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1. Introduction

The active optical control of the matter 
represents one of the ultimate goals of 
Photonics, with fascinating opportuni-
ties in optical signal processing, optical 
switching, light-induced metastability, 
or other disruptive applications.[1] The 
ability to engineer the refractive index of 
a given medium will influence the inten-
sity, phase, and polarization of the inci-
dent light.[2] In particular, the nonlinear 
susceptibility (χNL) of the material deter-
mines the sign and magnitude of the light 
intensity (I) dependent, refractive index 
change, Δn(I), and with it, the perspective 
to observe a rich variety of phenomena. 
Well-known examples include harmonic 
and supercontinuum generation, satu-
rable absorption, or frequency combs.[3] 
Moreover, even more vanguardist applica-

tions can be demonstrated with Δn < 0. In that case, the mate-
rial presents a self-defocusing response that can be exploited 
in polariton condensates,[4] shock waves,[5] or dark solitons.[6] 
However, in most materials χNL is so small that the required 
Δn for practical applications is either prevented or only mani-
fested under extreme light intensities. For example, the typical 
nonlinear coefficient of Si or III–V semiconductors below 
the bandgap is 10−5 cm2 GW−1,[7] which leads to a moderate  
Δn = 10−5 with an intensity of 1 GW cm−2. Indeed, it is particu-
larly difficult to observe a self-defocusing response because 
there is even narrower range of materials able to provide a 
Δn  < 0.[7] Therefore, the field of optical control requires the 
development of more efficient nonlinear materials where Δn 
is controlled under moderate intensities and short distances, 
and more ambitiously, with a crossover where the (de)focusing 
response changes with a control parameter varied around a crit-
ical/transition point.

In this scenario, it is also of crucial importance the devel-
opment of the desired optical functionalities within sustain-
able green technologies, i.e., nontoxic materials and fabrication 
processes. This would lead to a new generation of ecofriendly 
devices able to accomplish the new rules imposed by the eco-
logical transition. Here, the extraordinary success of lead 
halide perovskites (LHPs) in the implementation of highly effi-
cient solar cells or optical sources has derived in the research 
for equally effective lead-free metal halide perovskite (LFP) 
semiconductors.[8–11] Many research groups have dedicated 
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significant efforts to the synthesis and characterization of effec-
tive LFPs, both in bulk and nanocrystal forms.[12] For example, 
the replacement of Pb2+ with divalent Sn2+ in the APbX3 com-
pound (A is an organic/inorganic cation and X is an halide 
anion) leads to the formation of polycrystalline films with mod-
erate photoconversion efficiencies,[13,14] optical gain thresholds 
close to their LHP counterparts,[15–17] and bandgap tunability 
with the halide composition.[18] However, ASnX3 perovskites are 
very sensitive to the ambient atmosphere (oxygen, moisture, 
and light), where Sn2+ is easily oxidized into Sn4+ losing its 
optoelectronic properties. On the other hand, Sn4+-based perov-
skites, namely, Cs2SnX6, which is known as a vacancy ordered 
double perovskite, exhibit good stability but negligible emis-
sion efficiency, even in the case of passivated nanocrystals.[19–21] 
Then, the optoelectronic applications of Cs2SnX6 compounds 
are reduced to absorbers for solar cells in the case of polycrys-
talline thin films, and practically discarded in the case of the 
nanocrystals. Nevertheless, the field of nonlinear optics might 
provide a panoply of alternative routes that has not yet been 
explored with Cs2SnX6 or other LFPs. In this context, their 
counterpart LHPs demonstrated excellent perspectives,[7,22] 
with remarkably high nonlinear coefficients,[23] and promising 
harmonic generation[24] or optical modulation applications.[25] 
However, the study of the nonlinear response of an LFP mate-
rial is reduced to a few publications, as the one focused in the 
characterization of the two photon absorption mechanism.[26] 
Therefore, it is mandatary to determine if LFPs present a 
remarkable nonlinear optical response, as the basis for future 
nontoxic nonlinear photonic platforms unknown to date.

In this work, we demonstrate that a colloid containing 
Cs2SnI6 nanocrystals (NCs) is an extraordinary self-defocusing 
material with a nonlinear behavior that has not been observed 
up to now. These NCs were synthetized by a mechanochem-
ical approach via ball-milling using stoichiometric precursors. 
This technique allows us to solve the problem of poor solu-
bility of chemical components and provides the formation of 
LHP compounds in a simple and time-efficient manner.[27–30] 
The response under an excitation beam at 1064  nm at 1  ns 
traversing a suspension of these NCs revealed a multiple ring 
diffraction pattern whose shape and size are controlled by the 
intensity of the incident beam (I) and the concentration (C) 
of NCs in the solvent. This behavior indicates that the mate-
rial under study presents a sophisticated nonlinearity that not 
only depends on the response of the individual NCs, but also 
on the collective in a sort of self-assembled superlattice. At 
these conditions, the determination of an expression for the 
nonlinear refractive index is a necessary step to design the dis-
ruptive functionalities or photonic devices that can be imple-
mented with these NCs. For instance, self-phase modulation 
(SPM) mechanism induced by a simple Kerr coefficient, i.e.,  
Δn =  −n2·I, successfully explains the ring patterns measured 
in 2D nanosheets in suspensions,[31,32] such as 2D chalcoge-
nides,[33–37] graphene nanosheets,[38,39] black phosphorous,[40,41] 
carbon nanotubes,[42] antimonene,[43] nonlinear polymers,[44] 
Bi2Te3,[45] CsPbX3 nanosheets,[46] MXene,[47] or TaS2.[48] How-
ever, the I–C dependence observed here implies a more com-
plicated expression for Δn than the standard Kerr effect used 
for traditional materials. Nevertheless, despite the complexity 
of the observed experimental results in our compound, our 

experimental data are fully reproduced with a nonlinear beam 
propagation method (BPM) that includes a nonlinear refractive 
index given by: i) a threshold intensity necessary to observe the 
nonlinear self-defocusing effect, ii) two terms that contain the 
response of individual NCs and the collective, iii) a negative 
saturable Kerr nonlinearity (Δn = −Δno·I/(I+Id)) characteristic of 
the high-order Kerr effect observed in some self-focusing mate-
rials,[49] iv) a crossover between two excitation regimes, v) an 
additional dependence of the nonlinear parameters included in 
Δn with the C. Importantly, we found |Δn| ∼ 10−2 for the highest 
excitation intensity (I = 100 MW cm−2), which is two orders of 
magnitude larger than that reported for 2D materials, silicon, 
colloidal quantum dots, or LHPs excited under similar condi-
tions.[7] More interestingly, the dependence of the shape of the 
beam with I and C indicates that Δn follows a phase diagram 
with four different regions, each with their own superlattice-like 
behavior. In this way, Δn is engineered from −0.05 to +0.002 
with I, C, and the propagation distance (z), which represents a 
fascinating way to engineer the nonlinear response from self-
defocusing to self-focusing. Therefore, the material under study 
has unique features as a self-defocusing media and will open 
new routes in the nonlinear field that have not been possible 
up to now.

2. The Outstanding Self-Defocusing Response  
of Cs2SnI6 Perovskite NCs
The Cs2SnI6 NCs under study were synthetized by the ball 
milling procedure described elsewhere[30] with slight modifica-
tions (see the Experimental Section). The transmission electron 
microscopy (TEM) characterization (Figure 1a) indicates that the 
NCs have ellipsoidal shape and a size distribution centered at 
12 nm (Figure 1b). The NCs present cubic structure, as deduced 
from the high-resolution TEM (HRTEM) analysis, see Section 
S1 of the Supporting Information (Figure S1, Supporting Infor-
mation). In agreement with Cs2SnI6 NCs prepared by the hot 
injection method,[50] bigger nanoparticles of 50 ± 10  nm with 
near hexagonal shape are also visible in some TEM images 
(Figure S2, Supporting Information) with, again, cubic struc-
ture (Figure S3, Supporting Information). The concentration in 
volume of these hexagonal nanoparticles is, however, a 10–20% 
of the spherical NCs of 12  nm, approximately, hence its effec-
tive influence in the nonlinear optical properties reported in this 
work is discarded, a priori. According to the analysis developed 
elsewhere,[51] the quantum confinement effect is very weak for 
the size of synthesized colloidal NCs (12 nm). Thus, we believe 
that the size will not give any significant influence to their non-
linear properties. On the other hand, the absorption profile of the 
NCs in colloidal solution (Figure 1c) indicates the presence of a 
certain quantum size confinement effect, which causes a well-
defined exciton resonance at around 650 nm. This peak is near 
20–40 nm blue-shifted with respect to bulk polycrystalline films 
of the same material,[52,53] which is attributed to a weak confine-
ment effect or some difference in the stoichiometry of the final 
compound.[52,53] At the wavelength where the nonlinear optical 
properties are studied (1064 nm), the absorption is negligible.

To characterize the nonlinear properties of the Cs2SnI6 NCs, 
a 1064 nm beam nm is focused on a 1 mm length cuvette filled 
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by the colloidal solution. The laser beam traversing the cuvette 
was collected with a second lens on a CCD camera to analyze 
its shape and intensity as function of I, as summarized in the 
Experimental Section and illustrated in Figure 1d. In all cases, 
the collection plane is fixed at the output face of the cuvette 
resulting in very clean near field patterns, as shown in the 
panels of Figure 1d,e. The inset in Figure 1d shows the images 
of the beam traversing the cuvette for the toluene and the tol-
uene solution of Cs2SnI6 NCs concentrated at 50 mg mL−1 for 
I = 1 MW cm−2 and I = 0.1 GW cm−2. The laser beam traversing 
the cuvette filled with only toluene (reference) presents neg-
ligible changes with I; so, any nonlinear optical effect related 
with the solvent can be discarded. Nevertheless, when the 
cuvette is filled with the colloid of Cs2SnI6 NCs, the traversing 
beam experiences a progressive broadening together with a 
growing number of concentric rings with I. At these condi-
tions, the refractive index of the colloid, n, follows the intensity-
dependent law: n = n0 + Δn(I), where n0 is the linear refractive 
index of the colloid and Δn(I) represents the nonlinear refrac-
tive index change. In the case of a standard centrosymmetric 
crystal, Δn(I) is given by

n I n I i I· ·
4·

· ·2
λ
π

β( )∆ = −  (1)

where λ is the excitation wavelength and the parameters n2 and 
β are the nonlinear Kerr and absorption coefficients, respec-
tively. Equation  (1) gives a good approximation for moderate 
values of Δn, where saturation or high-order Kerr effects can be 
ignored. For example, the ring patterns observed in 2D mate-
rials or nanosheets[33–48] were successfully explained by an SPM 
mechanism derived from the standard Kerr coefficient, n2. In 
particular, those publications justify the diffraction ring pat-
terns by an induced birefringence caused by the orientation of 

the micro/nanoflakes with the incident beam.[54] However, the 
results presented here show important differences that prevent 
the use of Equation (1) to estimate n2. First, the colloidal solu-
tion used here consists of ≈12  nm NCs, where the alignment 
with the incident beam is not expected to produce a signifi-
cant birefringence. Indeed, the characterization under linear 
horizontal, linear vertical, and circular polarization gives rise 
to the same ring patterns (see Figure S4, Supporting Informa-
tion). Second, in those publications the excitation wavelength 
is always chosen below the bandgap of the semiconductor. 
Otherwise, the electromagnetic interaction results too low to 
induce an appreciable Kerr effect and the ring patterns are not 
observed.[39] On the contrary, in the experiment carried out 
here, the nanocrystals are excited in the IR (1064  nm), which 
is a photon energy well below the absorption band edge of 
the material (see Figure  1c). More importantly, in those pub-
lications the absolute value of the nonlinear refractive index 
(|n2|) is extracted by the number of the rings (N) with the for-
mula (see Section S2 of the Supporting Information):[32,55] 

N I
n L

n I( )
2· ·

| |·0 eff
2λ

= , where Leff is the effective propagation 

length. However, the N(I) dependence is only valid for small 
|Δn|, where the self-diffraction caused by the Kerr effect is negli-
gible and the electric field patterns can be approximated by the 
Fresnel–Kirchhoff diffraction theory (see Section S4, Supporting 
Information).[56–59] In these previous publications, where  
|Δn| ∼ 10−4, this approximation was acceptable, but the high Δn 
found here prevents its use to extract the right value of n2. In 
fact, for the ring pattern shown in Figure 1d |n2| = 0.027 GW cm−2  
and the resulting refractive index change (Δn = n2·I) from 
Equation  (1) reaches |Δn|  ∼ 10−3 (for 100 MW cm−2). Further-
more, since N is always a positive number, the dependence 
of n2 with N can yield the absolute value of n2, but it does not 
discriminate the sign. Finally, the colloidal solution studied 
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Figure 1. a) TEM images of Cs2SnI6 NCs. Scale bar is 20 nm. b) NC size dispersion. c) Absorption spectra of the colloidal solution. d) Experimental 
set-up used to analyze the nonlinear properties of Cs2SnI6 in the colloidal solution. e) Map of the beam patterns as a function of the concentration 
and excitation intensity.
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here shows a particular dependence with I and C that cannot 
be explained globally by the single n2 coefficient given by Equa-
tion (1). The panels of Figure 1e reveal that the evolution of the 
beam as a function of I and C shows different regions delim-
ited by a crossover in the concentration (Cco) and the intensity 
(Ico): i) for C < Cco and I < Ico, the beam exhibits a homogenous 
Gaussian shape with a progressive broadening with  C and I;  
ii) for C < Cco and I > Ico, the beam traversing the cuvette shows 
a growing number of concentric rings with I; iii) for C > Cco and 
I  < Ico, the beam experiences a fast broadening together with 
the appearance of the rings; iv) for C > Cco and I > Ico, the shape 
and size of the ring pattern saturate. Since each region presents 
a particular behavior, we believe that above a certain threshold 
of excitation intensity (Ith) the nonlinear behavior of the colloid 
is enhanced by a collective effect. In this way, Cco is attributed 
to border concentration from which the nonlinear behavior 
is dominated by the ensemble and Ico refers to the saturation 
intensity for the collective response. At these conditions, these 
four regions are characterized by a certain distribution of NCs 
around the excitation beam, and a nontrivial dependence of Δn 
with I, C, the radial distance (r), and the propagation distance 
(z). This complex behavior is understood here by using the non-
linear Schrödinger equation to calculate the propagation of the 
excitation beam through the nonlinear media.[60] For this pur-
pose, the nonlinear BPM algorithm described in Section S5 of 
the Supporting Information (see the illustration in Figure S5,  
Supporting Information) accurately simulates the evolution of an 
incident electric field through an arbitrary refractive index distri-
bution.[61] In particular, the BPM algorithm is able to reproduce 
the experimental patterns (see Figure S6, Supporting Informa-
tion) by considering the following type of nonlinearity dependent 
on the excitation intensity, I(r,z), and concentration, C

n I r z C r z I I C i I r z

I n
I r z

I r z I C

I C k C
I r z I C

I r z I C

r

w

, , , , , ·
4·

· · ,

·
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,

, ·
,

,
·exp
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NC 0
d
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2

N
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α λ
π

β
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 (2)

where the different parameters are defined as follows:

i) Δn0: saturable nonlinear refractive index of the individual 
nanoparticles;

ii) β: nonlinear absorption parameter;
iii) λ: operation wavelength;
iv) Id(C): saturation intensity of the individual nanoparticles;
v) k(C): enhancement of the nonlinear refractive index due to 

the collective response;
vi) Ith(C): minimum intensity to observe the nonlinear 

response;
vii) Ico(C): collective saturation intensity;
viii) wr: width of the self-formed waveguide, fixed as 20 µm (half 

the waist of the beam);
ix) r: radial distance;
x) z: propagation distance.

The two terms from which Equation  (2) is divided, αNC(I)  
and I C( , )N , correspond to the response of the individual NCs 

and that of the collective, respectively. Both terms have the  
form of a saturable Kerr nonlinearity,[62] which was previously 
proposed to explain the nonlinear behavior of photorefractive 
crystals.[63] Equation  (2) is completed by a threshold (Ith) below 
which the nonlinear effects are negligible and an exponential 
term referring to the self-formation of an induced (anti)wave-
guide with a width of wr = 20 mm. Finally, the negative sign indi-
cates that the material diluted at this concentration is a potential 
self-defocusing media. Indeed, the simulation with a standard Δn 
given by Equation  (2) suggests the necessity of negative values 
for n2 to qualitatively reproduce the experimentally observed field 
patterns (see Figure S7, Supporting Information). For a further 
confirmation of the sign of n2, we repeated the experiment by 
placing the cuvette with the colloid of LFP NCs at z = ± 25 mm 
(Figure  1d). At these positions, the cuvette is outside the Ray-
leigh range, hence it is illuminated with a finite curvature radius 
(R) whose sign is opposite at z = +25 mm and z = −25 mm: if  
RΔn < 0, the far field pattern is composed by a central dark spot 
surrounded by thick concentric ring, while if RΔn > 0, the pattern 
will consist of a central bright spot with thin concentric rings,[57–59]  
as observed experimentally (Figure S8a,b, Supporting Informa-
tion). In the following, we explain the nature of all parameters 
involved in Equation  (2) and what is the particular response at 
each region of the map shown in Figure 1e.

3. Determination of the Giant Self-Defocusing 
Nonlinearity
When the cuvette is filled with C = 50 mg mL−1 (initial concen-
tration), the shape and size of the traversing beam show the evo-
lution with I illustrated in Figure 2a. There are two regions with 
different behavior for the transmitted laser beam. For low exci-
tation intensities, below the crossover (I < Ico ≈ 0.01 GW cm−2),  
the traversing beam shows a progressive broadening with the 
excitation intensity (images in this regime are grouped by a 
dark yellow rectangle in the four top-left panels of Figure 2a). 
However, for I > Ico the near-field pattern presents a dark cen-
tral spot surrounded by the appearance of a growing number of 
concentric rings (images grouped by a red rectangle) in the five 
top-right panels of Figure 2a. The ring asymmetry of the laser 
beam images after traversing the colloid with NCs is produced 
by a slight ellipticity (less than 10%) of the incident beam.

The optical nonlinearities observed in the Cs2SnI6 colloid 
can be determined by the analysis of the images presented in 
Figure 2a, as follows. First, the transmittance (T) is obtained by 
the ratio between the intensity of the beam traversing the col-
loidal solution and that of the beam traversing the toluene. The 
experimental dependence of T as a function of I (solid symbols 
in Figure  2b) exhibits a progressive decrease characteristic of a 
nonnegligible nonlinear absorption (β > 0).[23] In fact, the experi-
mental data can be nicely fitted (solid line in Figure  2b) by the 
characteristic equation for two photon absorption, dI/dz = −β·I2,[64] 
with β = 80–100 cm GW−1. On the other hand, the evolution of the 
laser beam shape by increasing I reflects the magnitude of the 
real part of the nonlinear refractive index. Left axis of Figure 2c 
presents the beam waist (w) of the colloidal dispersions of LFP 
NCs normalized to its value measured under low excitation con-
ditions (w0) as a function of I (right axis of the figure was scaled 
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to give the number of rings, N, as a function of I). The evolu-
tion of w(I)/w0 is characterized by the following features: i) there 
is a threshold (Ith) above which the nonlinear effect is observed; 
ii) for Ith < I < Ico, the beam experiences a slow broadening that 
can be associated with the images by a dark yellow rectangle in  
Figure 2a; for I  > Ico, the beam experiences a fast broadening 
that can be related with the appearance of the concentric rings 
(red rectangle in Figure 2a), where the outermost ring diameter 
(w) reaches up to 20 times the initial beam size (w0). Despite the 
complexity of the material and the experimental results, the non-
linear BPM algorithm correctly identifies the nature of the optical 
nonlinearity (negative/positive n2) and extracts the right param-
eters involving Δn and β for the case under study (Cs2SnI6 NCs 
here). Indeed, the particular nonlinearity given by Equation  (2)  
well reproduces the behavior of our experimental data by set-
ting Id >> I (see approximation in Supporting Information Sec-
tion S9), Ith = 1.4 × 10−3 GW cm−2, Ico = 0.02–0.05 GW cm−2, and 
k·Δno/Id = 0.6–0.75 cm2 GW−1.

As a matter of fact, our simulations not only reproduce 
qualitatively the field patterns shown in Figure 2a (spectacular 
in the case of the high fluence regime), but also quantitatively 
the shape of the transmitted beam, see the simulation of the 
Poynting vector in the middle panels and comparison of the 
cross-sections (simulation and experiment) at the bottom 
panels. The small disagreement in the left part of the panels is 
attributed to the fact that the beam is not purely Gaussian but 
contains a tail that is visible in the images with an apparent 
more important broadening. Nevertheless, the comparison of 
the intensity profiles, see bottom panels in Figure 2a, corrobo-
rates that there is quite good agreement between experiment 
and simulations. In fact, the log–log plot of the normalized 
beam waist as a function of the excitation intensity, open sym-
bols in Figure 2c, clearly shows a good correspondence between 
experiment and simulation. Figure 2d plots the Δn obtained for 

z = 0 as a function of the peak intensity: Δn is always negative 
and above Ico = 0.01 GW cm−2 (red shaded region), it exhibits 
a remarkable increase in absolute value, up to |Δn| ≈ 0.05, cor-
roborating that the suspension of LFP NCs under consideration 
is an outstanding self-defocusing medium for nonlinear optics. 
Indeed, the results obtained here represent record values for 
the negative Δn obtained with perovskite-like nanomaterials.[7] 
Table S2 in the Supporting Information presents the nonlinear 
coefficients obtained from the Z-scan characterization of LHP 
thin films (MAPbX3, MA = methylammonium X = Br,I) and 
nanocrystals (CsPbX3, X = Br, I) using the same experimental 
setup and excitation conditions (1 ns pulsed laser at 1064 nm). 
In this way, we can say that the absolute value of our Δn is two 
to three orders of magnitude higher than that previously meas-
ured for LHPs NCs, and similar in absolute value of polycrystal-
line thin films of LHPs.[23] The stronger nonlinear response of 
the NCs under study could be initially related with their vacancy 
ordered double lattice (A2BX6), which differs from that of LHP 
materials (ABX3). At the same time, this value is also much 
higher than those reported for Si, InP,[65] and transition metal 
dichalcogenides in solid-state phase, see Table S2, Supporting 
Information.[66] More interestingly, the highest peak intensity 
used here corresponds to an average power of <100 mW, which 
is below the excitations reported for self-defocusing applica-
tions.[4–6] Therefore, we believe that the NCs used in the present 
work will allow new regimes and applications in nonlinear pho-
tonics that have not been considered up to now.

4. Dependence of the Nonlinear Response with 
the Concentration
To deeply validate the influence of the collective term, I C( , )N ,  
introduced in Equation  (2) the experiment was carried out 

Adv. Optical Mater. 2023, 11, 2202120

Figure 2. a) Characterization and simulation of the near field at the exit of the cuvette for different peak excitation intensities. Top panels show the 
experimental (purple) and simulated (red) maps, and bottom panels the horizontal cross-section of the experiment (purple) and simulation (red).  
b) Transmittance as a function of the peak intensity indicates a nonlinear absorption β = 80–100 cm2 GW−1. c) Left axis. Log–log plot of the experimental 
size of the beam (black open symbols) and fitting (red solid line) with a saturable Kerr-type nonlinearity. Right axis. Log–log plot of the number of rings 
(purple open symbols). d) Refractive index change at each excitation region.
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under different concentrations of the NCs in the solvent. First, 
the experiment realized with diluted solutions indicates a 
smaller effective Δn. A solution diluted at 50% shows a reduced 
broadening above a threshold of around 0.005 GW cm−2  
and the appearance of rings above a crossover Ico ≈ 0.03 GW cm−2  
(orange symbols in Figure 3a and Figure S9, Supporting Infor-
mation), the dilution at 33.3% only shows the broadening region 
for Ith > 0.01 GW cm−2 (light orange symbols in Figure 3a) and 
a dilution at 5–25% does not exhibit any nonlinear effect at all 
(yellow symbols in Figure 3a) within the available laser excita-
tion intensities. In all cases, we can say that the shape of the 
beam shows a rather smooth dependence with I whose slope 
and threshold are tuned by C. At these conditions, the colloid 
presents an analogl-like performance useful for applications 
where a continuous variation with the intensity is required (i.e., 
analogical modulation, sensing,…). On the opposite, when the 
solution is concentrated above the initial concentration (6:1, 3:1, 
and 2:1), the evolution of the beam with I presents the rather 
abrupt behavior shown in Figure 3b. The broadening observed 
above the threshold (Ith) has a much faster growth and is 
always accompanied with the appearance of growing rings. 
Besides, there is also an Ico above which the beam waist satu-
rates reaching a plateau where the number of rings is constant:  
Ico ≈ 0.003–0.005, Ico ≈ 0.005–0.008, and Ico ≈ 0.008–0.01 GW cm−2  
for C  = 600%, C  = 300%, and C  = 200%, respectively. In this 
way, the colloid behaves as a digital-like system switched from 
an OFF (or weak nonlinear material) to an ON (strong non-
linear material) state above a C-dependent threshold. Potential 
applications include digital modulation, computing, or data 
processing. Therefore, the observed dependence of w(I) with 
C represents a straightforward method to choose the nonlinear 
functionalities and indicates that the potential applications of 
the colloid can be tailor-made.

In both cases, low and high C behaviors, we believe that the 
concentration of NCs in the solvent modifies the effective refrac-

tive index of the solution, as occurs in a solid nanocomposite 
filled by nanoparticles.[67] In this way, experimental w–I curve 
obtained with the solutions diluted is fitted with Equation  (2) 
with the appropriate parameters, see solid lines in Figure 3a,b. 
For low C, the conditions Id  >> I, Ico  = 0.02–0.05 GW cm−2,  
and wr = 20 µm are also necessary to reproduce the beam tra-
versing the diluted solutions (C = 33% and C = 50%), but the 
simulation indicates a smaller k·Δno/Id (see Tables S3 and S4, 
Supporting Information), which leads to the expected reduction 
of Δn (see Figure 3c). For high C, the BPM can reproduce the 
experimental data (solid lines in Figure  3c) by setting I  << Id 
which leads to a standard saturable Kerr nonlinearity[62] modu-
lated by an exponential term (see Supporting Information Sec-
tion S9). In particular, the three concentrations are fitted with 
the same k·Δno = 0.01 and wr = 20 µm, but with a decreasing Ith 
and Ico with C (see Tables S3 and S4, Supporting Information). 
As expected, Δn increases with C and I and saturates for the 
highest excitations.

Both limits of Equation  (2), high and low C, are indica-
tive that high-order Kerr nonlinearities can play an impor-
tant role.[63] Equation  (2) can be expanded in the Taylor series  
Δn = n2 · I + n4 · I2 + n6 · I3 + ···, with the nonlinear coef-
ficients n2, n4, n6 … for the low and high C limits described in 
the Supporting Information Section S9. A similar effect has 
been observed in light-pulse filamentation, where an air plasma 
evolves from self-focusing to self-defocusing under ultrashort 
pulses (fs) and extreme light intensities (TW cm−2).[68] Never-
theless, this effect is observed here for a self-defocusing media 
and relatively low excitation intensities and much longer (ns) 
pulses. Moreover, the different form of the coefficients obtained 
by this expansion reveals that each regime is dominated by a 
different nonlinearity and corroborates that there is a cross-
over concentration (Cco) between both regimes. Figure  3e 
plots the parameters Ico and Ith extracted from the model and 
the maximum Δn as a function of C. As commented, both Ico 

Adv. Optical Mater. 2023, 11, 2202120

Figure 3. Log–log plot of the beam width as function of the peak intensity: a) low concentration (1:1, 1:2, 1:3, 1:4), b) high concentration (6:1, 3:1, 2:1). 
Symbols correspond to the experimental data and solid lines to the modeling. Δn as function of the peak intensity: c) low concentration (1:1, 1:2, 1:3, 
1:4), d) high concentration (6:1, 3:1, 2:1). e) Parameters extracted from the modeling (Δn at 0.1 GW cm−2, Ith, Ico) as a function of the concentration.
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and Ith decreases with C, and also the difference Ico − Ith which 
becomes ≈0 for I  > Ico. Interestingly, the extracted values of 
Ico for all concentrations are close to the experimental intensi-
ties from which the concentric rings are observed, hence this 
parameter can be associated with the formation of the rings. 
Finally, the maximum Δn grows with C up to Δn ≈ −5 × 10−2 for  
C = 100% and saturates up to Δn = 10−2 for C = 200–600%. Here, 
the region between C = 100% and C = 200% can be understood 
as an intermediate region influenced by both the individual and 
collective response in Equation (2).

4.1. Concentration–Intensity phase diagram

At this point, it is interesting to analyze the evolution of Δn 
with the propagation distance (z) for the four regimes/phases 
that were identified above (Figure 1e):

IIA) C < Cco and I < Ico
IIB) C > Cco and I < Ico
III) C > Cco and I < Ico
IV) C > Cco and I > Ico.

Figure 4a shows the calculation of the Δn(r = 0,z) for these 
four phases and the inset represents the 3D plot of Δn(r,z) 
for a fixed I and C. For C  < Cco, the negative Δn is low and 
decreases in absolute value with z until a constant refractive 
index Δn → 0. When I < Ico (region IIA), the beam is defocused 
with Δn  ≈  −10−3 only in the first microns of the propagation  
(z < 10 µm), causing the observed slight beam broadening in the 
focal region.[69] For I > Ico (region III), the nonlinear response 
reaches a stronger negative value of around Δn  ≈  −10−2 and 
decreases slowly until z > 200 µm, where the nonlinear effect 
tends to disappear due to low values of I(r, z) produced by 
strong beam broadening (so that, Δn → 0). From this distance 
onward the beam propagates linearly (see the corresponding 
inset), but the accumulated Δn results on the necessary non-
trivial phase distribution to generate the observed ring patterns, 
in analogy with an SPM measured with 2D nanosheets.[33–48] 
A similar behavior is observed for C > Cco and I < Ico (region 
IIB), but with a sharper dependence on z. Consequently, the 
beam experiences generation of rings with I together with 

broadening. Finally, for C > Cco and I > Ico (region IV), Δn pre-
sents a much progressive evolution with z from Δn  ≈  −10−2  
to Δn ≈ 2 × 10−3. Here, clearly we observe a change from self-
defocusing to self-focusing at long propagation distances  
(z > 0.7 mm) resulting in a self-induced waveguide that maintains 
the shape of the beam (see the corresponding inset). To the best 
of our knowledge, this is the first time where a transition from 
positive to negative Δn is demonstrated with the propagation 
distance. The cause of this transition is the saturation of the 
negative nonlinear response imposed by the collective term 
N(I,C) in Equation  (2) when I  >> Ico, Ith, and C/Cco. At these 
conditions, the shape of the beam remains constant with I (see 
Figure  3c) as it propagates through the self-induced waveguide. 
A similar effect was postulated in the context of filamentation 
in plasmas, but this behavior is observed under much higher 
excitation intensities.[70] Indeed, the inclusion of high-order 
Kerr terms has already been chosen to explain the saturation 
of the nonlinear refractive index observed in photorefractive 
materials,[62] gases,[49] or the aforementioned light-pulse fila-
mentation.[71] Contrary to these publications, here we can tune 
the sign of Δn and obtain higher absolute values under smaller 
propagation distances and excitation intensities.

Finally, it is interesting to postulate the origin of the observed 
behavior, especially the observed low-to-high excitation evolu-
tion, the dependence on the concentration and the transition 
from self-defocusing to self-focusing. On the one hand, the 
optical Kerr effect has been chosen to explain the diffraction 
rings observed for micro and nanoflakes.[33–38,40,42–45] Besides, it 
has been also demonstrated that the sign of birefringence (Δn) 
can be positive or negative depending on if the electric field is 
parallel or perpendicular to the induced dipoles, respectively.[72] 
However, this effect was discarded because of the small size of 
the NCs used here (10 nm NCs) and the absence of the depend-
ence with the polarization (see Figure S4, Supporting Informa-
tion). Thus, we believe that the origin of the observed nonlinear 
effect comes from an effective modification of the refractive 
index due to a collective effect in the aggregation of NCs in the 
excitation volume. The cause of this aggregation can be attrib-
uted to the electromagnetic force developed here under suffi-
ciently high intensities.

The map of Figure 4b reinterprets Figure 1a with the depend-
ence of Δn(0,0) as a function of I and C. The black lines on 

Adv. Optical Mater. 2023, 11, 2202120

Figure 4. Simulation of Δn(r,z) with Equation (2). a) The four different regimes shown in Figure 1e present a different evolution of Δn(0,z) at the four 
different regions: IIA) Broadening, IIB) Fast Broadening+Rings, III) Slow Broadening+Rings, and IV) Saturation. Brown line indicates Δn = 0. Inset 
shows a 3D plot of n(r,z). b) Δn(0,0) map plotted versus the peak intensity and the concentration show the four different phases.
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the map indicate the parameters Ith, Ico, and Cco extracted 
from the modeling. When I < Ith, the nonlinear effect is neg-
ligible, and the solution takes place in a homogenous phase 
with Δn ≈ 0 (region I in the figure). This threshold represents 
the minimum excitation to modify the refractive index in the 
solvent and plays an analogous role as the Freedericksz tran-
sition found in liquid crystals.[32] For I > Ith, the beam experi-
ences a broadening due to a negative Δn where the four regions 
described in Figure 4a are delimited by the Ico and Cco curves. 
Such a particular dependence of Δn with C and I suggests a 
collective mechanism in which the beam intensity also modi-
fies the concentration of NCs in the solvent in a sort of light-
induced superlattice/aggregate. We would be more inclined to 
think of a certain disordered/ordered phase transition, because 
it continuous to be observed by increasing the NC concentra-
tion, as observed in Figure 3a,b.

Assuming a dilute particle approximation for the NC solu-
tion and identical dipole response for every NC, the macro-
scopic polarizability in a macroscopic volume of NCs can be 
approximated by P pN= , where N  is the nanoparticle density 
and p is the individual induced dipole moment in the NC. In 
this approximation, the variation of the refractive index due to 
NCs with respect to that of the solvent is also proportional to 
N : n NCNα∆ = , where αNC is the polarizability of a single NC. 
Clearly, αNC has a nonlinear response with the field intensity 
due to the intrinsic nonlinearities of the material forming the 
NC. However, if this was the only origin of optical nonlineari-
ties in the colloid, the ratio between the index variation Δn at 
two different concentrations of NCs should be independent of 
the beam intensity n I n I( )/ ( ) /2 1 2 1N N∆ ∆ = . Experimental results 
of the refractive index change in Figure  4b for different con-
centrations (i.e., different s)N contradict this behavior since they 
show that this ratio, indeed, depends on beam intensity. This is 
an indication that there must be an additional intensity depend-
ence on the NC density I( )N , n I I I( ) ( ) ( )NCN α∆ =  as already pos-
tulated in Equation (2) in order to reproduce the experimental 
results. In fact, an intensity-independent N  would produce 
identical shapes for Δn(I) only distinguished by a scale factor. 
Contrarily, the shape of the Δn curve not only changes with I but 
also for different concentrations, see Figure 4b. In our numer-
ical model, this behavior can be attributed to an NC density of 
the form I( ; ),0N N  where 0N  is the original NC concentration, 
i.e., (0; )0 0N N N= . This result points out that the spatial dis-
tribution of NC dipoles is qualitatively different depending on 
the beam peak intensity. High values of N  indicating a large 
localization of NCs are achieved at high intensities, whereas 
unmodified values of N  occur at weak intensities.[73] These two 
collective regimes for N  at high and low peak intensities are 
connected by the threshold and crossover intensities (Ith and 
Ico) that dictates the boundaries between the different regimes 
(I–C phases). It is worth mentioning that for C < Cco and I < Ico 
the system approximates to the individual NC response. On the 
opposite, the results obtained for C  > Cco and I  < Ico indicate 
that the nonlinear response saturates as we observe experimen-
tally. The microscopic collective mechanism that can explain 
this behavior of the NC density is still under consideration. 
Trapping of NCs by the optical beam, as in optical tweezers, can 
be the driving force for such disorder/order phase transition, 
as a potential explanation. In this situation, nanoparticles with 

refractive index higher than that of the surrounding medium 
are attracted toward the high-intensity region of the optical 
field, thus generating an increase of the particle density N  
where I is higher.[74]

5. Conclusions

In this manuscript, we demonstrate that the nontoxic Cs2SnI6 
LFPs NCs in solution is an extraordinary defocusing media 
with outstanding nonlinear properties not yet observed with 
any other material. The transmittance of a focused beam tra-
versing the cuvette filled by the solution of NCs revealed a set 
of concentric rings whose number, width, and shape depend 
on the intensity of the beam and the concentration of NCs in 
the solvent. This fascinating behavior is completely and non-
trivially reproduced with a BPM algorithm incorporating a 
nonlinearity composed by two negative saturable nonlinear 
effects corresponding to the response of the individual NCs/
nanoparticles and a collective mechanism (such as ordering, 
e.g.). Both experiment and model indicate a dependence of 
Δn with I and C with four operation/propagation regimes or 
phases delimited by intensity and concentration crossovers. In 
each phase, Δn exhibits a particular dependence with I, which 
represents a straightforward method to select the nonlinear 
functionalities. Indeed, moving along the phase diagram at a 
specific propagation distance, Δn can be tuned from −5 × 10−2 
to +2 × 10−3, leading to the formation of the self-induced (anti)
waveguides required to develop sophisticated nonlinear appli-
cations, such as shocks, polaritons, dark solitons, and others. 
For certain I and C values, the induced nonlinear index con-
trast can achieve the extreme value Δn  =  −5 × 10−2, which is 
the strongest defocusing response reported up to now, to the 
best of our knowledge. Moreover, this Δn is reached under only 
moderate average laser average powers <100 mW, intensities as 
low as 50 MW cm−2, indicating that these colloidal suspensions 
of LFP NCs can be potential materials for the nonlinear optics 
field and can pave the road to disruptive photonic applications 
not achievable up to now.

6. Experimental Section
Materials and Synthesis of the Nanocrystals: Synthesis of Cs2SnI6 

nanoparticles was made by ball milling, following the procedure 
described elsewhere[30] with slight modifications. All chemicals were 
purchased from Sigma Aldrich and used without further purification. 
In order to obtain the highest monodispersity of the nanoparticles,[21] 
the bulk Cs2SnI6 phase was first obtained by dry milling. 8 mmol of CsI 
(99.9%) and 4  mmol of SnI4 (99.999%) was mounted into a zirconia 
bowl together with ≈20 milling beads of 5 mm in diameter and milled 
in a planetary ball mill for 3 h at speed of 300  rpm. In this way, 0.5  g 
of the obtained black powder was mounted in a separate zirconia bowl 
followed by 15 g of toluene (99.8%), 0.1 g of oleic acid (90%), 0.1 g of 
oleylamine (98%), and same amount of milling beads. The bowl was 
sealed with a Viton O-ring and milled for 3 h at 500 rpm. The resulting 
black dispersion was centrifuged for 10  min at 3750  rpm and the 
supernatant was used for further tests.

TEM Analysis: Morphological, compositional, and structural analysis 
of the nanoparticles was performed by HRTEM with a field emission 
gun TECNAI G2 F20 microscope operated at 200  kV, having the 
capabilities of selected area electron diffraction and energy dispersive 

Adv. Optical Mater. 2023, 11, 2202120
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X-ray spectroscopy in the facilities of the Servei Central de Suport a la 
Investigació Experimental (SCSIE) at the University of Valencia.

Optical Characterization: Absorption spectra in the colloidal solution 
were measured with a commercial HP8453 UV-VIS spectrometer 
equipped with a diode array sensor and deuterium/halogen lamps.

The nonlinear optical properties of the samples were characterized by 
illuminating the colloidal solutions (40 mg mL−1) dispersed in a 1 mm 
cuvette with a 1064  nm Nd:Yag laser (1  ns, 20  kHz) Gaussian beam. 
The beam was focused with a 75 mm focal lens, leading to a waist and 
Rayleigh distance of w0  = 35–40  µm and zR  = 3.5–5  mm, respectively. 
In this way, the cuvette length (1  mm) accomplished the thin sample 
approximation criteria (zR > thickness of the sample).[75] The transmitted 
light was analyzed as a function of the peak excitation intensity in the 
range 1–100 MW cm−2. A 100  mm focal lens was used to collect the 
transmitted light by a Thorlabs CCD DCU224M camera.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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