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Ultrafast spin manipulation for opto-spin logic applications requires material systems that have strong spin-
selective light-matter interaction. Conventional inorganic semiconductor nanostructures [for example, epitaxial
Il to VI quantum dots and lll to V multiple quantum wells (MQWs)] are considered forerunners but encounter
challenges such as lattice matching and cryogenic cooling requirements. Two-dimensional halide perovskite semi-
conductors, combining intrinsic tunable MQW structures and large oscillator strengths with facile solution pro-
cessability, can offer breakthroughs in this area. We demonstrate novel room-temperature, strong ultrafast
spin-selective optical Stark effect in solution-processed (CsH4FC,H4NH;3),Pbl, perovskite thin films. Exciton spin states
are selectively tuned by ~6.3 meV using circularly polarized optical pulses without any external photonic cavity (that
is, corresponding to a Rabi energy of ~55 meV and equivalent to applying a 70 T magnetic field), which is much
larger than any conventional system. The facile halide and organic replacement in these perovskites affords control
of the dielectric confinement and thus presents a straightforward strategy for tuning light-matter coupling

strength.

INTRODUCTION

Optical Stark effect (OSE) is a coherent, nonlinear light-matter interac-
tion arising from the hybridization between photons and electronic
states (also known as the photon-dressed state). Spin-selective OSE,
with the additional spin degree of freedom, offers exciting new pros-
pects to realizing opto-spin logic (I1-5) and spin-Floquet topological
phases (6) for ultrafast optical implementations of quantum infor-
mation applications. Apart from the fundamental criterion of strong
light-matter coupling, spin-switching applications using OSE also im-
poses additional material selection demands requiring (i) strong spin-
orbit coupling (SOC) for spin selectivity, (ii) high-charge mobility for
electronic integration, and (iii) room-temperature operation for practi-
cal applications. Material systems that could simultaneously fulfill all
these requirements are few and far between. Substrate-insensitive or-
ganics (for example, ] aggregates) would be excluded because of criteri-
on (i) (7). Conventional III-V or II-VI inorganic nanostructures grown
under stringent lattice-matched conditions while fulfilling criteria (i)
and (ii) are severely limited to cryogenic temperature operations for
the clear resolution of the spin states. Tuning the OSE (or, consequently,
the Rabi energy, that is, splitting for the case of zero detuning) in these
conventional systems without the aid of external photonic cavities is
an extremely arduous endeavor. The two-dimensional (2D) organic-
inorganic halide perovskite family of materials can meet all the above-
mentioned demands while offering facile tunability and strong spin
selectivity.
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Recently, halide perovskites (for example, CH;NH;PblI;) with
outstanding optoelectronic properties are in the limelight because of their
record solar cell efficiencies exceeding 20% (8). CH;NH;PbI; is a 3D
analog that belongs to the broad halide perovskite family, which is char-
acterized by their large SOC originating from the heavy Pb and I atoms
in their structure. Novel spin and magnetic field phenomena in
CH;NH;Pbl; have recently been discovered (9-13), highlighting their
potential for spin-based applications. Unlike 3D perovskites where the
organic and inorganic constituents are uniformly distributed, the 2D
analog [for example, (C4HsC,H,NH3;),Pbl,] comprises alternating or-
ganic (C4HsC,H,NH;") and inorganic ([Pblg]* octahedron) layers
that form naturally self-assembled multiple quantum well (MQW)
structures (Fig. 1A), with thicknesses (gaps) of ~1 nm (~4.2 eV) and
~0.6 nm (2.39 eV), respectively (14). These repeating organic and in-
organic layers, bound together by van der Waals interaction, form the
barrier and the well, respectively (15). Likewise, 2D perovskites also
have relatively outstanding optoelectronic properties and relatively high
in-plane carrier mobilities (~2.6 cm? V71§71, on the basis of which
transistors and light-emitting devices have previously been demon-
strated (16-19). The large dielectric contrast between the barrier and
the well gives rise to strong dielectric confinement that enhances its ex-
citon binding energy (hundreds of millielectron volts) (20-22) and os-
cillator strength (22-24). These unique properties of 2D perovskites
point to a highly promising system for realizing intrinsic spin-selective
OSE, even in the absence of any photonic cavity.

Here, we report on the study of ultrafast spin-selective OSE in low-
temperature solution-processed 2D perovskite thin films using tran-
sient absorption (TA) optical spectroscopy. Spin degeneracy lifting
via OSE (Rabi energy, AQ2R) is observed by as much as 1.2 + 0.3 meV
(33 £3 meV), 45+ 0.3 meV (47 = 2 meV), and 6.3 + 0.3 meV (55 +
2 meV) for (C¢HsC,H,NH3;),PbBr, (or PEPB), (C4HsC,H,NH3;),Pbl,
(or PEPI), and (C¢H4FC,H,4NH;),Pbl, (or FPEPI), respectively.
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Fig. 1. OSE in PEPI. (A) Structure of PEPI with alternating organic and inorganic layers, forming multiple natural type | QW structures, with the
barrier (well) being the organic (inorganic) layer (18). CB, conduction band; VB, valence band. (B) lllustration of OSE in a two-level system represented
by the equilibrium states (black line) and the pump-induced Floquet quasi-states (green line) and the corresponding linear absorption and TA
spectra. (C) The energy separation A between the excitonic absorption peak E, of PEPI (red) and the excitation pump hAw (blue). OD, optical density.
(D) TA spectrum of PEPI following a linearly polarized pump-probe at At = 0 ps. Inset: Ultrafast kinetics of OSE showing a fast process comparable to

the pulse duration. a.u., arbitrary units.

Equivalently, this magnitude of energy separation through the Zee-
man effect (for FPEPI) will require an applied B field >70 T. Further-
more, we identify the dielectric contrast of the barrier and well layer as
the direct criterion of tuning the Rabi energy in this material system.

RESULTS

Spectral signature of OSE

Figure 1B illustrates the key spectral signatures of OSE: (i) a non-
resonant photoexcitation (Am)-induced transient blue shift (AE) of
the excitonic absorption peak (E,) (that is, Ey — Ao = A > 0) and (ii)
anear-symmetrical derivative-like feature in the TA spectrum as a result
of the shift of the energy levels (25). This phenomenon could also be
understood from the Floquet picture as a repulsion between the equi-
librium states (black) and Floquet quasi-states (green) (see Fig. 1B and
the Supplementary Materials for detailed discussion) (6). Figure 1C
shows the excitonic absorption peak of PEPI at E, ~ 2.39 eV and the
pump pulse of ~2.16 eV (that is, detuned by A = 0.23 eV) as our exci-
tation source. Figure 1D shows the characteristic OSE spectral signature
in the TA spectrum of the PEPI film (at a probe delay At = 0 ps)

Giovanni et al. Sci. Adv. 2016;2:e1600477 17 June 2016

following a linearly polarized pump-probe photoexcitation at 2.16 eV
with a fluence of 416 wj/cm® Here, a less symmetrical derivative-like
feature in the experimental TA spectrum is observed, which comprises
the OSE signal, superimposed on a photobleaching peak (that is, nega-
tive AA peak) arising from the state filling of excitons by two-photon
excitation (see Fig. 3, A and C). The kinetic trace of the probe at 2.37 eV
(Fig. 1D, inset) shows that the ultrafast OSE process is comparable to
the pulse duration. The much weaker oscillatory photobleaching signal
arises from coherent two-photon-excited exciton dynamics (fig. S8).

Spin-selective OSE

We first examined the origins and the mechanism of spin selectivity and
established the spin selection rules for OSE in the generic PEPI system.
In this 2D perovskite system, the conduction band, which is strongly
affected by the crystal field and large SOC, arises mainly from the
Pb-6p orbital, whereas the valence band arises mainly from the Pb-6s
and I-5p orbitals (20-22). The organic component does not play any
significant role in determining the electronic structure (22). Taking into
account the crystal field and SOC, the electronic structures of both the
valence band maximum and the conduction band minimum are de-
scribed by the angular momentum quantum number J = % and the
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magnetic quantum number m; = £%, which is preserved for the case of
excitons (20). Figure 2A shows the optical selection rules for the photon
with wave vector k parallel to the ¢ axis (that is, k|| c or k perpendicular to
the substrate). Conservation of angular momentum dictates that the
absorption of left/right (6*/c™) circularly polarized light will raise/lower
my by 1. Analogous to our earlier work (9) for the 3D CH;NH;PbI;,
absorption of 6"/ will create J-polarized (or spin-polarized) carriers,
which are spin-polarized excitons in this case.

On the basis of these selection rules, Fig. 2B illustrates the spin-
selective OSE mechanism in PEPIL. From the quantum mechanical
description (see the Supplementary Materials), only the Floquet quasi-
states (green lines) with the same ; as the equilibrium states (blue or

red lines) will undergo a repulsion (that is, for [m; = +'5)but not for
|m; = £34); Fig. 2B) in the presence of the ¢* pump. This gives rise to
the spin-selective OSE, whose coupling strength is parameterized by
the Rabi energy. Figure 2C shows the co-circular and counter-circular
pump-probe TA spectra. The corresponding kinetic traces of the
probe at the negative AA peak (~2.37 eV) are given in Fig. 2D. The
circularly polarized probe is used to probe specific exciton spin states.
The figures show a large photoinduced signal (that is, AA arising from
OSE and state filling) when both pump and probe beams are co-circular.
The signal is greatly reduced for the counter-circular case. The large AA
signal present only for the co-circular case indicates OSE with a specific
spin orientation. This validates the spin selectivity of the OSE signal in
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Fig. 2. Spin-selective OSE. (A) Optical selection rule for the lowest singlet exciton in PEPI. Both the electron and the hole have a total angular
momentum quantum number J = ' and a magnetic quantum number m; = +'4. (B) Schematic of the spin-selective OSE mechanism in PEPI,
showing only the m; in ket notation. The red (blue) arrow illustrates the interaction between the 6" (7) photon that forms the Floquet quasi-states
(green line). The hybridization of the equilibrium states (red or blue lines) with the Floquet quasi-states results in the shift in energy levels. The

dashed (solid) lines represent the energy levels before (after) the repulsion
states with the same m,. (C) Co-circularly and counter-circularly polarized pum
negative AA peak (2.37 eV). mOD, milli-optical density.
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. Repulsion only occurs between the equilibrium states and the Floquet
p and probe TA spectra at various At. (D) The corresponding kinetics at the
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PEPIL The small AA signal present in the counter-circular case arises
from the state filling due to two-photon photoexcitation (see Fig. 3, A
and C). This spin-selective OSE can be further controlled through the
ellipticity of pump polarization (see fig. S9).

Figure 3A shows the fluence-dependent TA spectra for both co-circular
and counter-circular pump-probe configurations from 0.208 to 1.66 mJ/
cm’. The spectral signature increases with increasing pump fluence
for both configurations. On the basis of the excitonic peak in the linear
absorption spectrum (Fig. 1C and fig. S8B), we attribute the ~AA peak
(2.39 eV) in the counter-circular TA spectrum (blue traces) to arise
from the state filling of the excitons. This exciton bleaching signal
exhibits fluence-dependent quadratic behavior consistent for a two-
photon excitation process (Fig. 3C). To elucidate the OSE contribution
and eliminate the excitonic contribution from the signal, we subtract the
co-circular TA signal from the counter-circular TA signal at the same
pump fluence (Fig. 3B). We estimate the energy shift AE from OSE
using the spectral weight transfer of the subtracted signal (see the Sup-
plementary Materials). Figure 3C shows the linear dependence of the
OSE on the pump fluence, which yields excellent agreement with the-
oretical predictions (Eq. 1)

hQR)’
AE = VRPQr* + A" — A = % o intensity (1)

In Eq. 1, AQg is the Rabi energy (which parameterized the light-matter
coupling strength of the material) and A is the detuning energy. The
approximation holds for the case of A > hQg. A large AE of 4.5 +
0.2 meV at room temperature can be tuned with a pump fluence of
1.66 mJ/cm” without any external magnetic field (Fig. 3C). At a given flu-
ence of 1.66 mJ/cm?, A = 0.23 eV and AE = 4.5 + 0.2 meV, and the
corresponding iQg = 47 + 2 meV, calculated by using Eq. 1. Similarly,
for PEPB, our measurement yields #Qg = 33 + 3 meV (fig. S6). From
these values and the oscillator strengths, we determine the exciton
reduced mass to be 0.11 + 0.01 1, or 0.18 + 0.02 114 and the transition
dipole moment (TDM) to be (5.26 + 0.20) x 10* Cmor (5.16 + 0.50) x

10" C m, for PEPI and PEPB, respectively, where 1 is the free electron
rest mass (see the Supplementary Materials). These results are consistent
with previous reports for both I-based (14) and Br-based (20) 2D perov-
skite systems. Furthermore, as a self-consistency check, we determine
the radiative lifetime to be 190 + 10 ps from the TDM value, which
corresponds well with the experimental data (fig. S7), thereby further
validating our measurements.

Tuning of the Rabi energy

Tuning the coupling strength or the Rabi energy in 2D perovskite is not
as trivial as merely modulating the exciton oscillator strength of the
material. Although a large oscillator strength is important for obtaining
a large Rabi energy, other contributions (such as effective mass and
band gap) play crucial roles as well (eq. S29). Our observation suggests
that the more deterministic criterion is the dielectric contrast between
the barrier and the well layer. Figure 4 shows a plot of Rabi energy per
square root of fluence (AQx /v/T) for various solution-processed 2D pe-
rovskite systems as a function of oscillator strength and the dielectric
contrast. Herein, we performed the tuning of the dielectric contrast be-
tween the well and the barrier layer by substituting the organic and
halide components of the perovskites. The dielectric constant of the bar-
rier layer can be further reduced by fluorination of the organic layer
(that is, CéHsC,H,NH," to CqH,FC,H,NH,", hence PEPI to FPEPI
fig. S6A) as a result of the increase in free volume fraction and large
electronegativity of the C-F bond (26), thus enhancing the dielectric
contrast. Such simple substitution of organic components enhances
AE from 4.5 + 0.2 meV (that is, iQg = 47 + 2 meV) to 6.3 + 0.3 meV
(that is, Qg = 55 + 3 meV) (fig. S6). Meanwhile, the dielectric constant
of the well layer can be reduced by substituting the halide component
from iodide (~6.1) (14, 22) to bromide (~4.8) (20), thus reducing the
dielectric contrast, together with the Rabi energy (AQg = 33 + 3 meV
for PEPB). We demonstrated that although Qg /+/T does not exhibit
any clear trend with the oscillator strength, there is direct increasing
correspondence with the dielectric contrast. This latter parameter
would therefore provide a clear criterion for the straightforward tuning
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Fig. 3. Fluence dependence of OSE. (A) Pump fluence-dependent TA spectra for co-circular (red) and counter-circular (blue) polarization pump-
probe at At = 0 ps. (B) Resultant spectra from the difference between the co-circular TA spectra and the counter-circular TA spectra at the same
pump fluence at a probe delay of 0 ps. The vertical black dashed line indicates the position of the exciton absorption peak. SWT, spectral weight
transfer. (C) Estimated Stark shift as a function of pump fluence (green, left axis) and two-photon-excited exciton population (blue, right axis) and as
a function of pump fluence (blue, right axis). The Stark shift exhibits a linear relation, whereas the two-photon-excited process exhibits a quadratic

relation with the pump fluence.
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strength (blue) and #Qg /1.

of the coupling strength in 2D perovskite. Further theoretical studies are
needed to establish the quantitative relationship between the Rabi
energy and the dielectric contrast.

DISCUSSION

Our observation of spin-selective OSE in 2D perovskite systems dem-
onstrates the viability of this material class for opto-spintronic applica-
tions. The spin degeneracy lifting by light via OSE of 6.3 £ 0.3 meV for
FPEPI (or 4.5 + 0.2 meV for PEPI) is estimated to be equivalent to the
spin degeneracy lifting by >70 T of magnetic field (or >50 T for PEPI)
via the Zeeman effect (see the Supplementary Materials). Therefore, our
results also demonstrate a novel method for spin-state manipulation in
2D perovskite systems by light rather than by high magnetic field, which
is much more practical and relevant for optoelectronic applications.
Comparing 2D perovskite systems with other systems without any ex-
ternal photonic cavity, this room-temperature #Qy value is larger than
that for Mn-doped CdTe quantum dots (at 5 K) (3) or approximately
four times larger than the largest value reported for GaAs/AlGaAs QWs
(at 15 K) (27) photoexcited by a femtosecond pump with similar fluence
(table S1). Although a recent publication on valley-selective OSE in mono-
layer WS, reported an energy splitting of 18 meV (6), these 2D transition-
metal dichalcogenides face stringent monolayer constraints that are
essential for valley selectivity.

In summary, our findings show that the facile solution-processed
natural MQW 2D perovskites have highly desirable characteristics for
ultrafast spin-selective OSE. The Pbl layer lends inorganic character to
2D perovskites, whereas the organic constituent bestows their solution
processability. Their low-temperature solution processing is highly fea-
sible for a broad range of substrates. In the absence of any external pho-
tonic cavity or hybrid metal nanostructures, an OSE-induced ultrafast
optical spin-selective energy level splitting (AE) of 4.5 + 0.2 meV
(AE = 6.3 £ 0.3 meV) and a corresponding Rabi energy (AQg) of
47 £ 2 meV (hQp =55 + 3 meV) at room temperature are demonstrated
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in PEPI (FPEPI). In principle, a larger energy shift AE is possible if the
pump pulse with a smaller detuning A is used. Here, we are limited by
the spectral bandwidth of our femtosecond laser system with full width
at half maximum at ~30 nm. Tuning of the energy level splitting and the
Rabi energy is also feasible through halide or organic cation replacement
(dielectric contrast tuning) and with the use of optical microcavities (23, 24).
A high-quality external photonic microcavity will greatly enhance the
strength of light-matter interaction through strong photon modal con-
finement (eq. S8), where a Rabi energy of ~190 meV from PEPI under
lamp excitation (24) was previously demonstrated. Our work aptly
demonstrates the untapped potential of halide perovskites for new
applications beyond photovoltaics and light emission. The facile
processability of these systems, together with the strategy of tuning
the dielectric contrast in this family of materials, would open up new
avenues for ultrafast opto-spin logic applications.

MATERIALS AND METHODS

Sample preparation

All the 2D perovskite samples were fabricated by mixing R-NH;X
(where R is C¢gH5C,H, or CgH,FC,H, and X is Br or I) and PbX, (in
a 2:1 ratio) in N,N-dimethylformamide to make (R-NHj;),PbX, so-
lutions with a concentration of 12.5 weight percent. The solutions
were then spin-coated on a cleaned quartz substrate at 4000 rpm
and 30 s and were subsequently annealed at 100°C for 30 min. The thin
films obtained had a thickness of 45 + 5 nm, measured by a step pro-
filer. All the chemicals were purchased from Sigma-Aldrich.

Optical spectroscopy measurement

Optical spectroscopy measurement was performed using a home-
built chirp-corrected TA system with monochromator + photo-
multiplier tube + lock-in amplifier detection. It was powered by
an 800 nm Libra Ti:sapphire laser (Coherent Inc.) with a pulse
width of ~50 fs at a repetition rate of 1 kHz. The output was split into
two beams: one beam was directed to the optical parametric amplifier
(Coherent OPerA SOLO) to generate tunable photon energy (pump)
and was mechanically chopped at 83 Hz, whereas the weaker beam was
steered to a delay stage for white light generation (1.4 to 2.8 eV) on
a sapphire crystal (probe). The measurement was performed in
transmission mode. Linear polarizers together with a Soleil-Babinet
Compensator and an achromatic quarter-wave plate (1/4) were used
to generate circular polarization for the pump and probe beams, re-
spectively (fig. S1).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/6/e1600477/DC1

Experimental setup

Estimation of energy shift AE

Quantum mechanical description of the OSE

Estimation of the Rabi energy

Comparison of the Rabi energy

Estimation of the equivalent B field for Zeeman splitting of energy levels

Estimation of the TDM of PEPI

Estimation of AQg and oscillator strength in various organic-inorganic halide perovskite systems
Estimation of the exciton reduced mass

Estimation of the radiative lifetime
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Oscillatory signal in PEPI
Effect of pump polarization ellipticity

fig.
fig.
fig.
fig.
fig.
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fig.
fig.
fig.

S1. TA spectroscopy setup.

S2. Calculation of transient change due to a positive x shift.

S3. Quantum description of OSE.

S4. OSE with different pump detuning.

S5. Pump properties in the energy and time domains.

S6. Comparison of various halide perovskites with different dielectric contrasts.
S7. Photoluminescence kinetics of PEPI.

S8. Exciton dynamics in PEPI.

S9. Polarization ellipticity control experiment of OSE in PEPI.

table S1. Comparison of OSE and Rabi energy in various inorganic semiconductors.
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