was only 1.68-1.72 eV compared to 1.68-1.78 €V in
the present study, which limited systematic studies in the
earlier work.

As mentioned above, from the Larmor precession frequency
measured in TRFE experiments one can evaluate only the mag-
nitude of the g-factor, but not its sign. The question about the
sign is of particular importance for the hole g-factor, which is
expected to cross zero in the considered spectral range. In ESI
Fig. S5 we plot the dependence of |g,| on the laser photon
energy Ep, revealing a nonmonotonous behavior: |gy,| decreases
in the spectral range from about 1.69 eV to 1.71 eV, but
increases in the range from 1.71 eV to 1.78 eV. As the mono-
tonic dependence was theoretically predicted,>® we suggest
that gy, < 0 for Ey, < 1.71 eV, crosses zero at Ey, % 1.71 eV, and gy,
> 0 for Ey, > 1.71 eV. We use this reasoning for plotting the data
in Fig. 1e.

B. Temperature dependence of spin dynamics

We next turn to the spin dynamics measured at various temp-
eratures in order to extract the temperature dependencies of
the spin related parameters in CsPbI; NCs. As the temperature
changes, the band gap of the material also changes and one
needs to tune the laser accordingly to ensure that NCs of the
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Fig. 2 Temperature dependence of the spin dynamics in sample #1 for B = 430 mT. (a) TRFE traces at various temperatures from 15 to 90 K. (b)
Zoom into dynamics from panel (a) at 15 K, 25 K, and 55 K to highlight the hole Larmor precession. (c) Temperature dependence of electron (red
circles) and hole (blue triangles) FE amplitude. (d) Temperature dependence of electron and hole spin dephasing time T,. Temperature dependence
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same size are addressed at different temperatures. This is
difficult for strongly inhomogeneous samples, like for sample
#3. Therefore, we start with the basic temperature trends for
the most homogeneous sample #1. In the following, we
measure the complete spectral dependencies at various temp-
eratures for all samples.

Fig. 2a and b show the spin dynamics in sample
#1 measured at various temperatures. The laser photon energy
is adjusted to the maximum of the TRFE amplitude for each
temperature, as shown in Fig. 2g. At T < 15 K the FE dynamics
consist of electrons, holes and nonoscillating components.
The amplitude S; of the nonoscillating component decreases
with temperature, and at T > 55 K it is not detected, while the
pronounced electron spin oscillations are seen up to T'= 90 K.
The hole spin oscillations almost disappear at around T =
25 K, when the laser photon energy is equal to 1.71 eV. Fig. 1e
shows that the hole g-factor crosses zero around this energy.
With further temperature increase, the hole spin oscillations
become prominent again and are observed up to 65 K. Note
that on another spot of this sample #1 we can measure spin
oscillations up to 120 K, see the ESI, Fig. S6.1

The temperature dependencies of the FE amplitudes and
spin dephasing times, evaluated by fitting the spin dynamics
with eqn (2), are presented in Fig. 2c and d, respectively. The
FE amplitudes of electrons and holes are close to each other in
the whole temperature range and decrease with increasing
temperature. The electron spin dephasing time shortens from
90 ps at T=6 K to 50 ps at 90 K. The hole spin dephasing time
decreases from 200 ps at T = 6 K to 80 ps at 55 K. We suggest
that the shortening of the spin dephasing times is due to the
acceleration of the carrier spin relaxation via their interaction
with phonons at elevated temperatures.

C. Temperature dependence of g-factors

The temperature dependencies of the electron and hole
g-factors are shown in Fig. 2e and f. They are measured at the
maximum of the FE amplitude, which in sample #1 shifts
from 1.703 eV at 6 K to 1.759 eV at 90 K, see Fig. 2g. The elec-
tron g-factor decreases with temperature from +2.34 to +1.82.
The hole g-factor is equal to —0.14 at T = 6 K, crosses zero at
about 30 K (E =~ 1.710 eV), and reaches +0.34 at 65 K (Ey, =
1.725 eV). This behavior is in line with the trend in the spectral
dependencies of the g-factors shown in Fig. 1e. Namely, with
increasing energy, regardless of whether achieved by laser
energy tuning or a temperature shift, the electron g-factor
decreases while the hole g-factor increases.

For closer insight into the mechanisms underlying the
temperature dependence of the carrier g-factors, we measure
the spectral dependencies of the g-factors at various tempera-
tures. The results for sample #3 with the largest spectral broad-
ening are shown in Fig. 3a for temperatures of 6, 50, 80, and
120 K. The corresponding spectral profiles of the FE amplitude
are given in Fig. 3b. One can see that the total covered energy
range increases up to 1.68-1.83 eV due to tuning with tempera-
ture. All experimental results on the carrier g-factors for the
three studied samples at various temperatures from 6 to 120 K

21500 | Nanoscale, 2024, 16, 21496-21505
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Fig. 3 Spectral and temperature dependencies of charge carrier
g-factors in CsPbls NCs of sample #3. (a) Spectral dependencies of the
electron (circles) and hole (triangles) g-factors measured at tempera-
tures of 6 K (black), 50 K (purple), 80 K (red), and 120 K (green). Solid
lines are calculations for T = 6 K from ref. 29. (b) Electron TRFE ampli-
tudes at the corresponding laser photon energies and temperatures.

are collected and shown in Fig. 4. They are in agreement with
the conclusions drawn for sample #1. Namely, the electron
g-factor decreases with increasing energy, while the hole
g-factor increases.

[l Modeling and discussion

Let us analyze the factors that contribute to the temperature
dependence of electron and hole g-factors in CsPbl; NCs. As
the starting point we take the universal dependence of carrier
g-factors on the band gap found experimentally and confirmed
theoretically for lead halide perovskite bulk crystals at T =
5 K.>” We recently extended these studies to address the role
played by quantum confinement of charge carriers in NCs on
the g-factors. The calculations predict that in NCs the hole
gfactor follows the universal dependence, but the electron
gfactor significantly deviates from the bulk trend.>® We
demonstrated this expectation experimentally for CsPbl; NCs

This journal is © The Royal Society of Chemistry 2024
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symbols), 80 K (red symbols), and 120 K (green symbols). Solid lines are
calculations for T = 6 K from ref. 29.

at T=5 K in ref. 29 and confirmed it in the present study for a
much wider spectral range, see Fig. 1e. At cryogenic tempera-
tures, good agreement between experiment and theory is
found, which is remarkable, as the band parameters for lead
halide perovskite crystals and NCs are not known with high
precision.

To model the temperature modifications of the g-factors,
information about the temperature dependence of the band
parameters, the band gap energy, the band dispersion deter-
mining the carrier effective masses, the band mixing at finite
wave vectors for confined carriers, etc. need to be known. Also
carrier-phonon polaron formation may contribute. At present,
the corresponding available information is limited. Also, the
understanding of the band structure details of the lead halide
perovskite crystal and NCs are far from being complete.
Therefore, it is not possible to perform precise calculations for
the temperature dependence of the g-factors. Instead, we
perform estimations based on the available band structure
information, details of which can be found in the ESI, section
S5.1 Our goal is to explore what factors are of importance and
how close the model predictions can describe the experimental
results.

This journal is © The Royal Society of Chemistry 2024
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We analyze the relatively small changes of the g-factors with
energy, which arise from the temperature variations.
Therefore, we consider them in the linear regime. For that, the
results of ref. 29 may be compiled in the following manner:

0ge b Oge ¢
OEy "¢ OEe

. 00O
¢ ' OFy 8Eg

Ch- (4)

Here E, is the bulk band gap, E., are the energies of
quantum confinement of electrons and holes. Atomistic calcu-
lations predict that £¢° > (2, which is in good agreement with
the experimental data. Moreover, this result is qualitatively
reproduced in k-p calculations.?

The temperature variation changes both the band gap and
the quantum confinement energy. The bulk band gap change
is linear with temperature.®* The quantum confinement
energy varies due to thermal expansion of the lattice and,
therefore, the NC size, and also due to the temperature-
induced variations of the carrier effective mass. The tempera-
ture expansion coefficient for CsPbl; is almost independent
of the crystal phase. The temperature dependence of the
effective masses is not well analyzed in the literature. In a
simple two-band model, the effective mass of electrons and
holes should increase with the increase of the bulk band
gap.”

The hole g-factor as a function of energy is expected to
follow the bulk trend, as we showed in ref. 29. Quantum con-
finement does not change this result qualitatively. In accord-
ance with the theoretical predictions, the temperature shifts
the energies to larger values and the g-factors increase slightly,
see Fig. 3a and 4b. This prediction is supported by the
measured data.

For electrons, however, the situation is more complicated.
We calculate the expected change in the electron g-factor with
increasing temperature, following the procedure from ref. 29
with temperature-dependent values of the lattice constant and
band gap. The variation in the band gap was accounted for by
a change of the tight-binding parameter E,,. fitted to reproduce

. OE,
the experimental value 0—7% =3.1x10"*eVK™" from ref. 39,

which closely match the temperature shifts that we measured
in the studied NCs, see ESI Fig. S2.f We also consider the
(almost negligible) change in the lattice constant
aao

S = 339 10 °ao K *.*° In Fig. 5a, we show the calculated

electron g-factors at different temperatures. From the atomistic
calculations, it follows that the temperature variation results in
a band gap change, which is reflected by a shift of the g-factor
values following the universal dependence.””

In Fig. 5b we compare the calculated variation of the
gfactor with experimental data at temperatures of 6 K and
120 K. One can see that at T = 6 K the calculations and experi-
mental values are much closer to each other than at 120 K. In
theory, the main effect of a temperature increase is the change
of the g-factor by the band gap energy, which roughly follows a
universal dependence, with small changes in the slope of the
electron g-factor as a function of transition energy. In contrast,
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(a) Electron g-factors calculated in the empirical tight-binding model following ref. 29 for CsPbls NCs at different temperatures, see text for

details. (b) Black and green open dots show the electron g-factors measured for sample #3 for the temperatures of 6 K and 120 K, respectively. Solid
black and dashed green lines show the g-factors calculated in the empirical tight-binding model, see panel (a).

the experimental data demonstrate strong renormalization of
the electron g-factor with temperature (larger than expected
from the theory) and a much smaller slope of the electron
g-factor as a function of transition energy at elevated tempera-
tures, see the ESI, Fig. S7.}

IV Conclusions

We have studied the spin dynamics of charge carriers in
CsPbl; perovskite nanocrystals of different sizes by the time-
resolved Faraday ellipticity technique in a temperature range
from 6 K to 120 K. The spectral dependencies of the electron
and hole g-factors correspond well to model predictions
accounting for the mixing of the electronic bands with increas-
ing confinement energy, which is accompanied by a decrease
of the NC size. With increasing temperature, the NC optical
transition shifts to higher energies due to the increase of the
band gap energy. The g-factors are independent of temperature
in the studied range when they are measured at the same
energy. An increase in temperature shifts the spectral depen-
dencies of the g-factors to higher energies, qualitatively follow-
ing the model predictions. Namely, the electron g-factor
decreases and the hole g-factor increases with increasing
energy as a result of an increase in temperature. It is interest-
ing and important to further investigate whether this trend
also holds for higher temperatures, up to room temperature,
as well as for other lead halide perovskite NCs. As indicated by
the comparison, the experimentally observed g-factors show a
stronger dependence on energy. The effect of quantum con-
finement on the g-factor value is strongly renormalized by
temperature variation. Understanding of these details and
underlying mechanisms would allow one to refine band para-
meters for lead halide perovskites and their NCs.

21502 | Nanoscale, 2024, 16, 21496-21505

V Samples and methods
A. Samples

The studied CsPbl; nanocrystals embedded in fluoropho-
sphate Ba(POs),-AlF; glass were synthesized by the rapid
cooling of a glass melt enriched with the components needed
for perovskite crystallization. Details of the method are given
in ref. 11 and 20. The samples of fluorophosphate (FP) glass
with the composition 35P,05-35BaO-5A1F;-10Ga,03-10PbF,-
5Cs,0O (mol%) doped with Bal, was synthesized using the
melt-quench technique. The glass synthesis was performed in
a closed glassy carbon crucible at a temperature of T =
1050 °C. About 50 g of the batch was melted in the crucible for
30 minutes, then the glass melt was cast on a glassy carbon
plate and pressed to form a plate with a thickness of about
2 mm. Samples with a diameter of 5 cm were annealed at the
temperature of 50 °C below T, = 400 °C to remove residual
stresses. CsPbl; perovskite NCs were formed from the glass
melt during quenching. The glass materials obtained in this
way are doped with CsPbI; NCs. The dimensions of the NCs in
the initial glass were regulated by the concentration of iodide
and the rate of cooling of the melt without heat treatment
above T,. Three samples were investigated in this paper, which
we label #1, #2 and #3. Their technology codes are EK31, EK7
and EKS, respectively. They differ in the NC sizes, which is
reflected by the relative spectral shifts of their optical spectra.
Note, that samples from the same synthesis (same codes) were
investigated in ref. 29, even though their optical spectra
slightly differ due to spatial inhomogeneity.

The change of the NC size was achieved by changing the
concentration of iodine in the melt. Due to the high volatility
of iodine compounds and the low viscosity of the glass-
forming fluorophosphate melt at elevated temperatures, an
increase in the synthesis time leads to a gradual decrease in

This journal is © The Royal Society of Chemistry 2024
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the iodine concentration in the equilibrium melt. Thus, it is
possible to completely preserve the original composition and
change only the concentration of iodine due to a smooth
change in the synthesis duration. Glass materials with NC
sizes in a range of 8-16 nm were synthesized using different
synthesis times. Glass materials with the photoluminescence
lines centered at 1.801, 1.808 and 1.809 eV (room temperature
measurements) were synthesized within 40, 35, and 30 min,
respectively. NC sizes are evaluated from the spectral shift of
the exciton line in the absorption spectra.

B. Time-resolved Faraday ellipticity

To study the coherent spin dynamics of carriers we use a time-
resolved pump-probe technique with the detection of Faraday
ellipticity (TRFE).>**” Spin oriented electrons and holes are
generated by circularly polarized pump pulses. The used laser
system (light conversion) generates pulses of 1.5 ps duration
with a spectral width of about 1 meV at a repetition rate of 25
kHz (repetition period 40 ps). The laser photon energy is tuned
in the spectral range of 1.65-1.85 eV in order to resonantly
excite NCs of various sizes at various temperatures. The laser
beam is split into the pump and probe beams with the same
photon energies. The time delay between the pump and probe
pulses is controlled by a mechanical delay line. The pump
beam is modulated with an electro-optical modulator between
6" and ¢ circular polarization at a frequency of 26 kHz. The
probe beam is linearly polarized. The Faraday ellipticity of the
probe beam, which is proportional to carrier spin polarization,
is 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. Both
pump and probe beams have a power of 0.5 mW and spot sizes
of about 100 pm. For the time-resolved measurements the
samples are placed in a helium-flow optical cryostat and the
temperature is varied in the range of 6-300 K. A magnetic field
up to 430 mT is applied using an electromagnet perpendicu-
larly to the laser beam (Voigt geometry, BLk).
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