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Low-energy modes and localized excitations in
metal halide perovskites: insights from
heat capacity
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Metal halide perovskites (MHPs) hold great potential to integrate future mass-produced photovoltaic

technologies owing to their exceptional power conversion efficiencies and charge-carrier transport

properties. However, their performance is still hindered by a poor understanding of their complex soft

structures and the role played by defects and impurities in their optoelectronic properties. For the first

time, the molar heat capacities of two archetypal MHPs – MAPbI3 and FAPbI3 – as well as two thermo-

dynamically stable non-perovskite specimens d-FAPbI3 and d-CsPbI3 have been measured down to

0.35 K. The behavior of the four crystals below 10 K departs notably from the predictions of the Debye

model. All samples exhibit a broad feature in the Debye-reduced C/T3 representation that can be inter-

preted from harmonic lattice dynamics calculations as the excitation of low-energy optical vibrations.

We also find that in all cases, the sub-Kelvin regime evinces a common trend across all samples, which

may be interpreted within the framework of incoherent tunneling. The application of a magnetic field

enables microscopic assessment of two-level systems in d-FAPbI3, identifying them as intrinsic paramag-

netic centers. These findings highlight the universal presence of low-energy excitations in MHPs and

their crucial link to dynamic disorder, providing a deeper understanding of the microscopic origins of

phase instability and thermal anomalies in this class of materials.

Introduction

Metal halide perovskites (MHPs) are regarded as promising
candidates for a new generation of cheaper and more sustainable
photovoltaics and light-emitters.1–4 Notwithstanding the success
they enjoy to date owing to a sharp rise in power conversion
efficiency of MHP-based devices,5–8 a series of challenges con-
tinue to prevent MHPs from becoming a thriving class of materi-
als in the energy sector. Undesired phase transitions, structural
degradation due to the exposure to moisture and UV radiation
severely affect the aforementioned properties by driving the

fragile perovskite framework into decomposition.9,10 Thus, unra-
veling the rationale behind phase stabilization is mandatory to
enhance future developments, including extending the (thermal)
operational range of MHP-based devices.11,12

The polymorphism exhibited by MHPs is rooted in several
factors. One of them is the presence of weakly bonded, heavy
metallic and halide atoms forming characteristic octahedral
networks. This situation leads to low-energy vibrational modes
and intrinsic dynamic disorder even at temperatures close to
zero.13–16 Caesium lead iodide, CsPbI3, crystallizes in a yellow,
non-perovskite orthorhombic structure (d-CsPbI3, Pnma space
group). Nonetheless, it is possible to drive the system to a black,
perovskite cubic phase (a-CsPbI3, Pm%3m space group) by heat-
ing above 583 K.17,18 The perovskite framework is retained in
two subsequent phase transitions to the tetragonal b-CsPbI3

(P4/mbm space group) and the orthorhombic g-CsPbI3 (Pbnm
space group) structures at 510 and 325 K, respectively.19 We
underline that although both d and g phases share the orthor-
hombic symmetry, their atomic frameworks exhibit strong
differences. For instance, while the g-CsPbI3 phase adopts the
characteristic corner-shared network of PbI6- octahedra found
in three-dimensional perovskites, the d-CsPbI3 structure
features 1D chains of face-sharing PbI6- octahedra. Thus,
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octahedral connectivity is the key structural factor differentiat-
ing the g-phase. The above phases can be identified using X-ray
diffraction – see Fig. S2.

In MHPs with an organic cation, chemical moieties add
extra degrees of freedom, charge anisotropy, and interactions
such as hydrogen bonds. Cation motions and their associated
orientational entropies contribute decisively to stabilizing the
structures.20,21 Such is the case for methylammonium lead
iodide, MAPbI3, and its formamidinium analogue, FAPbI3.
The first one has three perovskite phases at ambient pressure:
a cubic phase (a) above 330 K, a tetragonal phase (b) between
330 and 160 K, and a orthorhombic phase (g) below 160 K.22

The relationship between the different phases of FAPbI3 is
more complex and, still, less understood. Similarly to the
caesium case, FAPbI3 adopts a yellow, non-perovskite phase
at ambient conditions (d-FAPbI3). The crystal structure of
d-FAPbI3 follows a hexagonal pattern that falls under the
P63/mmc space group. This phase later transforms to a low-
temperature hexagonal phase (P63/m) below 175 K.23 None-
theless, it is possible to reach a black, cubic perovskite phase
(a-FAPbI3, Pm%3m) at high temperatures followed by a cascade of
transformations: one continuous transition from cubic to tetra-
gonal (b-FAPbI3) at 280 K, another isostructural tetragonal-
tetragonal through an intermediate state at 140 K, and a final
orthorhombic (g-FAPbI3) phase.24,25 The latter case conforms to
an orientational glass, underscoring the distinct dynamic
behavior of the FA+ cation and the challenging determination
of structural models for this material.26,27

In the above context, it is clear that a multi-technique
approach beyond standard Bragg diffraction is mandatory in
order to rationalize the complex dynamics and the underlying
atomic structures of MHPs. In particular, the analysis of
thermophysical data has already provided solid grounds for
scrutinizing the behavior of MHPs.28–30 Since the (molar) heat
capacity depends directly on the vibrational density of states
(VDoS), it can validate proposed structural models via lattice
dynamics calculations.30 This procedure has revealed the
mechanical origin of the ‘‘boson peak’’ in crystalline
systems.31 Phenomenological theories like the standard tunnel-
ing model (STM)32,33 and the soft potential model (SPM)34,35

have been developed to provide a quantitative appraisal of heat
capacity data where the use of mechanical models to explain
thermophysical data becomes problematic, e.g., glasses or
where non-acoustic phonon contributions are increasingly
suppressed. Both postulate the that some atoms or groups of
atoms tunnel between nearly equivalent configurations, result-
ing in two-level systems (TLS) which give rise to a linear
temperature dependence of the heat capacity – C p T.32,33

None of the abovementioned theories, however, provide any
indication regarding the physical origin of their contributions.
The lack of a microscopic description leaves the door open to a
wide range of possible sources of TLS contributing to the sub-
Kelvin heat capacity. Ultimately, it seems reasonable that the
nature of tunneling systems depends on the atomic or mole-
cular landscape of the crystal. Crystal imperfections (vacancies,
interstitials, off-center atoms) create atomic-level distortions

where atoms or molecules tunnel between nearly degenerate
states and generate strain in the lattice, affecting the optoelec-
tronic properties.36,37 Among these, iodine interstitials, are
known to bond to one lattice iodine and form I2

� dimers.
These are called H-centers by the MHP community and have a

characteristic paramagnetic S ¼ 1

2
spin configuration.37 Their

identification and control remain a major challenge in the
field.38 Applying an external magnetic field could reveal the
presence of these centers by lifting the degeneracy of the different
spin states.

Building upon the above, we report a comprehensive study
on the heat capacity of four MHP samples (MAPbI3, FAPbI3, d-
FAPbI3 and d-CsPbI3). Our findings evince that the temperature
dependence of the heat capacity at cryogenic temperatures
deviates from the predictions given by the (sole) contribution
of acoustic modes for all samples. These departures from
expectation manifest themselves in various ways. The first
one is the appearance of a broad feature in the Debye-
reduced C/T3 representation near 6 K. In line with our previous
work,30 harmonic lattice dynamics (HLD) calculations using on
available structural models – see Fig. S1 – provide a mechanical
interpretation for d-CsPbI3 based on the excitation of low-
energy optical vibrations. In the sub-Kelvin regime, we find a
power-law behavior common to all samples that is consistent
with a random distribution of TLS similar to those found in
non-metallic glasses.39,40 These measurements reveal a heat
capacity excess of nearly two orders of magnitude in the case of
d-FAPbI3 relative to the other samples, and in particular to the
FAPbI3 perovskite. This finding motivates a quantitative assess-
ment of the number of paramagnetic centers arising from point
defects in d-FAPbI3.

Heat capacity predictions using HLD

Fig. 1 and Fig. S3 show the the temperature dependence of
experimental molar heat capacity recorded for MAPbI3, FAPbI3,
d-FAPbI3 and d-CsPbI3. The data were further normalized to the

Fig. 1 Debye-reduced heat capacity CP/T3 as a function of temperature.
MAPbI3 (black circles), FAPbI3 (dark-green squares), d-FAPbI3 (light green
triangles) and d-CsPbI3 (blue stars). Color lines are guides to the eye.
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classical limit of 3NR, where N is the number of atoms per
formula-unit and R is the universal gas constant. The Debye-
reduced CP/T3 representation in Fig. 1 underlines the departure
from the sole contribution of acoustic modes to the heat
capacity.41 This behavior yields a pronounced feature centered
between 5 and 7 K, depending on the sample – in particular,
5.9 K for MAPbI3, 6.3 K for FAPbI3, 5.0 for d-FAPbI3 and 7.1 K for
d-CsPbI3. Similar (broad) characteristic features have been
observed in many disordered or glassy systems,31 and was
previously reported for FAPbI3 and MAPbI3.25,28 In the latter
case, a mechanical explanation based on the excitation of sub-
THz (1.5–4.5 meV) vibrational modes was supported by HLD
calculations of its low-temperature structure.30 For FAPbI3, the
lack of sound structural models of its low-temperature phase
owing to its glassy nature hinders the use of a similar protocol
to scrutinize the origin of the thermophysical deviations.26,27,42

In the light of the above, we focused on modeling the
vibrational response of the inorganic analogue using three
available crystallographic structures extracted from ref. 19
and 43 – see models together with their calculated phonon
dispersions in Fig. S1. The non-perovskite orthorhombic
(Pnma) model is taken from a crystallographic analysis by
Straus et al.43 Two alternative, and virtually identical, structural
models for the perovskite low-temperature phase are also
considered: a Pnma one also proposed by Straus et al., and a
Pnam structure reported by Marronnier et al.19 These two
models of the g phase models differ slightly in their symmetry
settings and octahedral tilt systems, resulting in nearly indis-
tinguishable diffraction patterns and very similar structural
frameworks. The selection of the PBEsol44 approximation to
the exchange–correlation energy in our first-principles calcula-
tions was motivated by our previous works on the vibrational
properties of HPs,30,45,46 – details of the calculations can be
found in Section S1. HLD calculations grant us with access to
the dispersion relations, i.e., the harmonic energy Ekj of a given
mode j for a wave-vector k for the set of CsPbI3 models. Close
inspection of the results in Fig. S1 reveals that although both
perovskite structures, Pnma and Pnam, have extremely low-
energy (vibrational) modes in the first Brillouin zone, all three
structures remain mechanically stable. Therefore, the isochoric
heat capacity can be computed according to the following
relation

C ¼
X
k; j

exp
Ekj

kBT

� �

Ekj

kBT
� 1

� �2

Ekj

kBT

� �2

: (1)

These results were further normalized to the thermody-
namic limit of 3NR for direct comparison against experimental
data. Fig. 2 confirms that calculations of the d-CsPbI3 model
describe qualitatively the divergence from the canonical solid
behavior down to ca. 2 K. On the other hand, the predicted heat
capacities for the two perovskite models manifest a upsurge
between 2 and 10 K reminiscent of the substantial softening of
both acoustic and optical branches below the half-meV mark

seen in Fig. S1. Our findings reveal that dispersion relations in
this material are very sensitive to the choice of Density Func-
tional Approximation (DFA). Indeed, the meta-GGA SCAN func-
tional suppresses the G-point instabilities previously reported
using LDA, which were indicative of ferroelectric behavior.47

Similarly, no such instabilities are observed at the PBEsol level
for the structures examined in this work.

Heat capacities in the sub-Kelvin
regime

At this point, we turn our attention to the hardly explored
regime of sub-Kelvin temperatures. In this low-temperature
limit, the available thermal energy is of the order of meV,
resulting in negligible excitation of collective lattice vibrations.
Consequently, the conventional phonon picture derived from
HLD calculations fails to account for a significant portion of the
observed thermophysical properties in this regime. The data
displayed in Fig. 1 and Fig. S3 indicates that they follow
different trends below the maximum of the Debye-reduced
shoulder. In the case of the perovskite structures, MAPbI3

and FAPbI3, both exhibit an almost identical, monotonically
decreasing trend with temperature. On the contrary, the non-
perovskite analogue d-FAPbI3 Exhibits a noticeable upturn
beginning at 1 K, driving the heat capacity to values nearly
two orders of magnitude higher than those of the perovskite
phases. Moreover, d-CsPbI3 lies effectively in the middle
between the previous trends. These measurements are consis-
tent with previous reports in the literature down to 1 K.29,48

While this temperature regime remains unexplored for
MHPs, there are examples of earlier reports which accessed it
for a breadth of glasses and minimally disordered crystals
alike.40,49 The STM is used readily to explain the linear depen-
dence with temperature according to random distributions of
TLS arising from the configurational disorder. Although the
purported universality of this behavior for glasses has been put
into question,49 it is nonetheless striking that a linear scaling of
the heat capacity with temperature holds for materials whose

Fig. 2 Experimental (blue stars) and theoretical (blue lines) CP(T)/T3

obtained for three structural models of CsPbI3.
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microscopic structure and dynamics are remarkably different.
Alternatively, the SPM is an extension of the former model which
incorporates a broad distribution of asymmetric anharmonic
potentials governing atomic or molecular displacements.34,35

Based on this, we decided to explore the universality of the
power law for all measured specimens using an extension of
another theory, i.e., the SPM, which includes additional contri-
butions like Debye’s and additional anharmonic low-energy
modes. The results of these fits are shown in Fig. S5 and Table
S1. Although the SPM provides a sensible explanation of the
experimental data down to the lowest measured temperatures
for both perovskite samples, it misses the upturn experienced by
d-FAPbI3 and d-CsPbI3 below ca. 1.5 K. In order to address the
diverging trends, we performed an alternative analysis of the
heat capacity data below the maximum in the Debye-reduced
plot. In this case, the SPM was extended by allowing the first
term to vary freely during the optimization process. Thus:

CP/T3 = CLTTa + CD + CSMT2, (2)

where CLT is the low temperature linear term, a is the power
exponent allowed to vary freely, CD is the Debye coefficient, and
CSM is a fifth power coefficient accounting for the low-energy
modes contribution. The inclusion of a power-law term Ta

substantially improves the fit over the a = �2 for both d-
CsPbI3 and d-FAPbI3, where the divergent contribution is more
pronounced – see Fig. 3a for the corresponding fits using
eqn (2). A particularly good agreement is achieved for the
non-perovskite samples, while CLT carries a relatively large
uncertainty for MAPbI3 and FAPbI3. To better illustrate the
power law at low temperatures, Fig. 3b displays the temperature
evolution of the a exponent, obtained from the logarithmic
derivative of log(CP/T3) with respect to log(T). All fitted expo-
nents exhibit a common trend towards a = �2 at the lowest
measured temperatures, within three standard deviations. This
universal behavior suggests that the heat capacity in MHPs at
very low temperatures originates from a distribution of TLS,
consistent with the standard tunneling model (STM).

Paramagnetic behavior of d-FAPbI3
Our thermophysical measurements reveal a disparity of nearly
two orders of magnitude between the perovskite and non-
perovskite forms of FAPbI3, as displayed in Fig. S6. Given that
the non-perovskite phase was obtained by thermal annealing of
its hexagonal precursor, the observed excess heat capacity must
originate from an intrinsic feature of the non-perovskite lattice
structure. We note that the absence of reliable structural data
on g-FAPbI3 prevents us from comparing the perovskite and
non-perovskite structures to draw a structural origin of the TLS.
Moreover, the low-temperature behavior is dominated by a
broad distribution of TLS, consistent with the characteristic
heat-capacity response depicted in Fig. 3. One possibility is that
defects, particularly H-centers, produce Schottky-like contribu-
tions to the heat capacity due to their paramagnetic spin

configuration S ¼ 1

2
.50 Such contributions to the heat capacity

obey the following relation:

C ¼ kB
DE
kBT

� �2
e
DE
kBT

1þ e
DE
kBT

� �2
; (3)

where DE denotes the energy splitting of the two spin states
under an effective magnetic field Heff such that DE = gmBHeff

(with g E 2 and mB the Bohr magneton).
To investigate the magnetic nature of the observed thermal

anomaly, we conducted heat capacity measurements under
applied magnetic fields ranging from 1 T to 14 T. The data,
presented in the Debye-reduced form CP/T3 in Fig. 4a, exhibit a
logarithmic suppression of heat capacity at sub-Kelvin tem-
peratures with increasing magnetic field. Specifically, at 14 T,
the heat capacity is reduced by nearly a factor of three com-
pared to the zero-field measurement, thereby reinforcing the
magnetic origin of the observed feature.

Fig. 4b shows that these results are compatible with an
estimated concentration of 0.8% H-centers per mole of

Fig. 3 (a) Temperature squared dependence of CP/T. Lines are the fits to eqn (2), fit parameters are given in Table 1. (b) Temperature dependence of
alpha exponent a obtained from the derivative of log(CP/T3) with respect to log(T) plotted as a function of log(T). The red dot is the mean value at 0.35 K,
with a 3-sigma error bar, centered at the STM limit where a = �2.
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d-FAPbI3, accompanied by an energy distribution width of
approximately 0.1 meV. This spread is consistent with the
internal strain present in the non-perovskite phase, likely
originating from local distortions and disorder. Dipolar and

hyperfine interactions involving iodine nuclei (I ¼ 5

2
for 100%

127I) can lift the degeneracy of the spin states and further
modulate the TLS landscape. Interestingly, increasing the
applied magnetic field shifts the TLS contribution from

1.34 K at 1T to approximately 15 K at 14 T, consistent with
Zeeman energy scaling. This shifting peak evidences the sensi-
tivity of these centers to external perturbations and supports a
scenario where both disorder and internal strain together lead
to the excess heat capacity. These results are also consistent
with the reduction of lattice strain after annealing, since the
perovskite structure does not show this energetic surplus.
Furthermore, the presence of a residual, non-magnetic heat
capacity component, persisting even at 14 T, indicates the
contribution of alternative mechanisms. Among them, transi-
tions between rotational states of the FA+ cations are a plausible
source.51

Conclusions

This work presents a detailed investigation of the heat capacity
of four MHPs – MAPbI3, FAPbI3, d-FAPbI3, and d-CsPbI3 –
extending down to the sub-Kelvin temperature regime, in order
to elucidate the vibrational and defect-related contributions
responsible for deviations from canonical crystalline behavior.
Across all samples, heat capacity data display marked depar-
tures from the expected Debye law. Notably, a broad excess in
the Debye-reduced representation CP/T3 near 6 K indicates the
presence of low-energy excitations. HLD calculations for d-
CsPbI3 attribute this feature to low-energy optical phonons in
mechanically stable perovskite structures. In the sub-Kelvin
regime, where phononic contributions become negligible, our
analysis suggests a universal trend characterized by a linear
term reminiscent of TLS. These behaviors are effectively cap-
tured by a modified SPM incorporating a variable power-law
term. Particularly, d-FAPbI3 and d-CsPbI3 exhibit significant
upturns below 1.5 K, indicating a dominant contribution from
low-energy excitations associated with structural disorder or
point defects. These results demonstrate that crystalline imper-
fections play an important role in defining the thermophysics
of MHPs at cryogenic temperatures. Taken together, our find-
ings underscore that careful examination of heat capacity data
across multiple temperatures provides a valuable route to
address open structural issues concerning MHPs. This study
paves the way for defect-sensitive thermodynamic analyses to
monitor H-centers in MHPs. We anticipate that more structural
information related to the low-temperature phases of MHPs is
mandatory to draw a sharper picture of the structural defects.

Materials and methods

Thermophysical experiments were carried out using samples
with a purity exceeding 99% from Xi’an Polymer Light Tech-
nologies. The black perovskite (a) phase of FAPbI3 was obtained
from the initial yellow (d) powder by annealing for 4 hours at
150 1C under high vacuum (6 � 10�5 mbar) using a two-stage
rotary pump. The sample was placed in a quartz tube furnace,
with the temperature ramped up at a rate of 3 K min�1, held
constant for 4 hours, and then cooled down to room tempera-
ture at 6 K min�1. Following this thermal treatment, the

Table 1 Results of the fits below 4 K for the following model: CP/T =
CLTTa+2 + CDT2 + CSMT4

CLT

(mJ mol�1 K�2) a
CD

(mJ mol�1 K�4)
CSM

(mJ mol�1 K�6)

MAPbI3 0.6 � 0.3 �3 � 1 6.9 � 0.3 0.57 � 0.03
FAPbI3 1.8 � 0.3 �2.4 � 0.4 5.7 � 0.3 0.66 � 0.03
d-FAPbI3 13.5 � 0.6 �3.9 � 0.1 12.0 � 0.3 0.39 � 0.03
d-CsPbI3 3.1 � 0.1 �2.8 � 0.1 6.5 � 0.1 0.20 � 0.01

Fig. 4 (a) Debye-reduced specific heat of d-FAPbI3 as a function of
temperature and magnetic field. The lines labelled T�2 and T�5 represent
power-law behaviours corresponding to the STM and the high T limit of a
Schottky anomaly respectively. (b) Heat capacity CP(T,H). The grey line is
the estimated magnetic contribution arising from a concentration of 0.8%
S = 1/2 magnetic impurities, experiencing internal magnetic fields dis-
tributed uniformly between 0 and 1 T. Inset illustrates the simulation of CP

for this distribution of spin centers under the same external magnetic
fields.
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powder turned dark grey to black and remained in the meta-
stable perovskite phase for over a month.

The integrity of the samples, and the presence of both
perovskite and non-perovskite phases was confirmed using
powder X-ray diffraction (PXRD) – see Fig. S2.
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