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We report on highly polarization-selective three-photon absorption (3PA) in a Bridgman-grown
single crystal of CsPbBr3 oriented along the (112) direction, which is an inorganic counterpart to
emerging organic-inorganic hybrid halide perovskites for solar-cell and optoelectronic applications.
The crystal exhibits strong photoluminescence (PL) at room temperature as a direct consequence of
3PA of fundamental radiation. Interestingly, 3PA disappears when the input polarization is parallel
to the (-110) direction. This 3PA effect is strongest when orthogonal to (-110) and the corresponding
3PA coefficient was measured to be γ = 0.14 ± 0.03 cm3/GW2 under picosecond-pulse excitation
at the fundamental wavelength of λ = 1200 nm. The laser-induced damage threshold was also
determined to be about 20 GW/cm2 at the same wavelength. Based on relative PL intensities
upon λ tuning over the entire 3PA range (1100 nm−1700 nm), we determined the nonlinear optical
dispersion of the 3PA coefficient for CsPbBr3, which is consistent with a theoretical prediction.
Experimentally observed significant polarization dependence of γ was explained by relevant selection
rules. The perovskite is potentially important for nonlinear optical applications owing to its highly
efficient 3PA-induced PL response with a sharp on/off ratio by active polarization control.

PACS numbers: 42.70.Nq, 78.55.Fv, 79.20.Ws

I. INTRODUCTION

Recently, the research community has shown consid-
erable interest in perovskite materials triggered by a
remarkable breakthrough in the power conversion effi-
ciency (PCE) for the direct conversion of sunlight into
electricity.1–8 Especially, organic-inorganic hybrid halide
perovskites, ABX3, (A

+ = organic cation, B2+ = Sn2+

or Pb2+, and X− = Br− or I−) have attracted significant
interest for photovoltaic (PV) applications due to their
high photon absorptivity, wide direct bandgaps with su-
perior charge transports, as well as their cost-effective
methods of fabrication.9 In particular, the hybrid per-
ovskites CH3NH3PbX3 (MAPbX3) have been extensively
studied as potential PV materials, and MAPbX3-based
PV cells have shown remarkable PCEs up to ∼ 20%.8–12

While the actual device architecture is a critical factor in
terms of technology evolution, the basic understanding of
essential light-matter interaction in these perovskite ma-
terials is unarguably important for increasing the PCE as
well as discovering other emerging optoelectronic prop-
erties such as radiation detection,13 thermoelectricity,14

lasing,15 and light-emitting diodes.16

Nonlinear optical (NLO) effects in these materials are
relatively less explored but potentially important, and in
fact they gained significant interest quite recently.17–19

For example, some Ge-based hybrid iodides, AGeI3, (A
+

= MA+ or HC(NH2)
+
2 = FA+) exhibit strong “phase-

matched” second harmonic generation (SHG) owing to
their noncentrosymmetric crystal structure (R3m).17

Most remarkably, it was demonstrated that their SHG
efficiencies are notably higher than that of the inor-
ganic counterpart CsGeI3 because of the additional polar
character in the MA+ and FA+ cations oriented within

the perovskite structure. Considering that NLO mate-
rials have been typically available from either solely or-
ganic or solely inorganic perspective, hybrid NLO ma-
terials such as the hybrid halide perovskites can pro-
vide unique opportunities since the combination of their
organic-inorganic properties can be further exploited.

Typical hybrid halide perovskites show a large linear
absorption coefficient near the band edge which can ex-
ceed 104 cm−1.18 Excellent linear optical absorption im-
plies that they can be also efficiently excited by higher-
order NLO absorption. For instance, Walters et al. have
provided a study on the two-photon absorption (2PA)
coefficient, β, of MAPbBr3 that was reported as 8.6
cm/GW at the fundamental wavelength of λ = 800 nm
under femtosecond-pulse excitation.18 Reference [17] also
indicates that MAGeI3 is 2PA active at 1064 nm under
picosecond-pulse excitation as confirmed by subsequent
strong PL. The corresponding β value was measured to
be 91.0 cm/GW with a saturable absorption intensity of
2.0 GW/cm2 based on an order-of-magnitude estimate
for the powdered sample. For comparison, conventional
PV materials (Eg: bandgap), specifically the inorganic
binary semiconductors CdS (Eg = 2.42 eV) and CdSe
(Eg = 1.74 eV), yield 2PA coefficients of 5.5 cm/GW (λ
= 532 nm) and 18 cm/GW (λ = 1064 nm), respectively.20

In fact, there have been many studies regarding the the-
oretical framework for multiphoton absorption (MPA)
in semiconductors21–23 as well as experimental investiga-
tions on the NLO absorption coefficients and NLO refrac-
tive indices in PV materials.24,25 Current interest in MPA
includes multiphoton spectroscopy and microscopy26,27

and plasma physics via multiphoton ionization28 as well
as optical limiting applications.29

In this article, we present polarization-dependent
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FIG. 1. (Color online) (a) Bridgman-grown ingot of CsPbBr3. (b) Polished CsPbBr3 single crystal where 3PA-induced PL is
clearly observed (bright green area near the edge) under IR excitation. (c) Crystal structure of CsPbBr3 (Pbnm) viewed along
the (112) direction. (d) UV-Vis-NIR absorption spectra at room temperature.

three-photon absorption (3PA) and subsequent strong
PL in a single crystal of the all-inorganic perovskite
CsPbBr3 at room temperature by employing a recently
developed wavelength-dependent Z-scan nonlinear spec-
troscopy (WDZNS) method.30 The WDZNS technique is
ideal for determining the relevant NLO dispersion, be-
cause it can spectrally resolve NLO harmonic generation
and PL as a function of input intensity as well as in-
put wavelength, thereby enabling us to study coexisting
NLO phenomena and the dynamics of excitonic matter.
Therefore, we report on the wavelength-dependent 3PA
coefficient, γ(λ), of CsPbBr3 under picosecond-pulse ex-
citation over its entire 3PA band. The experimental dis-
persion shows good agreement with a theoretical two-
band model.22 We also found that CsPbBr3 has a very
high laser-induced damage threshold of 20 GW/cm2 at
λ = 1200 nm, where the 3PA efficiency is characterized
by γ = 0.14 ± 0.03 cm3/GW2; this value is about 2−3
times higher than that for a semiconductor having a sim-
ilar bandgap.23 We explained the sharp polarization de-
pendence of γ(λ) based on 3PA selection rules. Most of
all, the perovskite is highly luminescent under efficient
3PA at room temperature with a clear-cut polarization
contrast. Our results imply that CsPbBr3 potentially im-
portant for MPA-related NLO devices and applications.

II. SAMPLE PREPARATION

Raw CsPbBr3 was prepared by reacting equimolar
amounts of CsBr (4.26 g, 20 mmol) and PbBr2 (7.34
g, 20 mmol) in a fused silica ampoule (12 mm OD, 10
mm ID) and flame sealed at 10−4 mbar vacuum. The
ampoule was heated at 700 ◦C over 24 h, soaked there
for 5 h, then the furnace was rocked for 2 h to ensure
homogeneity of the melt, soaked for 2 h and then slowly
cooled to room temperature over 24 h.

The resulting opaque, dark-orange ingot was then
crushed and transferred into a fused silica tube (9mm
OD, 7mm ID) with a tapered end at the bottom to facil-
itate the crystal growth. As shown in Fig. 1(a), the crys-
tal growth of a 7 mm diameter crystal ingot was achieved

in a vertical, three-zone Bridgman furnace, employing a
translation speed of 10.0 mm/h for a set temperature pro-
file, as reported previously.13 The resulting transparent
orange crystal was subsequently cut into 10 mm slices
along the growth direction using a diamond blade saw
and finely polished down to 1 micron smoothness using
WD-40 as an abrasive medium [Fig. 1(b)]. The growth
direction of our sample is (112) as determiend by X-ray
diffraction; see Supplemental Material.31 Detailed sam-
ple preparation and basic characterizations such as struc-
tural, thermal, linear optical, and electrical properties are
described in Ref. [13].

CsPbBr3 is centrosymmetric and crystalizes in the or-
thorhombic space group (Pbnm) undergoing two succes-
sive phase transitions from cubic (Pm-3m, above ∼ 130
◦C) to tetragonal (P4/mbm, between ∼ 88 ◦C and 130
◦C) and finally to orthorhombic below ∼ 88 ◦C.32 In the
orthorhombic modification, CsPbBr3 adopts a distorted
perovskite structure where the octahedral {PbBr6}

4−

building blocks undergo a significant degree of tilting
with respect to the ideal cubic perovskite structure where
all the octahedra are perfectly aligned (Pb-Br-Pb angle is
strictly 180 degrees). This octahedral complex embedded
in the orthorhombic matrix of Cs+ cation contributes sig-
nificantly to optical properties of CsPbBr3.

33 Figure 1(c)
shows the crystal structure of CsPbBr3 viewed along the
(112) direction; see Fig. S1(b) for the (001) direction.

CsPbBr3 is a direct bandgap semiconductor with a
band edge occurring at 2.25 eV (∼ 550 nm) across the R
point at room temperature as determined by optical ab-
sorption spectroscopy [Fig. 1(d)]. Primary optical tran-
sitions occur within the highest valence band (Γ+

6 ) and
the two lowest spin-orbit-split conduction bands (Γ−

6 and
Γ−

8 ). The associated energy level diagram and linear op-
tical selection rules are discussed in Ref. [33]. The optical
and electrical properties of the CsPbBr3 specimen stud-
ied in these experiments have been tested as a crystal
quality control and they were found to be in good agree-
ment with previous reports (Eg = 2.25 eV, ρ = 1.1 × 109

Ω · cm).13
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FIG. 2. (Color online) NLO harmonic signals and 3PA-induced PL from CsPbBr3 at (a) λ = 1700 nm, (b) λ = 1600 nm, and
(c) λ = 1500 nm, respectively. The observed PL intensity strongly depends on λ due to the 3PA dispersion.

III. EXPERIMENTAL METHODS

Our NLO experiments were performed at room tem-
perature utilizing WDZNS.30 Unlike a conventional Z-
scan,34 WDZNS is available in both reflection and trans-
mission geometry together with the spectral resolving ca-
pability to simultaneously monitor NLO and PL signals.
The bulk CsPbBr3 sample was loaded into a homemade
sample holder that was mounted on a Z-scan transla-
tion stage. A train of 30 ps fundamental pulses was
produced from an EKSPLA PG403 optical parametric
oscillator (OPO), which was synchronously pumped by
the frequency-tripled output (355 nm) from an EKSPLA
PL-2250 series Nd:YAG laser with a repetition rate of
50 Hz. The laser-pulse energy from the OPO was ad-
justed to E = 10 µJ using a combination of a half-wave
plate (HWP) and a linear polarizer (LP) before being fo-
cused onto the sample using a positive lens (f = 7.5 cm)
with a spot size of ∼ 200 µm in diameter. The corre-
sponding sample position was far away from the Z-scan
focus. Therefore, the change in the spot size was mini-
mal when we varied the fundamental wavelength λ over
a broad range.30 In order to avoid reabsorption of optical
signals by the sample having a macroscopic thickness (1.3
mm), harmonic generations as well as PL from the sam-
ple were collected in a reflection geometry to a fiber-optic
bundle which was coupled to a selective-grating Horiba
iHR320 spectrometer equipped with a charge-coupled de-
vice (CCD) camera. We confirmed that NLO harmonic
signals from other optical components were negligible.
The measured optical signals were calibrated with the
known and measured λ-dependent efficiencies of all opti-
cal components. Any thermal load to the sample, which
can potentially cause a transition to the tetragonal or
cubic phase, is negligible basically due to the slow repe-
tition rate of the laser.
The wavelength-dependent 3PA efficiency was com-

pared by monitoring the resulting PL intensity as λ was
tuned within the 3PA band with the input intensity, I,

being kept constant, i.e., the same sample position, Z; in
this sense, the method is similar to PL excitation spec-
troscopy but it takes place under the 3PA condition. The
PL method presented here also relies on the unique ca-
pability of WDZNS in which the input intensity can be
varied in both λ and Z, namely I = I(λ, Z); the change
in λ at a fixed Z first yields a relative NLO dispersion
and a single Z-scan at a fixed λ will completely determine
the absolute 3PA dispersion. However, we found that I3

dependence of 3PA can result in optical damage at the
focus during Z-scan, causing an incorrect estimation of γ.
Therefore, we varied the input pulse energy at several se-
lected +Z positions (after the focus) outside the Rayleigh
range to determine γ at λ = 1200 nm by monitoring the
far-field transmittance of the fundamental beam using
the CCD camera. The polarization dependence of 3PA
along the (112) direction was also probed by monitoring
the resulting PL counts when the polarization vector was
rotated.

IV. RESULTS AND DISCUSSION

In fact, our initial interest on this material was more
on accurate structural identification based on an SHG
technique35 that can sensitively provide a verdict re-
garding the presence or absence of an inversion cen-
ter. The crystal symmetry is particularly important for
perovskite-based PVs,36,37 because loss of the inversion
symmetry can trigger ferroelectric polarization. The fer-
roelectric behavior of an active PV medium, in turn, can
directly affect PCE of the PV device derived from the
compound. However, we found that both second and
third-order harmonic signals were strongly masked by
highly efficient PL triggered by fifth-order NLO absorp-
tion (3PA), which is the main focus of this work.
For example, Fig. 2 plots the optical response of

CsPbBr3 when λ was varied from 1700 nm to 1500 nm
in steps of ∆λ = 100 nm. Note that the spectral po-
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FIG. 3. (Color online) (a) PL spectra at λ = 1200 nm for several excitation levels (10 µJ - 35 µJ). (b) Intensity dependence of
the PL (circles) fit by a cubic law (red). (c) Corresponding blueshift of the PL (dots) fit by a square law (blue) based on the
Burstein-Moss effect. Both I3-dependent PL intensity and I2-dependent PL blueshift demonstrate the case of 3PA.

sitions for SHG and third harmonic generation (THG)
vary as a function of λ in accordance with λSHG = λ/2
and λTHG = λ/3, respectively, whereas that for 3PA-
induced PL remains the same since it involves the radia-
tive recombination of charge carriers near the bandgap
[2.25 eV (550 nm)]. Figure 2(a) shows that the PL is
very weak at λ = 1700 nm since this wavelength is below
the onset of 3PA. The PL yield becomes stronger when
tuning λ above the 3PA band edge due to its character-
istic dispersion. We found that the spectral feature of
the 3PA-induced PL is similar to the PL under typical
one-photon absorption (1PA) at λ= 355 nm; see Sup-
plemental Material.31 Variations of the SHG and THG
intensities as a function of λ seem to arise from the co-
herent interaction between NLO and fundamental radia-
tion, i.e., spectral Maker fringe effects,38 but these NLO
signals are relatively weak compared with the PL signal.
Interestingly, while CsPbBr3 is known to be cen-

trosymmetric (Pbnm), we found that our sample yields a
nonzero SHG response, which is above the system back-
ground level. We confirmed that this SHG signal is from
the sample, presumably arising from the sample surface
or local symmetry-breaking effects in the bulk (defects
or an intergrowth of centrosymmetric and noncentrosym-
metric phases) assisted by the highly polarizable nature
of the perovskite. This effect may cause a finite ferro-
electricity especially when prepared into thin films.36,37

However, we conclude that the compound is essentially
centrosymmetric as clearly evidenced by much stronger
THG over SHG throughout our experimental range, even
when THG is being significantly reabsorbed by the sam-
ple: As shown in Fig. 2, the THG photon energy is on
or above the main PL band, whereas the SHG photon
energy is below the bandgap.39

In order to confirm 3PA, the intensity dependence of
the PL was measured at λ = 1200 nm. Figure 3(a) shows
the series of PL spectra observed when the incident pulse
energy was varied in the range of E = 10 µJ - 35 µJ. We
plot the corresponding PL intensities (circles) in Fig. 3(b)

in terms of the input intensity. The red trace is a cubic
fit to the observed data, clearly indicating the case for
3PA-induced PL. In Fig. 3(a), we also note that there
is a noticeable blueshift of the PL as the excitation level
increases within our experimental range; see also Fig. S1.
The dots in Fig. 3(c) shows the spectral position of the
PL maximum in energy units for each excitation level.
The blue trace is a square fit, implying that the optical
gap blueshifts due to the band-filling effect in accordance
with the Burstein-Moss shift;40

∆Eg =
h̄2

2m∗
(3π2n)2/3 =

h̄2

2m∗
(π2τγI3)2/3 ∝ I2, (1)

where h̄ is the Planck constant, n is the density of photo-
generated carriers, and m∗ is the reduced effective mass
of the bands associated with the optical transition. In
Eq. (1), n is related to the 3PA generation rate, G =
n/τ = γI3/3, where τ = 30 ps is the laser pulse width. In
principle, the 3PA coefficient, γ, can be estimated based
on the observed PL shift using Eq. (1). However, this
requires time-resolved spectroscopy to precisely relate γ
and ∆Eg, because the effect is transient primarily in-
duced by pulsed optical excitation. In fact, we found that
the γ value inferred from the time-integrated PL data in
Fig. 3 using theoretical m∗ values41,42 is several times
smaller than the value from direct NLO experiments as
detailed below. Density-dependent carrier relaxation dy-
namics and stimulated PL emission in CsPbBr3 at cryo-
genic temperatures were studied under 1PA and available
elsewhere.43

Due to the associated NLO dispersion of the three-
photon process, the 3PA efficiency depends on λ. For
the process to occur, λ should lie in between 1100 nm
(2×550 nm) and 1650 nm (3×550 nm), where the for-
mer corresponds to the two-photon edge and the latter
to the three-photon edge. Figure 4(a) plots the measured
PL spectra when we varied λ from 1100 nm to 1700 nm,
while keeping the input pulse energy a constant (22.5 µJ).
We confirmed that the PL shape is unaltered upon wave-
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length tuning. In Fig. 4(b) we plot the corresponding PL
intensities (dots) as a function of λ, together with exci-
tation at λ = 1000 nm that indeed corresponds to 2PA.
Note that there exist sharp increases in the observed PL
intensities when the order of MPA changes, i.e., λ is res-
onant with either the 2PA or 3PA edge, which is indeed
consistent with their predicted spectral positions (col-
ored lines for guidance). Clearly, the brightness of this
wavelength-dependent PL is directly proportional to the
carrier densities generated by the corresponding 3PA pro-
cess, which in turn reflects the wavelength dependence of
3PA. The overall scaling factor can be determined by a
single Z-scan at one wavelength to generate the absolute
3PA dispersion.

Because of possible sample damage as explained in
Sec. III, however, Z-scan was not used to determine the
absolute value of γ, which is proportional to the imagi-
nary part of the fifth-order NLO tensor, χ(5).34 Instead,
the transmitted fundamental beam at λ = 1200 nm was
monitored for several fixed Z positions (for a consistency
check). We varied the input pulse energy, E(φ), over
two orders of magnitude by the HWP-LP combination
where φ is the HWP angle; see Supplemental Material.31

First, the fundamental pulse energy, Eb(φ), via sample
transmittance was measured as a function of φ with a

FIG. 4. (Color online) (a) PL spectra under 3PA in our λ

range. (b) Relative MPA efficiency as a function of λ in terms
of the measured PL intensity. Both 2PA (red) and 3PA (blue)
band edges are also shown.

5% neutral density (ND) filter before the sample, en-
suring no 3PA. This linear transmittance can be used as
a reference (see Fig. S3) for generating the normalized
transmittance. With the ND filter after the sample,
the transmitted energy in the nonlinear regime, Ea(φ),
was measured to determine γ where we varied φ starting
from the lowest energy. Therefore, the ratio Ea(φ)/Eb(φ)
corresponds to the normalized sample transmittance and
Ea(φ) = Eb(φ) is expected if 3PA is insignificant. With
increasing excitation level, however, efficient 3PA would
cause a gradual transmission loss in Ea(φ).
Figure 5(a) plots Eb vs. Ea at λ = 1200 nm for Z =

0.286 cm (red), 0.254 cm (blue), and 0.222 cm (pink),
respectively, when E(φ) was varied from 0.2 µJ to 21 µJ
with the polarization vector, ê = (l,m, n), parallel to
the (11-1) direction; here the Fresnel transmittance T =
82% was taken into account at the incoming air-sample
boundary; see Supplemental Material.31 The correspond-
ing intensity, I(φ, Z), at the sample surface is given by

I(φ, Z) =
2P (φ)

πw2(Z)
=

2P (φ)

πw2
0(1 + Z2/Z2

0 )
, (2)

where P (φ) is the input pulse power and Z0 =πw2
0/λ ∼

0.15 cm is the confocal parameter (Rayleigh range) with
w0 ∼ 24 µm being the beam waist at Z = 0 calculated by
σ/f = λ/πw0 where σ ∼ 0.12 cm is the measured Gaus-
sian width of the incident beam. We found that sample
damage occurs at Z = 0.222 cm, when the pulse energy
exceeds 18 µJ as indicated by the arrow in Fig. 5(a).
The laser-induced damage threshold (LIDT) of CsPbBr3
at 1200 nm is therefore about 20 GW/cm2 according to
Eq. (2) for picosecond-pulse excitation. This LIDT value
seems considerably higher than those for hybrid halide
compounds, AGeI3.

17 However, the damage mechanism
for the current case is higher-order 3PA, whereas optical
damage in AGeI3 arises due to much more efficient 2PA.
By solving the equation for 3PA-induced light attenu-

ation throughout an effective thickness, deff, the normal-
ized transmittance for 3PA is given by

Ea(φ, Z)

Eb(φ, Z)
=

2

π1/2p

∫

∞

0

ln[
√

1 + p2e−2x2+pe−x2

]dx, (3)

where the dimensionless parameter p is defined by
p(φ, Z) ≡ (2γdeff)

1/2I(φ, Z),25 and the effective thick-
ness of the sample is deff ≃ 0.04 cm; see Supplemental
Material.31 The colored traces in Fig. 5(a) are fits gen-
erated by numerically evaluating Eq. (3) with only one
adjustable parameter γ = 0.14 cm3/GW2 that explains
the three experimental data sets simultaneously. The
corresponding error-bar range for the γ value is about
20%.
The fifth-order NLO dispersion of the 3PA coefficient,

i.e. its wavelength dependence, is well known from a
simple two-band model;22

γ(x) =
29/2310π2

5

(

e2

h̄c

)3

h̄5S3
(3x− 1)5/2

(3x)9
, (4)
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FIG. 5. (color online) (a) Eb vs. Ea at several Z values
(colored dots), superimposed by fits (colored curves) with a
single fit parameter of γ = 0.14 cm3/GW2 for ê along the (11-
1) direction. The solid line corresponds to the case of no 3PA.
(b) γ(λ) determined by PL-based WDZNS (dots). The solid
curve corresponds to a theoretical two-band model scaled up
by a factor of 3 to fit the data.

where e2/h̄c is the fine-structure constant, x = E/Eg =
[(hc/λ)/Eg] is the dimensionless dispersion parameter,

and S3 = (pvc

me

)2m∗7/2/(m4
cn

3
0E

13/2
g ) with me, mc, and

m∗ being the bare electron mass, effective mass of the
conduction band, and the reduced effective mass incor-
porating both conduction and valence bands, respec-
tively. Note that in Eq. (4) the scaling of γ for differ-
ent materials is solely determined by S3, whereas the
wavelength dependence arises from x. The dipole ma-
trix element pvc in S3 is proportional to i) the joint
density of states in the band overlap integral and ii)
the dipole oscillator strength, and can be estimated
by band-structure calculations. Theoretical calculations

yield S3 = ηm∗5/2/(m4
cn

3
0E

11/2
g ), where η is a model-

dependent numerical factor; for example, η = 1
4 by a k ·p

perturbation theory or 3
4 by a Hartree-Fock calculation,

but η can be larger by an order of magnitude depending
on approximation methods for evaluating pvc.

22,23,25

Rather than relying on a specific calculation of

pvc, we therefore compared the theoretical γ value of
CsPbBr3 with an experimental reference value of γ

′

=
0.007 cm3/GW2 of ZnO at x = 0.46,25 thereby eliminat-
ing the free factor η in S3;

γ

γ′
=

S3

S
′

3

= (
m∗

m∗
′
)5/2(

m
′

c

mc
)4(

n
′

0

n0
)3(

E
′

g

Eg
)11/2 ≃ 7.34, (5)

where we used the primed band parameters for ZnO from
Ref. [44] and those for CsPbBr3 from m∗ = 0.073me and
mc = 0.15me,

42 Eg = 2.25 eV, and n0 = 2.45. There-
fore, our theoretical calculation based on Eq. (5) yields
γ = 0.007 cm3/GW2×7.34 ≃ 0.051 cm3/GW2, which ex-
plains our experimentally determined γ = 0.14 ± 0.03
cm3/GW2 at 1200 nm (x = 0.46) within a factor of 3. In
Fig. 5(b) we plot the theoretical NLO dispersion of γ(λ)
(solid curve) from Eqs. (4) and (5), overlaid with experi-
mental wavelength-dependent 3PA coefficients (dots) de-
termined by our PL-basedWDZNS technique. Difference
between the model and the experimental data near the
3PA band edge (blue line) could be due to 3PA in Urbach
tailing below the bandgap and/or 4-photon excitation.

3PA selection rules for centrosymmetric CsPbBr3 with
orthorhombic symmetry (D2h) are closely related to
those for a higher symmetry point group (Oh), but ex-
tra dynamical parameters are required, which should be
determined experimentally in general.45,46 In CsPbBr3,
only Γ−

4 and Γ−

5 transitions are allowed by 3PA, where
the associated bands and corresponding polarization de-
pendences are detailed in Supplemental Material31 for
our excitation geometry, i.e., when the beam propagates
along the (112) direction of the sample. In order to study
the polarization dependence of γ experimentally, we mon-
itored the relative PL intensities as a function of φ with-
out the LP; rotating the HWP by φ therefore simply ro-
tates the polarization vector by 2φ ≡ θ (Fig. 6). This PL
method correctly reflects polarization-dependent γ, be-
cause we confirmed that the PL is essentially unpolarized.
It is predicted that the PL method yields a much clearer
polarization constrast, when compared with direct mon-
itoring of fundamental absorption. We confirmed that
the two methods indeed yielded consistent results (see
Fig. S6 for the latter method).

Figure 6 plots the polarization dependence of γ (cir-
cles) as probed by the 3PA-induced PL response as a
function of θ. Interestingly, we found that 3PA is highly
forbidden when the polarization vector is parallel to the
two-fold (-110) direction. As discussed in Supplemen-
tal Material,31 the experimental polarization dependence
can be explained by the Γ−

4 transition with a negligible
contribution from Γ+

6 ⊗ Γ−

8 .
47 The corresponding polar-

ization dependence in theD2h space group can be written
by µl6 + νm6 + n6 where µ and ν are additional dynam-
ical parameters introduced due to the actual asymmetry
of the orthorhombic phase. We found that µ = ν = 0 best
explains our experimental observation with the cos6 θ de-
pendence for our excitation geometry, as indicated by the
solid trace in Fig. 6.
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FIG. 6. Polarization dependence of 3PA at λ = 1200 nm along
the (112) direction, showing strongest 3PA with ê parallel to
(11-1).

V. CONCLUDING REMARKS

In conclusion, CsPbBr3 proves to be a versatile semi-
conductor in which various NLO phenomena coexist un-
der intense electromagnetic perturbation. Although the
harmonic generation efficiency is relatively weak, the per-
ovskite exhibits a very strong PL via efficient NLO ab-
sorption where the corresponding 3PA coefficient was
measured to be γ = 0.14 ± 0.03 cm3/GW2 at 1200
nm, together with wavelength and polarization depen-
dence. This γ value is 2−3 times larger than those of
conventional semiconductors with similar bandgaps such
as GaP and CdS.23 It should be noted that 3PA-active

materials are not necessarily luminescent under 3PA es-
pecially at room temperature; for example, the 3PA-
induced PL in CdS is sufficiently bright only at cryo-
genic temperatures.48,49 Our study confirms the excel-
lent PL response of the title compound from the per-
spective of nonlinear optics, which may provide useful
information on the nature of the excited states and the
future design of this class of materials for photovoltaic
and light-emitting device applications. Highly lumines-
cent materials with a large LIDT value as well as a sharp
on/off ratio under IR illumination at room temperature
are also ideal for MPA-based sensing and imaging espe-
cially when available through cost-effective fabrication.
Future work is aimed toward measuring MPA efficien-
cies and PL yields for hybrid halide perovskites within
bandgap engineering, which is predicted to significantly
affect all the NLO efficiencies. Currently, we are also in-
vestigating time-resolved measurements of the PL under
“resonant” 2PA or 3PA pumping, which can selectively
create excitonic matter. Unlike conventional 1PA which
initially generates hot charge carriers, the proposed NLO
excitation method can be potentially utilized for study-
ing relaxation dynamics of neutral excitons, which are
selectively created by resonant MPA. The results will be
reported elsewhere.
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