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S1 Experimental methods

Optical characterization (transmission and PL spectra):

The PL and transmission spectra were measured using the same optical setup as in the

1P-PLE and 2P-PLE experiments. For transmission measurements, broadband light from the

halogen–tungsten lamp was passed through a spectral filter to suppress spectral components
†A footnote for the title
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capable of exciting PL in the nanocrystals. The filtered beam was transmitted through

the sample, which remained mounted inside the closed-cycle helium cryostat at 10–12 K.

The transmitted light was collected and analyzed using the same M522 spectrograph and

Hamamatsu CCD array.

For PL measurements, continuous-wave (CW) diode lasers with photon energies of 3.06 eV

and 2.33 eV were used as excitation sources. The PL emission was collected in backscattering

geometry and recorded under the same conditions as in the PLE measurements.

X-ray diffraction spectra:

The precipitation of NCs in FP glass was confirmed using X-ray diffraction (XRD)

method. Diffraction patterns were recorded with Rigaku X-ray diffractometer equipped

with Cu Kα radiation. The X-ray diffraction was detected in the double angle range from

10 ◦ to 80 degrees ◦ in the Bragg-Brentano geometry. A 0.02-mm-thick Ni foil was applied

to suppress Cu Kβ radiation. The measurement step was 0.05 degree ◦. The identification

was performed using PDWin 3.0 software package. The search of analogues was carried out

within the ICDD PDF-2 database of powder X-ray diffraction patterns.

Transmission electron microscopy:

To determine the shape, average size, and size distribution of the NCs we employed

the Zeiss Libra 200FE scanning transmission electron microscope (STEM). Due to the high

resistivity of the glass, which caused charging under electron beam irradiation, special prepa-

ration was required prior to TEM imaging. The glass sample was ground into a fine powder

using an agate mortar. The powder was dispersed in an ultrasonic bath to ensure proper

separation of NCs. A drop of the suspension was deposited onto a carbon-coated copper

grid for analysis.
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S2 Sample Characterization

When working with perovskite materials, structural characterization of the samples is es-

sential. Figure S1 shows XRD patterns of glasses containing CsPbBr3, CsPb(Cl,Br)3, and

CsPbI3 nanocrystals (NCs), plotted in blue, red, and green, respectively. To determine

the composition of the synthesized nanocrystals, we recorded XRD patterns and used the

positions of their characteristic peaks to estimate the average crystallite size via the De-

bye–Scherer formula.

The Scherrer equation can be written as d = Kλ/(β cos θ), where K is a dimensionless

shape factor equal to 0.9; λ is the X-ray wavelength; β is the line broadening (full width

at the half maximum, FWHM), in radians, θ is the Bragg angle. However, the NCs are

present at low volume fractions (≈ 1 vol.%) and precise size determination is not possible.

Nevertheless, using the Debye-Scherer equation to each diffraction pattern,an approximate

NC diameter was obtained to be of 13 ± 1 nm and 15 nm for the CsPb(Cl,Br)3 NCs and

CsPbBr3 NCs, respectively. The determination of the size of CsPbI3 NCs from the XRD

spectra is impossible due to the relatively small content of the NCs in the glass matrix.

As it can be seen from the Figure S1, the position of the XRD peaks shifts when the

composition changes from CsPb(Br,Cl)3 → CsPbBr3 → CsPbI3, these peaks shift toward

lower diffraction angles—reflecting the increase in lattice constant. The patterns at such

angles are characterized by the orthorhombic phase (JCPDS No. 01-072- 7929) of CsPbBr3

NCs, (JCPDS No. 01-075- 0411) CsPb(Br,Cl)3 and CsPbI3 (JCPDS No 80-4039) NCs. The

small concentration of NCs does not allow us to determine the perovskite phase accurately

due to the coincidence of intense peaks of high (cubic) and low-temperature (orthorhombic)

phases.

The observed peaks in the X-ray diffraction patterns of the bromide NC and iodide

NC completely coincide with the characteristic positions of single crystals, as given in the

database. For the mixed NC, the peaks are located between the peaks of the chloride and

bromide compositions, which allow estimating the ratio of chlorine to bromine in the NC

3



20 25 30 35 40 45 50
0

0.2

0.4

0.6

0.8

1

1.2

2θ, degree

In
te

ns
ity

, a
rb

.u
n.

CsPbBr
3

(312)

(220)

(112)

(224)

CsPb(Cl,Br)
3

CsPbI
3

Figure S1: XRD patterns of the glasses doped with CsPbBr3 (JCPDS No. 01-072- 7929),
CsPb(Br,Cl)3 (JCPDS No. 01-075- 0411) and CsPbI3 (JCPDS No. 80-4039) NCs.
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composition. It is known that, at room temperature, the stable crystalline phase for halide

perovskites is the orthorhombic phase. Typically, in literature sources, when interpreting the

peaks, the designations corresponding to the cubic phase are given, which for single crystals is

stable above 405 K. Differences in the diffraction patterns of the two phases can be observed

in the angular range of 30 to 35 degrees in the form of very low intensity peaks, which can

only be detected for a high concentration of NCs, such as powders after colloidal synthesis.

The low concentration of NCs in glasses does not allow the detection of low-intensity peaks.

Thus, in the figure, the observed peaks should have different Miller indices corresponding to

the gamma phase. They are as follows: (112), (220), (312), and (224).

10 15 20
0

2

4

6

8

Size, nm

C
ou

nt
(b)(a)

Figure S2: (a) TEM image of the glass containing CsPbI3 NCs. The NCs are visible as white
spots in the image. (b) statistical distribution of the NC diameter.

A more precise method for determining particle sizes is the transmission electron mi-

croscopy (TEM). Our nanocrystals are embedded in a glass matrix and, since glass is a

dielectric material, obtaining TEM images becomes a complex and specialized task. Fig-

ure S2 (a) shows the TEM image for piece of the glass sample with the CsPbI3 NCs. Using

the calibrated ruler, we have obtained the histogram of the NCs sizes [Figure S2 (b)]. The

average size of the NCs obtained from this histogram is (15.6 ± 2.5) nm. We should note that

the average size of NCs is larger than the exciton Bohr radius. Correspondingly, the quantum
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confinement effect does not contribute significantly to the energy shift of the lowest optical

transitions. The information of the size and shape of the CsPbBr3 and CsPb(Br,Cl)3NCs

can be found in Refs.1,2

S3 Optical characterization

After structural characterization, the next crucial step involves optical characterization of

the studied samples. Figure S3 presents the measured PL spectra under one-photon and

two-photon excitation as well as the corresponding transmission spectra for three types of

perovskite NCs at cryogenic temperatures: (a) CsPb(Br,Cl)3, (b) CsPbBr3, and (c) CsPbI3.

The one-photon PL spectra were recorded at excitation photon energies of 3.06 eV for the

samples with CsPb(Br,Cl)3 and CsPbBr3 NCs and 2.33 eV for the iodide-based sample. The

PL bands have a full width at half maximum (FWHM) of 40 meV for the CsPb(Br,Cl)3 NCs,

18 meV forCsPbBr3, and 25 meV for CsPbI3 NCs, respectively. Such narrow PL linewidth

indicate a tight size distribution and high sample quality.

The two-photon PL spectra demonstrate the effect of spectral filtering of the PL from

the sample volume. Namely, the high-energy wing of the PL band is suppressed due to the

reabsorption of the PL excited by two photons in deep layers of the sample. This effect

results in a specific profile of the two-photon PL band, in particular, for the CsPbI3 NCs,

see Fig. S3(c).

Transmission spectra (red curves) were measured under identical cryogenic conditions

(T = 11 K) and provide complementary information on excitonic and interband absorption

features. A typical transmission spectrum of the FP glass without NCs is shown in Fig-

ure S3(d) (blue line). This panel also shows a transmission spectrum of FP glass containing

a non-luminescent "yellow" δ-phase of CsPbI3 NCs (red line). We assume that this phase de-

termines the transmission edge at lower energies of about 2.8 eV (red line) and is responsible

for the decrease of the 1P-PLE signal CsPbI3 NCs shown in Fig. 3(c).
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Figure S3: (a - c) PL spectra under one-photon (blue lines) and two-photon (green lines)
excitation and corresponding transmission spectra (red lines) of (a) CsPb(Br,Cl)3 NCs at
h̄ωexc = 3.06 eV, (b) CsPbBr3 NCs at h̄ωexc = 3.06 eV, and (c) CsPbI3 NCs at h̄ωexc = 2.33 eV.
T = 11 K. (d) Transmission spectra of pure glass (blue line) and glass with CsPbI3 NCs
growth in δ-phase (red line). T = 290 K.
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Figure S4: (a) Part of the 1P-PLE color map for the CsPbBr3 NCs. (b) Examples of the
PLE spectra obtained as the cross-sections of the color map at fixed PL detection energies
shown by vertical dashed lines in (a). Tilted dashed lines show examples of the spectral
dependencies of the quantum-confined exciton states.

In Figure S4(a) and (b), the PLE spectra under one-photon excitation are presented for

CsPbBr3 NCs. Spectral features corresponding to optical transitions to different quantum-

confined exciton levels are clearly observed.3 The energy spacing between the levels increases

with decreasing the NC radius R and, correspondingly, increasing the PL photon energy. This

results in the “fan”-like energy dependence of the levels.

S4 Two photon absorption coefficient

The two-photon absorption (TPA) coefficient β is investigated using two main methods, (i)

the nonlinear optical imaging technique with a phase object (NIT–PO)4–6 and (ii) so-called

Z-scan technique.7–9 The coefficients β measured in several works by the Z-scan method for

perovskite CsPbBr3 nanocrystals and quantum dots synthesized using different approaches

are compared in Table 1. The magnitude of β strongly depends both on experimental

parameters, such as the peak power per pulse, the pulse duration, and the pulse repetition

rate, as well as on the parameters of the investigated system, including the nanocrystal size

and their concentration. A table summarizing the obtained values of TPA coefficient for
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perovskite materials with different chemical compositions and dimensionalities is also given

in Ref.10

Table 1: Comparison of two-photon absorption coefficients (TPA coefficient, β) for perovskite
nanocrystals measured under different experimental conditions. The laser pulse parameters:
τ is the pulse duration, ν is the pulse repetition rate.

Perovskite Laser
parame-
ters

Excitation Excitation
power

β Ref.

(τ , ν) λexc, nm (GW/cm2

)
(cm/GW)

CsPbBr3 NCs in
fluorophosphate
glass

150 fs,
80 MHz 800 3 0.63 This work

CsPbBr3 NCs in
borosilicate glass

226 fs,
1 kHz 1030 0.5–3 mW 0.032–

0.185
(power de-
pendence)

11

CsPbBr3
NCs in toluene

100 fs,
1 kHz 800 20 0.097 12

CsPbBr3 NCs in
toluene

100 fs,
1 kHz 800 40–80 0.097 13

CsPbBr3 NCs in
hexane

130 fs,
76 MHz 800 1.5 / 0.1 1.71

(green)
/ 0.68
(blue)

14

CsPbBr3 NCs 396 fs,
1 kHz 787 3 mW 0.0322 15

CsPbBr3 NCs 70 fs,
1 kHz 800 90 0.039 16

CsPbBr3 NCs 70 fs,
1 kHz 800 20 1.8 17

CsPbBr2.7I0.3 NCs 100 fs,
1 kHz 780 – 0.338 18

As can be seen from the table, with rare exceptions, the TPA coefficient for the CsPbBr3

NCs embedded in a fluorophosphate glass matrix exhibits relatively high value. Further

study of nanocrystals with different sizes and chemical compositions is required in order

to systematize the understanding of the parameters affecting the magnitude of the TPA

coefficient.
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S5 DFT calculations

The band structure calculations were performed in order to determine the energy positions

of spin-split electronic states in the orthorhombic phase of CsPbI3. These values were sub-

sequently used for comparison with experimental data to analyze the effect of spin-orbit

coupling in this low-symmetry perovskite modification.

In order to perform the calculations, the Perdew–Burke–Ernzerhof (PBE) exchange-

correlation functional within the generalized gradient approximation (GGA) of density func-

tional theory (DFT)19 was chosen. Dispersion interactions were accounted for using the

Tkatchenko–Scheffler (TS) correction scheme,20 resulting in the so-called TS-GGA-PBE

theoretical approach. The calculations were carried out both with and without spin-orbit

coupling (SOC). In the SOC-included case, a scissor operator of 0.96 eV was applied. A

plane-wave cutoff energy of 1200 eV was used, and norm-conserving pseudopotentials19 were

employed. The self-consistent field (SCF) convergence criterion was set to 10−7 eV/atom.

All calculations were performed using the CASTEP software package.19,21 Prior to band

structure calculations, structural optimization of the crystal geometry was carried out using

the modified Broyden–Fletcher–Goldfarb–Shanno (LBFGS) algorithm.22,23 The convergence

criteria were: maximum atomic displacement less than 5 × 10−4 Å, residual stress below

0.02 GPa, and residual forces below 0.01 eV/Å. The Brillouin zone was sampled using the

Monkhorst–Pack scheme24 with a k-point spacing of 0.04 Å−1. The electronic band structure

was computed within an energy range of 10 eV, with a reciprocal space step of 0.01 Å−1 .

As a result of the performed calculations, two electronic band structure diagrams were

obtained: one without SOC, as shown in Figure S5(a), and one with SOC, as shown in

Figure S5(b).). These diagrams illustrate the effect of SOC on the band dispersion. The band

structures are presented along high-symmetry directions in the Brillouin zone, as defined by

the crystal symmetry. The most relevant region of the band structure diagrams lies near the

direct optical transition at the Γ-point. It can be seen that the spin-split states of the light

and heavy electrons shift to higher energies when spin-orbit coupling is taken into account.
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Figure S5: The band structure of CsPbI3 perovskite calculated for the γ-phase orthorhombic
modification: (a) without SOC and (b) with SOC.

Figure S5 (b) presents the corresponding splitting values for the light (∆Ehe = 0.713 eV)

and heavy (∆Ele = 1.065 eV) electron states. Taking into account the value of the band gap

Eg = 1.71 eV, the calculated energies of the spin-split states are found to be close to the

energy of the feature observed in the two-photon excitation spectrum at 2.6 eV.
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