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Electric field-induced phase transitions in the hybrid halide perovskite MAPbI;
Atomistic insights into AC/DC-driven phase transitions via a charge-aware neu-
roevolution potential

Ylva Liljegren

Department of Physics

Chalmers University of Technology

Abstract

Hybrid halide perovskites have attracted significant attention due to their remark-
able optoelectronic properties, which are sensitive to structural phase transitions.
This work investigates electric field-induced phase transitions in methylammonium
lead iodide (MAPDI3), a prototypical hybrid halide perovskite, using molecular dy-
namics simulations with a charge-aware neuroevolution potential. The structural
and dynamical response of MAPbI3 to both static and oscillating electric fields is
characterized across a range of temperatures, focusing on octahedral tilting, methy-
lammonium (MA) cation orientations and vibrational properties.

Under static fields up to 0.1V/A, the orthorhombic-to-tetragonal phase transi-
tion temperature decreases while the tetragonal-to-cubic transition shifts to higher
temperatures. Analysis of phonon mode projections indicates that electric fields
induce a reorientation of the octahedral tilt pattern, with the dominant tilt axis
preferentially oriented away from the field direction. A progressive alignment of
MA molecular dipoles with increasing field strength is observed.

For oscillating fields, frequency-temperature phase diagrams constructed for two
field strengths reveal a substantial suppression of transition temperatures across
many frequencies, with pronounced resonant features at 1.3 THz and 2.4 THz. Vibra-
tional analysis suggests that these resonances couple to infrared-active Pblg frame-
work modes rather than direct MA dipole reorientation, providing insights into the
intricate coupling between the inorganic lattice and organic cations that governs
phase behavior under external fields.

Keywords: perovskites, phase transitions, electric fields, molecular dynamics, Born
effective charges, neuroevolution potential
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1

Introduction

1.1 Background

Hybrid halide perovskites are promising materials for photovoltaic applications due
to their tunable bandgap, low-cost fabrication and power conversion efficiency sur-
passing 26% [1]. However, their sensitivity to environmental factors such as humidity
and heat makes it challenging to achieve long-term structural stability [2]. Structural
distortions can alter the electronic band structure, thereby impacting optoelectronic
properties and photovoltaic performance [3].

MAPDI; is a prototypical hybrid halide perovskite where methylammonium (MA)
cations occupy cavities within a lead iodide (Pb—I) octahedral framework [4]. The
MA molecules possess a permanent electric dipole moment and rotational degrees
of freedom, allowing them to reorient in response to their local environment [5].
This coupling between molecular orientation and framework distortions is a key
mechanism governing the phase behavior and thus structural stability of MAPbI; [6,
7]. External electric fields provide a direct means to manipulate the orientation of
MA dipoles [8] and thus probe their coupling to the inorganic lattice. In addition,
oscillating electric fields can resonantly interact with lattice vibrational modes that
affect macroscopic material properties [9]. Together, static and oscillating fields
provide complementary routes to influence phase stability in hybrid perovskites.

This work employs molecular dynamics (MD) simulations with a charge-aware
machine-learned interatomic potential to characterize the structural and dynamical
response of MAPDI; to static and oscillating electric fields. By analyzing octahedral
tilt patterns, MA orientations, vibrational spectra, and phase behavior across a
range of field strengths and frequencies, this work provides atomistic insights into
field-induced structural changes. It further highlights the interplay between MA
rotational dynamics, lattice vibrations and the inorganic framework.

1.2 Aim

The aim of this project is to study the effect of external electric fields on phase
transitions in hybrid halide perovskites, using MAPDbI3 as a representative system.
Key quantities of interest include octahedral tilts, molecular cation orientations and
vibrational properties, which are used to characterize field-induced phase behavior.
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1.3 Limitations

The use of graphical processing units via the GPUMD package [10] enables MD simu-
lations with machine-learned potentials at relatively low computational cost. How-
ever, these potentials are approximations built on density functional theory (DFT),
and their accuracy is limited by the training set coverage. Although deviations are
generally small, they can still matter.

MD simulations are inherently limited by system size and timescale. Simulations
were restricted to systems of ~ 10*—10° atoms and timescales of tens of nanoseconds,
whereas experimental studies encompass ~ 10% atoms evolving over seconds to
minutes. Additionally, the primary analysis is restricted to electric fields applied in
a single crystallographic directions. The field strengths employed (up to 0.1V/ A) are
substantially larger than typical experimental values, necessary to induce observable
structural changes within the accessible simulation timescales.
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Theory

2.1 Phonons

The following presentation of lattice dynamics follows standard treatments in con-
densed matter physics [11]. In a crystal, the atoms vibrate around their equilibrium
positions. Due to interatomic forces, a displacement of one atom is coupled to the
motion of its neighbors, leading to collective vibrational modes in which all atoms
oscillate with well-defined frequencies. These collective excitations are described
in terms of so-called phonons, which are quasiparticles associated with the normal
modes of the lattice.

For small displacements u; of atom [, the potential energy can be expanded to
second order within the harmonic approximation

Vet Y a| DY

o Otia eq W af 8ulaaul’ﬁ

UaUyg + O(u?), (2.1)

where « denotes Cartesian indices. The second-order derivatives define the force
constant matrix
92V
Qg = 75—
8ula8ul/

Since the atoms are in equilibrium, the linear term in the expansion vanishes and
the Hamiltonian can be written as

Z Mg, + Z D Do g oy, (2.3)

W ap

(2.2)

where the first term is the kinetic energy and M, is the mass of atom [. The equation
of motion becomes

Mﬂlla = — Z q)la,l’ﬁ uyg. (24)
The relevant solutions are in the form of plane waves

1 i(a-Ri—w(@)) (2.5)

ula,u@) = ﬁﬂa,y(q)e ;

where €4, (q) describes the polarization of the vibration and v labels the phonon
branch. Substituting this into the equation of motion gives the following eigenvalue
equation

lZﬁ: Dia,vs(@)ers (@) = wi(@)eian (@), (2.6)
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with the dynamical matrix defined as

Diap(q) = m@la,l'ﬁelq'(mm)- (2.7)
The eigenvectors €, and eigenvalues w?(q) in Equation (2.6) represent the phonon
modes and their corresponding (squared) vibrational frequencies. For every crystal
momentum vector q, there are 3n eigenvalues, where n is the number of atoms in
the unit cell. Translational invariance of the total energy leads to the acoustic sum
rule, ensuring that three modes satisfy w,(q = 0) = 0. These correspond to the
acoustic phonon modes. The remaining 3n — 3 modes have finite frequencies at
q = 0 and are referred to as optical modes. Positive eigenvalues w?(q) > 0 indicate
stable oscillatory modes, while negative eigenvalues w?(q) < 0 correspond to imagi-
nary frequencies associated with structural instabilities of the assumed equilibrium
configuration.

Because of the periodicity of the crystal lattice, the dynamical matrix satisfies

D(q+ G) = D(q), (2.8)

where G is any lattice vector in the reciprocal space. Therefore, it is sufficient to
only consider the first Brillouin zone.

2.2 Born effective charges and dielectric response

The macroscopic polarization P describes the electric dipole moment per unit vol-
ume {2 and includes both ionic and electronic contributions. The Born effective
charge (BEC) tensor Z; 5 relates the induced polarization to atomic displacements
in different Cartesian directions as

0P,
8ui75 ’

where a denotes the polarization direction and § the displacement direction of atom
i. Equivalently, the BEC tensor can be interpreted as the change in force on atom
¢ induced by an external electric field,

., OFg
BT 9E,

(2.10)

This equivalence follows from the fact that both polarization and force can be ex-
pressed as derivatives of the total energy U with respect to atomic displacements
and electric field, respectively [12], i.e.

1 oU ou
P =__ F o= — . 2.11
" T QOE,’ Y Bug g (2.11)

In the presence of a homogeneous electric field, the system gains an additional energy
term through a coupling to the macroscopic polarization [13]

Uied — _OP - E. (2.12)
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This leads to a force contribution on the ions of the form
F§ = 77 4Fa. (2.13)

For a time-dependent electric field oscillating with frequency w, the response of
a material becomes dynamical rather than purely electrostatic. Lattice vibrations
can couple resonantly to an external electric field at specific frequencies, which is
described by the dielectric response function (w, g). It can be decomposed into a
real and an imaginary part

e(w,q) =e1(w, q) + ieg(w, q). (2.14)

Both ions and electrons contribute to the dielectric response on different timescales.
At high frequencies, only the electronic degrees of freedom can follow the oscillating
field, leading to the high-frequency dielectric constant .. At lower frequencies,
ionic motion associated with lattice vibrations also contributes to the polarization.
In the long-wavelength limit (g — 0), the dielectric function takes the form [14]

(S5 ZEas “536‘2

AT
81(w):€m+3—92 I (2.15)
2
472 >i8 Liap Ui
g9(w) = 30 > ‘ 5 d(w — wy), (2.16)

n

where w,, denotes the phonon frequencies. The long-wavelength limit corresponds
to a spatially uniform electric field. In this limit, only phonons near the I'-point
(q = 0) contribute to the dielectric response, since they correspond to collective
motions in which all unit cells oscillate in phase. Among these, only optical phonons
whose displacements generate a nonzero macroscopic polarization can couple to
the electric field. Such modes are called infrared (IR)-active, and correspond to a
nonzero numerator 3=, 5 Z;,sui's # 0 in the dielectric function.

In practice, the IR spectrum can be obtained from MD simulations as the Fourier
transform of the polarization-current autocorrelation function [15]

[(w) x /0 TP0) - P(1) e dt (2.17)

which is equivalent to the power spectral density (PSD) of P by the Wiener-Khinchin
theorem. The time derivative of the macroscopic polarization is given by

. 1 .
Palt) = 5 > Ziagvisn(t), (2.18)

with v;(t) being the velocity of atom i. Peaks in I(w) correspond to IR-active modes
that can resonantly couple to an oscillating electric field.

2.3 Thermodynamics of phase transitions

Phase transitions can be described thermodynamically in terms of a suitable free
energy functional. In equilibrium, the stable phase corresponds to the state that
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minimizes this thermodynamic potential with respect to the relevant degrees of
freedom. Phase transitions are characterized by discontinuities in the derivatives
of the free energy with respect to natural variables of the system. A first-order
transition has a discontinuity in the first derivative, while a second-order transition
has a continuous first derivative but a discontinuous second derivative [16].

A quantity used to distinguish between different phases is the order parameter.
Order parameters are often associated with a symmetry that is spontaneously broken
at a phase transition, taking a value of zero in the high-symmetry phase and a non-
zero value in the broken-symmetry phase.

Within Landau theory, the free energy is expressed as an expansion of the order
parameter. Assuming that the free energy is analytic in the order parameter 1 and
respects the symmetry of the system, it can be expanded as

b
F(T,n) — Fy = an® + 57;4 + O1°). (2.19)

To satisfy thermodynamic stability, the coefficient a changes sign at the critical
temperature T, such that a = ao(7 —T.), while b > 0 is taken as constant. For T >
T., the free energy has a single minimum at n = 0, whereas for T' < T it develops two
degenerate minima at n = =4ny, corresponding to spontaneous symmetry breaking
at the phase transition.

An external electric field can be phenomenologically included by adding a linear
coupling —FEn to Eq. (2.19). Above T, the field shifts the single minimum to a finite
order parameter and below T, it lifts the degeneracy between the two minima, as
illustrated in Figure 2.1.

(b) T<T,
5
'
>
o
[}
C
()
(]
g
[N
2 -1 0 1 2 2 -1 0 1 2
Order parameter n Order parameter n

Figure 2.1: Schematic of the Landau free energy above (a) and below (b) the crit-
ical temperature T,. An external electric field favors one of the degenerate minima
in the symmetry-broken phase.

Landau theory was originally formulated for second-order phase transitions, but
can be extended to describe first-order transitions by including higher-order terms
in the free energy expansion. In such cases, metastable states may coexist with
the thermodynamically stable phase, which is the microscopic origin of hysteresis.
An external field can further break the degeneracy between competing minima,
potentially driving field-induced switching between structural states.

6



2. Theory

2.4 Perovskites

A perovskite is a crystal structure with the generic formula ABXj3, where A and B
are cations and X is an anion, forming a framework of corner-sharing BX4 octahedra.
In halide perovskites, the X site is a halogen anion and the B cations are divalent,
like Pb*" or Sn*". The A site can be an inorganic monovalent cation like Cs, or an
organic molecular cation like methylammonium (MA), in which case the perovskite
is called hybrid [17]. Combining these characteristics gives hybrid halide perovskites,
such as methylammonium lead iodide MAPbI3. The molecular cation MA, with full
chemical formula CH3NH3", can rotate and carries an electric dipole, introducing
additional degrees of freedom compared to fully inorganic halide perovskites such
as CsPbBrs. Figure 2.2 visualizes the structure of the prototypical hybrid halide
perovskite MAPbDI3.

Figure 2.2: Crystal structure of MAPbI3, where the A site is occupied by the MA
cation (CH3NH;3") and the Pbls octahedra form the framework. Atom colors are C
(light gray), N (blue), H (white), Pb (gray), and T (purple).

2.4.1 Octahedral tilting

Perovskites often exhibit distortions from the high-symmetry cubic phase at different
temperatures, associated with soft phonon modes corresponding to tilting of the BXg
octahedra. These octahedral tilts can be understood as a structural instability of
the cubic phase, resulting in tilted phases with lower symmetry. The octahedra can
tilt about any of the three Cartesian directions of the crystal, and successive layers
can tilt either in-phase or out-of-phase [18], as illustrated in Figure 2.3.

A common way of describing perovskite structures is through Glazer notation
[19], e.g. a®btc™, where a, b and ¢ are the crystallographic directions and the su-
perscripts indicate zero tilt, in-phase or out-of-phase tilt. At room temperature,
MAPDI; adopts the cubic phase, aa’a’, which is untilted. As temperature de-
creases, MAPbI; undergoes a transition to the tetragonal a®a’c~ phase, charac-
terized by out-of-phase tilting around the c-axis. At lower temperatures, the or-
thorhombic a~a~ ¢t phase is formed, with both in-phase and out-of-phase tilting
[3]. These phases can also be described by their corresponding space groups, with

7
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Figure 2.3: Illustration of in-phase (left) and out-of-phase (right) octahedral tilt-
ing. The tilt pattern distorts the A-site cavity, constraining the preferred orientation
of the MA cation.

the cubic phase belonging to Pm3m, the tetragonal phase to I4/mem and the
orthorhombic phase to Pnma. Some common structural phases of MAPbI;3 are
summarized in Table 2.1, along with the irreducible representations of the phonon
instabilities [20].

Table 2.1: Common structural phases of MAPbI; described in terms of Glazer tilt
systems. Here, R and M denote irreducible representations associated with phonon
instabilities at the corresponding Brillouin zone boundary points [20].

Phase Space group Glazer notation Mode(s)
Cubic Pm3m a’a’a’ -
Tetragonal I4/mem aa’c Rf
Tetragonal P4/mbm a®a’ct My
Orthorhombic  Pnma a~a ¢’ Rf + My

An ideal cubic perovskite has a lattice parameter of a = v/2(rs+rx) = 2(rg+7x),
where r are the ionic radii in ABX3. Distortions from this structure can be quantified
using the Goldschmidt tolerance factor

- rAa+Tx
\/5(7“3 —l—T)()’

where ¢ is between 0.9 and 1 for a cubic structure. Deviations from ¢ ~ 1 indicate
that the relative sizes of the ions are not ideally matched, leading to structural
distortions. Tilted perovskite structures typically correspond to tolerance factors
between 0.71 and 0.9, whereas tolerance factors above 1 or below 0.71 are non-
perovskite structures [21].

This geometric mismatch manifests itself in the lattice dynamics as soft phonon
modes, corresponding to displacement patterns associated with structural instability.
These modes correspond to rotations of the BXg octahedra that lower the potential
energy of the system. In-phase tilting is associated with M-point modes, whereas
out-of-phase tilting corresponds to R-point modes at the Brillouin zone boundary.
These zone-boundary modes are highly anharmonic, resulting in a complex poten-
tial energy landscape with shallow minima. Although the harmonic approximation

(2.20)

8
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described in Section 2.1 identifies the instabilities via imaginary phonon frequencies,
it does not adequately describe the potential energy surface governing the octahe-
dral tilting dynamics. In MAPbI3, the MA molecules play an important role in this
complex behavior, as discussed in the next section [6, 7).

2.4.2 The role of methylammonium

The MA cation in MAPDbI; introduces additional degrees of freedom compared to
a simple inorganic cation, owing to its ability to rotate and its permanent electric
dipole moment. At low temperatures, dipole-dipole interactions favor long-range
orientational ordering, while at higher temperatures thermal fluctuations allow in-
creasingly free rotation. The rotational behavior of MA is strongly coupled to the
surrounding Pblg octahedral framework. As the symmetry of the inorganic cage
is lowered by octahedral tilting, the available orientational space for MA narrows.
Two main effects are believed to contribute to this cage-molecule coupling. Hydro-
gen bonding between the ammonium group of MA and the iodide anions creates
preferred orientations relative to the cage geometry. Steric interactions additionally
restrict configurations in which atoms are brought too close together [22]. While
these interactions are not directly investigated in this work, they provide the micro-
scopic basis for the coupling between MA orientations and the inorganic framework.
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3

Methods

This section describes the computational methods employed to investigate electric
field-induced phase transitions in MAPbI3. The first part covers the theoretical foun-
dations of MD simulations and the charge-aware neuroevolution potential, which is
trained on density functional theory calculations. The second part details the spe-
cific implementation and post-processing methods for extracting structural order
parameters and phase behavior.

3.1 Molecular dynamics

MD is a well-established computational method for simulating the time evolution
of many-particle systems [23]. In MD, Newton’s equations of motion are solved
numerically using interatomic forces to propagate the positions, velocities and ac-
celerations of all particles in time. The force acting on each particle, 7, is obtained
as the gradient of the total potential energy U,

ou
87“2- ’
In this work, U is provided by a neuroevolution potential (NEP) trained to reproduce
the potential energy surface of the perovskite system. To propagate the system
in time, the equations of motion are discretized using a Taylor expansion of the

atomic positions around time ¢. Adding the forward (¢ + At) and backward (t — At)
expansions eliminates all odd-order contributions, resulting in the Verlet algorithm

ri(t + At) = 2r;(t) — ri(t — At) 4+ a;(t) AL + O(AtY), (3.2)

F,= (3.1)

where the acceleration is given by a;(t) = F;(t)/m;. Velocities can be obtained by
instead subtracting the Taylor expansions at t + At and t — At, giving

1
= 5x7 [ri(t + Al) — 7i(t — At)] + O(AL?). (3.3)
To avoid the need for previous-step positions, the algorithm is reformulated into the
velocity Verlet form, where positions and velocities are updated simultaneously

rilt + At) = ri(t) + vi( )AL+ ;ai(t)AtQ -
3.4

These equations constitute the basis for MD simulations implemented in the GPUMD
package used in this work.

11



3. Methods

3.2 Sampling thermodynamic ensembles

The data resulting from MD simulations are particle trajectories. From these tra-
jectories, ensemble-averaged quantities can be computed that correspond to exper-
imentally measurable observables. In the MD method discussed in the previous
section, the system is sampled in the microcanonical (NV E) ensemble, i.e., with a
constant number of particles, volume, and energy. Other ensembles are often more
convenient depending on the control variables of interest.

3.2.1 The canonical ensemble

A system in thermal equilibrium with a heat bath is described by the canonical
(NVT) ensemble, where the temperature is fixed instead of the total energy. To
control the temperature in MD simulations, the Berendsen thermostat [24] can be
used to rescale velocities as

At (T,
TT T

where At is the timestep in MD, 7 is the time constant of the coupling, T} is the
target temperature and 7' is the current temperature.

The Berendsen thermostat is mostly used for reaching equilibrium. For sampling
the canonical ensemble, the Nosé-Hoover chain thermostat [25] is more suitable. In
this method, the equations of motion are modified by an additional friction term
acting on the particle velocities,

d’UZ‘ o
=a; — —v; 3.6
dt CQo (3:6)
where @)y is the mass associated with the thermostat variable and 7y its conjugate
momentum.

3.2.2 The isobaric-isothermal ensemble

A system that is coupled to a bath with fixed temperature and pressure corresponds
to the isothermal-isobaric (NPT) ensemble. To control the temperature in MD
simulations, the Berendsen thermostat is used as in Eq. (3.5). The pressure is
controlled with the Berendsen barostat [24] that rescales the simulation box, h, and
positions with a 3 x 3 scaling matrix, pu,

r; — ur;, h— ph. (3.7)
For a triclinic simulation box, the components of the scaling matrix are
BaﬂAt t t i
ol = 1— arget __instant 3.8
Hap 3Tp (pozﬁ paﬁ ) ( )

where 3,5 is the isothermal compressibility, At is the timestep and 7, is the time con-
stant of the pressure coupling. A limitation of the Berendsen thermo- and barostats
is that they do not generate correct volume fluctuations. To address this, the Berend-
sen method is extended by including a stochastic cell rescaling (SCR) barostat [26].

12



3. Methods

3.3 Density functional theory

Density functional theory (DFT) is an ab initio (from first principles) computational
method used to determine the electronic structure of many-body systems [27], and
forms the basis of the training data for the machine-learned potential used in this
work.

In the context of lattice dynamics, interatomic forces are governed by the redis-
tribution of the electron density as the nuclei move. Determining these forces theo-
retically requires solving for the total energy F in the time-independent many-body
Schrodinger equation,

HU = EV, (3.9)

where the electronic state is described by the wavefunction W(rq,rs,...,7x). The
Hamiltonian H for a system of V electrons moving in the field of fixed nuclei (within
the Born-Oppenheimer approximation) is given by

R A R R N 72 N 1N
H=T+V+U=Z<—2mV?>+ZV("%)+QZ
g =1

i=1 i#]

1

|7“i—7“j|’

(3.10)

where T is the kinetic energy, V is the external potential from the nuclei and U
is the electron-electron interaction. The ground-state energy and wavefunction are
obtained variationally by minimizing the energy functional E[V].

DFT reformulates this complex many-body problem in terms of the electron den-
sity n(r). According to the Hohenberg-Kohn theorems [28], the external potential
V(r) is uniquely determined, up to a constant, by n(r). Since V(r) determines
all properties of the system, the ground-state is a unique functional of the electron
density, which can then be written as E[n]. Furthermore, the exact ground-state
density minimizes E[n].

Kohn-Sham theory provides a practical framework to find this density [29]. The
interacting system is mapped onto an auxiliary system of non-interacting electrons
moving in an effective potential Veg(r) that reproduces the same ground-state den-
sity. The resulting Kohn-Sham equations

<—h2v2 ' vcﬂ<r>) o(r) = () (3.11)

2m

are eigenvalue equations for the Kohn-Sham single-particle orbitals ¢;(r) with eigen-
values ;. The solution yields the density as n(r) = SN, |¢;(r)[?, from which the
total energy functional and interatomic forces can be obtained.

3.4 Neuroevolution potential

The NEP is a type of machine-learned potential that provides the potential energy
U and forces in an MD simulation, as in Eq. (3.1). DFT calculations are used
as training data. The free parameters in the NEP have been optimized via the
separable natural evolution strategy [30, 31]. In the GPUMD implementation [10], the
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site energy of atom 7 is modeled using a feedforward neural network with one hidden
layer

Npeu Ndes .
Ui = wl(tl) tanh (Z wgl),)ij - bg))) — b, (3.12)
H:l v=1

where w(© and w® are weights, b® and b)) are biases, and tanh (x) is the acti-
vation function in the hidden layer. Furthermore, Ny, is the number of neurons
and Nges is the number of descriptors, resulting in a total number of parameters
(Nges + 2)Nyew + 1. The descriptors, D!, are mathematical representations of the
atomic environment, and consist of radial and angular parts. The radial descriptor
consists of a summation of functions over all neighbors of atom 7, up to a certain
cutoff radius. Finally, the total potential energy is obtained as the sum over all atom

contributions,

UM =3 "U (3.13)

3.5 Charge-aware neuroevolution potential

The finite cutoff radius in the descriptor construction makes conventional NEP mod-
els inherently short-ranged. For simulations involving an applied external electric
field, the model needs to include long-range electrostatic interactions and a way to
couple to the field. To this end, this work uses the recently developed charge-aware
neuroevolution potential (QNEP) architecture [32].

The gNEP extends the NEP architecture by adding the partial charge ¢; as a
second output node, in addition to the site energy U; in Eq. (3.12). The partial
charges are environment-dependent, allowing the model to capture polarization ef-
fects and other electrostatic phenomena. Charge conservation is enforced during
training through an additional constraint on the total charge.

From the predicted partial charges, the electrostatic energy UPS is evaluated using
Ewald decomposition including both real-space and reciprocal-space components
(mode 1). The total energy is given by the sum of the conventional NEP energy
and the electrostatic energy,

Utot _ UNEP + UES. (314)

Furthermore, the macroscopic polarization is evaluated as
Po=) et (3.15)

from which the Born effective charges (BEC) are obtained (see Section 2.2). The
total force acting on each atom is given by the sum of the short-ranged NEP force,
the electrostatic force arising from UPS and the field-induced contribution,

F; = —V,U*t 4 phidd, (3.16)

where the field-induced force is obtained from the BEC according to Equation (2.13).
Without any applied electric field, F?eld = 0.
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3.6 Computational details

All simulations were performed on a system of 32928 atoms (a 14 x 14 x 14 repetition
of the primitive cell), unless explicitly stated otherwise. Heating and cooling runs
were performed between 1 K and 450 K in the isobaric-isothermal (NPT) ensemble,
with a heating and cooling rate of 11.25K/ns. The supercell size was chosen to
minimize finite-size effects and the rate was chosen to ensure quasi-static conditions
at each temperature. MD simulations were run on graphical processing units using
the GPUMD package [10] with a timestep of 0.5fs, chosen to resolve the motion of
the light hydrogen atoms. Interatomic forces were evaluated in the MD simulations
using a charge-aware QNEP model constructed outside the scope of this thesis [32].
Several software packages were used for post-processing: ASE [33], Calorine [34],
dynasor [35, 36, hiphive [37] and OVITO [38]. Specific computational details are
explained in the following subsections.

3.6.1 Structural order parameters

Octahedral tilt angles, obtained from the local rotation of each Pblg octahedron
relative to the ideal cubic reference structure, were used as structural order param-
eters to identify phase transitions. For each Pblg octahedron, the six Pb—I bonds
were identified and matched to the corresponding ideal cubic perovskite environ-
ment following the procedure in [39], implemented in OVITO. From this mapping,
the resulting rotation was converted to Euler angles 0,,0,, 0, with the SCIPY pack-
age [40]. Among the possible Euler angle conventions, the one yielding angles in
increasing magnitude was selected, consistent with the Glazer convention. Tilt an-
gle distributions were extracted for each trajectory snapshot, providing a continuous
representation as a function of temperature.

A complementary order parameter is the phonon mode projection [41], which
quantifies the amplitude of atomic displacements u(t) along a mode eigenvector ey,

() = u(t) - ex. (3.17)

Atomic displacements were computed relative to the ideal cubic reference structure
using hiphive [37]. M- and R-point eigenvectors were obtained with PHONOPY [42]
and the mode projection amplitudes Qs and @ were computed with dynasor [35,
36].

A third measure of lattice distortion is B-site off-centering (here B=Pb), defined
as )

di = TpPb,i — 6 Z T1;, (318)
JEN (i)

where ¢ indexes the Pblg octahedra and j € N (i) labels the six I atoms belonging to
octahedron 7. The quantity d; measures the displacement of the Pb atom relative
to the octahedral centroid, in all three Cartesian directions d; = (d; 4, d;, d; ). To
probe field-induced polar distortions, the Pb off-centering vectors were averaged over
all octahedra,

1 Neb
(d) = > d, (3.19)
Npy =
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for each snapshot of the heating trajectories.

3.6.2 Characterization of M A cation orientations

MA cation orientations were quantified using spherical coordinates of the C—N bond
vector rcy, as illustrated in Figure 3.1. In a crystal-aligned coordinate system, the
polar and azimuthal angles were defined as

0 = arccos &y, ¢ = arctan 2(7x, Tén)s (3.20)

where 7y is the normalized bond vector.

Figure 3.1: MA cation inside the Pb—I octahedral cage. The C-N bond vector
(red arrow) defines the MA orientation via polar angle 6 and azimuthal angle ¢ in
a Cartesian coordinate system aligned with the crystal axes (a, b, c).

A consistent classification of orientations requires distinguishing between the sim-
ulation (lab) frame and the intrinsic crystal coordinate system. In MD simulations,
symmetry-equivalent choices of the unit cell may lead to arbitrary orientations of
the octahedral tilt axes with respect to the Cartesian directions. To remove this
ambiguity, the simulation frame was rotated such that the main tilt axis aligns with
the crystallographic z-direction, following the Glazer notation. Throughout this
work, crystallographic directions are denoted a, b, ¢ and simulation frame directions
as X, Y, Z. This approach is commonly used in perovskite MD studies in the absence
of external fields.

In the presence of an external electric field, the symmetry between parallel and
antiparallel orientations is explicitly broken, introducing a directional bias. Never-
theless, to isolate the coupling between the MA cations and the inorganic framework
from field-induced frame reorientation, the coordinate system was defined using the
same crystal-alignment procedure as in the zero-field case.

Within this crystal frame, crystallographic reference directions (100), (110), and
(111) were defined. In tetragonal and orthorhombic phases, the symmetry-equivalence
of these directions is broken, unlike in the ideal cubic perovskite. Yet they remain
useful descriptors due to the pseudo-cubic nature of MAPbDI3, with lattice parame-
ters that are nearly equal and interaxial angles close to 90°.
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To characterize rotational dynamics of MA, the orientational autocorrelation func-
tion (ACF) was computed as

<TCN,i (t) . rCN,z’ (t + T))

) = @ - rena®)

(3.21)

where 7 denotes the i-th MA molecule and the average is taken over all molecules.
The ACF quantifies the memory of previous molecular orientations, decaying from
unity at 7 = 0 to zero as orientational memory is lost.

3.6.3 Phase diagram construction

For the field-temperature (E-7T") phase diagrams, phase boundaries were extracted
from heating and cooling simulations under different electric field strengths using
phonon mode projections and octahedral tilt angles as order parameters. The electric
field was applied in the simulation Z-direction, corresponding to a face of the pseudo-
cubic structure. Transition temperatures were extracted for 15 field strengths, with
0.005 V/A spacing in the first half of the interval and 0.01 V/A spacing in the second
half. The maximum field strength was chosen to remain below the field emission
threshold of MAPDbI;. Field emission in MAPbI3 nanorods has been reported at
local fields of approximately 1.87V /A [43], providing a conservative upper bound
for bulk where no geometric enhancement is present.

The frequency-temperature (f-T') phase diagrams were constructed in a similar
way, applying an oscillating field E(t) = FEysin (2nft) for a fixed field strength
Ey and different frequencies f. Based on the E-T phase diagram, one low field
0.01V/A and one intermediate field 0.03 V/A were chosen. Frequencies were chosen
in the range of 0.001 THz to 20 THz, with 24 points distributed on a logarithmic
grid and denser sampling near resonant behavior. This range was selected to span
the relevant dynamical timescales of the system, from slow structural dynamics of
the Pblg framework to faster intramolecular vibrational modes of the MA cation.
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Results

This chapter presents the results of molecular dynamics simulations investigating
electric field-induced phase transitions in MAPDbI3. The first part validates the qNEP
model used throughout the study. The second part characterizes the phase behavior
and MA cation dynamics at zero field, establishing a baseline for all subsequent
analyses. The third and fourth parts examine the structural response to static
and oscillating electric fields, respectively, revealing field-induced shifts in phase
transition temperatures and resonant coupling to framework vibrational modes.

4.1 NEP model

The NEP model used in this work is a mode-1 qNEP model with 30 neurons in the
hidden layer, using radial and angular cutoffs of 8 A and 4 A, respectively. Two-
stage training was performed using GPUMD. The first stage prioritized accurate force
predictions with the force loss parameter Ay = 10 and energy loss parameter A\, = 1.
The second stage refined the potential by balancing energy and force predictions
equally with Ay = A, = 5. Figure 4.1 shows parity plots comparing predicted
quantities to DFT reference calculations during training.

The model achieves high R?-scores for all target properties, with R? > 0.985. En-
ergies are reproduced with particularly high accuracy, while forces and higher-order
quantities show slightly lower but still good agreement. The loss curves and RMSE
metrics decrease over the course of training (Figure 4.2), indicating successful model
convergence. A clear change in behavior is observed at 2 x 10° generations, corre-
sponding to the transition to the second training stage with modified loss weights.
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Figure 4.1: Training parity plots comparing predicted energies, forces, virials,
stresses and BEC with DFT calculations. The root-mean-square error (RMSE) and
R2-score are indicated for each quantity.
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Figure 4.2: Loss function and RMSE during training. The total loss function and
regularization terms Li, Ly are shown. The step at 2 x 10° generations represents
the second stage of training, where the model found a new minimum.

4.2 Phase behavior at zero field

To obtain a baseline for all further investigations, the phase behavior of MAPDbI;
was first characterized without any external fields, focusing on phase transitions and
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MA cation orientations. Figure 4.3 shows the lattice parameters together with the
M- and R-point phonon mode projections during heating and cooling simulations.
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Figure 4.3: Lattice parameters and mode projections from heating (red solid line)
and cooling (blue dashed line) of MAPDI;.

Upon heating, MAPbDI; started from the orthorhombic a~a~c¢* structure with
three activated modes: one M-mode (in-phase) and two R-modes (out-of-phase).
Note that the different signs of )3y and Qg are arbitrary and depend on the eigen-
vector convention, they do not affect the physical interpretation of in-phase vs out-
of-phase tilting. The smooth variation in lattice parameters and mode amplitudes
around 130 K does not correspond to a phase transition. It is instead attributed to
a transient equilibration effect, likely associated with the system relaxing from the
initial configuration towards the thermodynamically stable orthorhombic structure
under finite-temperature dynamics.

At 200K, only the R, mode remains activated, indicating a transition to the
tetragonal a’a’c™ structure. At 360K, all modes average to zero, consistent with
the cubic a®a’a® structure. Upon cooling, the system starts from the cubic struc-
ture and transitions to the tetragonal a’a’c™ structure at 355 K, where it remains at
lower temperatures. This lag upon cooling is called hysteresis and has been observed
in previous studies of MAPbI3. It indicates that the orthorhombic-to-tetragonal
transition is first-order with a large energy barrier, leaving the system trapped in a
metastable tetragonal state upon cooling [44, 45]. In experiments, the orthorhombic-
to-tetragonal transition has been observed at 160 K and the tetragonal-to-cubic tran-
sition at 330 K [46], i.e., approximately 30 K lower than the transition temperatures
found in this simulation. Such discrepancies are common when using machine-
learned interatomic potentials trained on DFT data.

Figure 4.4 shows the evolution of the lattice angles extracted from the simulation
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cell during heating. In ideal crystallography, the lattice angles should be orthogonal,
a = f =~ = 90° for all three phases. A small deviation of the g angle to
approximately 88.5° is observed in the orthorhombic phase. This originates from
shear fluctuations of the fully flexible (triclinic) NPT simulation cell. Upon heating
towards the orthorhombic-to-tetragonal transition, S gradually increases and slightly

overshoots above 90° before converging, reflecting relaxation of shear strain under
the applied barostat.
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Figure 4.4: Evolution of the unit cell lattice angles «, 8 and v during heating.
The orthorhombic-to-tetragonal transition is visible as 3 converges to 90°.

In addition to the mode projection order parameters, octahedral tilt angles were
extracted from heating and cooling simulations, shown in Figure 4.5. The same
phase transition from orthorhombic to tetragonal is observed for heating at 200 K,
and subsequently from tetragonal to cubic at 360 K. As before, the system exhibits
hysteresis upon cooling, where only the cubic-to-tetragonal transition at 355 K ap-
pears. In the orthorhombic a~a™ ¢t phase, tilting about the c-axis is substantially
larger than about the a- and b-axes, making the c-axis the dominant tilting direction
in this phase.
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Figure 4.5: Distributions of octahedral tilt angles during heating (left) and cooling
(right). During heating, the phase transitions at 200 K and 360 K are visible. During
cooling, a clear hysteresis is observed, where the cubic-to-tetragonal transition occurs
at 355 K, while the tetragonal-to-orthorhombic transition is suppressed.

From the heating simulations, the orientations of the r¢n vectors were extracted
within the crystal frame, according to the method described in Section 3.6.2. Three
representative temperatures for the phases of MAPbI3 were chosen: orthorhombic
a"a"c’ at 150K, tetragonal a®a’c™ at 250K and cubic aa’a® at 400 K. The dis-
tributions of the spherical angles of rcy, shown in Figure 4.6, were obtained by
averaging the trajectory within a window of £10 K around each target temperature.
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Figure 4.6: Distribution of the C—N bond vector in MA molecules, at three repre-
sentative temperatures. ¢ is the azimuthal angle, measured in the crystallographic
ab plane and 6 is the polar angle, measured from the crystallographic c-axis. The
markers denote crystallographic direction families (100) (squares), (110) (circles)
and (111) (triangles) for reference.

In the low-temperature orthorhombic structure, the MA molecules occupy four
distinct orientations. Of the two leftmost spots in the 150 K plot, one spot is located
between [010] and [110], and the other between [110] and [100]. The two rightmost
spots appear at the corresponding 180° rotated positions in the azimuthal angle.
Residual density at additional spots reflects traces from the structural relaxation
discussed above. Prior to this relaxation, the MA molecules occupied four spots
similar to the present ones, but rotated by 90°. The angles extracted from the
maxima in density of the four spots are: 6 = 92°, ¢ € {—58°, —28°,122°, 152°}.

At intermediate temperatures, in the tetragonal structure, the MA molecules are
distributed over eight different directions close to the (110) family. A finite prob-
ability density is observed between these points, indicating reorientation between
states. Of the 12 different (110) directions, four are not observed, correspond-
ing to those lying in the ab plane. The corresponding angles are § € {58°,122°},
¢ € {—178°,—88°, —2° 88°}.

Finally, in the high-temperature cubic structure, the molecules show increased
orientational disorder. They occupy all (110) directions, with about equal proba-
bility. Orientations pointing directly along the (100) directions are comparatively
suppressed. An enhanced density near the equator (6 ~ 90°) partly stems from the
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geometric stretching inherent to spherical projection. The angles, in addition to the
tetragonal-phase angles, are § = 90°, ¢ € {—132°, —42° 42° 132°}.

The observed evolution follows the change in octahedral tilt pattern shown in
Figure 4.5. In the orthorhombic phase, the full a~a~c¢* tilt lowers the symme-
try of the inorganic cage, restricting MA orientations to a small set of minima
within the ab plane. In the tetragonal phase, where only c-axis tilting remains,
the increased symmetry allows occupation of (110)-like orientations, with thermally
activated transitions between them. This increase in orientational freedom with
temperature is consistent with previous MD studies [47]. In the cubic phase, the
nearly isotropic cage leads to broad orientational disorder. Ab initio MD studies of
the cubic phase report a preference for (110) directions, which has been attributed
to favorable hydrogen-bonding with the iodide framework [48].

To complement the static picture of MA orientations, the orientational ACF C(r)
was computed for several temperatures according to Equation (3.21). Starting from
the target temperature in the NPT ensemble, each system was equilibrated for 1ns
in the NVT ensemble. Production runs of 200 ps were subsequently performed in
the NVE ensemble, from which MA orientations were sampled. Since rotational
timescales in the orthorhombic phase exceed the simulation length, only tetragonal
and cubic phase temperatures are included in Figure 4.7.
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Figure 4.7: Orientational autocorrelation function of MA at temperatures in the
tetragonal and cubic phases. The spacing between the lines is 25 K. The decay
reflects reorientation between preferred orientations, with a characteristic timescale
that decreases strongly with temperature.

At all temperatures, C'(7) decays from unity, reflecting loss of orientational mem-
ory as MA molecules reorient between preferred directions. A characteristic timescale
Trot Was extracted by fitting to a single exponential C(7) oc e~™/™t | yielding a strong
temperature dependence: from 7.1 &~ 20ps at 200K to 7ot &~ 2ps at 300K and
Trot = 0.9ps at 400 K. A slight inflection or shoulder is visible in the early de-
cay, especially at low temperatures, attributed to faster atomic vibrations. The
molecular reorientation rate, defined as the inverse rotational timescale, follows an
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Arrhenius-type temperature dependence,

1 _ le_EA/(kBT) (4.1)

ﬂbxjv To ’

where F 4 is the activation energy for molecular reorientation, kg is Boltzmann’s
constant and 7 is the rotation time limit in the absence of energy barrier. Taking
the logarithm yields a linear relation between In (1/7,4¢) and 1/T, enabling extraction
of E4 from the slope. Figure 4.8 shows the reorientation rate 1/7;¢ as function of
temperature together with the Arrhenius fits for the tetragonal and cubic phase.
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Figure 4.8: Molecular reorientation rate as function of temperature, evaluated at
25 K intervals. Solid lines show Arrhenius fits to each phase separately.

The extracted activation energies are 119 meV for the tetragonal phase and 74 meV
for the cubic phase. The tetragonal value agrees well with a previous MD study
using a conventional NEP, which reported 120 meV, though the data show some
scatter around the fitted line. The cubic value is lower than the previously reported
103meV [44] but exhibits a better fit to the Arrhenius relation.

To gain insight into the energy landscape of MAPbDI3 captured by the gNEP, an
energy distribution analysis was performed on 10 000 randomly initialized structures.
Each structure was constructed from a 2 x 2 X 2 repetition of the cubic unit cell with
randomly applied M- or R tilt modes and randomized MA orientations. Atomic
positions and cell shapes were relaxed to a force threshold of 1 x 10~* eV A~!. The
relaxed structures were classified into phases by projecting onto the M and R modes
using a mode projection tolerance of 0.2 A. Figure 4.9 shows the resulting energy
distributions, compared side-by-side with an equivalent analysis performed with a
conventional NEP in [44].

Both models correctly identify the orthorhombic a~a~¢™ structure as the ground
state. The energy distributions of the orthorhombic and tetragonal aa’c~ phases
are qualitatively similar between the two models. However, the qNEP shows a
higher relative occurrence of these crystalline phases compared to the conventional
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Figure 4.9: Energy distributions of 10000 randomly oriented MAPbI3 structures
after structural relaxation. Panel (a) shows classifications using the gNEP potential
in this work, while panel (b) reproduces results from a conventional NEP [44]. All
energies are referenced to the lowest energy structure found.

NEP, with the tetragonal-orthorhombic ratio remaining approximately 2 in both
cases. The tetragonal a’a’ct structure is rare for both potentials, but ends up
at lower energies for the qNEP than for the NEP. Structures classified as “other”
also appear at slightly lower energies than for the reference. A completely fair
comparison is challenging due to potential differences in classification tolerances
across the two models. The overall similarity in energy landscape suggests that the
gNEP reproduces the thermodynamic ordering of MAPbI; reasonably well.

4.3 Response to a static electric field

This section presents the response of MAPDI; to a static electric field applied in the
simulation Z-direction, corresponding to a pseudo-cubic face direction. The effect of
the electric field on the phase behavior is first analyzed through field-temperature
(E-T) phase diagrams, and cross-checked with isothermal field ramps. Subsequently,
the origin of the field response is examined in terms of phonon mode projections
and the orientational behavior of the MA cations, allowing the coupling between
molecular dipoles and octahedral tilting to be characterized.

Figure 4.10 shows the resulting phase diagram, capturing all three phases of
MAPDI;. Since the cubic-to-tetragonal phase boundaries obtained from cooling
runs differed only minimally from the heating results, only heating data are shown
for clarity.

At low fields (here < 0.015V/A), the orthorhombic-to-tetragonal transition tem-
perature increases slightly to 205 K while the tetragonal-cubic transition temper-
ature remains unchanged at 360 K. At fields between 0.02V/A and 0.045V/A,
the orthorhombic-to-tetragonal transition temperature decreases rapidly, while the
tetragonal-to-cubic transition shifts to higher temperatures. Above 0.045V/A, the
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Figure 4.10: Field-temperature phase diagram for an electric field applied along
a pseudo-cubic face. Glazer notation is used to label the phases: orthorhombic

(a=a"c"), tetragonal (a’a’c™) and cubic (a’a’a").

response to the field begins to saturate. This is consistent with previous MD studies,
where fields of order 0.01V/A were required to introduce sizable ordering of MA
dipoles at room temperature [8].

Isothermal field sweeps were performed to cross-check the obtained phase diagram
and characterize the field-induced structural response at fixed temperature. Starting
from equilibrated configurations at zero field, the field strength was increased linearly
to 0.1V/A at a rate of 0.02V/A /ns in the NPT ensemble. To check for hysteretic
behavior, the field was subsequently reduced back to zero at the same rate. Phonon
mode projections were extracted during the ramps to confirm the phase identity at
each field strength. The potential energy during field ramps for temperatures that
span all three phases is shown in Figure 4.11.
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Figure 4.11: Potential energy per formula unit during isothermal field ramps with
the harmonic thermal contribution (1.5kpT") subtracted. The energy is referenced
to the relaxed zero-field structure at 0 K. Each ramp begins from an equilibrated
configuration without field, increases linearly to 0.1 V/ A, and returns to zero at the
same rate (0.02V/A/ns).
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All temperatures except 400 K show an abrupt jump in potential energy at specific
field strengths. For 100 K and 150 K, the coercive fields of approximately 0.04V/ A
and 0.03 V/A correspond to orthorhombic-to-tetragonal transitions, which matches
with the boundary of the phase diagram. Some hysteresis is visible upon ramping
back down, with higher energy reflecting the system remaining in the metastable
tetragonal phase at low temperature. At 200 K and 250 K, the structure is practically
in the tetragonal phase across all field strengths in the phase diagram. Yet both
show an abrupt energy jump at high fields during the field ramp while remaining
in the tetragonal phase. This represents a different type of reorientation, which is
examined in the following part. No hysteresis is seen in this process: the energy
returns to its initial energy. The orthorhombic-to-tetragonal transition at 205K
observed in low-field heating simulations is not visible in the 200 K isothermal ramp.
This discrepancy likely reflects the system being trapped in a metastable state during
heating at low fields, dependent on its initial conditions. At 400 K, transition to the
tetragonal phase is visible near 0.06 V/ A, with the system reversibly returning to
the cubic phase upon ramping back down.

Figure 4.12 shows the mode amplitudes (@ and QQr) measured in the simulation
coordinate system XY 7, during the electric field ramp for selected temperatures.
This allowed analysis of field-induced structural reorientation. For clarity, only the
non-zero components are shown.
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Figure 4.12: Evolution of mode amplitudes during a linear field-ramp from 0 to
0.1 V/A, for 150K and 250K. The blue and green background regions indicate
the orthorhombic and tetragonal phases, respectively. The mode components are
expressed in the simulation coordinate system (X,Y,Z7), with only the activated
modes shown.

At 150K, the system remains in the orthorhombic a~a~c¢™ phase at low fields,
where all three mode components are activated. Since the simulation coordinate
system is used, the in-phase tilt about the c-axis is represented by an activation
of My. At about 0.03V/A, the transition to the tetragonal a’a’ct phase occurs,
in which only a single Ry mode remains activated. This coercive field is consis-
tent with the orthorhombic-to-tetragonal the phase boundary at 150 K in the E-T'
phase diagram. At 250K, the system remains in the tetragonal phase across all
fields strengths in the field ramp, consistent with the phase diagram. Initially, the
Rz mode is activated, which coincides with the field direction. At 0.06 V/A, this
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switches to an Ry mode, reflecting a field-induced reorientation of the octahedral
tilt axis perpendicular to the applied field. This reorientation occurs within the
tetragonal phase and is therefore not captured by the E-T" phase diagram. Heating
simulations starting from low temperature show the same reorientation but at a
significantly lower coercive field (~ 0.01 V/A), indicating that the transition is sen-
sitive to thermal history. This suggests that the two tilt orientations are separated
by an energy barrier under applied field. In total, the mode projections indicate that
sufficiently strong electric fields favor structures in which the dominant octahedral
tilt axis avoids alignment with the field direction.

Similarly to the zero-field case, the orientations of the rcN vectors were extracted
to investigate the coupling between the Pblg octahedral framework and the MA
cations. As the principal tilt axis reorients under the field, the crystal frame itself
rotates relative to the simulation coordinates, so the field direction does not project
onto a fixed crystallographic axis. The resulting distributions for two representative
field strengths, a low field of 0.01V/A and an intermediate field of 0.03V /A, are
shown in Figure 4.13, for the same temperatures as in the zero-field case (150K,
250 K, and 400 K).
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Figure 4.13: Distribution of the C—N bond vector in MA molecules for two rep-
resentative field strengths, (a) 0.01V/A and (b) 0.03V/A, at three temperatures.
Each panel uses independent probability density normalization. Crystallographic
direction families (110) (circles) and (100) (squares) are indicated near regions of
high probability density. The electric field direction (applied along simulation Z)
is indicated by a horizontal dashed line at # = 0° when aligned with the crystal
[001] direction, or by a star when the octahedral tilt axis has reoriented under field,
shifting the field direction to a different crystallographic axis.

For low field strengths, the orientational distributions remain qualitatively similar
to those in Figure 4.6. Across all temperatures, an increase in intensity is observed
for orientations closer to the field direction, reflecting partial dipole alignment. In
the orthorhombic phase at 150 K, two of the zero-field orientations (near ¢ = —132°
and ¢ = —42°) vanish, while two new orientations appear, shifted toward the field
direction. Yet significant density persists near the [110] and [100] points, which
are directions anti-aligned or perpendicular to the field. This indicates competi-
tion between the applied field and the orthorhombic structural constraints: the
field partially reorients some dipoles, while the tilt structure remains intact. At
the higher field strength of 0.03V/ A, these shifted orientations weaken, and those
closest to the field direction dominate. Since this field strength coincides with the
orthorhombic-to-tetragonal transition near 150 K, this evolution likely reflects the
progressive destabilization of the orthorhombic phase. The preferred MA orienta-
tions in the orthorhombic structure are incompatible with alignment along the field
direction. This concentration of density is coupled to the reorientation of the tilt
axis away from the field direction: by tilting perpendicular to the field, the crystal
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frame rotates such that the preferred (110) orientations of the tetragonal phase be-
come compatible with alignment along the applied field. In the cubic phase at 400 K,
the four orientations most compatible with the field direction become preferentially
occupied. A substantial fraction of the density remains distributed over other orien-
tations, reflecting the orientational disorder of the high-temperature phase. Notably,
orientations antiparallel to the field remain suppressed.

To quantify the MA orientations efficiently across all field strengths, a global order
parameter describing the net orientation of the MA molecules was defined as

1 .
N = —> fong (4.2)
Nua 5
Here, Nyja is the number of MA molecules and fen; is the normalized C-N bond
vector for molecule 7, expressed in the crystal-aligned coordinate frame. The com-
ponents N, N, and N, were extracted for different temperatures and electric field

strengths during heating and cooling, shown in Figure 4.14.
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Figure 4.14: Components of the net MA orientation vector N = (N,, N,, N,)
extracted in the crystallographic frame. Data from heating (up triangles) and cooling
(down triangles) are shown. For low fields (< 0.01V/A), the dominant octahedral
tilt axis is aligned with the applied field direction, so the field direction corresponds
to N, = 1. Above this field strength, the field induces a reorientation of the tilt
axis away from the field, causing the field direction to correspond to N, = 1 in the
crystal frame.

At zero field, the net orientation vanishes, IN = 0, for all temperatures, indicating
that no preferred global molecular orientation is present. The distinction between
low- and high-field behavior becomes particularly evident at 250 K, where the N,

32



4. Results

component initially increases with field strength. This represents the metastable
region where the structure tilts along the same direction as the field. Above a critical
field strength (> 0.01 V/A), the previously discussed structural reorientation occurs,
accompanied by the onset of the NN, component for all temperatures. Following
this reorientation, the electric field direction corresponds to N, = 1, making the
progressive alignment of the molecular dipoles with the field apparent.

The gradual destabilization of the orthorhombic phase is reflected in the onset of
the N, component at 150 K during heating, which corresponds to the two shifted
orientations near [110] and [100] in Figure 4.13. This behavior likely reflects the
competition between the orthorhombic ordering and field-induced dipole alignment,
in which the orthorhombic cage constrains orientations that the field is trying to
rotate away from. The absence of N, during cooling, when the orthorhombic
phase is skipped due to hysteresis, further confirms that this component reflects
orthorhombic-phase behavior. An abrupt change occurs near 0.035V/ A, where N,
decreases toward zero while N, increases to approximately 0.85. This marks the
point at which the orthorhombic structure is no longer stable under the applied field.
In the cubic phase, the magnitude of N, remains smaller because thermal fluctu-
ations allow the molecules to sample a broader range of orientations. The partial
dipole alignment that nevertheless persists may contribute to the observed increase
in the tetragonal-to-cubic transition temperature with increasing field strength.

To complete the structural analysis under applied fields, the Pb off-centering was
analyzed during heating for six representative field strengths. Here, the components
of (d) were extracted in the simulation coordinate system with only the non-zero
components (dx) and (dz) shown in Figure 4.15.
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Figure 4.15: Pb off-centering in the X- and Z-direction for different field strengths.
The field is applied in the Z-direction.

Without an applied electric field, the net Pb off-centering vanishes in all direc-
tions. For fields up to 0.04 V/A, a transient (dx) appears at low temperatures,
reaching a maximum of approximately 0.05 A before vanishing at the orthorhombic-
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to-tetragonal transition. At higher fields, (dx) = 0 everywhere. This transient be-
havior may be related to the competition between orthorhombic and field-induced
ordering, previously observed as an onset of N, in Figure 4.14. The Z-component
is nonzero at all temperatures, with a magnitude that increases with field strength,
reflecting a direct polar displacement of Pb along the field direction. At lower field
strengths, the onset of (dy) coincides with a step increase in (dz). This step sharp-
ens further at the orthorhombic-to-tetragonal transition, where (dy) vanishes. At
higher fields this initial step is absent. Above the transition, (dz) decreases gradually
with temperature, reflecting increasing thermal disorder.

4.3.1 Field-direction dependence

An electric field can be applied along seven distinct pseudo-cubic directions (without
accounting for sign): [100], [010], [001], [110], [101], [011], and [111]. To explore
anisotropic effects in MAPDI3, two additional directions were considered: a (110)-
type direction applied along the XZ simulation axis, and the [111]-direction, which
is orientation-independent in Cartesian coordinates. The field strength is defined
as £ = \/Eg( + E% + F%. For the XZ case, a field strength of £ = 0.03V/A

corresponds to Ex = E7z = 0.03 V/A/ﬂ.
Figure 4.16 shows the mode projections during heating and cooling for the two

additional field directions at 0.03 V/A.
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Figure 4.16: Mode projection amplitudes during heating (solid lines) and cooling
(dashed lines) under an electric field of 0.03V/A applied in the (a) XZ-direction,
and (b) XYZ-direction. In (a), a transition from the orthorhombic phase to a type of
tetragonal phase occurs near 200 K, while in (b) the corresponding transition occurs
near 140 K. Both systems transition to the cubic phase near 360 K.

For the XZ-directed field, the orthorhombic structure containing one M-mode and
two R-modes persists up to approximately 195 K, identical to the transition temper-
ature in the absence of an applied field. Notably, the initial structure had an Rx-
and Rz-mode, coinciding with the directions of the applied field. Between 200 K and
230 K, an intermediate tetragonal region appears in which the My-mode is activated
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instead of an R-mode. In Glazer notation, this corresponds to aa’c* rather than
the conventional tetragonal a’a’c™ phase. However, it remains unclear whether this
intermediate structure is a robust feature of the XZ-directed field or dependent on
the initial configuration. Since the orthorhombic structure was initialized with its
dominant tilt axis already aligned along the direction of no field (Fy = 0) through
the My-mode, this may explain why the orthorhombic phase remains stabilized in
this simulation. The tetragonal-to-cubic transition occurs near 360 K, again match-
ing the zero-field case. Upon cooling, the system instead enters the conventional
tetragonal phase with an activated Ry-mode, consistent with the octahedral tilting
occurring along the direction perpendicular to the field.

For the [111]-directed field, the orthorhombic-to-tetragonal transition is signifi-
cantly suppressed to approximately 140 K, while the transition to the cubic phase
remains near 360 K. The intermediate tetragonal region with in-phase tilting is
correspondingly extended, although it terminates at approximately the same tem-
perature, 230 K, as for the XZ-directed field. In this configuration, no tilt axis can
develop perpendicular to the applied field, which likely contributes to the stronger
suppression of the orthorhombic phase.

Finally, the distributions of MA orientations in the tetragonal phase were com-
pared across the three field directions considered in this work, shown in Figure 4.17.
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Figure 4.17: Distribution of MA orientations in the tetragonal phase at 250 K
for a field directed in (a) Z-direction (b) XZ-direction (c) XYZ-direction, with field
strength £ = 0.03V/ A. The MA orientations are expressed in the intrinsic crystal-
lographic coordinate system and all distributions use the same normalization. The
field directions are marked as a star.

Among the eight preferred MA orientations identified for the tetragonal phase
in the absence of an external electric field, the preferred orientation landscape is
preserved under applied field. However, the field biases the distribution toward
orientations most closely aligned with its direction, without introducing new ori-
entations. For both the (100)-type and the [111] field directions, the applied field
lies midway between two preferred MA orientations. In contrast, for the (110)-type
field, the field direction lies between four preferred orientations. Another thing to
note is that there are traces of reorientation between the possible spots for the (100)-
and (110)-types, while the same is not visible for the [111]-field.
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4.4 Response to an oscillating electric field

In this section, the phase behavior of MAPbI; under an oscillating (AC) electric field
is investigated. Frequency-temperature (f-7") phase diagrams were constructed for
two field strengths (0.01V/A and 0.03V/A), revealing a significant suppression of
the cubic-to-tetragonal transition across most frequencies. A localized resonant fea-
ture is observed, with the resonance frequency shifting from approximately 1.3 THz
at the weaker field to 2.4 THz at the stronger field. To understand this resonance,
several vibrational properties and spectra were studied in the absence of electric field:
phonon dispersion, projected density of states (PDOS) and infrared (IR) activity. Its
origin was further investigated through phonon mode projections of I'-point modes
under driven conditions.

4.4.1 Frequency-temperature phase diagrams

Figure 4.18 shows the f-T" phase boundaries extracted from heating simulations, for
an applied field E(t) = Fysin(27 ft) with Ey = 0.01V/A and Ey = 0.03V/A .
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Figure 4.18: Frequency-temperature phase diagrams for (a) Ey, = 0.03V/A and
(b) Ey = 0.01V/A, applied in the simulation Z-direction. Corresponding transition
temperatures for the static field (DC) and without field are marked for reference.
The transition temperatures are suppressed for several frequencies, with a resonant
peak near 2.4 THz for the higher field and 1.3 THz for the lower field, visible for
both phase transitions.

For the stronger field, low frequencies (< 0.05 THz) show transition temperatures
close to the static field values. For high frequencies (~ 207THz), the transition
temperatures approach their zero-field counterparts, though full convergence was
not established within the simulated frequency range. In between these limits, the
cubic-to-tetragonal transition is significantly suppressed, as is the tetragonal-to-
orthorhombic transition. The strongest suppression occurs near f = 1.5THz and
f = 2.8THz, where the cubic-to-tetragonal and tetragonal-to-orthorhombic tran-
sition temperatures reach approximately 200 K and 110 K, respectively. Between
these two frequencies, however, both transition temperatures recover, reaching a
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local maximum at 2.4 THz.

The weaker field exhibits qualitatively similar behavior, but with key quantitative
differences. The onset of suppression is delayed to 2 0.5 THz and the resonant fea-
ture is shifted to lower frequency, with a local maximum at 1.3 THz. Additionally,
the orthorhombic-to-tetragonal transition at low frequencies converges to approxi-
mately 185 K, about 20 K below the static field value. As discussed in Section 4.3,
this discrepancy likely reflects metastability in the DC simulation, with the AC
result potentially revealing the intrinsic phase behavior at this field strength.

A natural hypothesis regarding the phase behavior under an AC-field would be
that the field directly drives the MA dipoles, disordering the orientations and desta-
bilizing the low-temperature ordered phases. Since the reorientation timescale of
MA in the cubic phase is on the order of 1ps (corresponding to 1 THz), one might
expect resonant coupling at this frequency. However, the observed resonant feature,
where the low-temperature phases are locally more stabilized, suggests a more in-
tricate picture. To investigate this, the vibrational spectrum and IR activity are
examined in the following section.

4.4.2 Vibrational spectra

The phonon dispersion relates the vibrational frequency w,(q) to the wavevector g,
describing how phonons propagate through the crystal. The dispersion of MAPDbI;
in the cubic reference structure was computed within the harmonic approximation
using PHONOPY. This was done with a 2 x 2 x 2 supercell along the high-symmetry
path
R[3.3.3] = T100,0,00 = M[},3,0] - X [5,0,0],

where coordinates are given in units of the reciprocal lattice vectors. Throughout
this section, vibrational frequencies are expressed as ordinary frequency f,(q) =
wy(q)/27 in THz, allowing direct comparison with the driving frequency f of the
oscillating field. The resulting dispersion is shown in Figure 4.19.
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Figure 4.19: Phonon dispersion for the cubic structure displayed for frequencies
up to 5 THz. Imaginary modes are visualized as negative frequencies.

Imaginary modes are visible at the M and R zone boundaries, reflecting the fa-
miliar octahedral tilting instability of the cubic reference structure that drives the
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transition to the tetragonal and orthorhombic phases. As discussed in Section 2.1,
only zone-center (g = 0) modes can couple directly to a spatially uniform oscillating
electric field. Two I'-point modes are found in close proximity near 2.3 THz, any
of which could in principle be responsible for the resonant feature observed in the
Eq =0.03V/ A f-T phase diagram, provided they are IR-active. Likewise, several
I'-point modes are present near 1.3 THz, matching the resonant feature observed in
the Fy = 0.01V/ A diagram. However, since the dispersion was computed within
the harmonic approximation for the cubic structure, the resulting frequencies should
be treated as indicative only, as anharmonic effects can shift mode frequencies sig-
nificantly.

To gain further insight into the character of the vibrational modes at several
temperatures, the density of states (DOS) was computed during MD simulations
using gpumd functionality, for the full simulation cell of 32928 atoms. Heating to
the target temperature was done in the NPT ensemble, followed by an equilibration
of 1ns in the NVT ensemble and finally production runs in the NVE ensemble for
400 ps. The total DOS for different temperatures are shown in Figure 4.20.
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Figure 4.20: Total density of states at multiple temperatures. The spectrum
extends to approximately 100 THz, showing the full range of vibrational modes in
MAPDI;.

The qualitative behavior of the DOS is similar across all temperatures, with two
prominent peaks near 1 THz and 2.4 THz, and further near 3.5 THz and 10 THz. The
spectrum is flat at frequencies below 0.05 THz, consistent with the low-frequency
convergence to the static field in the f-7T" diagram. Similarly, there is a flat region
between 10 THz and 25 THz, which coincides with the high-frequency plateau in the
diagram. Furthermore, several peaks exist at higher frequencies outside of the range
for the AC-field simulations. To identify the origin of the dominant peaks near 1 THz
and 2.4 THz, a species-resolved PDOS was computed for each atom type. Since the
spectral features are representative across all relevant temperatures, the PDOS is
shown only for 200 K in Figure 4.21.

Modes up to approximately 5 THz are dominated by I and Pb vibrations, con-
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Figure 4.21: Projected density of states per atom species at 200 K. The inset
shows the spectrum up to 5 THz in linear x-scale, relevant for the resonant region
in the f-T diagram.

sistent with vibrations of the Pblg framework. In particular, the peaks near 1 THz
and 2.4 THz arise mainly from Pb and I motion, with smaller contributions from the
MA species. Above 7 THz, the vibrational spectrum is dominated exclusively by MA
modes. These results can be compared with DFT studies of the orthorhombic phase,
which attributed the low-frequency modes between approximately 0.7 and 1.5 THz
to various Pb—I-Pb rocking and bending motions. Modes in the range 1.6-3.2 THz
have been associated with Pb—I—Pb stretching vibrations, with one bending mode
at 2.4 THz. MA librational and translational motions occur primarily between 1.8
and 5.4 THz, while higher-frequency modes (24-93 THz) correspond to internal MA
vibrations, such as bond stretching [49].

While this identifies which atoms move at each frequency, it does not directly
reveal which modes couple strongly to the electric field. To identify IR-active (I")
modes, a qualitative IR spectrum was computed as the power spectral density (PSD)
of the polarization current autocorrelation function, according to Equation (2.17).
This was done from trajectories in the NVE ensemble at 200 K, with the resulting
spectrum shown in Figure 4.22.
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Figure 4.22: IR spectrum computed as the PSD of P() at 200 K. A dominant
peak near 2.4 THz is observed.

The peak near 2.4 THz dominates the IR spectrum, indicating that I'-modes with
this frequency can couple strongly to an external field. The onset and end of this
peak is at approximately 1.5 and 2.8 THz, respectively, which matches the region
of the resonant feature in the Fy = 0.03V/ A f-T diagram. There is also a smaller
feature near 1 THz, which is closer to the shifted resonance peak at the lower field
strength. To resolve which atoms drive this coupling, an IR spectrum per species
was constructed by considering the polarization current Py(t) = Yo, Z v,(t) for
each species s, shown in Figure 4.23.
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Figure 4.23: IR spectrum resolved by atom species at 200 K, focused on the low
frequency region.

IR activity near 2.4 THz is dominated by iodine motion. According to the DFT
assignments discussed previously, this feature could correspond to a Pb—I1—Pb bend-
ing or stretching mode. For the weaker field strength, the resonant feature shifts to
1.3 THz, where the IR activity is comparatively weak, with contributions primarily
from Pb and H and no distinct iodine peak.

To analyze excitation of specific modes, the I'-point phonon modes were projected
onto MD trajectories with and without applied AC-fields. The mode eigenvectors
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were obtained with the same methodology used for the phonon dispersion calcu-
lation. This was done for the 0.03V/ A field strength at three frequencies: below
the resonant peak (1THz), at the maximum of the peak (2.4 THz) and above the
peak (3 THz) in the NVT ensemble. Several eigenmodes with vibrational frequencies
near 1 THz and 2.3 THz showed coherence to the field, two of which are displayed
in Figure 4.24.

(a) M-point: 1.1 THz (Pb-driven) (b) M'-point: 2.3 THz (I-driven)
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Figure 4.24: Evolution of (a) a I'-point mode dominated by Pb motion and (b) a
[-point mode dominated by I motion, with and without an applied AC-field (Ey =
0.03V/A). Clear coherence is seen when the Pb mode is driven at 1 THz and when
the I mode is driven at 2.4 THz.

The I'-point mode at 1.1 THz, identified with Pb-motion, shows strong coherence
when driven at 1 THz. Similarly, the I'-point mode at 2.3 THz identified with I-
motion responds strongly to a field at 2.4 THz. For both cases, the other driving
frequencies that are not resonant with the mode still show more activation than at
zero field. The persistence of coherence despite the approximate nature of the eigen-
vectors suggests the resonant coupling is a robust feature of the system dynamics.

Modes at other high-symmetry points were also checked to confirm that the I'-
point modes are the main contributors. For demonstration, two modes at the X-
point, which had approximately the same frequencies (1.1 THz and 2.3 THz) were
projected from the trajectories, shown in Figure 4.25.
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Figure 4.25: Evolution of X-point modes at (a) 1.1 THz and (b) 2.3 THz, with and
without an applied AC-field. All amplitudes are small, |Qx| < 0.03 A, and show no
particular coherence.

To examine how the excited I'-modes influence MA dynamics, the orientational
ACF was computed under applied AC fields for temperatures between 150 K and
350K in the NVT ensemble. For each field strength, simulations were performed
both below resonance (1 THz) and near the resonant feature (1.3 THz and 2.4 THz),
with the resulting rotational correlation times summarized in Table 4.1.

Table 4.1: Rotational correlation times 7 (ps) for MA cations under oscillating
electric fields at frequencies below and near resonant regions. Cell background colors
indicate the phase: blue for orthorhombic, green for tetragonal and orange for cubic.
The rotation times without field are included for reference.

Temperature (K) E=0 FEy=0.01 Ey=0.03
1 THz 1.3 THz 1 THz 2.4 THz
150 >200 12 14 6.9 38
200 29 4.5 7.7 24 3.8
250 8.0 24 3.4 1.2 1.5
300 3.0 1.3 1.7 0.73 0.85
350 1.5 0.85 0.96 0.54 0.55
400 0.92 — — — —

Across all frequencies, the rotational correlation time decreases relative to the
zero-field case, indicating that the applied AC field generally accelerates MA reori-
entation. This is consistent with the reduced transition temperatures observed in the
phase diagrams under applied fields. An exception occurs for the orthorhombic-to-
tetragonal transition at Fy = 0.03V/ A and 2.4 THz, where the transition tempera-
ture remains approximately unchanged from the zero-field value (195K). Although
the rotational correlation time at 2.4 THz is still lower than in the absence of a
field, it is significantly larger than at 1THz at 150 K. Together with the strong
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iodine-dominated IR activity near 2.4 THz, this supports the interpretation that a
resonantly driven Pb—I framework mode partially suppresses MA reorientation. A
similar trend is observed for the lower field strength: near the resonant feature at
1.3 THz, the MA rotational correlation times are slightly larger than at 1 THz. Once
the system enters the cubic phase, the MA molecules rotate more freely, consistent
with the larger and more symmetric cavity of the high-temperature structure.

Since the vibrational spectrum itself is relatively temperature-independent, one
might expect both field strengths to resonate at the same frequencies. However, the
resonance behavior likely depends not only on the phonon spectrum, but also on
the temperature-dependent coupling between framework distortions and MA orien-
tational dynamics. Outside the resonant regions, below 1 THz and above 3 THz,
the iodine contribution to the IR spectrum becomes much weaker, while Pb and
H contributions dominate. In these frequency ranges, where the cubic phase re-
mains stable down to remarkably low temperatures, the stabilization mechanism
may therefore be more strongly connected to MA reorientational dynamics than to
resonantly driven framework vibrations.
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Conclusion

This work investigated the structural response of MAPDI3 to static and oscillating
electric fields using MD simulation with a qNEP model. The study systemati-
cally characterized field-induced changes in phase behavior, octahedral tilting, MA
cation orientations, and vibrational properties across a range of field strengths and
frequencies. The qNEP model used in this work achieves high accuracy in repro-
ducing DFT reference calculations (R? > 0.985). The energy distribution analysis
of 10000 randomly initialized structures confirmed that the qNEP model repro-
duces the thermodynamic ordering of MAPDbI3 phases reasonably well, with 61% of
structures classified into recognized phases.

In the absence of external fields, MAPbI3 exhibits the well-known orthorhombic-
to-tetragonal-to-cubic phase sequence upon heating, with transition temperatures
approximately 30 K higher than experiment. This discrepancy, while notable, is
within the normal range of machine-learned potential MD studies and does not
qualitatively affect the conclusions. Upon cooling, only the cubic-to-tetragonal tran-
sition occurs, supporting the first-order character of the tetragonal-to-orthorhombic
transition. The MA molecules are initialized in an ordered, near-static, configura-
tion in the orthorhombic phase and progressively sample a larger set of orientations
as temperature increases.

Under static electric fields, the phase boundaries are shifted significantly: the
orthorhombic-to-tetragonal transition is suppressed by up to 150 K, while the tetra-
gonal-to-cubic transition is raised by up to 40 K. A key finding is that the octahedral
tilt axis in the tetragonal structure reorients away from the applied field direction
under sufficiently high field strengths. This reorientation enables the preferred (110)
MA orientations to align with the field while remaining compatible with the tetrag-
onal cage geometry. The critical field strength for this reorientation depends on
thermal history, suggesting that the two tilt orientations are separated by an energy
barrier under applied field. MA dipoles show progressive alignment with the field
direction, reaching approximately 85% alignment in the tetragonal phase. The ori-
entational preferences of MA molecules in the orthorhombic phase are incompatible
with alignment along the applied field direction, likely contributing to the desta-
bilization of this phase. For the other field directions briefly explored here (one
(110)-type and [111]), the same general behavior of octahedral tilt reorientation and
MA alignment was observed.

The response to oscillating electric fields revealed a more complex mechanism than
simple dipole disordering. Under oscillating electric fields, both transition temper-
atures are generally suppressed across most frequencies, consistent with molecular
dipoles responding to the time-varying field. However, localized resonant features
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emerge in the frequency-temperature phase diagrams at 1.3THz (E, = 0.01V/A)
and 24THz (Ey = 0.03V/A). These resonances correspond to IR-active Pblg
framework vibrations, with the lower-frequency resonance dominated by Pb and
H contributions and the higher-frequency resonance dominated by Pb and I motion.
At these resonant frequencies, the driven framework modes partially suppress MA
cation reorientation, locally stabilizing low-symmetry phases. This interpretation is
supported more strongly by the results at higher field strength, where the resonant
feature is more pronounced.

The collective findings of this study highlight the complex interplay between three
key components: the MA molecular dipoles, the inorganic Pblg framework, and the
external electric field. In static fields, the coupling is relatively direct: the field
polarizes and reorients MA dipoles, which destabilize ordered phases by frustrating
the interactions that normally stabilize them. In oscillating fields, the situation is
more subtle. Rather than directly driving molecular reorientation, certain frequen-
cies resonantly excite collective framework vibrations that, paradoxically, partially
suppress reorientation and stabilize lower-temperature phases. This demonstrates
that understanding field-driven structural changes requires considering how external
perturbations couple to both individual molecular degrees of freedom and collective
lattice modes.

In conclusion, these results demonstrate that external electric fields can strongly
and nontrivially modify phase stability in hybrid perovskites, with responses that
depend sensitively on both temperature, field strength and frequency. Future work
should extend these investigations in several directions. Simulations at lower field
strengths, approaching realistic experimental ranges, would clarify the quantitative
applicability of the findings. Systematic exploration of fields applied to all seven
pseudo-cubic directions would provide a complete picture of anisotropic effects and
test whether the resonant stabilization mechanism is direction-dependent. Given the
different resonance frequencies for the two field strengths, it would be instructive to
map out the dependence of resonance frequency as a function of field strength.
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