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Impact of spin-orbit splitting on two-photon absorption spectra in a halide perovskite single crystal
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Metal halide perovskites have emerged as versatile photonic device materials because of their outstanding
optical properties. Here, we report the two-photon absorption (TPA) spectra for CH;NH;PbBr; perovskite
single crystals under linearly and circularly polarized laser pulses. We experimentally determined the spin-orbit
splitting energy from the TPA linear-circular dichroism spectrum and found the higher-energy band around
0.8 eV above the band edge. From a theoretical analysis of the experimental data, we evaluated the exciton
binding energy and the exciton reduced mass. Our findings provide essential information on the electronic

structures and carrier dynamics of halide perovskites.
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Lead halide perovskites, described by the chemical for-
mula APbX; (X =1, Br, Cl), are semiconductors that exhibit
outstanding optoelectronic properties for device applications
[1-3]. Since defect levels hardly form within the band
gap, perovskite films with high enough quality to work as
high-performance devices can be fabricated even in simple
solution-based processes. These defect-tolerant perovskites
are direct-gap semiconductors and have excellent optical
properties, such as a sharp absorption edge and large ab-
sorption coefficient in the visible region, highly efficient
band-edge luminescence, and exceptionally long carrier life-
time [4-8]. Thus, intensive research on optical devices, such
as solar cells and light emitting diodes, has been conducted
[9-12]. Perovskites have also received attention as nonlinear
device materials (e.g., for two-photon excitation photolumi-
nescence [13—15] and lasing [16,17], light modulators [18],
and high harmonic generation [19,20]). Here, a deep under-
standing of their nonlinear optical responses is required.

Two-photon absorption (TPA) processes, which are funda-
mental nonlinear absorption processes, are important not only
in applications but also for understanding material-specific
electronic states. As can be seen in the optical selection rules
of two-photon transitions, information on the electronic struc-
ture that cannot be accessed with one-photon transitions can
be obtained by TPA spectroscopy [21], and thus, they can be
used to investigate the electronic structures of semiconduc-
tors. However, there are only a few investigations on TPA
processes in lead halide perovskites, and the reported values of
the TPA coefficients are scattered over a large range [22-25].
The nonlinear optical phenomena in these perovskites are not
well understood. Because of observations of novel phenomena
in lead halide perovskites, such as Rashba splitting of the
band edge [26,27], optically active triplet exciton [28,29],
negative thermo-optic coefficient [30,31], and exceptionally
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slow hot-carrier relaxation [32-34], it is becoming more and
more evident that the electronic structure of lead halide per-
ovskites is different from that of conventional semiconductors.
In TPA spectroscopy, it is possible to obtain detailed informa-
tion by utilizing TPA anisotropy and linear-circular dichroism
[35,36].

In this work, we investigated the TPA characteristics of a
CH;NH;PbBrj single crystal in a broad energy range in order
to clarify the electronic structure including the higher-energy
bands, which is important for understanding hot-carrier relax-
ation processes. We measured the absolute values of the TPA
coefficient as well as the excitation wavelength dependences
of the TPA with circularly and linearly polarized light. By
analyzing these results with an eight-band model based on
Kanes’s k - p method, we clarified the TPA dichroism and the
high-energy electronic structure caused by spin-orbit splitting.
From the experimental results and a theoretical analysis of the
TPA spectra, we determined the spin-orbit splitting energy,
exciton binding energy, and reduced exciton mass, which
characterize the electronic structure of CH;NH;3;PbBrs3.

The CH3;NH;PbBr; single crystal samples were fabricated
by antisolvent vapor-assisted crystallization [37]. The Laue
pattern of a cleaved sample measured with a back-reflection
Laue method indicated a cubic phase with a (001) surface
(shown in Fig. S1 of the Supplemental Material [38]). A
cleaved single crystal sample with good crystallinity allows
for precise measurement of the crystal-orientation dependence
in the TPA spectroscopy without extrinsic factors such as light
scattered from rough surfaces [24].

The TPA properties are usually examined by measuring
the transmitted light intensity under strong excitation fluence.
The change in intensity of light, I, that passes through the
material along the optical axis z can be described by dI /dz =
—(a + BDI [39], where « is the linear absorption coefficient,
and B is the TPA coefficient. If we assume that the incident
pulse has a Gaussian beam profile and « is zero [39], the
ratio of incident light intensity /; to transmitted light intensity
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FIG. 1. Excitation fluence dependence of the inverse transmis-
sion for the CH;NH;PbBr; single crystal for different excitation
wavelengths A.x. The solid lines are fitting results with Eq. (1).

Iy [inverse transmission (IT)] is described by the following
equation.

L VrBl(1 —R)L 8
Ir /¥, In[1+ BL(1 — R)Le=""]dt
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Here, R is the reflectance at the sample surface, and the
sample thickness is L = 0.841 mm. f is a constant that takes
account of the loss in the light intensity due to factors such as
surface and back-surface reflection, and it corresponds to an
extrapolation to an excitation power of 0 GW /cm? [14]. By
employing the optical setup shown in Fig. S2(a) in the Sup-
plemental Material [38], we measured the excitation fluence
dependences of the IT. The repetition rate was 10 kHz, and the
excitation fluence was adjusted by a variable neutral density
filter. Moreover, the excitation wavelength was changed from
650 to 1075 nm in steps of 25 nm. By using Eq. (1), we can
determine the TPA coefficient 8 at each wavelength.

Figure 1 shows a representative excitation fluence depen-
dence of the IT and its change with excitation wavelength. The
detailed data are shown in Fig. S2(b) in the Supplemental Ma-
terial [38]. f is about 1.3 for any wavelength in the measured
wavelength region. This corresponds to a reflectivity of 0.12
and agrees with the literature value for CH;NH3PbBrs [5].
As the excitation wavelength becomes longer, the inclination
of the IT becomes smaller; it is almost zero at 1075 nm.
The excitation energy corresponding to 1075 nm is almost
coincident with the energy of the TPA edge of CH;NH;PbBr3
(the band-gap energy of 2.35 eV [15]). The solid curves in
Fig. 1 show the fitting results obtained using Eq. (1), and they
reproduce the measurement results well. We can obtain the
excitation wavelength dependence of the TPA coefficient 8 of
CH;NH;3PbBr; from this analysis; the results are discussed
later.

The TPA coefficient reflects the electronic band structure of
the material. Even in materials that belong to the cubic crys-
tal system, anisotropic behavior and linear-circular dichroism
appears in the TPA spectra [35,36]. This is because the third-
order nonlinear optical susceptibility has nonzero off-diagonal
elements, which is in contrast to the linear susceptibility.
These nonlinear optical coefficients, such as S, are useful

on the polarization angle of linearly polarized light and its excitation
fluence dependence. (b) Excitation fluence dependence of the inverse
transmission of linear and circular polarized light at wavelength of
750 nm. The data measured under linearly and circularly polarized
illumination conditions are shown in red and blue, respectively.

means of probing information on the high-energy bands or the
symmetry of the band structure of a semiconductor [35,36].

Figure 2(a) shows the polarization angle dependence of the
transmitted light intensity obtained for an excitation wave-
length of 750 nm and by changing the excitation fluence. 6
is the angle between the polarization direction of the linearly
polarized light and the crystal axis [100]. As the excitation
fluence increases, clear anisotropic behavior with a fourfold
rotational symmetry appears in the transmitted light intensity.
This fourfold rotational symmetry can be explained by the
symmetry of CH;NH;3PbBr3 (space group Pm3m) [40]. In ad-
dition, similar anisotropic behavior appears in high harmonic
generation from lead halide perovskites [20].

Figure 2(b) presents the excitation fluence dependences of
the IT measured under both linearly polarized along [100]
and circularly polarized excitation conditions for an excitation
wavelength of 750 nm. Under both conditions, the light was
normally incident on the (001) plane. From the inclinations
in Fig. 2(b), we find that the TPA coefficient obtained for
linearly polarized incident light, BX(# = 0), is larger than that
for circularly polarized incident light, B€. This difference is
called TPA dichroism. We performed these measurements by
changing the excitation wavelength from 1050 to 650 nm. The
details on these data are shown in Figs. S3 and S4 in the
Supplemental Material [38].

The TPA anisotropy and TPA dichroism strongly reflect the
band structure of the material [35,36]. In particular, the TPA
dichroism is sensitive to the higher-energy band. Thus, even
if it is analyzed by a relatively simple model that accounts
for the band edge and the spin split-off band, it provides
important information about the electronic states, such as the
spin-orbit splitting energy. Here, we focused on the excitation
wavelength dependence of the TPA dichroism and analyzed
the resulting spectrum.

At room temperature, CH;NH;3;PbBrj is a cubic crystal and
its space group is Pm3m [40]. When we consider the permuta-
tion symmetry of Pm3m and two incident photons with equal
energies, the independent nonzero tensor components of the
third-order nonlinear susceptibility are only x\3), x), and

X;Sy)y By employing these three tensor components, the TPA
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anisotropy parameter o and the TPA dichroism parameter &
can be defined as shown below [35,36].

3 3 3
X)Sx;x - Xx(x'\))y - szgy))'x
o= , (2
(3)
Xoxxxx
3 3 3
X)Sx?cx + X)Exy)y - 2X)£yy)x
5= oy~ oy ®
2 Xxxxx

Furthermore, by employing the TPA coefficients B%(6)
and B¢ obtained for linearly and circularly polarized light
excitation, respectively, o and § can be expressed as follows
[35,36]:

_ 2B0) — BHr/4)

B(0) ’ @
BH(0) — ¢
§= — 80 &)

Equations (4) and (5) indicate that, by measuring B%(6)
and B, o and § can be obtained experimentally. It is known
that the TPA dichroism § is sensitive to distant bands through
spin-orbit splitting. In GaAs and other representative semi-
conductors, it has been theoretically predicted that the spin
split-off band exists at the energy where the minimum of §
appears [35,36].

From an analysis of the above measurements, we deter-
mined the excitation energy (wavelength) dependence of the
TPA coefficient 8 as well as the TPA anisotropy ¢ and TPA
dichroism §. The results are summarized in Fig. 3. The mea-
sured B values are plotted with the excitation energy hiw on
the top axis in Fig. 3(a). The figure indicates that TPA occurs
at and above an excitation energy of about half of the band-
gap energy of CH3NH;PbBr; (2.35 eV) [15]. Moreover, the
increase in g is gentle up to an excitation energy of 1.6 eV, but
it becomes steeper as the energy exceeds 1.6 eV. This suggests
the existence of a higher-energy band. However, it is difficult
to determine the precise energy of the higher band from this
spectrum.

Figure 3(b) shows the excitation energy dependence of
the TPA anisotropy parameter o. Nonzero values of o are
obtained, while there is little dependence on the excitation
energy. Obviously, this anisotropy reflects the cubic crystal
structure of CH3;NH3;PbBr3. However, the almost flat spectral
shape of o seems to be of no practical use for evaluation of
the spin-orbit splitting energy in conduction bands.

The detailed electronic structures of the higher-energy
bands cannot be sufficiently analyzed from 8 and o, while the
dichroism parameter § can clarify their origins. Figure 3(c)
presents the excitation energy dependence of the TPA dichro-
ism parameter §, and the local minimum of § is around 1.6 eV.
It is known that the spin split-off band exists at the energy
where the minimum of é appears [35,36]. From Figs. 3(a) and
3(c), we find that the local minimun corresponds to the energy
where f again starts to increase significantly. From these
results we consider that, at photon energies above 1.6 eV, there
are contributions due to two-photon transitions towards the
higher-energy bands, which are caused by spin-orbit splitting.

To evaluate the TPA coefficient 8 and the TPA dichro-
ism § in Fig. 3, we performed a numerical calculation
using the Kane model. Lead halide perovskites are direct-
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FIG. 3. Excitation energy 7w (top axis) dependence of (a) two-
photon absorption (TPA) coefficient B, (b) TPA anisotropy o,
and (c) TPA dichroism §. (d) Joint density of states (JDOS) in
CH;NH;PbBr; was calculated using the 8 x 8 Kane model. The
split-off, heavy-electron, and light-electron bands are denoted by so,
he, and le, respectively. The energy of the bottom axis corresponds to
2hw and E. — E,. The inset shows the k-space dispersion plot of the
band structure. The dotted lines in (a) and (c) are results calculated
with the 8 x 8 Kane model. The vertical dashed lines in all four
panels indicate the lowest energy of the heavy- and light-electron
bands.

gap semiconductors that have s-like valence bands and p-like
conduction bands [28]. Due to the spin-orbit interaction,
the six conduction-band bottom states with the spin degree
of freedom are split into fourfold states with two types of
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effective masses for nonzero wave vectors k and twofold
ones. The latter gives the lowest conduction band and its
energy decrease is equal to the spin-orbit splitting energy,
as is the case with that of the spin-split-off valence band
in conventional semiconductors. Thus, the band edges of
the perovskite are formed by an s-like valence band and
spin-split-off conduction band [28,41]. Since the spin-orbit
splitting energy caused by Pb is large, the optical responses
near the band edge of lead halide perovskites can be well
explained by a 4 x 4 Kane model (two-band model), which
only considers the band edges [24,28]. However, in analyzing
TPA in a broad energy range, it is necessary to consider the
higher-energy conduction bands with light and heavy effective
masses. Therefore, we will consider instead an 8 x 8 Kane
model including light- and heavy-electron bands in addition
to the band edges consisting of valence and split-off bands
[42]. Note that each energy band in the 8 x 8 Kane model
shows an isotropic dispersion relation. So, other remote bands
should be taken into account in order to discuss the TPA
anisotropy.

The required eigenstates of CH3;NH3;PbBr; can be calcu-
lated by assuming an 8 x 8 Kane model and mixing the
eight states including spin by k - p theory. Figure 3(d)
is a plot of the calculated joint density of states (JDOS) in
CH;NH;3PbBr3. The bottom axis corresponds to the energy
differences between each conduction band and the valence
band, E. — E,, which equals 2. Furthermore, we calculated
the TPA coefficient and the TPA dichroism by using these
eigenstates and second-order perturbation theory [43]. The
details of the calculation are summarized in the Supplemental
Material [38].

First, we discuss the results of the TPA dichroism 4. In the
8 x 8 Kane model, the value of § is determined by the excita-
tion energy fiw, band-gap energy E,, and spin-orbit splitting
energy A. Our previous work indicated that the band-gap
energy of CH;NH;PbBr; at room temperature is 2.35 eV [15].
The spin-orbit splitting energy A can be determined from
the local minimum of the TPA dichroism § on the excitation
energy [35,36]. The green dashed curve in Fig. 3(c) is the
numerical solution for A = 0.8eV, and it well reproduces
the experimental characteristics; i.e., it has a local minimum
near 1.6 eV. Based on the above results, we were able to
determine a spin-orbit splitting energy of A =0.8eV for
CH;NH;PbBr3. This value is very close to the value reported
in Ref. [5].

Second, by using the spin-orbit splitting energy A =
0.8eV, we analyze the excitation energy dependence of the
TPA coefficient 8. This dependence can be calculated numer-
ically using the 8 x 8 Kane model [38]. We note that since the
linear absorption spectrum of CH3NH;PbBr; has an exciton
peak [5], the Coulomb interaction between an electron and

a hole has to be considered. Taking the Coulomb interaction
into account by using the Sommerfeld factor C(%w), the TPA
coefficient for linearly polarized light excitation is given by
the following equation [24,38].

3m0Eg

Z/L(l + Efﬁ)

Blhw) =

n2E} C(hw)Fa(hw).  (6)

Here, K is a constant that reflects the character of the band-
to-band transition matrix elements. A theoretical value of
K = 1867 has been obtained for lead halide perovskites [24].
The linear refractive index ng of CH;NH3;PbBr3; has an almost
constant value of 2.05 in this wavelength region [5]. The
Sommerfeld factor is defined by C(%iw) = xe*/ sinh x, where
x =m,/E,/(2hw — E,). E), is the exciton binding energy, and
u is the reduced exciton mass. Fa(fiw) is a dimensionless
function that determines the wavelength dependence, and it
can be obtained from a numerical calculation [38].

In order to evaluate the exciton binding energy Ej and
reduced exciton mass u in the lowest band, we fitted the
experimental data of the TPA coefficient 8 using Eq. (6) below
1.5 eV. The result is shown as the orange dashed curve in
Fig. 3(a). For the fitting parameters, we obtained an exciton
binding energy Ej of 28 meV and a reduced exciton mass u
of 0.089my. Similar values have been obtained by magneto-
optical spectroscopy at low temperatures [44,45]. Note that
the effects of band nonparabolicity or excitons at higher states
are considered to be the reason for the deviation from the ex-
perimental data in the high-energy region. On the other hand,
the band edge structure of B can be accurately reproduced by
our model. We successfully determined the spin-orbit splitting
energy, exciton binding energy, and reduced mass using a
model that includes the light- and heavy-electron bands and
the Coulomb interaction.

In conclusion, we studied the excitation energy depen-
dences of the TPA coefficient, TPA anisotropy, and TPA
dichroism of CH3;NH;PbBr;. From the TPA dichroism
spectrum, we experimentally determined that the spin-orbit
splitting energy is approximately 0.8 eV. By numerically
analyzing the measured data using an 8 x 8 Kane model
and considering the role of the Coulomb interaction on the
TPA spectra, we evaluated the exciton binding energy and
the reduced mass. Our findings provide a direct experimental
reference on the electronic structure of halide perovskites for
optoelectronic applications.
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