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ABSTRACT: Recently, unconventional bright magnetic dipole (MD)
radiation was observed from two-dimensional (2D) hybrid organic—
inorganic perovskites (HOIPs). According to commonly accepted HOIP
band structure calculations, such MD light emission from the ground-state
exciton should be strictly symmetry forbidden. These results suggest that
MD emission arises in conjunction with an as-yet unidentified symmetry-
breaking mechanism. In this paper, we show that MD light emission
originates from a self-trapped p-like exciton stabilized at energies below the
primary electric dipole (ED)-emitting 1s exciton. Using suitable
combinations of sample and collection geometries, we isolate the distinct
temperature-dependent properties of the ED and MD photoluminescence (PL). We show that the ED emission wavelength is
nearly constant with temperature, whereas the MD emission wavelength exhibits substantial red shifts with heating. To explain
these results, we derive a microscopic model comprising two distinct parity exciton states coupled to lattice distortions. The
model explains many experimental observations, including the thermal red shift, the difference in emission wavelengths, and
the relative intensities of the ED and MD emission. Thermodynamic analysis of temperature-dependent PL reveals that the
MD emission originates from a locally distorted structure. Finally, we demonstrate unusual hysteresis effects of the MD-
emitting state near structural phase transitions. We hypothesize that this is another manifestation of the local distortions,
indicating that they are insensitive to phase changes in the equilibrium lattice structure.

KEYWORDS: 2D materials, hybrid perovskites, momentum-resolved spectroscopies, excitons, electric dipoles, magnetic dipoles,
optical anisotropies, polarons

ybrid organic—inorganic perovskites (HOIPs) are a spectrally narrow (comparable to the primary exciton) and
burgeoning class of solution-processable semicon- separated from the primary exciton by only ~100 meV
ductor materials with high-quality optoelectronic (compared to ~1 eV for white-light states). This feature
.12 . . . . . . L .
properties.”* Two-dimensional (2D) HOIPs (e.g, Ruddles- appears with widely varying strength in the existing literature
den—Popper phases) offer enhanced environmental stability and is seemingly absent in some reports,”>** leading to widely
and additional structural, chemical, quantum-mechanical, and variable interpretations.'®*"**
dielectr%c (ii%rees of freedom for tailoring t.he optoeIeFtronic In a recent report, we demonstrated that the low-energy
properties.” ~ These systems have been widely exploited to sideband in planar 2D HOIPs arises from an unconventionally

fast magnetic dipole (MD) transition."?

momentum-resolved PL, this vertically oriented MD transition
emits s-polarized light primarily into highly oblique angles."

explore fundamental physics,®™"? structure—function relation-
) . . . 14
ships,” and synthetic chemistry techniques.
Compared to their 3D counterparts, 2D HOIPs exhibit new
1s . .
and unexpected spectral features,” particularly in photo-
luminescence (PL)."'°™'? For example, broad, low-energy
“white-light”-emitting states are common in (110)-oriented
(“corrugated”) perovskite structures and are currently
attributed to deep exciton self-trapping in the soft ionic
lattice."*° Planar (100)-oriented systems also exhibit an
unexpected PL sideband at room temperature.®' '’ =%
Unlike the white-light-emitting states, this sideband is

As seen in
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Therefore, depending on the collection geometry (Figure la)
and numerical aperture (NA), the MD emission may not be
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Figure 1. Geometry dependence of PL spectra from single crystals
of PEA,Pbl,. (a) With a conventional experimental geometry, the
MD emission can be resolved as a pronounced low-energy
emission peak when collecting PL from the edge of the crystal
(right; red dotted curve), i.e., perpendicular to the crystal c-axis.
The MD is absent in PL spectra collected from the crystal face
(left; solid blue curve). (b) Schematic of an experimental scheme
to isolate and measure the temperature dependence of ED and MD
emission while controlling the sample temperature. PL is
measured from samples in a temperature-controlled cryostat
using an NA = 0.3 objective. PL from oriented single crystals
(left; solid blue curve) again shows only the single ED emission
peak. PL from an ensemble of crystalline flakes with random
orientations (right; dotted red curve) shows both ED and MD
emission. All spectra are unpolarized.

visible or may appear as a prominent sideband, explaining
existing discrepancies in the literature. This discovery of MD
PL is both generally surprising—it is the only known case of
MD emission in an extended crystal—and specifically
perplexing—MD radiation from the band-edge s exciton in
2D HOIPs is formally parity forbidden.”** Here, we propose
that the MD emission originates from a ground-state exciton
polaron comprising a self-trapped odd-parity excitonic Rydberg
state (eg, 2p). Specifically, we focus upon phenethylammo-
nium lead iodide (PEA,Pbl,) and exploit sample orientation,
experimental geometry, and polarization to isolate the distinct
electric dipole (ED)-emitting and MD-emitting states using
conventional spectroscopies. We study the peak wavelengths,
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widths, relative PL intensities, and decay dynamics as a
function of temperature. We adopt a model from Noba et al,
consisting of an exciton with two internal states, s (even) and p
(odd), coupled with stabilizing lattice distortions.”® Through
suitable choice of the model parameters, we quantitatively
explain experimentally observed thermal red shifts, ED/MD
energy splittings, and relative ED/MD intensities over a broad
temperature range. The effect is not specific to PEA,PbI, but
also exists in related systems, such as butylammonium lead
iodide (BA,Pbl,). In BA,Pbl,, we additionally discover
unusual hysteresis behavior of the MD emission around
structural phase transitions. This mechanistic framework may
thus point toward ways of engineering these light—matter
interactions, and our experimental methodologies make future
studies via conventional spectroscopies easily accessible.

RESULTS AND DISCUSSION

MD Emission and Excitonic Rydberg States. First, we
establish the foundations whereby MD emission may derive
from ordinarily high-energy Rydberg states of the exciton.
Building from a similar treatment described in the Supporting
Information of ref 13, here, we provide further discussion
clarifying the details and origins of all relevant terms. Consider
a crystal point group described by irreducible representation I'.
The selection rules for excitonic transitions are determined by
the direct product

LI"®Ix (1

where T', T, and I'x are irreducible representations,
respectively, of the crystal ground state (the totally symmetric
representation), the operator mediating the transition (e.g., ED
or MD operators), and the exciton state.””>° The exciton
state further transforms according to the symmetries of the
electron (I',), hole (I';), and envelope function (Iy), that is, I'y
=T ® I, ® I'.”” Assuming a D, crystal point group, the
electron at the conduction band minimum and hole at the
valence band maximum transform as E, and A, respectively.’
The in-plane ED operator and z-oriented MD operator
transform as E, and A,, respectively. The s-like envelope
function and the crystal ground state also transform as A,,. By
the vanishing integral rule of group theory, the transition is
allowed if the direct product in eq 1 contains I'; = A},. We thus
evaluate for the MD operator and the 1s exciton state:

Alg ® A2g ® (Alg ® Eu ® Alg) ZAlg (2)

which shows that the 1s exciton cannot radiate through a z-
oriented MD transition. Although various static (e.g,
octahedral tilting or metal off-centering) or dynamic (eg,
thermal disorder) symmetry-breaking mechanisms®*™** could
relax these selection rules, they would lead to mixed-parity
transitions rather than the experimentally observed pure ED or
MD emission channels.

In contrast, the in-plane p-like exciton Rydberg state (I'; =
E,) can radiate through a z-oriented MD channel:

Alg ® A2g ® (Eu ® Eu ® Alg) 2 Alg (3)
The unperturbed (hydrogenic) 2p exciton state should lie at
energies above the 1s exciton (2300 meV for this material).*®
It is thermodynamically unstable and inconsistent with our
experimental observations of an MD emission feature ~90
meV below the 1s exciton at room temperature."> However,
strong exciton—phonon coupling in ionic crystals leads to
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dynamic lattice relaxations that can stabilize photoexcitations
to lower energies.'”*’~* This phenomenon has been invoked
to explain white-light-emitting states in 2D HOIPs'® and other
broad sub-band-gap emission in organic crystals.”’ In 2D
HOIPs, recent numerical calculations suggest the possibility of
an “off-site” (parity-broken) self-trapped exciton (STE), in
which the electron and hole are stabilized in a p-like
configuration on adjacent cells of the crystal.* Similarly,
earlier theoretical’®*”** and experimental*® reports demon-
strate the prevalence of such off-center relaxation of STEs in
alkali halides. In many related studies, investigations of
temperature-dependent PL reveal insights into the nature of
STEs in 2D HOIPs,””** alkali halides,” and organic crystals.41
Unlike these previous studies, here, we can use a suitable
choice of experiment and sample geometry to selectively
isolate the temperature dependence of the ED and MD
emission.

Isolating ED and MD Emission via Experimental
Geometry. Single crystals of 2D HOIPs (eg, PEA,Pbl,),
when grown from solution on a substrate, tend to grow with
the crystalline c-axis (the layering direction, or “long axis”)
perpendicular to the substrate, such that the lead iodide sheets
are highly oriented parallel to the substrate interface (Methods
and Figure S1).** The ED and MD emission features can be
distinguished using momentum-resolved spectroscopies (Fig-
ure S2)."° Reference 13 establishes the basic polarization,
angular, and spectral characteristics of these two features in
alkylammonium lead iodide 2D HOIPs. Here, we establish the
same basic features also in PEA,Pbl,. The ED-mediated
exciton emission appears as a single 525 nm peak (Figure S2),
regardless of experimental geometry. The MD emission, in
contrast, is observed around 550 nm only in s-polarized spectra
and predominantly beyond the critical angle of total internal
reflection.

To develop a configurational coordinate model for the
system, we wish to study the temperature dependence of these
distinct emission features. However, immersion fluids required
for high-NA imaging preclude the use of momentum-resolved
methods to distinguish ED and MD emission away from room
temperature. We instead use a conventional experimental
geometry and manipulate the crystal orientation with respect
to the collection optics. This strategy is summarized in Figure
1a, which shows spectra as collected from the “face” (blue; left
schematic) or “edge” (red; right schematic) of a broad as-
grown crystal of PEA,Pbl, on a glass coverslip (Methods).*
Face-collected spectra (blue) show a single 525 nm ED peak,
whereas edge-collected spectra (red) reveal the distinct low-
energy MD emission around 550 nm. Similar measurements
on BA,Pbl, crystals reveal nearly identical behavior, albeit with
different relative intensities and peak wavelengths (Figure S3).
Importantly, this indicates that the emission does not originate
from crystal edges but rather propagates toward the edges from
the bulk of the crystal.

This approach offers several notable benefits: measurements
are performed on largely undisturbed crystals; individual
crystals remain highly oriented, and therefore, the spectral
features can be further isolated by means of a linear polarizer
(Methods); it obviates the need for immersion oils in variable-
temperature experiments. However, it requires a cryostat with
orthogonal excitation and collection windows. Later, we use
this geometry to measure PL decay dynamics. To continuously
collect temperature-dependent spectra, we instead use crystal
reorientation to selectively probe ED and MD emission within
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a cryostat with collinear collection and excitation, that is, both
along the substrate z-axis with a 0.3 NA objective (Figure 1b
and Methods). To probe ED-mediated exciton emission, we
selectively excite single as-grown crystals of PEA,Pbl, (left
schematic) at low power (~0.05 mW/cm?) with a loosely
focused 405 nm laser. The room-temperature spectra (blue)
exhibit the single narrow ED exciton centered around 525 nm.
To probe MD emission, we fracture the large single crystals
and collect the fragments on a secondary substrate (right
schematic; Methods). The resulting room-temperature PL
spectrum (red) shows two distinct emission features,
consistent with both momentum-resolved PL (Figure S2)
and edge measurements of single crystals (Figure la). The
relative strengths differ significantly between Figure 1lab
because the PL from the randomly oriented ensemble of
fragments emulates collection from all angles with respect to a
single crystal. Nonetheless, the overall similarity indicates that
the relevant photophysics is insensitive to the fracturing
process. Below, we use these geometries to demonstrate how
ED and MD emission wavelengths, widths, intensities, and
dynamics vary with temperature (Methods).

Temperature-Dependent Photoluminescence. Using
the aforementioned approach, PL spectra are collected
continuously while the sample temperature is varied. Temper-
ature-dependent PL spectra from the ensemble of fragments
are plotted in Figure 2a for temperatures between 175 and 360
K. The spectra are normalized such that the total collected PL
is equivalent at each temperature. No abrupt changes
associated with structural phase transitions are observed
between 77 and 400 K, consistent with previous reports and
reflecting the mechanical and thermal stability of PEA,Pbl,
compared to that with similar materials prepared with other
organic cations.””*” The peak wavelength and full width at
half-maximum (fwhm) of the ED emission are quite stable, as
expected for excitonic properties that depend principally on
the static electronic structure. Indeed, the behavior of the ED
emission observed here matches that from as-grown crystals
(Figure S4). The MD emission, on the other hand, exhibits a
dramatic temperature dependence with a thermal red shift of
approximately 30 nm (approximately 120 meV) over the
presented temperature range. This large thermal red shift
excludes extrinsic defects as a likely origin for the MD
emission, as these typically have a well-defined energy with
respect to the electronic bands. Instead, the thermal red shifts
provide strong evidence that the MD emission originates from
STEs, as similar behavior has previously been observed in
STEs in lithium niobate® and perylene.*'

We quantify this behavior by first analyzing as-grown single-
crystal PL, where the fit parameters for the ED (i.e., amplitude,
width, and center) can be confidently determined in the
absence of additional PL features. These results are then used
to eliminate free parameters from the ensemble PL, which
requires a two-peak model. In this way, we minimize concerns
of parameter correlations in fits of the ensemble PL data
(Methods), especially at the lowest temperatures where the
features strongly overlap.

The temperature-dependent ED and MD emission wave-
lengths are summarized in Figure 2b. Notably, the observed
energy difference between the ED (blue circles) and MD (red
squares) emission, AE(T), increases approximately linearly at
increased temperatures (Figure 2b inset). The fwhm values of
both emission features are nearly identical at 170 K (Figure
2¢c). Below 170 K, the ED and MD peaks strongly overlap
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Figure 2. Temperature-dependent PL spectra of PEA,Pbl,. (a)
Temperature-dependent PL spectra from randomly oriented
fragments, as shown in Figure 1b. Vertical white arrows are
qualitative guides for the eye; the horizontal white dashed line
corresponds to the spectral line cuts shown in Figure 1b. Spectra
have been normalized at each temperature to retain clarity of the
emission features over the entire temperature range. (b) Peak
wavelengths of the ED and MD PL features. Inset: Observed PL
energy difference, AE. (c) Full width at half-maximum of the ED
and MD emission features derived from single crystal and
fragment data, respectively. (d) (Black circles) Ratio of integrated
MD PL over the integrated ED PL, R(T) = Iyyp(T)/Igp(T) (right
axis scale), derived from two-component fits to fragments data.
Colored markers show the individual integrated ED and MD PL
results (left axis scale). All subpanels: red squares = MD; blue
circles = ED.

(Figure S4), complicating unique determination of the
parameters of interest. Nonetheless, the ED fwhm is clearly
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far more stable with temperature than that of the MD, further
reflecting the latter’s relation to variations in the local atomic
structure.

To understand the energetic landscape of the two states, we
quantify the total (spectrally integrated) ED and MD emission
intensities as a function of temperature. The integrated PL
from both the ED and MD decreases exponentially with
increasing temperature (Figure 2d, red and blue markers;
Figure S4), reflecting thermally activated nonradiative
relaxation. However, the relative integrated PL (Figure 2d,
black circles) shows an uncommon behavior. As the temper-
ature increases, the relative intensity of the MD PL (red
squares) grows significantly, contributing equally with the ED
PL (blue circles) at approximately 315 K and exceeding the ED
PL at higher temperatures. Next, we detail a simple exciton—
lattice coupling model to explain the origins of these behaviors
and to show that the relative intensities are consistent with
simple thermodynamic considerations once the self-trapping
depth is properly quantified.

Origin of the Thermal Variations. Temperature-depend-
ent PL is frequently used to derive configurational-coordinate
energy dia§rams which ultimately reflect exciton—Ilattice
interactions” **’ and govern thermally activated population
exchange.”**"*%% For example, temperature-dependent PL
ratios have been used to estimate the exciton self-trapping
depth in organic crystals’' and white-light-emitting 2D
HOIPs.””** Here, this type of analysis is complicated by the
significant variation in the observed energy difference, AE(T),
between the emission features (e.g., Figure 2b inset; Figure S5).
For example, as AE increases at constant temperature, the
thermal occupancy of the low-energy (MD) state is expected
to increase relatively. In competition, increasing temperature
tends to increase the occupation of the high-energy (ED) state.
The experimental trend thus depends on the detailed balance
between these two effects. In this particular case, the rate of
change of AE(T), d(AE)/dT = 5.5k (kg is the Boltzmann
constant), exceeds the rate of change of thermal energy,
d(kgT)/dT = kg (Figure SS). One thus expects the MD
emission to grow in relative intensity with increasing
temperature.

The ED and MD PL intensities, Izp(T) and Iy (T), are
generated from distinct exciton populations, Ngp(T) and
Nyp(T), with distinct radiative rates, I'yp and I'yp,
respectively:*®

Iin(T) = CopNep(T)Tp (4)

hup(T) = capNup(T)Tup ©)

Here, c., accounts for temperature-independent collection
efficiencies. If the exciton populations are in thermal
equilibrium, variations in the ratio of PL intensities, R(T) =

Inp(T)/Iep(T), are described by Boltzmann statistics:”>*"**
R(T) — 1—‘MD NMD(T) — l—‘MD x eG/kBT
Gip  Nep(T) Iep (6)

Here, G represents the positive self-trapping depth, that is, the
true energy difference between the two states in the excited-
state manifold*' (eg, see Figure 3c). Critically, there is a
distinction between G and the observed energy difference of
emission, AE. In general, G and AE differ because the
transitions occur at different points in the ground-state
manifold with different configurational energies.41 In the
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Figure 3. Modeling the energetics of ED and MD emission. (a) PL
ratio, R(T) = Iyp(T)/Igp(T). Black markers: Experiment. Gray
filled region: Fit to experiment using eq 6’ with E, = 0.027 eV. (b)
(Black markers) PL energy difference, AE(T), and (gray filled
region) true energy difference, G(T). Red dashed line: Calculated
G(T) curve using the exciton—lattice coupling model discussed in

this section assuming a,(T) « 1//k(T) (where k is the elastic
constant, described in main text), a; = 0.15, and f§ = 0.15. In (a,b),
dark- and light-gray regions represent 16 and 3¢ confidence
intervals, respectively. (c) Configurational-coordinate diagram
generated from the exciton—lattice coupling model. The excited-
state manifold (colored curves) is the low-energy eigenvalue of eq
7 and is plotted for various temperatures (a; = 0.15 and §§ = 0.15).
Line cuts were taken at Q, = 0.00S. Illustrated energy quantities
are described in the main text. The color scale for «, is not linear.
Q, Q, a;, a, and p are in units of eV see Supporting
Information S2.

current context, the two distinct excited states relax to ground-
state configurations that differ by an energy E, (i, AE(T) =
G(T) + Eg).

Notably, the experimentally observed ratio R(T) from
PEA,PbI, (Figure 2d) cannot be explained by any constant
value of G. We expect G to vary with temperature in a manner
similar to AE. The simplest assumption is that the ground-state
configurational energy, Eq, is temperature-independent,
leading to a revised form of eq 6:
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R(T) = Tvp 5 e AE(T)=Eql/ksT
ED

(6)

Essentially, eq 6" allows us to estimate the true exciton
trapping depth, G(T), from experimentally determined AE(T)
and R(T). Indeed, eq 6’ provides a very good description of
the experimentally observed R(T) with a constant value of E
= 0.027 + 0.003 eV (Figure 3a). The resulting function G(T),
shown in Figure 3b (gray filled region), is always less than
AE(T) (black markers). Although G(T) varies with temper-
ature, G(T) > O over the entire temperature range studied
here, consistent with a stable trapped state. Physically, Eq > 0
corresponds to the positive ground-state energy of a local
lattice distortion. This is strong quantitative evidence that the
MD emission originates from a locally distorted lattice
structure.

The origins of G(T), Eq, and a low-energy, p-like exciton are
succinctly described in a model adapted from Noba et al.*®
Consider two distinct exciton states of opposite parity, s (even)
and p (odd), coupled to two distinct lattice distortions of
opposite parity described by normalized amplitudes Q
(symmetric) and Q, (antisymmetric). Nominally, s and p are
associated with 1s and 2p exciton states. Here, they correspond
to ED and MD emission features, respectively. We adopt a
simplified two-state model and write the 2 X 2 Hamiltonian
(Supporting Information S1):*°

e, — aQ, + Q2
-,

-,
e, — ,Q, + Q'/2

H =
(7)

where € (€P) is the energy of the unperturbed s (p) exciton, Q*
= Q + Q) a; (@) is the s-Q, (p-Q,) coupling constant, and /3
is the coupling constant that mixes s and p exciton states
through the antisymmetric distortion Q,,.

Because the Q,,, are normalized coordinates, the “softness”
of the crystal is contained in the coupling parameters,”® which
are thus generally temperature-dependent (see Supporting
Information S2 for a discussion about units and temperature
variations). Eigenenergies, E; and E,, are obtained by
diagonalizing H, yielding configurational-coordinate energy
diagrams in the variables Q, and Q,. With insight from
experiments, we constrain the model parameters and
reproduce the essential experimental observations (Supporting
Information S1).

lustrative results from this model are shown in Figure 3¢,
where the lowest energy eigenvalue is plotted as a function of
Q, at various temperatures (colored curves). Experimentally
measured PL wavelengths and Stokes shifts (~23 meV) for the
ED exciton yield the parameter value a; = 0.15 eV'/?
(Supporting Information S1). Symmetry considerations
suggest that f is small compared to the remaining free
parameter, @,; [ determines the mixing of exciton parities
(Supporting Information S1 and Figure S6), but experimen-
tally, we observe emission features with well-defined parity"”
and no evidence for mixing. Consequently, a; and a, are the
relevant system parameters (and thus Q, the relevant
distortion) for modeling our experimental results (Figure
S§7). The ground-state energy (solid black curve) exhibits a
simple quadratic dependence: E, ~ Q?%/2. As is common in the
Born—Oppenheimer approximation, the ED PL peak is
represented by vertical transitions at nonzero values of the
configuration coordinate (Q, & 0.12 eV, Though the charge
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configuration associated with the MD emission is likely not
identical to that of the 2p exciton, experimental inferences of
the 2p exciton energy?’6 suggest a starting guess of €, —€~03
eV. Further refinements favor a smaller value of ¢, — ¢, ~ 0.1
eV (Figure S8).

At larger values of Q,, global minima appear and are
associated with a p exciton stabilized by the lattice distortion.
The MD emission originates from a vertical transition from
this global minimum of the excited-state manifold to the
ground-state manifold. Compared to the ED emission, the MD
emission occurs at Q, &~ 0.6 eV'2, where Eq ~ 27 meV. At
each temperature, we solve for the value of a,(T) that
corresponds to the experimentally observed trapping depth,
G(T) (Figure S9). Excellent agreement is obtained by
assuming that the elastic modulus, k(T), decreases linearly
with temperature (Figure 3b, red dashed line), as expected in
crystalline solids far from extreme temperatures (eg, deep
cryogenic or near-melting) (Supporting Information §2).51°*
Finally, the experimentally measured values of E, determine
the relative ground-state spring constant (i.e., curvature of the
ground-state manifold) (Supporting Information S1).

The deepening of the global minimum is naturally
accompanied by a reduced energy barrier, E,, between the
two minima (Figure 3c, inset). Values of E;, determined from
these model parameters vary between ~1 and 8 meV, less than
the thermal energy (kzT) for all temperatures considered in
the analysis thus far. Therefore, rapid thermal energy transfer
from the ED to the MD state is expected. As a result, ED and
MD PL traces (Methods) exhibit nearly identical decay
dynamics (Figure 4a, left panel). However, as temperatures
drop below approximately 170 K, kzT becomes comparable to
or less than the energy barrier, and distinct decay dynamics are
resolved (Figure 4a, right panel). Decay traces at all
temperatures are well-modeled by biexponential decay with a
short (nanosecond scale) component and a long-lived (~20
ns) comgonent, similar to previous reports (Figures S10 and
$11).>%> Results are summarized in Figure 4b. PL lifetimes
begin to significantly diverge below approximately 200 K, as
expected from the theoretical model. Overall decreasing PL
lifetimes at higher temperatures likely reflect overall decreasing
PL quantum yields (black curve).

Further, distinctly slowed state-filling dynamics are revealed
at reduced temperatures (Figure 4c). The peak of the MD
emission (red) generally lags that of the ED emission (blue) by
approximately 200 ps at the lowest temperatures, indicating a
formation mechanism that is inhibited at low temperature.*
The derived estimates of the energy barrier are in reasonable
agreement with results from related systems with self-trapped
excitons. For example, Ey is known to decrease with decreasing
dimensionality. In 3D alkali halides, E, is estimated to be
~20—30 meV.** In the 1D limit, the barrier vanishes®”** and
the s exciton no longer represents a metastable state. In
corrugated perovskites, an intermediate case between 2D and
1D, E, is estimated to be less than 4 meV.”’ The values derived
here at the lower temperatures lie between the 3D and
corrugated materials, as expected.

Distinct Hysteresis of the MD around Structural
Phase Transitions. Similar sample- and temperature-depend-
ent behavior is observed in 2D HOIPs incorporating a variety
of alkylammonium cations, such as butylammonium lead
iodide (BA,Pbl,) (Figure S and Figure S12). These other
materials, however, exhibit structural phase transitions®’ at
which abrupt changes in the PL spectra occur. These
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Figure 4. Isolating excited-state dynamics. (a) Photoluminescence
decay traces of the spectrally isolated (blue) ED and (red) MD
features at (left panel) 290 and 100 K, measured from a large as-
grown single crystal using the edge-collection geometry, as
illustrated in Figure la. Insets show the corresponding (blue)
out-of-plane and (red) in-plane polarized photoluminescence
spectra; solid markers specify the wavelengths at which decay
traces were measured. The secondary small bump around 27 ns in
measured decay traces arises from an internal reflection in the
system and was ignored in the fitting. (b) Fit photoluminescence
lifetimes, 7;, of the (blue circles) ED and (red squares) MD.
Confidence intervals (16) are represented by filled color regions.
The solid black line represents the photoluminescence quantum
yield (right axis) extrapolated from an integrating sphere
measurement at 20 °C (black square) (Methods). (c) PL decay
traces (linear scale) around the PL onset at (left) 290 K and
(right) 140 K, showing significant differences in photolumines-
cence peak delays at lower temperatures.

discontinuities complicate analyses but also offer additional
insights into the nature of the MD-emitting state.

For example, Figure Sa shows temperature-dependent PL
spectra from oriented single crystals of BA,Pbl, upon heating
from 173 K. Distinct ED and MD emission features can again
be identified by comparing single crystals to randomly oriented
fragments (Figure Sa,b). Like in PEA,Pbl,, in any single phase,
the ED peak is stable (Figure S12), whereas the MD exhibits
large variations with temperature. Unlike PEA,Pbl,, however, a
structural phase transition occurs upon heating (Figure Sa,b) at
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Figure S. Temperature-dependent PL from BA,Pbl,. (a) Single crystals upon heating. (b,c) Fragments upon (b) heating and (c) cooling.
Horizontal white dashed lines highlight the phase transition temperatures inferred from cooling (bottom line) and heating (top line) data.
(d) Peak wavelengths of ED (solid lines) and MD (dots) inferred from cooling (blue) and (red) heating data.

273 K and upon cooling (Figure 5c) at 253 K (Figure S13)."
Interestingly, the MD exhibits significantly different behavior
than the ED around the phase transitions. This contrasting
behavior is highlighted in Figure Sd, where the ED (solid
curves) and MD (dots) peak wavelengths are recorded during
heating (red) and cooling (blue). The ED wavelength exhibits
sharp discontinuities upon both heating and cooling. The MD
wavelength, in contrast, varies continuously through the phase
transition, particularly when cooling. Moreover, the ED only
exhibits hysteretic behavior within a 20 K temperature band
(gray region), whereas the MD remains hysteretic down to the
lowest temperatures measured. We note that a residual ED
peak at 518 nm exists below the phase transition temperature
upon cooling (Figure Sc), suggesting partial phase conversion,
which eventually vanishes upon further cooling. This, however,
likely cannot explain the continuous variations observed in the
MD emission.

We hypothesize that this unusual MD behavior reflects the
self-trapping lattice distortion. Due to the local distortion, the
self-trapped state is associated with a non-equilibrium lattice
configuration and is thus weakly sensitive to abrupt changes in
the host material's global structure. This may offer an
intriguing avenue for future studies of non-equilibrium energy
transfer or local dynamics that can be easily optically
interrogated. It also highlights a photoresponsivity feature in
BA,Pbl, that may be explored for hysteresis-based memory
with optical accessibility just below room temperature.”*°

CONCLUSIONS

We show how MD light emission in 2D perovskites is well-
explained by strong exciton—lattice interactions between a p-
like exciton and a symmetric lattice distortion. The proposed
electronic configuration of the stabilized MD-emitting state is
consistent with the parity-broken, or “off-center” exciton,
known in related systems.”*”*>** Specifically, we exploit
sample orientation to isolate and study the temperature
dependence of ED- and MD-emitting excited states in 2D
HOIPs. The PL ratio is successfully described by Boltzmann
statistics in the presence of a ground-state configurational
energy difference of E, & 27 meV, strongly suggesting that
MD emission arises from a locally distorted lattice structure.
Experimentally observed MD thermal red shifts are
described by an exciton—lattice coupling parameter (a,) that
increases with temperature due to lattice softening. Setting
model parameters to match experimental spectra yields fit-free
barrier energies that explain well the observed variations in ED
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and MD PL decay traces at low temperature. The attribution
of MD emission to a locally distorted excited-state structure is
bolstered by the observation of unusual MD hysteresis
surrounding the structural phase transition in BA,Pbl,.
These results and analyses explain the origins of highly
unusual MD emission in 2D HOIPs and highlight a feature of
2D HOIP excitons that may be useful for optically accessible
hysteresis-based memory. Further detailed studies of pop-
ulation dynamics, such as by polarization-resolved transient
absorption or optical Kerr effect,”” would be particularly
promising for understanding in greater detail the formation
mechanism of the self-trapped state and its relationship to
specific lattice modes. Overall, this work establishes a
microscopic model for the dynamic formation of parity-broken
states that lead to MD light—matter interactions in these
materials. This may point toward methods of engineering,
manipulating, or exploiting distinct ED and MD emission
characteristics for photonic devices.

METHODS

Sample Preparation. Large crystals of PEA,Pbl, and BA,Pbl,
were grown using the antisolvent vapor-assisted crystal growth
technique described in ref 46. All solutions were prepared, stored,
and deposited in a nitrogen-vacated glovebox. Solutions were
deposited on 0.18 mm glass coverslips after a sequence of acetone/
isopropyl alcohol cleaning and plasma treatment. Crystals were
allowed to grow for at least 48 h. The two substrates were separated
using a sterile needle and were subsequently lightly thermally
annealed (at approximately 70 °C for 10—30 min) to remove residual
solvent before removing for measurement. The resulting samples were
very similar to those shown in ref 46. Exemplary crystals used for our
PL measurements are shown in Figure S1. For single-crystal PL
measurements (e.g, temperature-dependent PL and time-resolved
PL), the resulting crystals were measured without further processing.
For measurements of randomly oriented fragments (e.g., temperature-
dependent PL), such crystals were scraped from the original substrate
and collected upon a second substrate. For momentum-resolved PL
(eg, Figures S2 and S3), as-grown crystals were mechanically
exfoliated using Scotch tape and deposited on new 0.018 mm glass
coverslips. Measured flakes were approximately 60 nm thick, as
determined by atomic force microscopy.

Momentum-Resolved PL Spectra. Momentum-resolved PL
spectra were collected from mechanically exfoliated flakes using the
methods thoroughly described in ref 13. Briefly, an inverted
microscope and a 1.3 NA oil-immersion objective were used to
collect PL emitted from single exfoliated flakes of 2D HOIPs. Samples
were excited with a focused 405 nm laser through the same objective.
Excitation intensities were approximately S mW/cm?® The momen-
tum distribution of the PL was projected to the entrance slit of an
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imaging spectrometer using Fourier imaging techniques. The k;
distribution of PL was spectrally separated using a 300 g/mm grating,
and the resulting 2D A—k; image was collected on a 1024 X 1024
CCD array. The s-polarized and p-polarized spectra were obtained by
applying a linear polarizer to the collection side with horizontal and
vertical alignments, respectively (e.g,, see Figure S2). High- and low-
momentum spectra were extracted from the resulting 2D PL image.

Measuring Orientation Dependence of PL in Conventional
Fluorimeter Geometry. Orientation-dependent PL (e.g, Figure 1a)
was collected from as-grown samples strategically positioned in the
main chamber of a Horiba spectrometer (FluoroMax 4) in a 90°
excitation-collection geometry. For “face” measurements, spectra were
collected at approximately 30° from the substrate/sample normal
(and thus excited at approximately 60° from the substrate normal).
For “edge” measurements, spectra were collected from the edge of the
substrate/sample at 90° from the substrate/sample normal (i.e.,
excited at normal incidence). In-plane and out-of-plane polarized
spectra were collected using a linear polarizer oriented either parallel
to or perpendicular to the length of the substrate/sample. Samples
were excited at 400 nm. We note that the relative intensities depend
strongly on the position and angle of the sample, which accounts for
the differences between momentum-resolved PL spectra and edge-
collection spectra. Differences in the peak wavelength arise, in part,
from increased temperatures in the sample chamber (described
further below), with additional possible contributions from the overall
higher quality and different dielectric environment inherent to the
thick, as-grown single crystal.”®

Measuring Temperature-Dependent PL. Temperature-de-
pendent PL spectra of as-grown crystals and fragments were measured
from samples placed in an evacuated temperature-controlled micro-
scope stage (Linkam HFS600E-P) using one of the two experimental
geometries illustrated in Figure 1b. Note that this approach, as
opposed to the edge-collection geometry (Figure 1a), was used in this
case primarily because the particular orthogonal window cryostat
available to us was not conducive to continuous-temperature PL
measurements. To ensure good thermal contact between the
temperature-controlled drum and the sample, crystals were sealed
between double-sided copper tape and the substrate, and the copper
tape was adhered directly to the temperature-controlled drum.
Samples were sealed in the cryostat using transparent glass windows
and were evacuated to approximately 0.03 Torr. The sealed cryostat
was positioned (“upside down”) in the focal plane above a 10X NA =
0.3 objective (Nikon) of an inverted microscope (Nikon Eclipse Ti
series). Samples were illuminated using a loosely focused (~25-50
um beam diameter) 405 nm laser with incident intensities of
approximately 5—10 mW/cm? from which we predict excitation
densities no greater than ~10'> cm™ and negligible sample heating.
For oriented single-crystal measurements (e, Figure 1b), single
crystals approximately 100 pm in lateral extent were identified by eye
and illuminated such that the focused excitation/PL spot was visually
completely contained within the crystal. Collected PL was focused to
the entrance aperture of an imaging spectrometer and was spatially
filtered to contain only the PL emitted from the excitation spot (eg,
eliminating light emitted toward and scattered from crystal edges).
For randomly oriented fragments, identical illumination and
collection conditions were used on samples prepared according to
the description in Sample Preparation. Spectra were continuously
collected in this manner while the sample temperature varied at a rate
of approximately 5 °C/min. Measurements performed at 0.5, 1, 2, and
3 °C/min revealed similar behavior and phase transition temper-
atures, ensuring that the observed hysteresis is indeed a material
phenomenon rather than an experimental artifact (e.g, see Figure
S§13). Exposure times varied from 1 s at lower temperatures (where
photoluminescence quantum yields, PLQYs, are larger) to 10 s at
higher temperatures (where PLQYs are lower). The resulting
temperature resolution is thus approximately 0.1-1.0 °C per
spectrum. Spectra were collected upon both cooling and heating
over the entire temperature range twice to ensure consistency. Spectra
in all cases were qualitatively similar.
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Decomposing Temperature-Dependent Spectra. Temper-
ature-dependent PL (e.g, Figure 2a and Figure S4a) were
decomposed at each temperature independently into a sum of
phenomenological asymmetric line shapes of the form Ip (1) = A
sech[(4 — 4,)/c]. This line shape is not intended to directly address
broadening mechanisms, such as those in ref 59, but rather to provide
reliable estimates of the center wavelengths and total PL originating
from each of the two emission features of interest here. To account
for the asymmetry, the width ¢ was allowed to differ between the left
and right side of the center, 4, taking a value o] on the left (4 < 4;)
and oy on the right (4 > 4,). With this, we first fit single-crystal data to
a single such contribution (ED) to obtain at each temperature the
four parameters associated with the ED: Agp(T), Agp(T), op,en(T),
and spp(T). We then fit the fragments data to a sum of two
contributions (ED and MD), inputting the predetermined values
Aoep(T), o1ep(T), and sgp(T). To minimize the number of free
parameters, a single proportionality constant, sy, was chosen to best
represent the MD emission over all temperatures (syp = 1.55). From
two-component fits, we obtain Agp(T), Ayp(T), Aomp(T), and
o1 mp(T). Agp must be allowed to vary during two-component fits to
account for variations in experimental setup and sample geometry
between single crystals and fragments. Exemplary fits from PEA,PbI,
are shown in Figure S4 and show excellent agreement with the data.

Time-Resolved PL. Time-correlated single-photon counting
measurements were performed in the UCSB Optical Characterization
Facility. An edge-collection geometry, as illustrated in Figure la, was
used. As-grown crystals (see Sample Preparation) were mounted
within an evacuated cryostat (Janis Research) maintained at
approximately 0.5 X 107> mBar and passively cooled with liquid
nitrogen to approximately 78 K. Samples were pumped at normal
incidence at 405 nm with approximately 0.025 yJ/cm’® per pulse with
a 20 MHz repetition rate. PL decay traces were collected from the
edge of the substrate (from which the optically pumped crystal was no
greater than 1 mm), analogous to edge measurements performed in
the fluorimeter, described above. PL decay traces were recorded at the
spectral position of the ED and MD maxima (e.g, 525 nm for the ED
and between approximately 540 and 560 nm for the MD, depending
on temperature). A linear polarizer was applied on the collection side
with in-plane or out-of-plane polarizer alignment to further isolate the
MD and ED, respectively, for each measurement. PL decay traces at
each temperature were fit to a two-component exponential decay. The
ED and MD were identified as the short-lived components at each
temperature.

Measuring and Extrapolating PLQY. PLQY of PEA,Pbl, single
crystals was measured using a Horiba spectrometer (FluoroMax 4)
and integrating sphere (Horiba Quanta-¢)) with 40S nm wavelength
excitation. Crystals (approximately 2 mm in lateral extent, several
hundred micrometers thick) grown using the methods described
above were transferred to fused silica substrates and positioned on the
sample plug of the integrating sphere. The number of absorbed
photons was determined with a 1 s exposure by collecting over the
excitation line of the attenuated beam (nominal OD = 3, measured
attenuation factor 610.8) with the sample in place and comparing to a
non-absorbing reference (blank sample plug), measured with identical
excitation and collection parameters. The total PL counts was
determined by collecting over the PL band and subtracting
instrument noise due to Rayleigh scattering, measured with identical
excitation and collection parameters (except the OD = 3 filter).
Measurement was performed at room temperature (assumed to be
300 K). PLQY was extrapolated to low and high temperatures using
un-normalized temperature-dependent PL data from as-grown single
crystals under the assumption that the radiative (nonradiative) rate is
invariant (varies) with temperature.
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