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Boson-Peak-Like Anomaly Induced by Dipole Disordered States in (CH;NHj3),InCl,
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Boson peaks are observed in glassy materials due to atom, spin, and strain disordered states that provide
additional vibration modes at low temperatures. However, Boson peaks have not been observed in pure
dipole disordered systems without structural disorder. Here, we report the observation of a Boson-peak-like
hump in specific heat near 7 K in organic-inorganic hybrid crystal MA4InCl;(MA = CH3NHj3). The
energy barrier for unbonded CI anions migration is extremely low, allowing that the migration persists
down to low temperatures. The migration and the subsequent relaxation process induce a random change in
its dipole, leading to the dipole disorder states. Our results show that MA4InCl; can be regarded as a dipole

glass that can give rise to the Boson peak as well.

DOI: 10.1103/PhysRevLett.133.216101

Introduction—The harmonic vibrations of atoms in
crystals are described by lattice waves and the quasi-
particles (phonons) with quantified energies. The vibra-
tional density of states (VDOS) can be well approximated
by Debye’s model, that is, g(w) proportional to w? at low
frequencies based on the assumption of uniform elastic
medium at the long wavelength limit [1,2]. In 1971, Zeller
and Pohl reported an abnormal hump in the low-
temperature specific heat of glassy matters [3]. From the
perspective of lattice, harmonic approximation cannot
apply to amorphous materials. The additional phonon
excitations caused by disordered structure result in higher
VDOS than ones by the Debye approximation, which is
manifested as the appearance of the Boson peaks near
5-10 K in the C,/T° versus T diagram [4-8]. This
deviation from the classical Debye model in the low
temperature regime has been observed in almost all glassy
materials, and is therefore considered to be a characteristic
fingerprint of them [4,9,10].

Beyond structural glass and structural disordered crystals,
such as the orientational glass, the term “ferroic glass” can be
extended to encompass the disorder of additional physical
quantities in crystalline materials, including magnetic
moment, strain, and dipole [11]. Therefore, ferroic materials
can exhibit three distinct ferroic glassy states: spin glass,

“Contact author: chenx29 @iphy.ac.cn
Contact author: shifengjin@iphy.ac.cn
*Contact author: gaoyr@nanoctr.cn

0031-9007/24/133(21)/216101(8)

216101-1

strain glass, and dipole glass (DPG) [11-16]. Analogous to
conventional glassy materials, the disorder in these quan-
tities may give rise to the Boson peak anomaly. In recent
years, Boson peaks have been identified in spin glass
[17,18], strain glass [19,20], and DPG systems exhibiting
varying degrees of structural disorder [10,12]. However, it
has been shown that even subtle structural disorder can
trigger the appearance of Boson peaks and induce two-level
systems (TLS) behavior [21]. To date, the pure dipole glass
has not been isolated in a structurally ordered crystal to
ascertain its specific contribution to the Boson peaks.

For a conventional ferroelectric, the dipoles are com-
pletely ordered (or absent) below (or above) its Curie
temperature. It is difficult to attain a disordered dipole state
[22,23]. Introducing foreign atoms through doping or
creating vacancies in a ferroelectric material can lead to
local disorder in the dipoles, while also causing structural
disorder in the lattice. [12,14,24,25]. On the other hand,
relaxor ferroelectrics may serve as potential candidates for
a DPG during a certain duration after the electric field is
switched off. But these transient disorder states are duration
dependent and often mixed with other disordered forms,
complicating precise characterizations at low tempera-
tures [14—16]. In fact, in a polar structure, intrinsic dipoles
generally experience minimal alterations, especially within
the low temperature regime. If the energy barriers are low
enough to allow one or two component ions consisting of a
dipole to randomly migrate and change the amplitude or
direction at relatively low frequencies, the dipole disorder
state may be achieved. Unlike high-frequency ion
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vibrations, the low frequency migrations enable the exci-
tation of dipoles as additional modes at low temperatures
[11,26,27]. Recently, substantial enhancements of polari-
zation have been observed due to ion migrations in organic-
inorganic hybrid crystals in low frequencies [28,29],
motivating us to explore DPG states in similar compounds.

In this Letter, we report the observation of an abnormal
hump in specific heat at around 7 K, similar to the Boson peak
of glassy matters in the structurally ordered MA4InCl; single
crystal. It exhibits giant polarizations (~20860 pC cm™~2)
under low frequency electric fields (~12.5 mHz) caused by
Cl anions migrations. Density functional theory (DFT)
calculations reveal that CI anions migrations in thermody-
namic vibration level (~0.1 A) are allowed at temperatures as
low as 7 K and induce the random change in dipoles. We
propose that MA4InCl; is a dipole glass and the specific heat
anomaly may due to the dipole disorder states.

Crystal structure analysis—The crystal structure of
MA4InCl,; was previously reported to be centrosymmetric
in space group P2/n (No. 13) [30-32]. Here, we have
redetermined the space group as non-centrosymmetric Pn
(No. 7) using single crystals grown by evaporative crys-
tallization [Fig. 1(a)]. This reassignment was supported by
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FIG. 1. (a) Experimental and simulated powder x-ray diffrac-
tion (PXRD) patterns of MA4InCl; at room temperature. The
insert shows the photo of MA,4InCl; single crystal. (b) On the left
is the single crystal structure of MA4InCl,, and on the right is the
schematic diagram of dipole moment synthesis along the a axis,
where 31.7|e| A represents the a axis dipole moment of the whole
unit cell. The yellow ellipsoid represents the charge density.

second harmonic generations (SHG) measurement, where a
clear signal was observed in MA4InCl; [Fig. S1]. The
single crystal x-ray diffraction (SCXRD) data are presented
in Table S1 and Table S2 in the Supplemental Material [33].
As shown in Fig. 1(b), indium cations are coordinated with
six Cl anions to form two types of distorted octahedra.
Additionally, unbonded CI anions reside between the two
[InCl¢]*~ octahedrons. The noncentrosymmetric Pn (No. 7)
allows the presence of dipoles in the ac plane. In this case,
the calculated dipole is approximately 31.7]e| A in magni-
tude and almost along the a axis in the direction starting
from the Cl anions and the octahedrons toward the
positively charged [CH;NH;|* [Fig. 1(b)].

Polarization measurements—The variations of polariza-
tion versus electric field (P-E) and current density versus
electric field (J-E) were measured on a MA,4InCl; single
crystal along the b axis under an ac electric field of
12.5 mHz [Fig. 2(a)]. The P-E curve resembles the
hysteresis loop of ferroelectrics but exhibits a remarkable
remnant polarization up to 20860 uC cm~2. Notably, for
space group Pn, the hysteresis loop along the b axis should
not exist [48,49]. A striking feature is that the polarization
of MA4InCl; only emerges under a low frequency ac
electric field. As depicted in Fig. 2(b), the saturated
polarization decreases with the increasing frequency of
the electric field and is not detectable at 50 Hz [Fig. S2
[33]]. This behavior suggests that ion migration under an
electric field leads to polarization, differing from conven-
tional ferroelectrics [28]. Under an electric field, ions
become more mobile, ultimately resulting in long-range
migrations and macroscopic polarization. When the fre-
quency is too high, ion migrations cannot keep pace,
resulting in no change in polarization. Additionally, polari-
zation relaxation is observed upon switching off the field.
Its value gradually decreases with delay time and can be
fitted by an exponential curve [Fig. 2(c)]. This yields a
characteristic relaxation time of approximately ~5.6 min,
representing the duration needed for mobile ions to return
to their original positions. This observation is supported
by the current variations induced by re-polarization with
delay-time shown in Fig. 2(e). The current peaks can reach
a maximum at about 10 pA only when the delay time
exceeds 7 min, in agreement with the characteristic
relaxation time.

To identify the ions responsible for the observed polari-
zation, we coated a thin layer of silver paste on the crystal
surface. Energy dispersive spectrometer (EDS) measure-
ments showed a 1:1 ratio of Ag to CI on the top electrode
after multiple polarizations, suggesting the formation of
AgCl. In contrast, no CI element was observed on the
opposite electrode [Fig. S3 [33]]. The mobility of Cl anions
under an electric field aligns with the structural character-
istics of MA,4InCl, described above.

If we assume that the polarization of approximately
~20860 pC cm~2 under a field of 5 kVem™' is primarily
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FIG.2. (a) The P-E and J-E curves of MA4InCl;. (b) Frequency
dependence of P-E curves, tested from 12.5 mHz to 1 Hz.
(c) Delay-time variation of the polarization. The green dashed
line represents an exponential fitting curve, with a relaxation time
of ~5.6 min. (d) The P-E curves under low electric fields, tested
from 0.25 to 1 kVcm™!. (e) The pulse program and delay-time
variation of the current peak values of MA4InCl;, with the first
test current peak undergoing reverse pre-polarization. The test
frequency was 12.5 mHz in the (a) and (d) panels.

due to the migration of unbonded Cl anions, the calculated
average migration distance for each CI anions is 0.62 pm,
equivalent to approximately 831 lattice cells (refer to
Supplemental Material [33] for more details). Notably,
even at a low electric field of 0.25 kVcm™!, MA,InCl,
can display a hysteresis loop with a polarization of
0.32 pCcm2 [Fig. 2(d)]. The calculated migration dis-
tance of unbonded Cl anions is 0.096 A, only around 0.05
times the radius of the Cl anion. This short-range migration
distance falls well within the thermal displacement of their
equilibrium positions (#2)"/* ~0.26 A (Table S3 [33]).
This suggests that the vibrations of unbonded Cl anions
always induce the polarization and subsequent relaxation in
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FIG. 3. (a) Schematic dipoles introduced by shifts in unbonded

Cl anions, where A represents the shift amplitude (~0.1 A).
(b) The relative energy required for unbonded Cl anions in
MA4InCl; to shift by 0.1 A along different directions. The gray
dashed line represents the energy corresponding to 7 K and the
yellow dashed line represents the energy required for CI anions in
NaCl to shift by 0.1 A. (c) The dipole moment versus time in
AIMD simulation of MA4InCl; at 7 K after subtracting initial y.
(d) Diagram of the dipole glass state caused by ion shifts, where
the black arrows represent the dipole contributed by unbonded Cl
anions. For simplicity, the methylamine group are omitted in the
(a) and (d) panels.

low frequencies. Consequently, even in the absence of an
electric field, Cl anions can still undergo the low-frequency
vibrations.

We then performed DFT calculations to assess the dipole
moments and energy barriers when the four unbonded Cl
anions in the MA,4InCl; cell vibrate in the a, b, and ¢
directions, respectively [Fig. 3(a)]. For instance, consider-
ing a shift of 0.1 A from their equilibrium positions for the
Cl anions, the results are listed in Table I. Initially, the
structure exhibits no dipole component along the b direc-
tion, but values of 31.70 and 0.28|e| A are observed along
the a direction and c direction, respectively, indicating the
diploes primarily align along the a axis. The dipole
component along the b axis (u;) will remain at zero unless
the shift occurs in the same direction. If the Cl anions
shift by 0.1 A along the b axis, u, reaches ~0.503|e| A,
corresponding to a polarization of ~0.42 uC cm™2, which
closely matches the experimental value of 0.32 pCcm™2.
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TABLE I. Dipole components (., iy, 4. ) and barrier energy of MA,InCl; for unbonded Cl anions shift 0.1 A along the a, b, and ¢

directions. 1|e| A equals to 0.8416 pCcm=2 in MA,InCl,.

ta(le|A) up(le]A) pe(|e|A) Relative energy (meV atom™')

Initial —31.6953 —0.0000 —0.2788 0

a direction —32.7550 0.0032 —0.1172 0.6027
—a direction —31.8644 —0.0030 0.0753 0.5939
b direction —32.2994 —0.5030 —0.0169 0.5466
—b direction —32.3204 0.5032 —0.0253 0.5470
¢ direction —32.3898 0.0012 —0.5601 0.7467
—c direction —32.2302 —0.0011 0.5178 0.7458

The energy barriers for the short-range migrations of
unbonded Cl anions are dependent on crystallographic
direction, with the lowest barrier of ~0.547 meV atom™!
along the b axis [Fig. 3(b)]. So, it is anticipated that
the shift amplitude will differ along the three directions at
the same temperature, resulting in a random change in the
dipole vector. Additionally, the ab initio molecular dynamic
(AIMD) simulation was performed for MA4InCl; at 7 K.
The snapshots of the structure at different time, as shown in
Fig. S4 [33], reveal the shifts of Cl anions while the
methylamine groups remain relatively unchanged.
Subsequently, the corresponding dipole moments of
MA4InCl; were calculated. Upon subtracting the initial
dipole y, it is observed that the dipole vector varies over
time [Fig. 3(c)]. Statistically, this indicates a dipole dis-
ordered state [Fig. 3(d)]. Moreover, this state can persist at
low temperatures ~7 K, as the ions can still shift and tend
to migrate along the b axis, given that kT is larger than
0.547 meV.

Specific heat measurement—We performed low-
temperature specific heat measurement on MA,4InCl; single
crystals. Because of its large direct band gap of 4.18 eV, the
contribution of electrons to the specific heat at low temper-
atures can be neglected (Fig. S5 in Supplemental Material
[33]). Notably, no phase transition peak appears below
40 K [Fig. 4(a)]. To quantitatively assess the contribution of
the two-level systems (TLS), we conducted quadratic fits of
C,/T against T? for MA4InCl,, NaCl, ferroelectric crystal
TGS, and [(CH3),4N],In,Cl, - 3H,0 (CNICH, an orienta-
tional disordered compound with structure shown in
Fig. S6 [33]) [Fig. 4(b)]. We employed the formula
C, =yT+pT° +wT® for fitting, where y, f, and w
represent the coefficients of the contributions from TLS,
Debye acoustic modes, and additional modes, respectively
[10,50-52]. The obtained coefficients are displayed in
Table S4 [33]. By plotting C,/ T3 versus T curve on a
logarithmic scale, we observe that a Boson-peak-like hump
appears in MA4InCl; near 7 K [Fig. 4(c)]. The data
presented in Fig. 4(d) highlight the departure from har-
monic Debye behavior, evident as an upturn at low
temperatures. Unlike ordered crystals, the Boson peaks
and upturns of various glasses exhibit a similar shape

regardless of their nature. In comparison, a strong Boson
peak appears at 5 K in CNICH (Fig. S7 [33]). The peaks for
TGS and NaCl single crystals appear around 15-25 K and
then tend to Debye-like levels at lower temperatures, a
characteristic behavior of crystalline matters [Fig. 4(c)].
The contribution of long-range ordered dipoles to the
specific heat in TGS appears to be minimal, if present at
all. In contrast, the chaotic dipole states in M A4InCl; make
a significant contribution to the specific heat, similar to that
observed in CNICH. Meanwhile, after being polarized by
varying electric fields, the measured specific heat data of
MA4InCl; are similar to that without pre-polarization,
indicating that chaotic dipole states are intrinsic, not
induced by the electric field.
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FIG. 4. (a) The specific heat of MA,InCl; in the temperature

range of 2-40 K. (b) Diagram of C,/T versus T? relation of
CNICH, MA4InCl; (DPG), TGS, and NaCl crystal. It also uses a
quadratic fit to obtain the linear, cubic, and fifth-power co-
efficients of heat capacity. (c) C,/ T3 versus T relation
of MA,InCl,, ferroelectric TGS and single crystal NaCl.
(d) Normalized specific-heat data based on g values. D ethanol
has three counterparts, which are crystal, structural glass (SG)
and orientational glass (OG) [53]. This figure has been modified
according to Ref. [52].

216101-4



PHYSICAL REVIEW LETTERS 133, 216101 (2024)

The presence of the hump can be ascribed to additional
excitable modes at low temperature for MA,InCl; due to
disordered dipoles. TGS, on the other hand, is more similar
to NaCl in low temperature specific heat, indicating a lack of
excitable modes caused by disordered dipoles. Table S5 lists
the dipole and atom ordered and disordered states [33].
The key factor to the observation of Boson-peak-like hump
is the presence of the dipole disordered states induced by CI
anions migration and relaxation processes, which can persist
down to low temperatures. Strong and distinct Boson peaks
have been observed in lead-iodine-based hybrid perovskites
such as FAPbI;(FA = Formamidinium) [54,55]. In
contrast to MA4InCl;, the “glassy anomalies” in these
hybrid perovskites may primarily stem from the high
orientational disorder of organic cations in their structures.
Studies [21] have shown that even subtle structural disorder
can lead to the emergence of Boson peaks and TLS behavior.
The observation of glass anomaly behavior in the structur-
ally fully ordered MA4InCl; single crystals eliminate
the contribution of structural disorders on the heat
capacity, thereby isolating the contribution of dipole dis-
orders only.

The emergence of vibrational dipole states is associated
with high anisotropy, low potential barriers, and low
frequency relaxations. We calculated the vibrational barrier
energy of NaCl crystals to be 3.108 meV atom™!, approx-
imately 6 times that of MA,InCl; (Table S6 in the
Supplemental Material [33]). The strong ionic bonds in
NaCl lead to large potential barriers for atomic vibrations,
hardly inducing excitable dipole states at low temperatures.
However, in MA4InCl;, the unbonded CI anions are distant
from the [InClg)*>~ groups and only form weak hydrogen
bonds with the methylamine. The vibrations or migration
encounter a smaller steric resistance. Furthermore, the
relaxation behavior implies that CI anions require a certain
time to return to their initial state, unlike the harmonic
vibrational behavior in conventional crystals. It hinders ion
migrations, similar to the “phonon damping” in amorphous
materials [56-59]. Consequently, it serves as the condition
for the formation of dipole disordered states and the source
of Boson peak anomalies.

Conclusions—We propose that MA,4InCl; can be regard
as a dipole glass without structural disorder based on
structural analyses, polarization measurements and DFT
calculations. An abnormal hump in the specific heat data
was observed near 7 K in the MA4InCl; single crystal,
which can be attributed to the existence of dipole disor-
dered states, resembling the observations in spin glass and
strain glass. Furthermore, the observations of the TLS
linear term and upturn at ultralow temperature of MA4InCl,
evidence that the tunneling model is also effective in dipole
glass. This work offers new insights into the origin of
Boson peaks, and introduces a new concept of dipole glass
as a source of Boson peak anomalies in the absence of
structural disorder.
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End Matter

Appendix A: Raman scattering—As mentioned in the
Letter, the phenomenon of “Boson peak” has also been
reported in some lead-iodine-based hybrid perovskites,
such as MAPbl;, FAPbI; and their solid solutions [54,55].
Unlike MA4InCl;, which has fully ordered occupancy and
orientation, both the MA and FA lead iodide systems
exhibit a high degree of orientational disorder in organic
groups. We have analyzed the Raman spectra for
different materials. As shown in Fig. 5(a), ordered crystal
structures possess highly consistent bond angles and bond
lengths, which are arranged in an orderly manner and
generally exhibit sharp Raman peaks, resulting in
characteristic strong scattering bands. For instance, NaCl,
Si, and MA4InCl; exhibit such characteristics. However,
amorphous  structures or orientationally  disordered
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FIG. 5. (a) Raman spectra of materials with different structures
at various temperatures. (b) Raman spectra of MAPbI; single
crystal (left panel) and one with 30% FA content (right panel) at
different temperatures [60]. The spectra were normalized and
shifted vertically for clarity.

materials exhibit a wide range of bond angle and bond
length fluctuations, resulting in broadened Raman peaks
due to the possible distribution of states, such as FAPbI;,
FAy3MA(,Pbly; and conventional glass [60]. Therefore,
the intense Boson peaks observed in FAPbl; and its
solid solutions should mainly due to the orientational
disorder behavior of the organic cations, and those
materials have been classified into the category of oriental
glass. Moreover, as shown in Fig. 5(b), MAPbI; exhibits
dynamic orientational disorder at high temperatures,
leading to broadened peaks in the Raman spectrum.
Conversely, at low temperatures, the motion of MA™
groups gradually freeze, leading to their locking within
inorganic cages. This vanishing dynamical disorder is
reflected in the marked reduction of the inhomogeneous
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FIG.6. C,/ T3 versus T relation of MA,InCl, (a), MAPbI; (b),
and FAPbl; (c). (d) The C,/T vs T? curves are fitted for
MA4InCl;, MAPbI;, and FAPbI; to a quadratic polynomial.
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broadening of Raman peaks and the emergence of
vibrational modes at lower wave numbers [60]. Further
distinctions between the behavior of MA4InCl; and
MAPDI; at low temperatures are evident in the ultralow
temperature specific heat data presented here.

Appendix B: Ultralow temperature specific heat—We
collected heat capacity data at ultralow temperatures
down to 0.5 K to assess the TLS contribution, a universal
characteristic of glassy states. The linear term of TLS
does exist in the insulating MA4InCl; single crystal, as
revealed by the low temperature heat capacity data shown
in Figs. 6(a), 6(d). For comparation, the heat capacity of
MAPbBI;, and FAPbI; were also measured and presented
in Figs. 6(b), 6(c). The tunneling model (TM) applied
to any glassy states, whether structural or physical.
There should exist localized excitations of TLS, primarily
originating from small atom groups with nearby equili-
brium configurations of similar energy [50,51], which

can transit between equilibrium configurations through
quantum tunneling even at very low temperatures. The
statistical nature of this configurational disorder leads to a
random distribution of TLS energies, resulting in a linear
temperature dependence of the specific heat [10]. As
shown in Figs. 6(a), 6(c), both MA4InCl; and disordered
FAPDbI; exhibit upturns at low temperatures, which are
attributed to the contribution of the TLS linear term.
However, MAPbI; tends to follow the Debye model at
ultralow temperatures and does not display TLS.
Furthermore, we have conducted a quadratic polynomial
fit to the measured specific heat data curves C,/T vs T?
for MA,InCl;, MAPbI;, and FAPbl;. As shown in
Fig. 6(d), the presence of a linear term of MA4InCl; at
low temperatures is observed, with a TLS linear
coefficient approximately 0.86 mJ mol~! K2, In contrast,
the linear term of MAPbI; is essentially zero, indicating
that it may exhibit crystalline behavior.
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