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The third-order nonlinear optical susceptibility, xc3’ ( -co; w, - w, w ) , 
of the layered perovskite-type material (C6HisNH3)2PbI4 is measured 
by a transient four-wave mixing technique using a 200-fs-pulse laser 
source. The maximum ( xc3) I value is 1.6 x 1 0w6 esu at the lowest-exciton 
resonance at 8 K. Longitudinal and transverse relaxation times of the 
excitons are 7 ps and 0.2 ps, respectively. @ 1998 Elsevier Science Ltd 
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The nonlinear optical response of excitons in low- 
dimensional systems has been a subject of extensive 
research efforts. Semiconductor quantum-dot (zero- 
dimensional) and quantum-well (two-dimensional) 
structures have been found to have enhanced exci- 
ton binding energies and oscillator strengths, and as 
a consequence, large third-order nonlinear optical 
susceptibilities xc3). The large family of lead-iodide- 
based perovskite-type crystals are of great interest 
because of their unique crystal structures. They are 
self-organized low-dimensional systems composed of 
zero-, one-, two-, or three-dimensional networks of 
corner-sharing [PbIb] octahedra [ 1,2]. Among them 
the two-dimensional materials, (R-NH3)zPbI4., have 
been most intensively investigated mainly regarding 
their remarkable excitonic properties [3-6]. It has 
been shown that excitons are tightly confined in the 
two-dimensional [PbIe] well layers and that they form 
biexcitons under high-density excitations. The excitons 
and biexcitons have extremely large binding energies 
(2: 400 meV and 2: 40 meV, respectively) [3-51. We 
have shown that the two-dimensional [PbI6] perovskite 
family have large x c3) by an optical third-harmonic 
generation (THG) measurement at room tempera- 
ture; [6] x(~)(-~w; co, w, co) of (CiOH2iNH&PbI4 is 
as large as N 10e9 esu at the three-photon resonance 
to the lowest exciton, which is comparable to the 

largest xf3’ (-3~; LO, LO, (u) value of one-dimensional 
organic polymers. In this communication, we report 
on the first measurement of the third-order non- 
linear optical susceptibility xc3) (-w; LO, -co, w) of 
(C6Hi3NH3)zPbI4 by a transient four-wave mixing 
(FWM) technique. 

We used (C6Hi3NH3)zPbI4 instead of (CioHzrNH& 
PbI4 used in the THG measurement because of the 
better optical quality of (C6Hi3NH3)2PbI4 at low 
temperatures due to the absence of structural phase 
transitions below room temperature [4]. The samples 
used in the FWM experiments were 100~nm-thick 
polycrystalline films spin-coated on optically flat glass 
substrates. X-ray diffraction studies showed that the 
films were highly oriented with the inorganic well 
layers parallel to the substrate surfaces. The thin- 
film samples have optical properties almost identical 
to those of a single-crystalline sample for normally 
incident light. FWM experiments were performed 
using a two-incident-beam configuration using an 
optical parametric amplifier seeded by an amplified 
mode-locked Ti:A1203 laser as a light source. The 
pulse duration and the repetition rate were 200 fs and 
10 kHz, respectively. The pulsed beam from the pump 
source was split into two beams with wave vectors ki 
and k2 with an intensity ratio Zz/Zi = 2.7. The two 
beams were incident upon the sample with a relative 
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Fig. 1. Intensity of diffracted signal from 
(C&IrsNH&PbL pumped at 2.344 eV versus time 
delay measured at 8 K for three different pump in- 
tensities. Positive time delay corresponds to kz pulse 
preceding kl pulse. 

angle of about 6”. The magnitude of diffracted signal 
beam in direction k3 = 2&i - k2 was detected with 
a calibrated Si PIN photodiode as a function of the 
time delay between the two pulses T = tl - t2. The 
measurement was performed using a sample with a 
(C6Hi3NH$$bI4 film in front of the substrate; i.e., 
the beams first passed through the film and then the 
substrate. 

Figure 1 shows typical time-delay dependence of the 
diffracted signal intensity for the pump energy reso- 
nant to the lowest exciton (Rw = 2.344 eV) measured 
at 8 K. The diffracted signal intensity increases as 
the incident pump intensity is increased with its time 
evolution almost unchanged in the measured inten- 
sity range. The signal intensity reaches the maximum 
at the positive time delay and exhibits an exponen- 
tial tail on the positive time delay side owing to a fi- 
nite phase relaxation time [7]. From a numerical anal- 
ysis on the measured time delay dependence, [8] we 
conclude that phase relaxation time T2 of excitons in 
(C6HisNH3)2PblQ is 0.2 ps. The maximum signal in- 
tensity I, increases in proportion to the third power of 
the incident pump intensity up to Ii = 4 MWlcm2, and 
saturates at higher intensities as shown in Fig. 2. The 
cubic dependence of the signal intensity at low pump 
intensities shows that the response of the excitons is 
related only to third-order susceptibility. Similar cubic 
dependence was observed at the low pump intensity 
ranges in all the measurements with the pump photon 
energies between 2.31 and 2.41 eV. Figure 3(a) shows 
the dispersion of I./Z:12 along with the linear absorp- 
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Fig. 2. Diffracted signal intensity versus incident 
pump intensity for the excitation resonant to the 
lowest exciton. The nonlinear optical response of 
(C6Hi3NHs)#b4 is in the third-order regime at inci- 
dent intensities below 4 MWlcm2. 

tion spectrum measured at the same temperature. The 
excitonic absorption peak of (C6Hi3NH&PbI4 is re- 
solved into sharp multiple lines at low temperatures. 
The higher-energy lines are tentatively assigned to the 
phonon sideband of the lowest-energy line 141. The 
&/If12 spectrum exhibits a broad peak around the 
lowest-exciton line and a sharp peak at the highest- 
energy phonon sideband. We determined the xt3) val- 
ues from the Z,/ZfI2 data. An expression for the sig- 
nal intensity can be obtained by solving the Maxwell 
equations including linear absorption and third-order 
nonlinear polarization. The intensity I, of the sig- 
nal beam of the wave vector 2ki - k2 is related to 
xc3) (-w; LO, --w, o) and the intensities of the pump 
beams of wave vectors ki and k2 (Zl and 12, respec- 
tively) by the formula 

I 
s 

= 32 26 d e+‘( 1 - ecad)2 

C2tv (iipnw 
Ix’~‘I~ T,:T,2T231:12,(1) 

where ii, n and LX are the complex refractive index, 
the real part of ii and the absorption coefficient of the 
medium at wavelength h, respectively, d is the sample 
thickness, and TOI, Tiz, and T23 are the power transmis- 
sion coefficients for the air/sample, sample/substrate, 
and substrate/air interfaces, respectively. The magni- 
tude of 1x(311 of (C&Ir3NHs)#b~ was determined us- 
ing equation (1). Spectral broadening of the incident 
laser beam (35 meV full width at half maximum) was 
taken into account by using fi, n, and o( convoluted 
with the laser spectrum. Figure 3(b) shows the 1~‘~) I 
spectrum of (C6Hi3NHs)$bI4 measured at 8 K. The 
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Fig. 3. (a) Zr!,lZfZ2 and the linear absorption spectra 
are shown by the closed circles and the solid line, re- 
spectively. (b) 1x(3)1 spectrum of (CaHirNH&Pb4 at 
8 K (closed circles). The dashed line shows the effec- 
tive linear absorption spectrum. 

effective absorption spectrum allowing for the spectral 
broadening of the incident laser pulses is shown by 
the dashed line for comparison. The 1~‘~) I spectrum 
has two clear peaks at the resonances to the absorp- 
tion lines. The maximum IX(~) I value is as large as 
1.6 x 10e6 esu at the lowest-exciton resonance, Mea- 
surements with much narrower spectrum pulses will re- 
solve the fine structures of the xc3) spectrum. A FWM 
measurement using a laser source with a longer pulse 
duration (> ps) is now underway. 

Biexcitons dominate the FWM process when the 
material is excited with lower-energy photons. A 
polarization-dependent spectrally-resolved FWM 
measurement clearly resolved the biexciton contribu- 
tion to the nonlinear optical processes. The investi- 
gation on the biexcitons in (C6HrrNHs)rPbI4 ,will be 
reported elsewhere [9]. 

We measured the population relaxation time of the 
excitons in (C&sNH&PbI4 by a transient grating 
technique in a box-car configuration of three input 
pulses. Figure 4 shows the transient grating signals de- 
cay measured at 8 K. The observed single exponential 
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4. Transient grating decay 
g$IrsNHs)2Pb4 measured at 8 K (closl?%le.$ 
The solid line shows the single exponential decay with 
a time constant of 3.4 ps. 

decay with a 3.4-ps time constant shows that the pop- 
ulation life time of the excitons is 6.8 ps, because the 
signal intensity is proportional to the spatially modu- 
lated population squared. A beat structure with a pe- 
riod of 1.3 ps superimposed on the exponential decay 
is presumably due to the exciton-phonon interaction 
because the corresponding energy of the oscillation, 
25 cm-‘, agrees well with the energy of a phonon ob- 
served in a resonant Raman scattering spectrum of 

(C6HisNHshPb4 1101. 
In summary, a sub-ps transient FWM technique 

has been used to investigate the nonlinear optical 
response of excitons in (C6HtsNHs)2Pbb. The mea- 
sured third-order nonlinear optical susceptibility 
reaches 1.6 x 1 0m6 esu at the lowest-exciton resonance. 
The population and phaserelaxation times of the ex- 
citons are measured to be 7 ps and 0.2 ps, respectively. 
Since the excitons in this material are highly stable 
up to about 100 “C, large optical nonlinearity is ex- 
pected even at room temperatures. The very large xt3’ 
and the short response time should make this class 
of materials promising in resonant nonlinear optical 
applications. 
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