
A ReaxFF reactive force field for exploring electronically switchable 
polarization in Zn1-xMgxO ferroelectric semiconductors 

Alireza Sepehrinezhad (abs6561@psu.edu)a, Steven M. Baksa (smb6448@psu.edu)b, Ismaila 
Dabo (ixd4@psu.edu)c, Adri C.T. van Duin (acv13@psu.edu)d, b, a, *  

 

a Department of Engineering Science and Mechanics, The Pennsylvania State University, University Park, PA, 
16802, USA 

b Materials Research Institute, Department of Materials Science and Engineering, The Pennsylvania State University, 
University Park, PA, 16802, USA 

cDepartment of Materials Science and Engineering, and Wilton E. Scott Institute for Energy Innovation, Carnegie 
Mellon University, Pittsburgh, Pennsylvania 15213, USA 

d Department of Mechanical Engineering, The Pennsylvania State University, University Park PA 16802, USA 

*Corresponding author: acv13@psu.edu, Tel: 814-863-6277 

 

Abstract – Cation misfit in traditional ferroelectric crystals offers a new material platform that can 

drive electronic components toward structural miniaturization and high-density integration, 

enabling deviation from von-Neumann architectures. Here, we explore ferroelectricity in Zn1-

xMgxO, a non-traditional ferroelectric material with tunable properties. Using data from density-

functional theory calculations, we have developed a ReaxFF Reactive Force Field to explore 

ferroelectric properties of Zn1-xMgxO and reveal the hysteresis behavior. We discover that 

ferroelectric switching is observable at a critical thickness of 10 nm with a remanent polarization 

of ~100 μC/cm2. Our analysis indicates that an increase in Mg-substitution correlates with a 

decrease in the coercive field. We also observe a strong temperature-dependence of the coercive 

field in Zn1-xMgxO, with values decreasing as temperature increases. Additionally, we find that the 

distribution of Mg atoms significantly impacts the coercive field, with a clustered distribution 

leading to a substantial increase. In particular, a decrease in coercive field values is observed when 

Mg atoms are randomly distributed, compared to a uniform distribution. Leveraging tunable 

hysteresis behavior offered by varied percentage and distribution of Mg-substitution provides 

valuable insights into the design of next-generation functional devices and will inspire further 

investigations. 
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1 INTRODUCTION 

Ferroelectric materials have emerged as a pivotal component in the realm of microelectronic 

devices, owing to their unique properties including robust spontaneous polarization, piezoelectric 

and pyroelectric effects, and large dielectric constants: a dielectric constant of 3400 has been 

reported for lead zirconate titanate (PZT, PbZrxTi1−xO3 where 0 < x < 1) [1] and a constant of 6000 

reported for BaTiO3 [2], to name but a few. These materials have been used in nonvolatile 

memories [3-6], transducers [7], capacitors [8], and photovoltaic devices [9].  

Conventional perovskite ferroelectrics face limitations such as incompatible windows for synthesis 

and difficulties with scaling to dimensions below desired dimensions [10, 11]. These limitations 

have encouraged research beyond the traditional perovskite palette; relaxor ferroelectrics (RFs) 

have been studied for energy storage applications [12-14] to compensate for the high dielectric 

constant and loss, as well as large residual polarization of traditional ferroelectrics such as BaTiO3 

[8]. Doping perovskite ferroelectrics has been identified as an efficient way to improve and modify 

their properties [15-18]. For instance, Ce-doped BaTiO3 achieves an increased dielectric 

permittivity as well as  decreased Curie temperature, compared to its predecessor [19].  La- and 

Zr-doped BaTiO3 obtains an increased dielectric permittivity [20]. Experimental studies have also 

shown that doping Fe or Mn into BaTiO3 promotes polarization reversal [21-23].   

While the above-mentioned studies investigate the tunability and modification of currently 

established ferroelectric materials, other studies have also shown the possibility of triggering 

ferroelectricity in a conventionally non-ferroelectric material through introduction of a chemical 

stressor or disorder. Early studies have shown that by applying a combination of preparation and 

formulation to a structurally simple crystal, one could, in principle, trigger ferroelectricity [24-26]. 

Consequently, recent studies on the use of dopants attract a more focused investigation on 

development of novel ferroelectric materials; It has been found that factors including strain, grain 

size, and defect chemistry can stabilize a switchable polar phase in HfO2 [27], while the same 

could be accomplished for wurtzite AlN, by substituting ∼20% Sc for Al [28]. These studies  

inspire the exploration of new ferroelectrics by proposing that any polar crystal has the potential 

to serve as a ferroelectric host, given the use of an appropriate dopant to enable the reorientation 



 
 

of the crystal's polar axes. This paper explores the effect of cation misfit on the polarization reversal 

in the ZnO-MgO system. 

ZnO is a II-VI wurtzite (space group P63mc) semiconductor with a spontaneous polarization of 90 

µC/cm2 along the [0001] direction, a 3.4eV bandgap, a large excition binding energy of 60 meV, 

and a notable transparency [29]. It has lattice constants 3.25(5) and 5.21(8) Å at ambient conditions 

[30] and a bulk modulus of 140 GPa. It has a diverse range of applications in optoelectronics, solar 

cells, light emitting devices, and transparent electrodes [31-40]. Mg has been used as dopant to 

engineer the bandgap of ZnO and achieve a widegap semiconductor alloy, suitable for the 

fabrication of light emitting devices. It is shown that for a Mg content of 33%, a bandgap of up to 

~4 eV can be achieved [41]. An increase in the exciton binding energy has also been observed for 

Zn1-xMgxO alloys [42]. For high percentages of Mg, however, phase separation occurs after which 

MgO assumes a centrosymmetric structure, unlike ZnO which strongly favors the wurtzite 

structure. The solubility of MgO in a wurtzite solid solution has been found to be more than 40 

mol% [41, 43-46].  

ZnO was conventionally considered as non-ferroelectric; Because of its large coercive field and 

relatively low bandgap, dielectric breakdown happens before the polarization reversal is initiated. 

In other words, the leakage current in ZnO is so large that prohibits the switching, although in the 

case of a biaxially strained ZnO, ferroelectricity has been demonstrated by computation and 

experiment [29, 47]. Solubility and wide bandgap (~7.8 eV for MgO) of Mg render it well-suited 

as a chemical stressor for inducing ferroelectricity in ZnO. Additionally, comparably wider 

bandgap of MgO boosts the overall bandgap of Zn1-xMgxO alloy, preventing dielectric breakdown 

when subjected to relatively higher magnitude electric fields. Furthermore, as Mg assumes a 

centrosymmetric structure, it would further stabilize the intermediate phase during phase transition 

and the local strain fluctuations associated with the presence of Mg dopants act to promote 

ferroelectric switching. A recent experimental study demonstrates ferroelectricity in Mg-

substituted ZnO thin films with the wurtzite structure [48]. Zn1-xMgxO thin films with thicknesses 

of 500 nm are prepared on (111)-Pt//(0001)-Al2O3 substrates at temperatures ranging from 26 to 

200 °C for compositions spanning from x = 0 to x = 0.37. Their findings show that films 0.3 < x < 

0.37, thin films display ferroelectric switching with remanent polarizations exceeding 100 μC/cm2 

and coercive fields below 3 MV/cm. Below this range, dielectric breakdown happens before 



 
 

switching, and above this range, phase separation occurs due to high Mg content. Another study 

has reported a remanent polarization of 80 μC/cm2 for Zn1-xMgxO thin films [49]. 

While experimental results have provided significant insights, a comprehensive understanding of 

Zn1-xMgxO's ferroelectric properties at an atomistic scale is crucial to harness its potential in 

relevant applications such as microelectronics, transducers, and photovoltaics. Density-functional 

theory (DFT) is often regarded as the most accurate and transferable practical model for studying 

the electronic structures of ferroelectric materials, as it is based on quantum-mechanical principles. 

However, due to its high computational demands, DFT is typically limited to relatively small 

length scales (~5 nm) and short time scales (<100 ps), constraining the exploration of phenomena 

like hysteresis loops, phase transitions, and domain wall motions that occur over larger length (~10 

– 100 nm) and time scales (>ns). Force field-based methods, on the other hand, offer the 

computational efficiency necessary for conducting molecular dynamics (MD) simulations at 

length and time scales that are large enough to fully explain the complex chemistry of ferroelectric 

materials. Among force field-based models, the ReaxFF reactive force field [50, 51] is well suited 

to our problem as it can not only be utilized successfully within a single ferroelectric formulation, 

but also be straightforwardly extended to investigate the interactions of ferroelectric materials in 

multi-material interfaces, handle chemical reactions [52], and allow for studying cation 

substitution effects [53]. It is worth noting that Machine Learning Interatomic Potentials (MLIPs) 

have gained attraction in the last two decades as they have been shown to provide near-ab initio 

accuracy given that the high computational requirements for training stage are met [54, 55]. 

The aim of the current work is first to develop a ReaxFF reactive force field for Zn1-xMgxO. 

Specifically, we aim to answer the question of whether doping ZnO with Mg could enable 

polarization reversal. Doing so would enable us to not only study ferroelectricity in Mg-substituted 

ZnO alloys, but also evaluate the influence of surface chemistry, point defects, Mg content and 

concentration, size, and scaling effects on the ferroelectric response. Using this force field, we 

perform MD simulations to represent the ferroelectric hysteresis loops for the Zn1-xMgxO crystal 

structure. We explore the dependence of coercive field on temperature, Mg content, and Mg 

distribution. These findings can not only support the Ferroelectrics Everywhere hypothesis [48], 

but also motivates how tunable ferroelectric properties of Zn1-xMgxO could be utilized in future 

applications. 



 
 

2 BACKGROUND 

In this section, we discuss the previous work upon which our study is built. Specifically, we briefly 

explain the phase transition pathway in ZnO crystals. We then discuss developed ReaxFF reactive 

force fields for ZnO and MgO which we use for developing the Zn1-xMgxO force field. 

2.1 Phase transition in ZnO 

Zinc oxide is a transition metal oxide with the wurtzite structure as its global energy minimum 

under standard conditions. Four different polymorphs have been reported for ZnO. These include 

Wurtzite (B4), Zincblende (B1), Rocksalt (B3), and Caesium chloride (B2).  Wurtzite and rocksalt 

structures are of particular relevance to our study as they provide the ReaxFF reactive force field 

with the phase transition pathway described as an asymmetric – centrosymmetric – asymmetric 

path. These structures are provided in Table 1 with their experimental cell parameters and bulk 

moduli. 

Table 1. QM and ReaxFF results (at 0 K) compared to experimental data from the 
literature (at room temperature) for the cell axes, heats of formation (∆f H), bulk 

moduli and elastic constants of the two polymorphs (B3 and B4) of ZnO [33]. 

Structure Property B3LYP ReaxFF Experiment Relative 
error 

(B3LYP) 

Relative 
error 

(ReaxFF) 

Wurtzite 
(B4) 

P63mc 

𝑎𝑎/Å 3.28 3.29 3.25 0.009 0.012 

 𝑐𝑐/Å 5.28 5.30 5.21 0.013 0.017 

 ∆fHB4/(kcal/mol)  -91.2 -83.3  0.095 

 Bulk modulus/GPa 136 144 143 -0.049 0.007 

 c11/GPa  222.9 209.7  0.063 

 c12/GPa  116.3 121.1  -0.04 

 c13/GPa  103.5 105.1  -0.015 

 c33/GPa  212.8 210.9  0.009 

 c44/GPa  57.1 42.47  0.344 



 
 

Rocksalt 
(B3) 

Fm3�m 

Bulk modulus/GPa 202 283 203 -0.005 0.394 

 𝑎𝑎/Å 4.3 4.44 4.27 0.007 0.04 

 ∆fHB3 - 
∆fHB4/(kcal/mol) 

37.89 37.58    

 

First-principles studies have identified two transition paths for wurtzite to rocksalt phase transition 

in ZnO [56, 57], the hexagonal and the tetragonal path. The hexagonal intermediate structure is 

isomorphic to the layered hexagonal boron nitride (h-BN) in which each Zn (or O) atom is located 

at the center of an equilateral triangle formed by three O (or Zn) atoms, and has two opposite bonds 

along the c axis, perpendicular to the triangle plane. The transition from wurtzite (Fig. 1(1))  to h-

BN (Fig. 1 (2)) is accompanied by the compression of the axial ratio c/a from ∼1.6 to ∼1.2 [57]. 

Fig. 1 shows the phase transition pathway in ZnO under external electric field from wurtzite (Fig. 

1 (1)), to h-BN (Fig. 1 (2)), back to wurtzite (Fig. 1 (3)) with opposite polarity. This transition is 

accompanied by a double-well energy barrier. It should be noted that the radii of atoms are adjusted 

for better visualization in this figure and the following figures. 

 
Fig. 1. Phase transition in ZnO under external electric field. The energy barrier for domain-wall 

migration in ZnO is approximately 10.2 kcal/mol, as shown. 



 
 

2.2 ReaxFF reactive force fields for Zn/Mg/O 

Training a ReaxFF reactive force field for Zn1-xMgxO necessitates the inclusion of force field 

parameters for both ZnO and MgO. Raymand et al. [33] developed a ReaxFF reactive force field 

for application in MD-simulations to investigate structures and reaction dynamics for ZnO 

catalysts. ReaxFF parameters have been generated for Zn–O and Zn–Zn bond energies and for Zn–

O–Zn, O–Zn–O, O–Zn–Zn and Zn–O–H valence angle energies. The force field has been applied 

in a study of the surface growth mechanism for the wurtzite [0001] surface. Cheung et al. [58] 

developed a ReaxFF reactive force field for Magnesium hydride systems. The parameters that were 

optimized for force field training against DFT data include Mg-H and Mg-Mg bond energies, and 

Mg-H-Mg, Mg-Mg- H, Mg-H-Mg valence angle energies. This force field has been used in MD 

simulations on the hydrogen absorption/desorption process in magnesium hydrides, focusing on 

the size effect of MgH2 nanoparticles on H2 desorption kinetics. Additionally, the Mg-O parameters 

were taken from a protein force field developed by Monti et al. [59] to study reaction mechanisms 

in amino acids.These two force fields form the building blocks of our force field for Zn1-xMgxO. 

We initiate the force field training by merging these two force fields, as detailed in the next section. 

 

3 METHODS 

In this section we briefly discuss the methods we use to study ferroelectricity in Zn1-xMgxO. These 

include quantum mechanical methods, ReaxFF and force field development procedure, MD 

simulation parameters, charge calculation methods and its limitations, and dipole analysis theory 

used in our analysis. 

3.1 First-principles methodology 

The Quantum ESPRESSO [60, 61] package with norm-conserving pseudopotentials from the 

PseudoDojo library [62-64] were used to perform density-functional theory simulations. 

Electronic interactions were described using the generalized-gradient approximation [65-67] 

within the Perdew–Burke-Ernzerhof parametrization of the exchange-correlation potential [68]. 

The k-point spacing in the first Brillouin zone was set to 0.05 Å−1 and the kinetic energy cutoff 

was set to 80 Ry with a charge density cutoff of 320 Ry. These cutoffs were chosen so that the total 



 
 

energy and forces were within 1.0 meV and 25 meV per Å, respectively. The self-consistent field 

threshold was set to 1.36 × 10-9 eV. Geometry optimization of pristine ZnO and distorted  

Zn1-xMgxO in the wurtzite phase was performed with total energy and force thresholds of 0.136 

meV and 2.57 meV per Å, respectively.  

To predict equations of state, geometry optimization of 2 × 2 × 2 supercells of Zn1-xMgxO in the 

wurtzite and rocksalt phases at x = 0%, 25%, 50%, 75%, and 100% were conducted. These phases 

are chosen to model thermodynamic equilibrium between the end members. Zn sites for Mg 

substitution were chosen to minimize clustering. The total energy as a function of the lattice 

parameters, from 90 to 110% of the reference lattice parameters, was calculated using self-

consistent field.  

In the case of instrinsic (bulk) switching, geometry optimization of 3 x 3 x 2 supercells of wurtzite 

Zn1-xMgxO at x = 5.6%, 11.1%, 16.7%, 22.2%, and 27.8% were conducted. Using the negatively- 

and positively-poled bistable states, minimum-energy pathways are calculated using the nudged-

elastic-band algorithm, where a linear interpolation of images between the initial and final states 

was produced, and the force orthogonal to the the pathway is minimized [69-71]. Seventy-five 

images were generated for each pathway. The self-consistent field threshold for all nudged-elastic-

band simulations was reset to 1.36 × 10-5 eV to reduce the computational cost of the simulations 

while retaining sufficient accuracy. 

In the case of domain-wall migration, geometry optimization of 8 × 1 × 2 supercells of wurtzite 

Zn1-xMgxO at x = 12.5% were conducted such that the first and last four sets of unit cells along the 

crystallographic a direction are negatively- and positively-poled, respectively. The domain-wall 

movement is along this direction such that one set of unit cells is switched. Two cases were 

considered with Mg cations directly behind (B) and in front (F) of the domain wall. Twenty-five 

images were generated for each pathway. 

3.2 ReaxFF reactive force field 

ReaxFF is a bond order-based [50, 72] empirical potential, which is capable of simulating bond 

formation and bond breaking. The total interaction energy in ReaxFF is divided into several energy 



 
 

terms as shown in Eq. (3.1). Each term of the equation can derive the forces acting on each atom 

of the system. 

Esystem  = Ebond +  Eover +  Eunder +  Elp +  Eval +  Epen +  Etors + Econj

+  EvdWaals +  ECoulomb 

(3.1) 

where Ebond is bond energy, Eover is over-coordination energy penalty, Eunder is undercoordination 

energy penalty, Elp is lone-pairs energy, Eval is valence angle energy, Epen is energy penalty for 

handling double bonds, Etors is torsion angles energy, Econj is conjugated bonds energy. For handling 

non-bonded interactions EvdWaals aals and ECoulomb are introduced to the equation and are calculated 

between each atom pair, regardless of connectivity, which is different from the standard procedure 

in non-reactive force fields. These two terms also include a shielding parameter to avoid excessive 

repulsion at short distances. To eliminate any discontinuity in the non-bonded interaction energies, 

a seventh order Taper function is employed. A more detailed description of the terms can be found 

in the literature [50, 72]. All the connectivity dependent interactions such as angle and torsion 

terms are bond order dependent. These bond orders are calculated and updated after every iteration 

based on the interatomic distances. The bond order dependence ensures that each interaction’s 

effect will smoothly go to zero during bond breaking. 

We develop the ReaxFF reactive force field for Zn1-xMgxO by initially transferring the general 

Zn/Mg/O parameters from existing ReaxFF reactive force fields [33]. We then tune the ReaxFF 

reactive force field for Zn1-xMgxO by training against a DFT-derived training set including 

equations of state for wurtzite and rocksalt phases of ZnO as well as non-centrosymmetric - 

centrosymmetric - non-asymmetric Zn1-xMgxO phase transition path. To reconstruct the phase 

transition pathway, we consider both intrinsic switching and domain wall migration mechanisms, 

as described in the last section. We develop the parameter set by training against available DFT 

data. These parameters set contains the following information: 

1. Bond lengths for Mg-Zn, Zn-Zn, Zn-O, and Mg-O. 

2. Bond angles for Mg-O-Zn, O-Zn-Mg, O-Mg-Zn, Zn-O-Zn, O-Zn-O, O-O-Zn, O-Zn-Zn, 

Mg-O-Mg, O-Mg-O, O-O-Mg, and O-Mg-Mg. 

3. Off-diagonal terms for Zn-O and Mg-O. 



 
 

The wurtzite phase in equations of states consists of a 4x2x2 super cell, whereas the rocksalt phase 

consists of a 2 × 2 × 2 supercell. 

3.3 Molecular dynamics simulations 

We use our developed force field to investigate ferroelectricity in Mg-substituted ZnO across 

varied temperatures and Mg contents. First, we energy minimize each system, and then run energy 

equilibration at constant 100K NPT ensemble and using a 0.25 fs timestep. We control the 

temperature and pressure using Berendsen thermostats and barostats with relatively weak coupling 

of 100 fs, and 2500 fs, respectively.  Then, we expose the system to an external electric field with 

a sinusoidal regime. We run the electric field simulations at temperatures of 100, 300, 500, 700, 

and 1000K, with various Mg contents of 0, 12.5, 18.75, 25, 31.25, and 37.5%. It should be noted 

that all reported percentages are molar fractions. We repeat each simulation 5 times to account for 

the stochasticity in evaluating the resultant coercive fields. We use the same barostat and 

thermostat settings in our electric field simulations as mentioned previously. 

3.4 Charge calculation method 

ReaxFF natively uses the Electron Equilibrium Method (EEM) for charge calculation. Early in our 

simulations we faced a limitation utilizing this method. Since EEM allows for long-distance charge 

transfer, our initial simulations indicated a charge transfer between top and bottom surfaces of the 

slab when exposed to external electric field. Such a phenomena virtually assumes conductivity in 

our semiconductor ZnO. As a result, a counter field would form in the bulk, preventing the 

ferroelectric switching when it is expected. This is illustrated in Fig. 2. 



 
 

 
Fig. 2. The illustration of distant charge transfer between top and bottom surfaces while using EEM 

charge calculation method. 

As shown in this figure, at the maximum positive electric field magnitude, there is a charge transfer 

between the top and bottom surfaces. Moreover, when the applied electric field is positive, a 

negative counter field is formed in the bottom layer, whereas when the applied electric field is 

negative, a positive counter field is formed, partially negating the electric field effects. To prevent 

this issue, we use the fix charge capability of ReaxFF. Specifically, after energy equilibration, we 

calculate the average charges of all cations (Mg, Zn) and Oxygen anions, and fix each ion’s charge 

prior to initiating the electric field simulation. Doing so successfully prevents the charge transfer, 

allowing for ferroelectric switching in the absence of the artificial counter field. Our analyses show 

that cations typically have a positive charge of about 1, with Mg cations having slightly higher 

charge than Zn atoms. The same trend applies to Oxygen anions: with a typical charge of around 

-1, those bonded to Mg atoms have a slightly higher absolute charge value. 

3.5 Dipole analysis and Mg spatial distribution 

We calculate the total polarization of the Zn1-xMgxO slabs using Eq. 3.2: 

Simulation coordinate



 
 

𝑃𝑃�⃗𝑢𝑢(𝑡𝑡) = 1
𝑉𝑉𝑢𝑢
�∑𝑍𝑍𝑍𝑍𝑍𝑍𝑟𝑟𝑍𝑍𝑍𝑍 +  ∑𝑍𝑍𝑀𝑀𝑀𝑀𝑟𝑟𝑀𝑀𝑀𝑀 +  ∑𝑍𝑍𝑂𝑂𝑟𝑟𝑂𝑂�    (3.2) 

The equation multiplies each ion’s coordinate vector, 𝑟𝑟𝑖𝑖, by its charge, 𝑍𝑍𝑖𝑖, and divides the overall 

summation by the total volume of the system, 𝑉𝑉𝑢𝑢. The hysteresis diagrams are then drawn as P-E 

curves. 

To investigate the effect of Mg spatial distribution on the ferroelectric properties of Zn1-xMgxO, 

we consider three cases: random Mg distribution, uniform Mg distribution, and clustered Mg 

distribution. In random configuration, we prepare Zn1-xMgxO slabs by randomly replacing Zn 

atoms with Mg atoms to the desired Mg percentage.The random placement is done using a random 



 
 

number generator in Python. For uniform Mg distribution we use the farthest point sampling 

algorithm to achieve our goal. The explanation of this algorithm is as follows: 

i. Start with a system of N Zn-atoms. The goal is to replace S Zn-atoms with Mg, such that 
𝑆𝑆
𝑁𝑁

 equals the desired Mg percentage. Assume two sets which are denoted as sampled and 

remaining and choose a point based on steps 2 and 3. 

ii. For each point in remaining set, find its nearest neighbor in the sampled set, saving the 

distance. 

iii. Select the point in the remaining set whose nearest neighbor distance is the largest and 

move it from remaining set to sampled. 

We use the same procedure for creating clustered Mg distribution, except that we select the 

smallest distance in step iii. Fig. 3 shows the resulting samples of the three distribution settings: 

 
Fig. 3. Three distribution settings for Mg substitution- XZ plane view; Left: Random, middle: uniform, 

right: clustered. Silver, green, and red colors represent Zn, Mg, and O atoms, respectively. 

4 RESULTS AND DISCUSSION 

4.1 Force field development 

Fig. 4 compares the ReaxFF and DFT results for volume/energy equations of state for ferroelectric 

and non-ferroelectric Zn1-xMgxO phases indicating that ReaxFF values are in consistent agreement 

with the calculated DFT values. The largest deviations in ReaxFF’s estimation of DFT calculations 

are associated to endpoints where the super cell is either heavily compressed (90% of relaxed 



 
 

volume) or heavily expanded (110% of the relaxed volume). It is evident from this figure that with 

increasing Mg%, Zn1-xMgxO appears more stable in the rocksalt phase than the wurtzite phase. 

ReaxFF achieves an overall accuracy of R2 = 0.96 compared to DFT reference values. 

 

Fig. 4. Equations of state (compression/expansion) for wurtzite and rocksalt phases of Zn1-xMgxO: a) DFT 
results, b) ReaxFF results; Each letter indicates the associated Zn1-xMgxO phase as either wurtzite (W) or 

rocksalt (R), and each number indicates x in Zn1-xMgxO. 

We then train our force field against two switching mechanisms; in intrinsic switching, all unit 

cells go through phase transition at once, while in domain-wall migration, the migration of the 

domain-wall propagates the phase transition such that the unit cells on the opposite sides of the 

domain-wall have opposite polarity. DFT calculations for intrinsic switching has been carried out 

for Mg contents of 5.6, 11.1, 16.7, 22.2, and 27.8%. In the case of domain-wall migration, we 

consider the case where Mg atoms are located behind the domain-wall (denoted as B) and where 

Mg atoms are located at the front of the domain-wall (denoted as F). As shown in Fig. 5, ReaxFF 

predictions are in consistent agreement with their corresponding DFT values. 𝑍̅𝑍 is the average 

distance of the domain-wall from the farthest layer and increasing 𝑍̅𝑍 indicates the migration of the 

domain-wall to the opposite direction. 



 
 

 
Fig 5. Energy barriers for ferroelectric switching of Zn1-xMgxO: a) intrinsic switching, b) domain-wall 

migration. 

Comparing the energy barriers for the two switching mechanisms, it is observed that while the 

barrier for intrinsic switching is 1 kcal/mol on average, the barrier for domain-wall migration is 

significantly smaller (~ 0.15 kcal/mol), which indicates that the desired switching mechanism is 

domain-wall migration. All force field parameters and Zn1-xMgxO structure files are available in 

the supporting information section. 

4.2 MD simulations 

Fig. 6 shows an overview of an electric field simulation results. In Fig. 6a, the energy curve and 

the applied external electric field are shown. The simulation starts with a slab of poled-up unit 

cells, and every sharp drop in the energy curve pinpoints the occurrence of ferroelectric switching, 

as shown in the inset. Observing the trajectory indicates the migration of the domain-wall from the 

top to the bottom layer in the presence of positive electric field, and from the bottom to the top 

layer in case of a negative electric field. Fig. 6b shows the results of dipole analysis, i.e., the 

hysteresis diagram. Our results indicate that a minimum slab thickness of ~10 nm is required to 

achieve a viable non-linear P-E curve. To illustrate, the hysteresis for a 7 nm slab is shown in Fig. 

7b which depicts the linear P-E curve for that thickness. In smaller thicknesses, the P-E curve is 

either linear, or heavily distorted which could be associated to the large surface-to-bulk ratio in 

such thin systems. Although scale and size effects have been identified to influence hysteresis 

behavior [73], a comprehensive discussion on the topic is outside the scope of this manuscript and 

would be an objective for future research. We should note that in all our simulations, scale and size 



 
 

parameters have been controlled to avoid unwanted interference when making comparisons. Fig. 

6c shows the presence of 180-degree domain-wall during the polarization reversal. The domain-

wall assumes a h-BN phase while the unit cells on the opposite sides of the domain-wall assume 

wurtzite of opposite polarity. 

 
Fig 6. Electric field simulation results: a) Energy (red) and electric field (blue) vs. time with polarization 
reversal shown in the inset; b) P-E curve; c) Presence of 180-degree domain wall (blue) with unit cells of 

opposite polarities on opposing sides; arrows show the direction of the overall dipole moment in each 
side. The silver and red colors represent Zn and O atoms, respectively. 

4.3 Dipole analysis 

We calculate the hysteresis curves for Zn1-xMgxO slabs of varied temperature and Mg percentage. 

Fig. 7 shows the results from these simulations. We run an electric field simulation on a 14 nm 

pure ZnO slab with a setup described earlier. The results indicate a remanent polarization of ~100 

µC/cm2. This remanent polarization is in agreement with experimental findings [48]. Additionally, 



 
 

this figure shows a steady decrease in coercive field with increasing temperature, with 100 K 

having the maximum coercive field and 1000 K having the minimum coercive field. 

 
Fig 7. a)Electric field hysteresis for ZnO as a function of temperature; b) The linear P-E curve for a 

thickness smaller than 10 nm. 

We run each simulation 5 times to account for stochasticity of ferroelectric properties each system 

represents. We run a total of 150 MD simulations on Zn1-xMgxO slabs of 14nm thickness Fig. 8). 

The results in Fig. 8 show that  the coercive field in Zn1-xMgxO has a strong dependence to the 

temperature, i.e., the coercive field values drop with increasing temperature. These findings agree 

with the recent findings reported by Jacques et al. on studying the temperature dependence of 

ferroelectric switching in Zn1-xMgxO [49]. 



 
 

 
Fig 8. Effect of temperature and Mg content on coercive field. 

 

4.4 Effect of Mg distribution 

To investigate the effect of Mg-clustering, we create Zn1-xMgxO slabs of 14 nm thickness and 

31.25% Mg content, with three different configurations of uniform, random, and clustered Mg, as 

described before. We run our simulations on varied temperatures of 100, 300, 500, 700, and 1000K, 

to account for temperature dependence of coercive field. Fig. 9 show the results of the dipole 

analysis. When Mg atoms are clustered (e.g., see Fig. 3), the MgO-dominant region prefers h-BN 

phase, whereas ZnO-dominant regions assume wurtzite. 



 
 

 
Fig 9. Coercive field as a function of Mg distribution and temperature. 

Fig. 9 shows that a clustered distribution of Mg atoms results in a significant increase in the 

coercive field compared to an uniform or random Mg-distribution. Our simulations show that 

while applying an external electric field, the Mg-dominant region transitions to h-BN sooner than 

other regions, but transitions back to wurtzite latest. This very different behavior than observed for 

a slab of uniformly distributed Mg atoms where the direction of the applied electric field 

determines the direction of the domain-wall migration. In other words, in a clustered Mg 

distribution, the Mg-rich region transitions to h-BN before all other unit cells in the slab but shows 

a resistance upon switching back to wurtzite with opposite polarity, resulting in a delayed 

transition. When its neighboring ZnO-rich regions switch back, they drag the region along towards 

transitioning to the wurtzite phase with opposite polarity. Moreover, Fig. 9  shows a decrease in 

the coercive field values when Mg atoms are distributed randomly compared to a uniform 

distribution. The reason for this observation is unclear, however, the trend shows the presence of 

a minimum on coercive field between the two sides of the distribution spectrum (i.e., uniform, and 

clustered). More research is required to understand the reason why a deviation from a uniform 

distribution could result in lowered coercive fields. In a random Mg distribution, the coercive field 

reaches a minimum of 1.15 MV/cm at T=700K. Above this temperature, the material loses its 

ferroelectric behavior and presents a near-linear P-E relationship. 



 
 

5 CONCLUSION 

We have developed a ReaxFF reactive force field for Zn1-xMgxO by merging available force fields 

that include Mg-O and Zn-O parameters and further training this force field by optimizing its 

parameters from density-functional theory (DFT) data for equations of state and ferroelectric 

switching mechanisms. Our simulations show that the coercive field in Zn1-xMgxO demonstrates a 

strong temperature dependence, with values decreasing as temperature increases. Interestingly, we 

find that the distribution of Mg atoms plays an important role in this behavior. We observe that a 

clustered distribution of Mg atoms results in a significant increase in the coercive field compared 

to uniform or random Mg-distributions, a finding that could have implications for the design of 

future ferroelectric materials. The reason for the observed decrease in coercive field values when 

Mg atoms are distributed randomly compared to a uniform distribution remains unclear, 

necessitating further research. The coercive field values for a random Mg distribution achieves a 

minimum of 1.15 MV/cm for a 31.25% Mg-substituted ZnO slab with 14.1 nm thickness. Our 

study contributes to the understanding of ferroelectricity in non-traditional ferroelectric materials 

and paves the way for the development of novel ferroelectric materials with tunable properties. 

The future work of this research includes the study of size and scaling effects on coercive field, 

the effect of surface chemistry and point defects (e.g., oxygen vacancies) on ferroelectric properties 

of Zn1-xMgxO, understanding and quantification of the temperature dependence of coercive field 

in Zn1-xMgxO, and optimizing Mg distribution for minimized coercive field. 

6 SUPPORTING INFORMATION DESCRIPTION 

The force field developed in this study as well as all Zn1-xMgxO structure files used in force field 

training has been provided as the supporting information. 
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