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Hybrid organic-inorganic halide perovskites represent a promising next-generation photovoltaic material with
drawbacks for structure stability and composition concerns. Demonstrations of ion migration and molecular
dynamics suggest room for structural contraction and subsequent property adjustments. Here, we deploy dielec-
tric and infrared spectroscopy under external pressure to probe the full structural phase diagram and dielectric
response of methylammonium lead halide perovskites CH;NH;PbX; (X = I, Br, or Cl). Ion migration can be
fully suppressed by pressure beyond 4 GPa. The low-temperature orthorhombic phase transition can be gradually
enhanced and stabilized at ambient conditions with increasing pressure. A slow relaxation mode, presumably the
motion of the CH;NH cation, is observed at lower pressure and is absent in the orthorhombic phase for every

halide.
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I. INTRODUCTION

Hybrid organic-inorganic methylammonium lead halide
perovskites CH3;NH3PbX;3 (X = 1, Br, or Cl), hereafter abbre-
viated as MAPX, have incentivized intense research efforts
owing to their promising photovoltaic and optoelectronic ap-
plications [1-5]. Solar cells made with MAPX exhibit high
power-conversion efficiency with low fabrication cost and
offer composition variations for the adjustment of optoelec-
tronic properties and multijunction design [6]. The downside
is a short lifespan due to low stability and potential environ-
mental hazard due to lead usage [7-9].

This naturally triggered the search for more suitable mate-
rials with similar spectacular properties; however, this turned
out not to be a straightforward task due to the lack of under-
standing of the fundamental physical properties behind these
materials. For instance, the effect of excitons on the observed
behavior, the role of spin-orbit coupling, and defect formation
and ion migration remain controversial [10—13]. As the lattice
dynamics directly influences the electronic properties, under-
standing lattice dynamics in these compounds is of utmost
importance.

External pressure, in this regard, is a suitable tuning pa-
rameter, as it allows one to gradually change the underlying
structure. Indeed, many pressurization experiments have been
conducted to study the evolution of structures and electronic
properties of MAPX. However, due to the dynamic nature
of the observed changes, reports on the high-pressure phases
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have been controversial. There seems to be general consensus
that due to the soft nature of MAPX, a series of struc-
tural phase transitions occurs [5,14—18]. At highest pressure,
amorphization of the crystals was often claimed [15,16,19—
23], but it has been challenged by its abnormal reversibil-
ity and persistent Bragg reflections and Raman features
[19,24-26].

In addition to the crystal structure, research efforts have
been invested in the ion dynamics and ion migration in MAPX
crystals. Ion migration has been demonstrated to be a substan-
tial factor for photovoltaic properties and structural stability at
room temperature and ambient pressure in MAPbI; through
measurements and computational studies [13,27-30]. Ion mi-
gration also leads to a gigantic dielectric permittivity at the
DC limit [31-35] because of stoichiometric polarization, i.e.,
accumulation of propagating ions blocked at the interfaces
between electrical contacts and solid surfaces. Previous stud-
ies gave strong evidence that the dominating mobile ion in
the I compound is the halide unit, I~ [36,37]. Nonetheless,
other ions like MA™ or even Pb>* and H* are eligible to
perform migration [36—40], such that the observed response
is a collection of all the contributions. Given a large X~ and
MA™ ion migration, the decomposition of PbX; into PbX is
proposed as a source of degradation [30,41].

Molecular motions of ions, particularly of MAT, also
affect the light-harvesting efficiency. Photoinduced electron
recombination time is prolonged if the electron is aligned and
coupled with the neighboring MA™, so a fast MA™ motion
is favorable for the carrier lifetime [42-44]. The MA™ ion
is not strictly confined within the inorganic PbX;  octahedra
framework at ambient conditions as rotation around the C-N
axis, wobbling, and jumplike reorientation of MA™ within the
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FIG. 1. (a) Crystal structure of MAPX at ambient pressure and
high temperature, i.e., the cubic phase. (b) Photographs of the MAPX
(X =1, Br, and Cl) single crystals. The bromide and chloride are in
the cubic phase at ambient conditions, so the crystals are rectangular,
whereas the iodide is in the tetragonal phase. For pressure measure-
ments, 100 um size shards from the 3 mm big crystals were used.
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cage and transition between cages are all allowed [45—47]. For
example, structural modulation under pressure is proven to
have an impact on the carrier lifetime [48]. In addition, the
substitution of a halide ion will also vary the MA™' dynamics
[30,49].

We employed dielectric and infrared spectroscopy under
pressure to track the evolution of the structure, dielectric
permittivity, and AC conductivity of MAPX. A completed
structural phase diagram beyond the stabilization of the
low-temperature orthorhombic phase to room temperature is
probed for all halides. Ion migration is found to be grad-
ually suppressed by pressure. Before the transition into the
orthorhombic phase, a dielectric relaxation appears and is
believed to be the translation motion of the MA™ ion within
or between the Pbl; cages because of its long relaxation
time. With these, the low-temperature phases are bridged by
the room temperature, high-pressure phases, and a complete
picture of the structural transitions and their relation to the
conduction properties is provided.
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FIG. 2. (a)-(c) The temperature dependence of the real dielectric permittivity ¢ under pressure in MAPX with X = I, Br, and Cl,
respectively. Structural transitions are indicated by sudden changes in the magnitude of ¢’. The transition temperature is marked as the beginning
of the drop and is denoted by two symbols, x and o. The transitions represented by the symbols are different between low and high pressure
(see Fig. 3). Red dashed lines are guides for the eye to track the changes in transition temperatures. The transition temperature is shifted, and
the width of the transition is progressively broadened as pressure rises. A waterfall version of these plots can be found in the Supplemental
Material [51]. (d)—(f) Pressure-dependent absorption spectra at room temperature in MAPX with X = I, Br, and Cl, respectively. Six vibration
modes of the methylammonium cation can be identified in the spectra. Other small features originated from Fabry-Pérot resonance. Structural
transitions are reflected by shifting, broadening, and splitting of the vibration modes. The moment of transition is illustrated more clearly in
the pressure evolution of the mode position [see Figs. 3(a)-3(c)].
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FIG. 3. (a)—(c) The pressure evolution of vibration mode 1 in the IR spectra of MAPX at room temperature with X = I, Br, and CI,
respectively. Crystal system transition (cubic-to-tetragonal or tetragonal-to-orthorhombic) is pointed out by the splitting of the mode or a large
change in slope/trend, whereas the isostructural transition is inferred from a mild change in slope/trend. The pressure evolutions of two other
vibration modes in each of the MAPX are plotted in Fig. S3 in the Supplemental Material [51]. (d)—(f) The T-P phase diagrams of MAPX with
X =1, Br, and Cl, respectively. Blue and red markers in the phase diagrams represent cooling and warming processes. The structure (cubic,
tetragonal, or orthorhombic) is inferred by incorporating the dielectric data, IR vibration mode evolutions, and structural analysis from the
literature [14-16,19,20,24,52,54,55]. The low-temperature orthorhombic phase is stabilized to room temperature at about 3.2, 2.6, and 2 GPa

for X =1, Br, and Cl, respectively.

II. EXPERIMENTAL DETAILS

High-quality single crystals of CH3NH;PbX; [X = 1,
Br, CI; Fig. 1(b)] were synthesized by solution growth as
documented elsewhere [50]. The radio-frequency dielectric
measurements from 1 Hz to 1 MHz were performed using an
autobalance bridge (Agilent 4294A) and a frequency-response
analyzer (Novocontrol Alpha Analyzer) with the standard
quasi-four-probe technique. The electrical contacts were made
with silver paste 3303B and gold wires. The applied measur-
ing alternating voltage was set to 1 V, which was tested to
check that it remained in the linear regime. Low-temperature
environment was provided by a custom-made helium-flow
cryostat, and the base temperature reached was 4 K. The
cooling and heating rates were 2 K min~!. Infrared (IR) trans-
mission spectra between 600 and 8000 cm ™! were measured
using the Bruker VERTEX 80v FTIR spectrometer. Since the
reflectivity of the samples is negligible, the absorbance A was
converted via the Lambert-Beer law, A = — In Tr(w), where
Tr(w) is the transmittance. The vibration modes were modeled
with Lorentzians.

The high-pressure environment was achieved with screw-
driven diamond anvil cells (Almax EasyLab). For the
dielectric measurements, the anvils had a 600 um culet di-
ameter. A 250 um diameter hole at the center of a copper
beryllium gasket was used as a cavity for sample inser-
tion. Daphne oil 7474 was used as the pressure transmitting
medium for hydrostaticity. The pressure determination was
done by ruby fluorescence spectroscopy at room temperature.

The ruby fluorescence spectra from each pressure cell of
MAPX in dielectric measurements are plotted in the Ap-
pendix (Fig. 6). The highest pressure reached was 5.93 GPa.
For the IR measurements, the anvils’ culets were 800 um in
diameter, and the sample cavity was 250 um in diameter. The
pressure transmitting medium was Csl powder. Like in the
dielectric measurements, ruby fluorescence spectroscopy at
room temperature was the method of pressure determination.
The highest pressure reached was 6.6 GPa.

III. RESULTS AND DISCUSSION

Figures 2(a)-2(c) depict the temperature dependence of the
real dielectric permittivity €’ of MAPX at various pressures.
An exact determination of the geometrical factors in a dia-
mond anvil cell is a challenging task. Therefore, the absolute
values of the converted physical properties, e.g., €', cannot
be determined precisely. However, a quick comparison of the
lowest pressure values with the ambient pressure literature
values [14,33,34,52] suggests that the permittivities presented
in this study reasonably agree with the literature. A slight
change in the geometrical factors with increasing pressure is
also seen; however, the temperature dependence of the dielec-
tric permittivity should remain valid.

The structural transition in MAPX is reflected by the sud-
den drop in ¢’. Progressively, the characteristic drop in &’
of the structural transition broadens as domains are formed
among the crystal and their transitions stagger, so the tran-
sition temperature here is defined by the start of the drop.
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FIG. 4. (a)-(c) Frequency dependence of the dielectric properties of MAPbI; at room temperature under pressure (those with X = Br and
Cl are given in the Appendix). (a) €'(f): The stoichiometric polarization is observed at low pressures and is gradually suppressed as pressure
increases. This vanishing of polarization indicates the localization of the migrating ions. Inset: The fitting result of Eq. (1) for ¢'(f) at 2.4 GPa.
(b) ¢”(f): The linear relation due to ionic conduction is identified at low frequency and at low pressure, which similarly vanishes as pressure
rises. A dielectric relaxation is observed, on top of the linear background due to ionic conduction, around f = 1 kHz at certain pressure
points. Inset: the fitting result of Eq. (1) for ¢”(f) at 2.4 GPa. (c) o (f): The magnitude of o (f) at low frequencies is reduced by pressure and
drops below the magnitude of ionic conductivity at ambient pressure, indicating the localization of ions. (d)—(f) Pressure dependence of the
relaxation time T and the stoichiometric polarization ratio Ry, for X = I, Br, and Cl, respectively. t is absent, and R;,, dies out beyond P*,
indicating the prohibition of an ionic motion and a full suppression of the ion migration in the orthorhombic phase.

Two transitions can be observed in X = Br and CI which are
denoted with x and o symbols, but the transition represented
by the same symbols changes between low and high pressures
(see Fig. 3). In all halides, the orthorhombic transition tem-
perature is gradually enhanced, and the size of the drop is
suppressed by pressure.

Figures 2(d)-2(f) show the infrared absorbance spectra of
MAPX at room temperature at various pressures. Six vibration
modes of the methylammonium cation are identified in the
spectra. After cross-referencing with Ref. [53], the six modes
correspond to (1) CHj rocking, (2) C-N stretching, (3) NH3
rocking, (4) symmetric CH3 bending, (5) symmetric NHj
bending, and (6) asymmetric NH3; bending. The shoulder in
mode 5 at around 1455 cm™~! corresponds to asymmetric CH;
bending. The other small features originate from Fabry-Pérot
resonance. The vibration modes exhibit shifting, broadening,
and splitting under pressure and when undergoing transitions.
The moment of transition is illustrated more clearly in the
pressure evolution of the mode position. Figures 3(a)-3(c)
show the evolution of vibration mode 1 under pressure. Crys-
tal system transition is pointed out by the splitting of the mode
or a large change in slope or trend, whereas the isostruc-
tural transition is inferred from a mild change. The pressure

evolution of the other modes is given in the Supplemental
Material [51].

Figures 3(d)-3(f) depict the T-P phase diagrams of
all halides resolved by incorporating the dielectric data,
room temperature IR measurement results, and the structural
analysis from the literature [14-16,19,20,24,52,54,55]. The
low-pressure phase diagrams are in agreement with the pi-
oneer study by Gesi [14] in which the pressure ceiling is
0.7 GPa. By extending the pressure range up to 4 GPa, we
observed the reappearance of an intermediate phase between
the cubic and orthorhombic phases in X = Cl, and the stabi-
lization of the low-temperature orthorhombic structural phase
to room temperature occurred in every halide compound. The
stabilization pressure P* is about 3.2, 2.6, and 2 GPafor X =
I, Br, and CI, respectively.

Changing from X = I to CIl, the phase diagram reveals
that the high-temperature cubic phase (indicated in blue) and
the low-temperature orthorhombic phase (indicated in green)
get closer, while the intermediate region is divided into two
phases and the point of separation is indicated by the peak of
the dome in the orthorhombic phase. P* decreases from 3.2
to 2 GPa, such that the adaptation of smaller halide ions is in
favor of the formation of a homogeneous lattice.
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FIG. 5. High-pressure (a) dielectric permittivity ¢/ (7)) and (b) IR
absorption spectra of MAPDI; at pressure above their P*. The pres-
sure range reaches above 4.5 GPa and is well above the literature
amorphization pressure. No prominent anomaly is noticed in ¢’
Broadening of the resonance peak occurs in IR spectra, but the peaks
remain pronounced and totally identifiable. Upon pressure release,
both the sharp transition in €'(7") and resonance peaks in IR spectra
are restored.

The frequency dependences of the real dielectric per-
mittivity ¢’, imaginary dielectric permittivity ¢”, and AC
conductivity o under pressure for MAPbI; are plotted in
Figs. 4(a)-4(c). At ambient pressure, ¢’ shows an increase
towards low frequencies as a signature of the stoichiometric
polarization [31]. With increasing pressure, it is gradually
suppressed and eventually disappears at sufficiently high
pressures. The degree of the stoichiometric polarization is
quantified by calculating the ratio of ¢’ between low and
high frequencies, Ry, = [¢/(10Hz) — ¢/(1 MHz)]/¢'(1 MHz).
Similarly, for ¢”, an f~! relation due to conduction is seen
at low pressures and dies out as pressure rises. On the other
hand, the AC conductivity o is also greatly suppressed by
pressure and drops more than 2 orders of magnitude above
2 GPa. Qualitatively similar behavior was also observed for
X = Br and Cl, and the details are given in the Appendix
(Fig. 7).

These observations can be concurrently explained by the
localization of the ionic charges under pressure. Electronic
and ionic conductivities in MAPbI3 are both of the order of
1 nS cm~! at ambient conditions [31]. Under pressure, the
macroscopic conductivity drops below 1 nS cm™!; necessar-
ily, both conductions are reduced by pressure, presumably due
to the enhanced electrostatic confinement accompanied by the
decrease of the lattice constants. Because of the ion localiza-
tion, both the ionic conduction and stoichiometric polarization
are reduced, resulting in the flattening of the gigantic increase
in ¢ at low frequencies as f — 0 and the reduction of the
linear background in €” spectra.

Besides the migrating X ~ ions, the MA™ cation also shows
signs of freedom reduction under pressure. A paraelectric
Curie-Weiss behavior that occurs in ¢'(7') at high temperature
at ambient pressure is found to be gradually suppressed by
pressure [Figs. 2(a)-2(c)]. The paraelectric behavior entails
the tendency of alignment of MA™ dipoles with the external
field and indicates that the MA™ cation is not restricted from
reorientation by the environment in the lattice. The disappear-
ance of paraelectric behavior takes place at pressure points
that coincide with the early structural transitions, identified in
IR spectra, at Py, = 0.6, 1.0, and 1.5 GPa for X =1, Br, and
Cl, respectively. This feature points to a reduction of freedom
for the MA™ cation accompanied by the structural transition,
and the hydrogen bonding between the MA™ cation and the
PbX tetrahedral network is held responsible.

Above Py, the magnitude of ¢’ drops with pressure. Since
the polar MA ion is rigid, the contraction of the C-N bond is
unlikely to happen. This suppression of the polarization is thus
attributed as the cause of the further diminishment of MA™
rotation and the reduction of delocalized ions and electrons at
high pressures.

An unreported relaxation is observed in every halide at
pressures prior to P*. The dielectric relaxation is primarily
described by the Havriliak-Negami equation [56]:

&5 — Eoo
T+ Gond-op"

where ¢, and e are the static permittivity and permittivity
at the high-frequency limit, T is the relaxation time, and o
and B are empirical control parameters for symmetric and
asymmetric broadening. The relaxation time T is found to be
about 1 ms. Because of the slow T, this relaxation will not be
the translational migration of X~ ions or the rotation, reori-
entation, or vibrations of MA™. Diffusion of Pb** is unlikely
because of its larger mass and charges [36,57]; meanwhile,
the MA™ cation is suggested for slower migration [58,59].
Therefore, this relaxation at kilohertz is most likely to be the
translation motion of MA™ within or between cages [45-47].

Figures 4(d)-4(f) depict the pressure dependence of the
relaxation time T and R;,, to illustrate the correlation between
the ion motions and the structural phases. The relaxation
behaves similarly among different halides, with some de-
viations such as the trend within one structural phase and
the abrupt jumps across structures. In all cases, the relax-
ation is fully prohibited in the high-pressure orthorhombic
phase. This observation of dielectric relaxation aligns with
the picture of reduced translational and rotational disorders of
MA™ ions from the tetragonal/cubic to orthorhombic phase
[25,33,54,60,61]. R, represents the extent of ion migration,
and it exhibits changes across structural transitions. Similar
to T, a full prohibition occurs on Rj;, after transformation
into the orthorhombic phase, indicating a full negation of
ion migration, such that ion migration and the MA™ cation’s
translational and rotational motions are all greatly suppressed
in the most anisotropic orthorhombic phase, with only the
thermally excited small-amplitude rotation of ions remaining.

The dielectric permittivity ¢'(T') and IR absorption spectra
of MAPDI; at a higher pressure range are shown in Fig. 5,
whereas those for X = Br and Cl are in the Appendix (Fig. 8).
All halides are pressurized well above the literature

& =g
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FIG. 6. The ruby fluorescence spectra of each pressure cell for MAPX with X = (a) L, (b) Br, and (c) Cl. The pressure inside the pressurized
cavity is measured by the R; peak position (the peak located at the longer wavelength) using Eq. (A1).

amorphization pressures (about 3, 2.7, and 2.4 GPa for X
I, Br, and Cl, respectively). For all of them, no anomaly
is noticeable from &'(T) after the stabilization of the low-
temperature structural phase. Similarly, in the IR spectra,
although broadening occurs, the vibration resonance peaks
remain discernible. Upon pressure release, both signatures of
the uniform lattice structure, the sharp drop in ¢” and the pro-
nounced vibration resonance peak in IR absorption spectra,
are restored, which is abnormal if the crystal has undergone
amorphization. Given the ambiguity of the amorphous state
and the coincidence of the low-temperature structural phase

stabilization pressure P* with the literature amorphization
pressures, it is plausible to suggest that the amorphous state
observed in the literature is, instead of a fully disordered
random lattice, the orthorhombic phase with pressure-induced
distortions.

Significant growth in the magnitude of ¢’ is observed for
X = Br and Cl. After pressure is released, part of the growth
remains at ambient pressure (Fig. S3). This could be an arti-
ficial gain due to the enlargement of the electrical contacts’
area. However, the chemically related perovskite candidate
CH;3NH;Snl; exhibits enhanced electrical conductivity and
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FIG. 7. Frequency dependence of the dielectric properties: real dielectric permittivity ¢’, imaginary dielectric permittivity ¢”, and AC
conductivity o for (a)-(c) X = Br and (d)-(f) X = Cl. In accordance with those for X = I, the stoichiometric polarization for ¢ is
progressively diminished as pressure increases and is fully negated at pressures above P*. The conductivity drops below 1 nS cm~!, implying
the reduction of ionic conductivity by pressure. A relaxation is also captured and located at 1 kHz, which disappears beyond P*.
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structural stability following pressure treatment [62], so the
growth in dielectric permittivity could potentially be an in-
trinsic property of CH3;NH;PbXj3.

IV. CONCLUSION

In summary, the structural phase diagrams of
CH3NH3PbX; (X = I, Br, and Cl) well above the
indeterminate amorphization pressure have been investigated.
For all halides, the low-temperature orthorhombic phase
is stabilized up to room temperature at P* = 3.2, 2.6,
and 2 GPa for X = I, Br, and Cl, respectively. Ion
migration in CH3NH;PbX3 can be effectively suppressed
by pressure, as evidenced by the gradual suppression of
stoichiometric polarization and conductivity of CH3;NH3PbXj;
under pressure. A dielectric relaxation mode is observed
in the cubic or tetragonal phases of CH3;NH;PbX; and
is consistently absent in the orthorhombic phase. This
relaxation is likely to be the translational motion of MA™
because of its slow timescale, which implies the localization
of MA™ in the orthorhombic phase. Finally, no anomaly is
observed in dielectric permittivity spectra at or beyond the
reported amorphization pressure. Because of the reversibility
and coincidence of P* with the amorphization pressures, the
observed amorphization in CH3;NH3PbXj is hypothesized to
be the orthorhombic phase with inhomogeneous distortions.

ACKNOWLEDGMENTS

We thank G. Untereiner for her technical support. E.U.
acknowledges the European Social Fund and the Baden-
Wiirttemberg Stiftung for the financial support for this
research project by the Eliteprogramme.

APPENDIX

1. Pressure determination: Ruby fluorescence

The ruby fluorescence spectra from each pressure cell of
MAPX in dielectric measurements are plotted in Fig. 6. The
relationship between pressure and the fluorescence R; peak is

given by
1904 [ 2\
P = —| = -1,
7.665 | \ A,

where the calibration by Mao et al. [63] is used and A, is
the R; peak position at ambient pressure. The fluorescence
peak positions shift linearly with pressure. The width of the
peaks also increases with pressure, which is the result of the
inhomogeneous pressure distribution in the cavity.

(AD)

2. Frequency dependence of dielectric properties of X = Br, Cl

The frequency dependences of the physical properties €,
¢’,and o for X =Brand X = Clare displayed in Figs. 7(a)—
7(c) and 7(d)-7(f), respectively. Like for X = I, suppression
of the low-frequency stoichiometric polarization is observed
at high pressure in both X = Br and Cl. The magnitude of
o for both X = Br and CI drops by two orders and is below
1 nS cm™!, so the reduction of the ionic conduction also takes
place in these halides. From the ¢” spectra, a relaxation peak
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FIG. 8. High-pressure dielectric permittivity ¢'(7) and IR ab-
sorption spectra of (a) and (b) MAPB and (c) and (d) MAPC at
pressures above their P*. The pressure range has reached above
4.5 GPa and is well above the literature amorphization pressure. No
prominent anomaly is noticed in ¢’. Broadening of the resonance
peak occurs in IR spectra, but the peaks remain pronounced and
totally identifiable. Upon pressure release, both the sharp drop in

g’(Tf and resonance peaks in IR spectra are restored.
is clearly identified at low pressure in both halides. Upon

pressure application, besides the decay of the 1/ f background
due to conduction, the relaxation peak disappears suddenly at
pressure, coinciding with the orthorhombic phase transition.
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3. High pressures above P* and upon release

Figure 8 depicts the dielectric permittivity ¢'(7) and IR
spectra for X = Br and Cl. In both halides, above P*, no
prominent feature develops, but growth in magnitude occurs.
Upon pressure release, for X = Br, the size of the para-
electric divergence at higher temperatures in the tetragonal
phase is significantly reduced. Other than that, the transition
temperature and low-temperature magnitude of polarization
behave the same as before the pressure cycle, so the growth
of ¢ under high pressure might be an intrinsic feature for

X = Br. However, for X = Cl, the growth in ¢ at high
pressure remains after pressure is removed, so this gain in ¢’
is seemingly pressure irrelevant. Nonetheless, the landscape
of the structural transition has been modified a bit, but its tem-
perature is restored after the pressure cycle. In the IR spectra,
the signature resonance peaks remain totally discernible with
only mild broadening until the high pressure of 6 GPa, and the
sharp peaks mostly recover after pressure is lifted. These two
observations imply that no destructive amorphization happens
at high pressure, and the lattice structure is mostly restored,
with some minor distortion remaining after the pressure cycle.
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