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ABSTRACT: An expansive library of structurally complex two-
dimensional (2D) and three-dimensional (3D) lead halide perov-
skites has emerged over the past decade, finding applications in
various aspects of photon management: photovoltaics, photo-
detection, light emission, and nonlinear optics. Needless to say, the
highest degree of structural plasticity enjoys the former group,
offering a rich playground for modifications of relevant optoelec-
tronic parameters such as exciton energy. Structural tailorability is
reflected in the ease of modification of the chemistry of the organic
layers residing between inorganic slabs. In this vein, we show that
the introduction of methylhydrazinium cation (MHy", d \ E \ E \
CH,;NH,NH,") into 2D perovskite gives a material with a record 9 a

low separation of the inorganic layers (8.91 A at 300 K). Optical

studies showed that MHy,PbBr, features the most red-shifted excitonic absorption among all known A,PbBr, compounds as well as
a small exciton binding energy of 99.9 meV. MHy,PbBr, crystallizes in polar Pmn2; symmetry at room emperature (phase III) and
at 351 K undergoes a phase transition to modulated Pmnm phase (II) followed by another phase transition at 371 K to Pmnm phase
(I). The ferroelectric property of room-temperature phase III is inferred from switching of the pyrocurrent, dielectric measurements,
and optical birefringence results. MHy,PbBr, exhibits multiple nonlinear optical phenomena such as second-harmonic generation,
third-harmonic generation, two-photon excited luminescence, and multiphoton excited luminescence. Analysis of MHy,PbBr, single-
crystal luminescence spectra obtained through linear and nonlinear optical excitation pathways indicates that free exciton emission is
readily probed by the ultraviolet excitation, whereas crumpled exciton emission is detected under two- and multiphoton excitation
conditions. Overall, our results demonstrate that incorporation of MHy" into the organic layer is an emergent strategy for obtaining a
2D perovskite with polar character and multifunctional properties.

B INTRODUCTION chemical properties of 2D perovskites.” > The inorganic layers
contribute to the semiconductor electronic structure; hence, due
to the spatial separation, they form quantum-like structures with
2D electronic confinement."’ Apart from quantum confine-
ment, the separation of the inorganic layers by organic ones
provides for the dielectric confinement of charge carriers.”*"?
As a result, stable excitons (electron—hole pairs) may exist at
room temperature (RT).>”'" Typically, the exciton binding
energies of 2D perovskites are as high as a few hundreds of meV,
which is an order of magnitude higher relative to 3D lead halide
perovskites.”~'' Unfortunately, the large exciton binding
energies and wide band gaps are both responsible for the

Layered perovskites have aroused interest for a long time as a
result of their ability to generate versatile molecular structures
with improved stabilities and continue to exhibit unique
physicochemical properties. Although the recent breakthroughs
in photovoltaic technology largely revolve around modifications
of archetypal 3D perovskites, it recently emerged that
incorporation of 2D perovskites into photovoltaic devices can
be the key to advancing further progress in the field.' Those high
hopes stem from the fact that 2D perovskites surpass 3D
counterparts in terms of higher resistance to moisture and
chemical and irradiation stresses and thus can be thought of as
not only active but also stability-fortifying components of

photovoltaic layers.”~* There is also an enticing prospect for Received: November 18, 2020 el
using 2D perovskites in lighting applications owing to the Revised:  March 16, 2021 KA
improved photoluminescence quantum yield (PLQY) of the Published: March 31, 2021
bulk samples.’

The large diversity of available organic spacers offers

enormous opportunities for tuning the structural, physical, and
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limited photovoltaic performance of the bulk 2D perovskites.
Accordingly, in order to improve the optoelectronic properties
of 2D perovskites, it seems pertinent to enhance the charge
transport between adjacent inorganic layers and reduce the
quantum well effect, which can be addressed by reducing the
distance between the inorganic layers and replacin% weak van
der Waals interactions by stronger hydrogen bonds. > Here, we
describe the engineering of 2D perovskites at the molecular
level. One scenario is to use divalent organic cations for
construction of 2D Dion—]Jacobson (D—]J) perovskites.12 In the
case of Ruddlesden—Popper (R—P) perovskites, small mono-
valent cations capable of forming multiple hydrogen bonds
(HBs) can be employed to this end."* A promising approach
reduction of the exciton binding energy is to select organic
cations with high dielectric permittivity. "> For instance, it was
shown that lead iodide containing ethanolamine (EA) with a
high dielectric permittivity of 37.7 has strongly reduced
dielectric confinement and an exciton binding energy of 65
meV, as opposed to the phenylethylammonium (PEA) analogue
with a dielectric constant of 3.3 and exciton binding energy of
453 meV." It is also worth noting that the band gap narrows and
the exciton energy decreases with decreasing octahedral tilting
(crumpling of the extended corner-shared PbX layers).*' '

In addition to photovoltaic applications, 2D hybrids are also
very promising materials for light-emitting applications due to
their color tunability.”> Photoluminescence (PL) in lead halides
usually originates from radiative recombination of exci-
tons.”~*'® When these excitons migrate freely in the lattice
(free excitons, FE), PL bands are narrow (full width at half-
maximum, fwhm, usually less than 20 nm) and the Stokes shift is
small.”~%""~"” However, the excitons may interact with defects
(bound excitons, BE) corresponding to imperfect stacking of
layers (crumpled excitons, CE) or create transient lattice
deformations (self-trapped excitons, STEx).”®'°~** This leads
to broadening and a red shift of the PL bands.”®'°~** The type
of PL in 2D perovskites depends strongly on the distortion of the
structure, ie., broad PL bands with large Stokes shifts appear
often for compounds exhibiting a large degree of octahedral
distortion, especially for compounds with corrugated inorganic
sheets, while emission of (100) perovskites is usually dominated
by a narrow PL attributed to FE.>~*'°"** It is known that the
soft lattice endows 2D perovskites with rich phase transition
(PT) behavior, oftentimes originating from the dynamic
disorder of the organic subframework.””>™*’ Since the PTs
usually lead to significant changes in the crumpling of the PbX,
layers, they affect the PL and optical properties of these
materials.””' %>’

Some 2D lead halides are also attractive NLO materials.”® In
the case of A,PbBr, compounds, THG was reported for
BA,PbBr,,”® multiphoton absorption for BA,PbBr, and
OA,PbBr,,”® and SHG for noncentrosymmetric CHA,PbBr,,*’
ATHP,PbBr,,* and BPA,PbBr,,”" where BA, OA, CHA, ATH,
and BPA stand for n-butylammonium, ocylammonium, cyclo-
hexylammonium, 4-aminotetrahydropyran, and 3-bromopropy-
lammonium, respectively.

Structural noncentrosymmetry of the perovskites is also a
prerequisite for pyro-, piezo-, and ferroelectricity, properties
essential from an applications standpoint. Generally, non-
centrosymmetric 2D perovskites are not a rarity; their review
is provided elsewhere.”® On the other hand, despite a decent
array of noncentrosymmetric 2D perovskites, among n = 1 R—J
bromides ferroelectricity was reported for only three examples,
i.e., CHA,PbBr,, ATHP,PbBr, and very recently
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BPA,PbBr,,.”" " It is worth adding that there is a growing
demand for the discovery of novel materials possessing two or
more bulk physical properties since the coexistence of different
properties may lead to new types of physical phenomena when
subjected to various external stimuli, enabling construction of
multifunctional devices. A well-known group of such materials is
multiferroics possessing the coexistence of magnetism and
ferroelectricity.”” In lead halides, combination of the ferro-
electric and optoelectronic properties would lead to next-
generation optoelectronic and photovoltaic devices. Among
A,PbX, compounds, ferroelectric (BZA),PbCl, (BZA =
benzylammonium) and (BA),PbCl, were shown to exhibit
narrow UV PL near 360 nm and broad-band white-light
emission, respectively.””** The PL properties of ATHP,PbBr,
and BPA,PbBr, ferroelectrics are not known, but ferroelectric
CHA,PbBr, and polar BZA,PbBr, were shown to exhibit broad-
band white-light emission and narrow blue-violet emission,
respectively.'”***° Quite remarkably, the broad-band emission
may be enhanced in materials crystallizing in the polar space
groups because they can exhibit a much higher degree of
electron—phonon coupling compared to their nonpolar
analogues.'’

Facile tunability of the physicochemical properties of 2D
perovskites through structural inputs may be considered as one
of primary factors promoting their intense development. This
fundamental merit of 2D perovskites can be fully appreciated if
one collates them with 3D counterparts. Indeed, selection of
available 3D perovskite structures appears relatively narrow, as
these can accommodate only a handful of cations of limited size
(methylammonium, MA*, formamidinium, FA*, Cs*, and
recently introduced to perovskite chemistry methylhydrazinium,
MHy")*~* due to the sterics imposed by the three-dimen-
sional PbX, coordination net.

We now report what seems to be a useful way of obtaining
polar 2D perovskites with improved optoelectronic properties,
as exemplified for new member of this class, methylhydrazinium
tetrabromolead(II), MHy,PbBr,. From a crystal engineering
viewpoint, the use of MHy" as an organic building unit codes for
the record low interlayer separation (8.91 A at 300 K), the most
red-shifted excitonic absorption among all known A,PbBr, 2D
perovskite analogues, and a small exciton binding energy (99.9
meV) since MHy" embodies molecular design criteria: small
molecular size, capability of multiple strong hydrogen bonds,
and high-dielectric permittivity (e = 22).">** Moreover, in the
course of our studies on the PT behavior of MHy,PbBr,, we
discovered the ferroelectric nature of RT phase III. The
ferroelectric property is assisted by nonlinear optical activity, as
under femtosecond near-infrared excitation MHy,PbBr,
provides multiple nonlinear optical emissions of parametric
(harmonic generation) and nonparametric (multiphoton
absorption) origin. Strong two-photon excited luminescence
properties of MHy,PbBr, single crystals have been employed to
probe the presence of CEs in a wide temperature range, which
often escape detection under one-photon excitation conditions.

B RESULTS AND DISCUSSION

Single-Crystal X-ray Diffraction and the Unusually
Small Distance between Perovskite Layers. The crystals of
MHy,PbBr, adopt three temperature-controlled crystal phases.
The HT phase I of orthorhombic Pmnm symmetry is
centrosymmetric; phase II, which is stable within a narrow
temperature range (ca. 15 K), accommodates the average crystal
structure of phase I but simultaneously reveals low-intensity

https://doi.org/10.1021/acs.chemmater.0c04440
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Table 1. Distortion Parameters of MHy,PbBr, Perovskite in Subsequent Polymorphic Phases”

phase T (K) Pb—Br—Pb direction” Oy (deg)

I 380 [001] 169.3(1)
[010] 180

i 360 [001] 168.8(1)
[010] 180

11 300 [001] 167.0(1)

[010] 175.3(1)

100 [0o01] 162.6(1)

[010] 172.8(1)

D, = 180 — 6, (deg) Ad x 107* o (deg)

10.7 2.1 11.3
0

11.2 2.0 12.0
0

13 2.2 18.6
4.7

17.4 4.2 349
7.2

“In all phases, D, = 180 — -0, equals 0, Ad = bond length distortion; 6°= octahedral angle variance.” "Note that directions refer to nonstandard

Pmnm setting of Pmmn space group.

satellite peaks corresponding to ca. 4-fold multiplication of the b-
lattice parameter. Accordingly, it is phase with modulated crystal
structure. Phase III possesses the same metric as phase I but is
polar (Pmn2, space group), thus pointing to the possibility for
second-harmonic generation (SHG) and ferroelectric property.

HT phase I is isostructural to the previously reported HT
phase of the MHy,Pbl, analogue."> Single (100) perovskite
planes are separated by MHy" cations. It turns out that the
distance between perovskite slabs is exceptionally short, i.e., 9.08
A at 380 K, corresponding to one-half of the a cell parameter. b
and ¢ lattice parameters are related to intralayer Pb—Pb
distances. The PbBrs*~ octahedra are joined by the basal Br~
ligands, so that the coordination sphere of the Pb*" center
consists of two apical and four bridging Br™ ions, with Pb—Br
distances ranging from 2.96 to 3.09 A. The octahedra are in-
plane tilted with 6,, along [001] equal to 169.3(1)° (Table 1),
which is very close to 0, observed in MHy,Pbl, (170.7(1)° at
330K)."

The MHy" are disordered over ..m mirror planes, taking two
equivalent positions with equal probability. Likely due to the
exceptionally short interlayer separation, the disorder is less
pronounced compared to the iodine analogue for which at least
three different placements for MHy" were observed at a much
lower temperature of 330 K. Thermally induced disorder averts
formation of stable intramolecular as well as N—H:--Br hydrogen
bonds in phase L. Figure 1 highlights the main structural features
of phase I of MHy,PbBr, compared with those of low-
temperature (LT) phase IIL

Phase |, 380 K, Pmnm Phase Il, 360 K Phase Ill, 300 K, Pmn2,
FERROELECTRIC
’— 6 modulated, q~0.25b" @ Ki)
o ° ‘
8 ‘f? s@ ‘
g g g

o & ®
hko layer

L
S

SPONTANEOUS POLARIZATION

ORDERED MHy*

DISORDERED MHy*

CENTROSYMMETRIC
STRUCTURE

Figure 1. Projections of crystal structures of MHy,PbBr, in phases I
and III provided along with distances between inorganic layers
separated by MHy" cations. In the case of phase III, the distance
provided in brackets corresponds to the crystal structure data collected
at 100 K. In the HT phase I, MHy" cations are dynamically disordered
over mirror .m planes. Temperature lowering stabilizes movements,
and through modulated phase II the crystal structure transforms to
ordered, ferroelectric phase III. Blue arrows denote MHy" dipoles.
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Temperature lowering stabilizes the rotations of MHy". Even
though the average crystal structure of phase II is identical to
that of phase I, the low-intensity modulation peaks with q =
0.25b* indicate the structure alteration resulting in a notable
increase of the unit cell volume (V}; & 4V}). As anticipated, the
interslab distance for the modulated phase IT shortens to 9.03 A
at 360 K.

The structural PT to phase III leads to noncentrosymmetric,
polar Pmn2, space group. Structural transformation on one hand
results in the ordering of organic cations but on the other hand
leads to further distortion of the perovskite layers. The resulting
arrangement of MHy" introduces noncompensated molecular
dipoles that sum up to the spontaneous polarization along the ¢
direction (Figure 1). MHy" ions interact with each other via
intermolecular N—H---N HBs and are anchored within perov-
skite layers via rather weak N—H---Br HBs. Apical Br™ ligands act
exclusively as acceptors, and due to the symmetry restrictions
(apical bromines are symmetry equivalent) the HBs are identical
from both sides of the layers. The detailed geometry of the HB is
given in Table S1 and Figure S1.

The observation of an unusually small distance between
perovskite layers requires broader comment. Generally, the
overwhelming majority of reported A,PbBr, (100) perovskites
contain long A* cations, which consistently translates into the
large separation between inorganic layers. Table S2 lists the
structural parameters for reported polar A,PbBr, (100)
perovskites and nonpolar analogues with short separation
between the inorganic layers. As can be seen, the interlayer
distance of MHy,PbBr, (8.909 A at RT) is very small, and the
only smaller value of 8.728 A is observed for mixed-cation
CsGAPbBr, (GA stands for guamdlmum), which nonetheless
comprises an inorganic component.*® Indeed, if one considers
the other representatives of 2D perovskites comprising purely
organic cations such as ethanolammonium (EA), ATH, BPA,
BA, CHA, and benzylammonium (BZA), it is apparent that the
distances between layers are equal to 9.959, 13.486, 13.6242,
13.8085, 13.999, and 16.6764 A, respectively (Table
§2).!7192973147 The above structural data allow us to confirm
our supposition that the small MHy" cation makes possible
construction of a 2D perovskite with a record low layer
separation due to the interplay of its size with the high capability
for hydrogen bonding.

MHy,PbBr, also shows an exceptionally small deviation of the
Pb—Br—Pb angles from 180° (Table S3). A smaller D;, was
reported only for EA,PbBr,, but in contrast to this compound,
for which D, = 6.3°, MHy,PbBr, does not show any out-of-
plane tilting (D, = 0°, Table S2).

The foremost differences regarding changes in perovskite
layers between the paraelectric phase I and the ferroelectric

https://doi.org/10.1021/acs.chemmater.0c04440
Chem. Mater. 2021, 33, 2331-2342
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phase III concern the interoctahedral tilting. In ferroelectric
phase III an extra in-plane deformation along [010] arises with
D,, equal to 7.2° (at 100 K). In addition, there is an increase in
the octahedral distortion (Ad) as well as an angle variance (6?).
Comparing to the data from paraelectric phase I at 380 K, at 100
K Ad doubles whereas ¢ is almost tripled, see Table 1. Note that
contrary to MHy,Pbl,, only in-plane tilting is present in
MHy,PbBr, in the LT phase; furthermore, the octahedral
distortion parameters and D;; are larger in the bromine analogue
in the entire temperature range. Figure S2 shows the
modifications of the perovskite layers induced by PTs in
MHy,PbBr,.

When analyzing the changes in the crystal structure of phase
I, the off-center displacements of the Pb** ions from the gravity
center of the Br™ ligands cannot be ignored. The shifts introduce
net dipoles that contribute to the polar properties of the
ferroelectric phase and increase the in-plane deformations of the
structure. The Pb—Br distances change along [001] from 3.21 A
at 380 K to 3.21 and 2.85 A at 100 K. In the nonpolar [010]
direction, the variations in the bridging Pb—Br bonds are much
lower, see Figure S2.

Phase Transition Behavior and Determination of Polar
Properties. The DSC measurements show the presence of two
heat anomalies at T; = 371 K (368 K) and T, = 351 K (343 K)
observed during heating (cooling) (Figure 2a and Figure S3).

80
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— 41
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Figure 2. (a) Change in C, related to the PT in the heating (red) and
cooling (blue) runs. (b) Plots of integral intensities of the SHG signal of
MHy,PbBr, for heating (red circles) and cooling (blue squares) runs.
(c) Temperature dependence of the piezoelectric module d; s observed
near 350 K. (d) Changes of the pyroelectric current I,, of a single crystal
in the direction of the polar axis after poling in dc electric field. E" and
E™ are opposite directions of poling fields. I, represents the total
pyroelectric current.

The highly symmetric shapes of these anomalies, associated with
sharp changes of the entropy and large thermal hysteresis all
point to the first-order character of both PTs. The associated
changes in the enthalpy AH and entropy AS were estimated to
be ~506 ] mol™' and ~1.38  mol ™' K™ for the PT at T; and ~95
Jmol™" and ~0.28 J mol ™' K™* for the PT at T, (average values).
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Since the X-ray diffraction data reveal 2-fold disorder in phase I
and complete order in phase III, the total change in entropy is
expected to be RIn2 = 5.8 J mol™ K™". The experimental value
of AS is, however, significantly smaller (1.38 + 0.28 = 1.66 ]
mol™" K') yet is very often reported for hybrid organic—
inorganic perovskites, and it is usually attributed to the relaxor
character of the studied compounds.””**** It is worth adding
that the overall change of AS in MHy,PbBr, is much smaller
relative to that recently reported for the MHy,Pbl, analogue
(~2.88 J mol™ K™!), which is consistent with the more
pron?sunced disorder of the organic cations (3-fold) in the latter
case.

Next, TR-SHG measurements were performed to verify the
symmetry of all crystal phases. Figure 2b displays plots of the
integral intensities of the SHG signal (A, sug = 650 nm,
integration range 610—675 nm) obtained upon MHy,PbBr,
irradiation with 1300 nm femtosecond laser pulses during the
heating and cooling run, while Figure S4 displays the
corresponding experimental spectra for the heating and cooling
run. From Figure 2b it is apparent that RT phase III has quite
strong SHG activity. One sees that upon heating, the SHG
response steadily decreases up to ca. 344 K, where it exhibits a
drop in its intensity; at 350 K the SHG signal is practically no
longer observed. From this point onward, i.e., in the temperature
range at which crystal phases IT (351—371 K) and I (above 371
K) of MHy,PbBr, are thermodynamically stable, the emission
spectra are clearly devoid of SHG signal. Accordingly, the
centrosymmetric character of these phases is confirmed by these
results. On cooling from 379 to 345 K, no particular changes in
the spectral characteristics are observed, but below 345 K, again
in the temperature range at which phase III is stable, the SHG
signal starts to reappear and settles at ca. 35% of its initial value.
The return of SHG activity upon II — III PT attests to the
reversibility of this transition.

If the phase below 350 K is of polar (ferroelectric) character,
one should also observe the piezoelectric effect. To this end,
strain has been measured on two separate crystals by applying
the electric field perpendicular and parallel to the crystallo-
graphic ¢ axis, thus allowing us to determine piezoelectric
coefficients d; s and d5; in 335—357 K temperature range (Figure
2c and Figure SS, respectively). The observed sudden drop in
the piezoelectric activity supports the notion that PT II — Iisa
first-order transition but also underlines the possibility of a
ferroelectric to paraelectric nature of this PT. Note that the
obtained strain response was a linear function of the electric field
applied, leaving no doubt as to the piezoelectric character of the
observed response (Figure S6). While the piezoelectric
properties below 350 K correspond well with the observed
pyroelectric properties and the nonconcentric Pmn2, group and
therefore are not questioned, we may doubt whether the
piezoelectric effect observed at temperatures above 350 K is of
intrinsic character. In fact, the modulated structure indicated by
the X-ray studies described here does not exclude the
piezoelectric properties, but the fact that an electric field was
used to observe piezoelectric phenomena may point to extrinsic
piezoelectric properties. The lack of a SHG signal above 350 K
seems to confirm this supposition.

To gain further evidence on the ferroelectricity of
MHy,PbBr,, a study of the pyroelectric effect has been
undertaken. The temperature-dependent pyrocurrent of a
MHy,PbBr, single crystal measured along the polar axis is
presented in Figure 2d. On heating, the current increases rapidly
in the vicinity of T,. To prove that the observed pyroelectric

https://doi.org/10.1021/acs.chemmater.0c04440
Chem. Mater. 2021, 33, 2331-2342
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current is connected with the ferroelectric properties of the
investigated crystal, the same crystal was poled in a dc electric
field with reversible polarization. We observed that the
pyrocurrent changes sign after poling the sample with the
opposite electric field, indicating a ferroelectric behavior.
Integration of the pyrocurrent allowed for estimation of the
saturated value of the electric polarization, which changed from
4.6 to 5.8 uC/cm’ for positive and negative polarized electric
field, respectively. The value of P, is similar to those found for the
three known ferroelectric bromides, i.e., CHA,PbBr,,
ATHP,PbBr, and BPA,PbBr,, for which P, was 5.8, 5.6, and
4.8 uC/cm?, respectively.” '

Thermogravimetry. Thermogravimetric data indicate that
MHy,PbBr, starts to decompose near 496 K (Figure S7). The
weight loss between 496 and 680 K is about 39.5% and
corresponds to the release of methylhydrazinium bromide (the
calculated value is 40.9%). On further heating, PbBr, starts to
sublimate near 800 K, and this process ends near 950 K.

Dielectric Studies. To probe the intrinsic dynamics of the
title compound, dielectric spectroscopy experiments were
performed on three differently oriented single-crystal samples.
The highest values of dielectric permittivity changes around the
PT at T, are observed for the sample measured along the polar
axis ([001] direction). Here, one observes large lambda-like
anomalies around T, indicating significant structural changes,
which may entail changes of the internal polarization, character-
istic for ferroelectric materials (Figure 3a). A slight frequency

a), 2000 o — b) ; :
0.02+
2 [001] ! FE ' PE
= 1500+ | ! !
= |
IS | _ 1 1
—_ 1 w 1 1
© 1000+ : :0,01.. : !
-§ decreasing | : G =27000 4
3 500+ frequency ! ! T, =350 K
o) 1MHz - 1kHz 0 L
ST S———— TR N —
300 320 340 360 380 320 340 360 380
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C) I | d) | I
1 100 ! |
150 e/ [100] o
I
1
w 1001 w 507 |
1
40 S
50 L
1 30+ : :
1 1 1,

300 320 340 360 380
Temperature (K)

300 320 340 360 380
Temperature (K)

Figure 3. (a) Temperature dependence of the dielectric permittivity &’
of MHy,PbBr, measured on heating along the [001] direction. (b)
Curie—Weiss dependence for the sample measured along the [001]
direction. (c and d) Temperature dependence of the dielectric
permittivity £ of MHy,PbBr, measured along the [010] and [100]
directions, respectively.

dispersion observed just above T, confirms a dynamic disorder
in phase I. Surprisingly, no changes in &’ are observed for the
same orientation at T, (Figure 3a). In order to verify
terroelectricity, the Curie—Weiss dependence was verified
(Figure 3b). For all measured frequencies, the mean value of
the Curie constant was 27 000 K, which is a characteristic value
for classical ferroelectrics. In addition, it was observed that the
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Curie temperature tends to the T, value. This allows the
conclusion that the observed PT's are from the paraelectric phase
I to ferroelectric phase III via the intermediate phase II. Note
that a similar behavior, although with much less pronounced
changes of the dielectric permittivity values, was recently
reported for 2D (BA),(EA),PbsI,,.>°

Strong electrical anisotropy, characteristic for 2D structures, is
confirmed when comparing the dielectric permittivity measure-
ments along the [001] direction with those obtained for the
[010] and [100] directions (Figure 3c and 3d). It is apparent
that relative changes around T, are much better reflected in
these data, see, e.g.,, changes of &’ at T, for sample measured
along [100]. At the same time, the value of the dielectric
permittivity &’ is at least of 1 order of magnitude lower in both
cases compared to that measured for the [001] direction. The
significant anisotropy of the dielectric permittivity of
MHy,PbBr, is particularly emphasized if one compares these
data with results obtained for a polycrystalline pellet (Figure S8).

Optical Birefringence Measurements. The temperature
evolution of the birefringence maps is shown in Figures 4, S9,
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Figure 4. (a) Temperature evolution of birefringence maps near the
transition at 350 K. a axis is perpendicular to the crystal surface, and
solid line denotes the thermal front moving in the [010] direction. (b)
Temperature dependence of birefringence An in the (b,c) plane. (c)
Dependence of In(An) versus In(t) plotted in order to determine the
exponent f.

and S10. The temperature evolution of the birefringence maps
shows the appearance of a thermal front at 349 K that moves in
the [010] direction on further heating (Figure 3). This front
disappears at 350 K, indicating that the PT from phase III to
phase IT has been completed. Figure 3 also shows that the shapes
of the domains do not change when passing from phase III to
phase IL

Figure S10 shows the birefringence distribution in the
MHy,PbBr, crystal at 343 K. As can be seen, especially the
left part of the crystal was in a pure single-domain state. The
green parallelogram represents a region with a homogeneous
distribution of birefringence. The temperature relationship of
An obtained on heating for the (b,c) plane is presented in Figure
4b. Two characteristic temperatures have been distinguished.
The first corresponds to PT between phase III (Pnm2,

https://doi.org/10.1021/acs.chemmater.0c04440
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symmetry) and phase II (modulated, Pmnm symmetry) and the
second to transition between phase II and phase I (Pmnm
symmetry). It is interesting that in the LT phase III the
dependence An(T) can be fitted with eq 3 (see SI for details) for
the same PT point equal to 367 K (see the black curves in Figure
4a and 4b). This unusual dependence would mean that the LT
phase with exponent = 0.24 behaves as if PT at 367 K
corresponds to the tricritical point for which f = 0.25 is
expected. However, at 349.8 K, a sharp jump of birefringence
takes place and the dependence An(T) is characteristic for a
continuous (second-order) transition with exponent f§ = 0.43,
very close to theoretically predicted value of 0.5. Above the
transition at 367 K the phase is of orthorhombic symmetry and
the birefringence is still present.

It should be noted that the domains did not change their
position and size when passing PTs, both on heating and on
cooling. It is a characteristic feature of the ferroelastic domains.
However, observation of the pyroelectric phenomena is yet
another piece of evidence that the observed domains are also
ferroelectric in nature.

Linear Optical Properties. The RT diffuse reflectance
spectrum shows a band at 423 nm (2.93 eV) that can be
attributed to the excitonic absorption (Figure S11). Using the
Kubelka—Munk relation,”’ the energy band gap (Eg) of
MHy,PbBr, has been estimated to be 3.02 eV (Figure S11,
inset). A,PbBr, layered perovskites are semiconductors with a
band gap typically near 3.0 eV and with excitonic absorption in
the range of 2.97—3.24 eV.'”'??%%*” The energy band gap and
energy of excitonic absorption of A,PbX, perovskites both
decrease with decreasing octahedral tilting.'*'®'” Previously,
the smallest value of the energy of excitonic absorption (2.97
eV) was reported for EA,PbBr, (Table S2), which exhibits small
octahedral tilting."**” Clearly, MHy,PbBr, exhibits an even
smaller value of the excitonic absorption energy (2.93 eV). This
behavior is consistent with a lack of out-of-plane distortion of
the inorganic framework (D, = 0° compared to 6.3° for
EA,PbBr,,"”). It is well known that temperature-dependent
studies of absorption spectra down to a few Kelvin provide
information on the temperature dependence of the exciton
energy and band gap as well as the exciton binding energy.”"'
Due to strong absorption, very thin samples are needed, and they
can be prepared for 2D perovskites containing large organic
cations using adhesive tape.”’ This is possible due to the
presence of weak van der Waals interactions. In the case of
MHy,PbBr,, the inorganic layers are connected with MHy*
cations by much stronger hydrogen bonds, and therefore, the
crystals cannot be defoliated by means of adhesive tape. We
report, therefore, temperature-dependent studies only on a
relatively thick single crystal (Figure S12). Due to the large
thickness of the crystal, we could not see exciton absorption, but
the absorption spectra show narrowing of the band gap by about
67 meV in the 292—382 K range (Figure S12). The band gap
shows a weak blue shift near T, and no clear change at T,. This
behavior is different than that usually observed at the phase
transition temperatures for layered A,PbX, perovskites.”'®**
For instance, studies of (C,H,,,;NH;),Pbl, compounds (n =
12, 16, 18) showed a large red shift (up to 20 nm) when going
from the LT to HT phase attributed to a significant decrease in
the crumpling of the Pbl, layers.”” A negligible (very weak)
change of E, for MHy,PbBr, at T, (T}) is consistent with a very
weak (weak% change of the in-plane octahedral tilting and lack of
out-of-plane tilting for all phases (see Table 1).
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The photoluminescence (PL) spectrum of MHy,PbBr,
recorded at 80 K is dominated by the narrow (fwhm = S nm)
PL band at 416 nm (Figure Sa). It also shows the presence of two
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Figure 5. (a and b) Temperature-dependent PL spectra of MHy,PbBr,.
(c) Temperature dependence of the integrated intensity for the FE
band. (d) Temperature dependence of the band center positions for the
FE and CE bands.

other red-shifted PL bands: a narrow band (fwhm =~ 10 nm) at
425 nm and a very broad band (fwhm ~160 nm) with a
maximum near 507 nm. Narrow PL bands, attributed to
recombination of FE from the top few near perfectly aligned
layers, are typically observed for (100) lead bromide perovskites
near 400 nm (Table $4).'*'7'92%39% However, PL spectra of
layered perovskites often showed the presence of another
narrow but weaker and red-shifted band, which was attributed to
recombination of CE from the interior regions.””””*' The
narrow width of the 416 nm PL band of MHy,PbBr,,
coincidence with the excitonic absorption (Figure S13), the
excitation—power dependence with a slope very close to 1
(Figure S14), and a weak red shift on heating (Figure 5d) all
indicate that this band originates from FE recombination. The
red-shifted band at 425 nm, which exhibits a more pronounced
red shift on heating (Figure 5d), can be most likely attributed to
CE recombination. This assignment is also supported by analysis
of MHy,PbBr, luminescence spectra obtained under two- and
multiphoton excitation conditions, see the Nonlinear Optical
Properties section (vide infra).

By analogy with many other layered lead halide perovskites,
the broad PL can be most likely attributed to the self-trapping of
excitons in radiative centers. Previous studies of a number of
(100) lead bromide perovskites crystallizing in centrosymmetric
structures showed that such STEx-related PL exhibited a fast
decrease in intensity on heating.'”'***** Furthermore, the PL
intensity increased with increasing out-of-plane distortion of the
inorganic layer, i.e., it was hardly visible for BA,PbBr, for which
Dy, = 2.8° but was strong for HISPbBr, (HIS stands for
histaminium) for which D, = 22.8°."” A similar PL was also
observed for one R—P and many D—J polar (100) lead bromide
perovskites, and it was argued that the intensity of the broad PL
is enhanced compared to the centrosymmetric ana-
logues.35’52_54 As a result, a broad PL band at ~620 nm was
observed for CHA,PbBr,, even though this perovskite shows no

https://doi.org/10.1021/acs.chemmater.0c04440
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out-of-plane distortion.”>* This behavior was attributed to a

higher degree of electron—phonon coupling in polar materials."”
It is worth noting, however, that another polar perovskite,
BZA,PbBr,, shows a narrow PL band (Table $2),*° and
ferroelectric MHy,PbBr, studied here exhibits a narrow and
broad PL. Thus, the polar properties alone cannot explain the
pronounced differences between the PL of CHA,PbBr,,
BZA,PbBr,, and MHy,PbBr,. Inspection of Table S2 shows,
however, that CHA,PbBr, has very large octahedral distortion
(Ad =69 X 107°) and angle variance (¢ = 27°), BZA,PbBr, has
nearly regular PbBr, octahedra (Ad =1 X 107> and 6> = 0°), and
the values of Ad (22 X 107°) and ¢* (18.6°) for MHy,PbBr, are
intermediate between those reported for CHA,PbBr, and
BZA,PbBr,. Thus, the different PL properties of these
compounds seem to be related to differences in octahedral
distortion.

When the temperature increases, the intensity of the broad PL
band strongly decreases. Above 250 K, a new narrower (fwhm ~
37 nm) asymmetric band appears near 500 nm. The intensity of
this band increases when the temperature increases from 290 to
330 K and decreases on further heating. Figure S15 shows that
when the sample heat treated to 370 K is cooled back to 200 and
80 K, the narrow FE PL band becomes again very clearly
observed but the strongly red-shifted PL dominates. Thus, this
new PL arises from carriers trapped at light-induced permanent
defects.

The PLQY of MHy,PbBr, reaches 0.7% at RT. This value is
typical for 2D lead bromide perovskites but is significantly
smaller than 3.37% reported for highly efficient white-light-
emitting (2meptH,)PbBr, (2mept stands for 2-methyl-1,5-
diaminopentane).’

Figure Sc shows that the intensity of the FE PL exhibits a
strong temperature dependence. The temperature dependence
of the PL intensity can be written as

Iy

(r)y=—>%
1+ Ae B/RT

where I, E,, and kg correspond to the emission intensity at low
temperature, the activation energy, and the Boltzmann constant,
respectively. After taking the natural logarithm, the formula can
be rewritten as

[y )= 5
In —1|=IhA-
I(T) kg T
Figure S16 shows that In(I,/I(T) — 1) is a linear function of 1/
kgT. Thus, using a linear fit, the activation energy for thermal
quenching (often assumed to be related to the exciton binding
energy”’ls) is estimated to be 99.9 meV (Figure S16). This
value is higher than that for the MHy,Pbl, analogue, for which
E, = 59.2 meV," but much lower than those typically observed
for A,PbBr, compounds comprising bulky A* cations (above
300 meV).”" In a similar manner to the MHy,Pbl, analogue,
this behavior can be attributed to the short separation between
inorganic layers and the large dielectric constant of the MHy"
cations that significantly reduces dielectric confinement and the
exciton binding energy.

The PL of MHy,PbBr, is greenish blue at 80 K under 375 nm
excitation with CIE coordinates (0.242, 0.314) (Figure S17).
We find that MHy,PbBr, is thermochromic, i.e., the color of the
PL changes with increasing temperature to bluish green.

To further understand the origin of the PL bands, we also
performed femtosecond time-resolved measurements under a

2337

375 nm excitation line generated by the femtosecond laser
(Figure S18). The lifetimes of the 416, 426, and 500 nm
emissions are 0.54, 0.44, and 1.08 ns, respectively. The lifetimes
are shorter than those reported for the wide-band white
emission of (2meptH,)PbBr, (2.23 ns) but longer than those
of MHy,Pbl, (0.37 ns at 560 nm and 0.46 ns 573 nm).'>>*

Nonlinear Optical Properties. TR-SHG measurements
showed that phase III generates a second harmonic of radiation
(Figure 2b). To get a quantitative measure of the SHG response
of MHy,PbBr, at RT, the Kurtz—Perry powder test was
performed”” using microcrystalline KDP powder as a reference
(Figure S19). We found that 2D MHy,PbBr, produces SHG as
strong as 0.10 times that of KDP. By comparison, the recently
described 3D perovskite MHyPbBr; offered a SHG response as
high as 0.18 times that of KDP at the same excitation
wavelength.* Although the SHG produced by MHy,PbBr, is
roughly two times lower than that of MHyPbBr;, of particular
note is the fact that it constitutes a new example of a lead halide
perovskite material that features a noncentrosymmetric lattice at
RT. On this point it should be added that apart from 3D
MHyPbX; (X = Br, Cl) and 2D MHy,PbBr, described here,
there are several more lead halide perovskites for which
noncentrosymmetry is proven with the SHG technique, e.g,
bromides CHA,PbBr,,”” ATHP,PbBr,,*" and BPA,PbBr,,”" as
well as (BZA),PbCl,,?**
(CH;(CH,)3NH;),(CH;NHy),  Pb, I3,y (n = 1, 2, 3, 4,
©),°® or (PEA),(MA),_,Pb,L,.,;, (PEA stands for phenyl-
ethylammonium).’

Closer examination of the data plotted in Figure 6a reveals
that spectra collected up to ca. 345 K (phase III), apart from the
SHG signal, contain two additional emissions peaking at 433 and
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Figure 6. (a) Emission spectra of MHy,PbBr, single crystals collected
as a function of the applied laser power (ﬂpump =1300 nm) at 80 K. (b)
log—log plots of integral intensities of emissions of various nonlinear
optical origins (SHG, THG, and MPEL) as a function of applied laser
power. (c) 2PEL emission spectra of MHy,PbBr, single crystals
measured as a function of the applied laser power (4., = 800 nm)
collected at 80 K. (d) log—log plot of integral intensities 2PEL
emissions as a function of applied laser power for MHy,PbBr,.
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500 nm, the presence of which calls for broader comment. The
former one is a THG (third harmonic generation) response,
while the latter feature, whose emission envelope resembles
those obtained under one-photon excitation conditions (Figure
5), corresponds to the multiphoton excited luminescence of
MHy,PbBr,. To establish the actual nature of this emission, a
power-dependent luminescence experiment was performed at
80 K on a single crystal. In Figure 6a are presented experimental
spectra for different excitation powers obtained at a pumping
wavelength of 1300 nm, while Figure 6b displays the
corresponding log(I) = f(log(P)) plots with least-squares linear
fits for all registered emissions. It turns out that the slope of the
linear fit characterizing the emission centered at 500 nm is equal
to 3.5, indicating that, most likely, both three-photon and four-
photon absorptions participate in the observed luminescence
signal (in Figure 6 referred to as MPEL, multiphoton excited
luminescence). Slopes of the linear fits for the SHG and THG
emissions are almost equal to the anticipated values of 2 and 3,
but more critically, they serve as internal standards that validate
our results regarding the determination of simultaneous 3PEL
and 4PEL for MHy,PbBr, at 1300 nm. This observation is in
accordance with a recent report by Chen et al.,, who discovered
multiphoton absorption in nanoparticles based on MAPbBr;,
MAPbBr;/(OA),PbBr,, and CsPbBr; lead perovskite matrices
(where MA and OA stand for methylamine and oleic acid,
respectively), the nature of which was three, four and even five
photon depending on the excitation wavelength.>®

The power-dependent PL experiment performed at 80 K for
the MHy,PbBr, single crystal (Figure 6¢c and 6d) clearly shows
that upconverted luminescence excited at 800 nm has a two-
photon origin. Note that there is no visible SHG signal at 400
nm in the emission spectra (Figure 6¢c) due to strong self-
absorption of the second harmonic of radiation. Closer
inspection of the luminescence spectra for the MHy,PbBr,
single crystal cooled to 80 K (Figure 6c) reveals that emissions
obtained under two-photon excitation conditions (800 nm)
contain the same component of broad emission (centered at 500
nm, ascribed to STEx) as found in one-photon excited spectra
(Figure S). More importantly, spectra obtained under different
excitation modes clearly differ in the position of the narrow
emission band. Specifically, the two-photon excitation leads to a
strong luminescence peak at 425 nm and no emission at 416 nm,
while ultraviolet excitation (375 nm) gives rise to a strong
narrow emission at a shorter wavelength —416 nm and a weak
band at 425 nm. Recent spectroscopic studies of 2D hybrid
perovskites demonstrate that linear excitation probes predom-
inantly free excitons (FE), i.e., excitons that originate from only a
few outer perovskite layers.””*" The shallow penetration depth
of linear excitation is due to rapid attenuation of the excitation
that takes place once it enters the crystal depth. By contrast, sub-
band-gap excitation (two-photon or multiphoton), typically in
the near-infrared region, is negligibly attenuated by one-photon
absorption bands; hence, it reaches much deeper regions of the
investigated crystal. Therefore, the excitation that proceeds via
nonlinear absorption probes CE which are associated with
structural deformations of inorganic layers.”””' Thus, the
obtained results lend support to the CE character of the
luminescence peak at 425 nm registered at 80 K.

However, we sought to confirm the CE nature of the emission
peak in question by performing the temperature-resolved
experiment. By varying the temperature from 80 to 370 K, we
monitored the two-photon excited emission spectra of single-
crystalline MHy,PbBr,. Collected spectra are provided in Figure
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S20. As expected, with increasing temperature one notes that the
CE emission peak broadens, progressively subsides, as well as
shifts to higher wavelengths. It should be also stressed that CE
emission can still be seen at 316 K. Beyond that temperature
point the overall luminescence efliciency is very weak due to
thermal relaxation; apart from that, the CE emission itself is
significantly thermally broadened and escapes detection, so that
no observation can be made as to the specific behavior of CE
when the temperature crosses through III — II and II — I PTs.
We also note the analogous temperature-resolved experiments
we performed by irradiation of a MHy,PbBr, single crystal with
the use of 1000 and 1300 nm femtosecond laser pulses. At 1000
nm, where also 2PA occurs yet with some contribution of 3PA
(Figure S21), the obtained temperature-resolved set of spectra is
similar to that for 800 nm (Figure S22 in SI), although the CE
emission is less clearly marked. Indeed, at 295 K, the CE
luminescence signal can no longer be seen. The temperature-
resolved study at 1300 nm shows that the CE emission is
significantly overlapped by THG (433 nm) of the fundamental
beam, which makes monitoring the temperature evolution of the
CE emission at this wavelength ineffective (Figure S23). In
addition, we observed that in order to register the MPEL signal
with a good signal-to-noise ratio, much higher laser fluences had
to be used compared to 800 nm excitation, which led to
noticeable photobleaching of the sample, yet still less than under
375 nm excitation (see the previous paragraph). Thus, based on
this experience, we suggest that using 3PEL or 4PEL for
temperature-dependent studies of exciton luminescence de-
mands a high intrinsic stability of the sample; also, the possibility
of overlapping parametric and nonparametric emissions has to
be taken into account beforehand.

MHy,PbBr, was also investigated to see how its nonlinear
absorption properties, measured at 800 nm, compare to those
recently determined for MHyPbBr; perovskite.”> Measurement
of the two-photon brightness, 6,¢, was performed at RT on a
powdered sample of MHy,PbBr, using the solid-state two-
photon excited fluorescence (SSTPEF) technique using bis(4-
diphenylamino)stilbene (BDPAS) as a reference compound.®”
It is found that the o,¢ value at 800 nm is equal to 13 GM per
MHy,PbBr, structural unit. Assuming that the PL quantum yield
(PLQY) of MHy,PbBr, bulk sample is not higher than 1%, we
find the value of the two-photon absorption cross section o, is
not lower than 1300 GM, also calculated per MHy,PbBr,
structural unit.

Various scaling methods can be used for obtaining more
telling comparisons of the two-photon absorption efficiency
between disparate materials. Among them, the molar mass
normalized ¢,/M figure-of-merit can be considered as one of the
most convenient since it allows for facile comparisons of the
nonlinear response between objects of different chemical
nature.’”®" In the case of MHy,PbBr,, the molecular weight
of the chemical formula was used for the scaling procedure. By
doing so, the ¢,/M value for 2D MHy,PbBr, is found to be equal
to 2.1 GM'mol-g~! (M = 620.98 g-mol™"). This value is smaller
than that for 3D MHyPbBr; (3.90 GM-mol-g™') yet generally
falls into the range of ¢,/ M values recently determined as typical
for 3D lead bromide perovskite materials (0.6—11.7 GM-mol-
g™")." Noteworthy, the high 6,/M values are of the same order
as those determined for plasmonic nanoobjects (e.g., 10 nm X
35 nm gold nanorods 6,,,/M = 7.50 at 530 nm,’” 10 nm thick
gold nanoshells, 6,,,,/M = 2.56 at 600 nm®®), which are
regarded as one of the strongest two-photon absorbers.
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B CONCLUSIONS

The importance of 2D perovskites is very wide ranging and
extends to energy conversion; hence, finding effective ways to
tune their optoelectronic properties is of paramount importance.
Here, we reported the discovery of 2D lead bromide
MHy,PbBr, comprising a small, highly hydrogen-bonded
MHy" cation with high dielectric permittivity. The gathered
data demonstrate that MHy,PbBr, has a very small interlayer
separation of 8.91 A as identified for phase III at 300 K and the
most red-shifted excitonic absorption among all known A,PbBr,
(100) compounds. It also has a small energy activation for
thermal quenching (99.9 meV) that might indicate a low exciton
binding energy. However, further temperature-dependent
absorption studies are needed to estimate precisely the excition
binding energy. Structurally, MHy,PbBr, crystallizes as non-
centrosymmetric Pmn2, phase III below 351 K, centrosym-
metric Pmnm phase I above 371 K, and modulated Pmnm phase
IT in the 351—-371 K range. Electrical studies provided strong
evidence that phase III is ferroelectric and piezoelectric.
MHy,PbBr, exhibits a greenish blue PL under 375 nm excitation
dominated by a PL band at 416 nm attributed to FE
recombination. Under femtosecond near-infrared excitation, it
provides disparate emissions comprising parametric (SHG,
THG) and nonparametric (2PEL and MPEL) nonlinear optical
processes. Temperature-resolved 2PEL and MPEL studies of
MHy,PbBr, indicate that emission spectra are completely
devoid of a sharp peak at 416 nm but contain a strong narrow
emission at 425 nm. This finding implies the presence of
structural distortions that give rise to CEs and associated with
them emissions. An 800 nm femtosecond laser excitation was
the most effective for CE monitoring in terms of signal strength
(particularly CE component) and sample stability. While we
successfully detected CE emission through 3PA/4PA excitation
at 1300 nm, the high laser intensity required for multiphoton
excitation leads to deleterious photogeneration of defects, let
alone the convolution of the MPEL with parametric signals that
makes spectral analysis much less convenient.

The coexistence of noncentrosymmetry-related electrical
phenomena such as ferroelectricity and nonlinear optical energy
upconversion provides a unique blend of functional properties
desirable in a myriad of applications.

B METHODS

Synthesis. PbBr, (98%, Sigma-Aldrich), methylhydrazine (98%,
Sigma-Aldrich), hydrobromic acid (48 wt % in H,O, Sigma-Aldrich),
methyl acetate (99.5%, Sigma-Aldrich), and N,N-dimethylformamide
(DMEF, 99.8%) were commercially available and used without further
purification. In order to grow single crystals, HBr was added dropwise
to 11 mmol of methylhydrazine until pH = 7. Then 5 mmol of PbBr,
was added, and the mixture was stirred for 0.5 h. Since after this time not
all of PbBr, was dissolved, DMF (about 2 mL) was added dropwise
until complete dissolution of PbBr,. The solution was filtered and
placed in a glass vial, and this vial was placed in a second larger glass vial
containing methyl acetate. The lid of the outer vial was thoroughly
sealed, whereas the lid of the inner vial was loosened to allow diffusion
of methyl acetate into the precursor solution. Colorless transparent
crystals with dimensions up to 20 mm (Figure $24) were harvested after
4 days, filtered from the mother liquid, and dried at RT. A good match
of their powder XRD patterns with the calculated ones based on single-
crystal data (Figure S25) confirmed the phase purity of the bulk sample.

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
was collected on a Xcalibur Atlas diffractometer operating with Mo Ka
radiation. The open-flow cooling system (Oxford Diffraction)
maintained nonambient temperatures. The data were processed in
CrysAlisPro and CrysAlisRed software (Rigaku OD, 2015). Crystal
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structures were solved and refined using SHELXT 2014/S and
SHELXL2018/3.%* Details concerning the crystals, data collection,
and refinement are given in Table S4. Due to pronounced disorder in
the high temperature in Phase I, the positions of the hydrogen atoms
from the terminal NH, groups were not localized. In Phase I, only the
average crystal structure is provided. The presence of additional satellite
peaks marks the structure modulation with modulation vector q close to
1/4b*. Nevertheless, due to the very weak intensity of these additional
reflections, the modulated structure was not solved.

DSC and Thermogravimetric (TGA) Measurements. Heat
capacity was measured using a Mettler Toledo DSC-1 calorimeter with
a high resolution of 0.4 ¢W. Nitrogen was used as a purging gas, and the
heating and cooling rate was S K/min. The sample weight was 67.42
mg. The excess heat capacity associated with the PTs was evaluated by
subtraction from the data the baseline representing variation in the
absence of the PTs. TGA study was performed in the temperature range
300—1123 K using a PerkinElmer TGA 4000. The sample weight was
ca. 16.95 mg, and the heating speed rate was 10 K/min. Pure nitrogen
gas as an atmosphere was used.

X-ray Powder Diffraction. The powder XRD pattern was obtained
on an X'Pert PRO X-ray diffraction system equipped with a PIXcel
ultrafast line detector and Soller slits for Cu Ka, radiation (1 = 1.54056
A). The powdered sample was measured in the reflection mode, and the
X-ray tube settings were 30 mA and 40 kV.

Measurements of Optical Birefringence. The Metripol system
consists of a polarizing microscope equipped with a computer-
controlled plane polarizer capable of being rotated to fixed angles a
from a reference position, a circularly polarizing analyzer, and a CCD
camera. Closer details of the Metripol setup are described else-
where.>% The crystal was heated in a high-precision Linkam THMSG
600 temperature stage. The hot stage was capable of maintaining a
constant temperature to within 0.1 K, and the temperature ramps were
performed at a rate of 0.4 K min~". Additional details are provided in the
SL

Dielectric, Pyroelectric and Piezoelectric Measurements. The
dielectric measurements at ambient pressure were performed on single-
crystal samples along the [100], [010], and [011] crystallographic
directions using a Novocontrol Alpha impedance analyzer. For
comparison, the polycrystalline pellet sample was prepared with a
diameter of S mm and thickness of 0.8 mm. Samples were dried, and the
silver paste was used to ensure good electrical contact. An alternating
current voltage with an amplitude of 1 V and frequency in the range
10°—10° Hz was applied across the samples. The temperature was
controlled by the Novo-Control Quattro system using a nitrogen gas
cryostat. The measurements were collected every 0.5 K/min in the
temperature range from 290 to 390 K. The temperature stability of the
samples was better than 0.1 K.

The pyroelectric measurements were conducted on a virgin crystal,
not subjected to temperature cycles. To avoid dielectric breakdown, an
electric field of 1 kV/cm strength was applied on cooling from 330 K to
room temperature. The pyroelectric current of the sample was
registered by means of a Keithley 6514 System Electrometer on
heating with a constant rate of 1 K/min.

A quasi-static method based on a capacitance sensor was used to
determine the piezoelectric strain # in the crystal under an applied
electric field. Details of the measurement method using a reverse
piezoelectric effect, can be found elsewhere.®” Sample deformation was
induced by an alternating electric field E of frequency 160 Hz applied to
the sample and transferred via a quartz rod with one end placed on the
sample surface and the second one connected to the plate of the
capacitor sensor C,. The value of C, was adjustable to optimize the
resolution depending on the magnitude of the strain being measured.
The surface area of the end of the quartz rod touching the crystal was on
the order of dozens of ym® Additional details are provided in the SIL

One-Photon Absorption and Photoluminescence Studies.
The RT diffuse reflectance spectrum of the powdered sample was
measured using a Varian Cary SE UV—vis-NIR spectrophotometer.
Temperature-dependent emission spectra under 375 nm excitation
from a diode laser were measured with the Hamamatsu photonic
multichannel analyzer PMA-12 equipped with a BT-CCD linear image
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sensor. The temperature of the single-crystal sample was controlled
using a Linkam THMS 600 Heating/ Freezing Stage. Quantum
efficiency was measured on Hamamatsu Absolute PL quantum yield
measurement system C9920-02G. To record time-resolved PL spectra
and decay times, a femtosecond laser (Coherent Model Libra) was used
as an excitation source (A, = 375 nm).

Nonlinear Optical Properties. SSTPEF and TR-SHG studies
were performed using a laser system consisting of a Quantronix Integra-
C regenerative amplifier operating as an 800 nm pump and a
Quantronix-Palitra-FS BIBO crystal-based optical parametric amplifier
(OPA). This system delivers wavelength-tunable pulses of ~130 fs
length and operates at a repetition rate of 1 kHz. TR-SHG
measurements have been performed using the 1300 nm output from
the Quantronix-Palitra-FS OPA, whereas for SSTPEF measurements
direct output from the regenerative amplifier was employed. Temper-
ature-resolved 2PEL and MPEL experiments on single crystals have
been performed using a laser system consisting of a Coherent Astrella
Ti:sapphire regenerative amplifier providing 800 nm pulses (75 fs pulse
duration, 1 kHz repetition rate) driving a wavelength-tunable TOPAS
Prime OPA. Temperature control of the single-crystal sample was
performed using a Linkam LTS420 Heating/Freezing Stage. Additional
details are provided in the SI
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