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Abstract. This paper presents phenomenological and numerical studies of Gaussian white noise and field-
induced dynamical phase transitions in bulk antiferroelectrics (AFE), focusing on the delayed transition
from AFE to ferroelectric (FE) states. The steady states of the AFE are formulated by applying the calculus
of variations to the AFE thermodynamic potential, in the absense of external noise. Stochastic relaxation
equations for the AFE are then derived using the Landau — Khalatnikov equation, where the AFE
thermodynamic potential accounts for both Gaussian white noise and a sinusoidal time-dependent electric
field. These equations are solved numerically using the stochastic fourth-order Runge — Kutta (SRK4)
method. The results indicate that, for an applied field amplitude of 97% of the transition amplitude, additional
Gaussian white noise with amplitudes < 8% of the applied field induces delayed AFE to FE phase transitions,
with the time delay inversely proportional to the noise amplitudes.

Keywords: Gaussian white noise, stochastic fourth-order Runge — Kutta (SRK4) method, dynamical phase
transition, antiferroelectrics, ferroelectrics

Introduction

Phase transitions in antiferroelectric (AFE) materials are typically characterized by a unique electric
polarization that reverses direction at a critical temperature or applied electric field. Below the critical
temperature, the AFE to ferroelectric (FE) phase transition occurs when both static and time-dependent
electric fields increase beyond their respective critical thresholds. At various static field values, steady
states of the AFE systems can be identified. These states exhibit hysteresis patterns in 2D plots of induced
polarization versus applied static field. By observing these hysteresis patterns, the system’s AFE and FE
states can be distinguished. For time-dependent applied electric fields, sinusoidal or other periodic be-
haviors lead to what is called a dynamic field-induced phase transition, where the dynamic field can drive
the system from one phase to another, typically from AFE to FE phases. These phase transitions manifest
as abrupt changes in hysteresis patterns, shifting from AFE double hysteresis loops to FE single hysteresis
loops (Lines, Glass 1977; Tolédano, Guennou 2016; Zhang et al. 2020; 2023).

In dynamic field-induced phase transitions, the effects of noise are inevitable. Sources of this noise
may arise from fluctuating environmental conditions, non-ideal equipment, material degradation (such
as aging), electrical interference, thermal fluctuations, imperfect control systems, and other random
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disturbances (Garcia-Ojalvo, Sancho 1999; Gardiner 1985; Henkel, Pleimling 2010). Initially, stochastic
effects on dynamical phase transitions were used to explain climatic transitions between ice ages and
interglacials (Alexandrov et al. 2018; Benzi et al. 1981; Nicolis 1982). The theoretical study of noise-induced
phase transitions has gained momentum in other physical systems. For example, in the cubic lattice
model (Van den Broeck et al. 1994), spatially extended systems (Cao et al. 2007; Carrillo et al. 2003), and
delayed triple-well potential systems (Jin, Xu 2020), among others. Stochastic transitions have also gar-
nered significant interest in quantum systems, such as the system-reservoir model (Ghosh et al. 2005),
mesoscopic metal rings (Tong, Vojta 2006), electronic Mach-Zehnder interferometers (Levkivskyi,
Sukhorukov 2009), two-dimensional open quantum systems (Dagvadorj et al. 2015), quantum dots
(Zhang et al. 2017), and hybrid quantum circuits (Liu et al. 2024), etc.

In this paper, we investigate both phenomenologically and numerically the effects of additional Gaus-
sian white noise on field-induced delayed AFE to FE phase transitions in bulk AFE systems, such as am-
monium dihydrogen phosphate (ADP). We first explore how electric fields, both static and time-depen-
dent, influence these phase transitions, with particular attention to hysteresis patterns that help
distinguish between AFE and FE states. We further examine the impact of Gaussian white noise on dy-
namic field-induced AFE to FE phase transitions by evaluating how the frequency and amplitude of the
applied electric field, as well as the noise amplitude, affect hysteresis patterns, time series curves, and
the delay of phase transition onset.

The study is divided into three parts. In the first part, the steady states of the AFE system are formu-
lated using the bulk AFE thermodynamic potential with an applied static electric field, excluding noise
(Lines, Glass 1977; Lim 2022). The resulting equations of state are solved numerically using a root-
finding method (Press et al. 1996), and the results are presented graphically in 2D plots. These results
serve as a baseline for distinguishing between the AFE and FE phases in the second and third parts of this
paper.

In the second part, the adopted AFE thermodynamic potential incorporates Gaussian white noise
and a sinusoidal time-dependent electric field. The nonlinear stochastic relaxation equations of the AFE
system are formulated by applying the Landau — Khalatnikov equation to this thermodynamic potential.
To numerically solve these nonlinear stochastic relaxation equations, we adopt the stochastic fourth-
order Runge — Kutta (SRK4) method (Khodabin, Rostami 2015). In the numerical simulations, two sets
of frequency and amplitude of the applied field are selected, with the selected amplitudes being smaller
than the transition amplitudes without noise. For each set of frequency and amplitude, three sets
of numerical data are generated to account for three different noise amplitudes. Specifically, the first two
sets correspond to noise amplitudes below the critical value, while the third set corresponds to the
critical noise amplitude. The generated data are plotted as time series and hysteresis curves. The abrupt
changes in values and the patterns of the curves enable the identification of the transition from AFE
to FE phases of the system.

The third part is an extension of the second part, using the same formalism and numerical scheme.
The selected frequencies are the same as the frequencies chosen in the second part, but the selected field
amplitudes are significantly greater than the transition amplitudes without noise. Two sets of numerical
data are generated using the same SRK4 method to account for two moderate noise amplitudes. The
generated data are plotted as time series and hysteresis curves, serving as a comparison with the results
from the second part.

Part I. AFE and FE steady states in applied static fields

Before applying noise, it is necessary to identify the steady states of the system under a static applied
field. The formalism is based on the Landau theory of first-order antiferroelectricity, adopted from pre-
vious work (Lim 2022), in which the dimensionless bulk AFE thermodynamic potential is presented
in equation (1):

g,=(w+t)g>+r2—(q*+6q%r+rt) +
+ (g®+ 1542+ 15g2%r*+r%) —eq. (1)

gyt & q, 1, and y, are reduced variables, or dimensionless quantities, corresponding to the thermody-
namic potential of the AFE system, temperature, applied static electric field, normal electric displacement,
staggered electric displacement, and the interaction constant of the AFE sublattices (Lim 2022; Lines,
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Glass 1977). When the system is in equilibrium, the variation of g, in equation (1) with respects to g and r
is minimized, which gives the equations of state for the AFE system, as shown in equations (2):

2(w+1t)g — (4q3+12gr?) + (63 +60g3r2+30gr+) —e = 0, (2a)
2tr — (12q%r + 4r3) + (30g*r+60g2r3+6r3) = 0. (2b)

From equation (2b), the possible values of r are:
e =0, (32)

r,

which corresponds to the field-induced FE phase, and

o _5¢° ~1)%/180g* —12¢° +1-3

v 3 ; (3b)

which corresponds to the remnant AFE phase under the influence of the applied static field. The existence
of the AFE phase is confirmed when the value of r = r, is non-zero and real. Substituting equations (3)
into equation (2a) gives the equations of state of the AFE system in terms of ¢ versus é.

To reveal some features of the equations of state, equations (2) and (3) are solved numerically (Press
et al. 1996), and the generated data are presented graphically. In the numerical calculations, the mate-
rial parameters for ammonium dihydrogen phosphate (ADP) are adopted from previous work (Lim
2022). For ADP, the Curie temperature is 7. = 148 K. The fitting of ADP material constants yields
¥ ~0.01233, £ ~ —3.346 x 107 e. = 0.41658, and f, ~ 0.021336524 at T'= 80 K (Lim 2022), where f is the
natural frequency of the AFE system. The calculated points for ADP’s equations of state are shown
in Figure 1.
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Fig. 1. Steady states for ADP at T = 80 K (¢ ~ —3.346 x 107%), where FE states are represented
by black dots (r = 0), AFE states by purple dots (r = r ), and red dots (r = r)

In Figure 1, the black dots, calculated from equations (2a) and (3a), correspond to the field-induced
FE states of the system, whereas the red (r = r ) and purple (r = r,) dots, obtained from equations (2a) and
(3b), correspond to the remnant AFE states of the system. In Figure 1, the numerical points indicate the
existence of AFE states for both |é| < e_and |é| > e.. However, the bulk AFE system considered here does
not account for stress, strain, size, or surface effects that may pin the AFE states for |é| > e_.. Therefore,
the condition for the existence of the AFE phase is that the magnitude of the applied static field must be
smaller than the coercive field, i. e., |é| < e... To satisfy this condition, the purple and red dots with |é| > e
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are removed. Additionally, in Figure 1, the AFE and FE states corresponding to the dots with negative
slope trends are unstable and are unlikely to exist under an applied static electric field. To retain only the
stable and metastable states, points exhibiting negative slopes are also removed (Line, Glass 1977). The
results of discarding the unstable states and the AFE states with |é| > e are shown in Figure 2.

1.2 149

-1.5 -1.0 -0. 0i0

-1.2 -

Fig. 2. Metastable states (AB and CD) and stable states of ADP at T'= 80 K (¢ ~ —3.346 x 10-3), where FE states
are represented by black curves (r = 0), AFE states by purple curves (r = r ), and red curves (r = r)

The curves in Figure 2 show obvious hysteresis patterns with discontinuities around +e_ for both FE
and AFE states. Key differences between FE and AFE states include: (i) the FE states show a single hys-
teresis pattern, whereas the AFE states show a double hysteresis pattern; (ii) the magnitudes of the
normal electric displacement in AFE states (i. ., |g| < 0.2) are significantly smaller than those in FE states
(i. e., |g| > 0.6); (iii) the magnitude of the applied field required to induce discontinuous switching in FE
states (i. e., |€| ~ 0.39325 = 0.944e_) is smaller than that required in AFE states (i. e., |é| = e ); and (iv) the
FE curves exhibit metastable state curves AB and CD (Line, Glass 1977).

Part I1. AFE to FE phase transitions under the influence
of applied sinusoidal fields and Gaussian white noise

In the formulation, the applied dynamic fields consist of two components: one is a deterministic si-
nusoidal field, and the other resembles Gaussian white noise with zero mean, adjustable amplitude, and
variance. With these dynamic fields, the dimensionless bulk AFE thermodynamic potential is given
in equation (4) (Lim 2022; Van den Broeck et al. 1994):

g, z(t//+z‘)q2 +1r’ —(q4 +6q°r’ +r4)+(q6 +15¢*r* +15¢°r* +r6)f
—eq—DE(s)q, @)

where s is the dimensionless time variable, e = e, sin(27fs) is the time-dependent applied electric field
(in what follows referred to as field’ or ‘applied field’), and e is the field amplitude. (s) represents
Gaussian white noise, and D = e, is the adjustable amplitude of the noise, where o is a constant. In the
presence of the field and noise, the dimensionless Landau — Khalatnikov equation of motion is given
by equation (5) (Lim 2022):

d’x,  dx, 0g,
i + _lzi_, 5
ds’ 4 dr ox, )
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where y is dimensionless damping constant, and x, represents the dimensionless normal or staggered
electric displacements, g and r. The first and second terms in equation (5) represent the acceleration and

damping of x.. 4 s the variation of g ', in equation (4) with respect to x,. For small damping, the dy-

namics of g and r are oscillatory, which has been used to simulate chaotic dynamics without noise in pre-
vious works (Lim 2022; 2023). For large damping, such as y = 1, the first-order time derivative terms
dominate, and equation (5) can be approximated as nonlinear first-order stochastic relaxation equations
for the AFE system, as shown in equations (6) (Khodabin, Rostami 2015; Van den Broeck et al. 1994):

dgq = C,ds + Ddw, (62)
dr=C.ds, (6b)
where
C, = 72(y/+t)q+4(q3 +3qr2)76(c]5 +104°7° +5qr4)+e, (7a)
C, =-2r+4(3¢r+r)-6(5¢"r +10¢°r" ++°), (7b)
dw=E&(s)ds . (7¢)

Equations (6) are used to simulate the dynamic phase transitions and hysteresis effects of AFE systems.
The stochastic fourth-order Runge — Kutta (SRK4) method, an extension of the classic fourth-order
Runge — Kutta method (Khodabin, Rostami 2015), is adopted to simulate equations (6). In the nu-
merical scheme, equations (6) are rewritten in vector form, as shown in equation (8):

dX,=C(X,,s)ds+D(X,,s)dw,. (8)

To solve equation (8), the SRK4 method involves discretizing the time interval into steps and updat-

ing the solution iteratively. Let X, denote the approximation of X at times ,andletAs=s  —s .The

SRK4 method updates X using the computed intermediate values as shown in equation (9):

K, =C(X,.s,)As+D(X,.s,) AW, , (92)
K, = C(X +;K s, +—= AsjAs+D(X +—K,s, +;AsjAWn2, (9b)
K, = C(X +;K2,s +— AsjAs+D(X +—K,,s, +1AsjAWn3, (9¢)
K,=C(X,+K;,s,+As)As+D(X, +K;,s, +As) AW, ,, (9d)

where all the terms D (..., ...) in equations (9) are adjustable constants. AW , AW , AW  and AW ,
are independent amplitude increments of the stochastic process with zero mean and variance As, i. e o
AW ~ N(0, As) = VAs N(0,1), where N(0,1) is the Gaussian random variable with zero mean and vari-

ance one. The updated solution is given by equation (10):

n+l

=Xn+%(Kl+2K2+2K3+K4). (10)

The material parameters adopted in the simulations are based on the parameters of ADP at T = 80K,
which are the same as those used to generate Figures 1 and 2.

Before applying Gaussian white noise, two frequencies of the field are selected: f, = 0.5f and f, = 1.5f; .
The corresponding transition amplitudes of the field needed to switch the system from AFE hysteresis
to FE hysteresis are approximately e ., = 1.0162e_and ¢, = 1.0775e_, respectively. To reveal the effects

071 C 072
of Gaussian white noise and maintain the periodicity of the induced normal electric displacement as the
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applied field, the selected field amplitudes for the two frequencies are e, = 0.9857¢.and e, = 1.0443e_,
which are approximately 97% of the corresponding transition amplitudes. The numerical results for the
first set of frequency and amplitude, namely f = f, = 0.5f and |e | = e, = 0.9857¢_, with a standard de-

viation of

\JAs, ~7.654083178069687 x 1072, are shown in Figures 3 and 4.

In Figure 3, the time series curves are presented as e, versus s (i. e, (s, ¢,)), along with three g versus

s curves (i.

e, (s, q,), (s, q,), (s, q,)), and three r versus s curves (i. e., (s, 7)), (5, 1), (s, r,)). These curves

correspond to three amplitudes of noise: D, = 0.0630¢,, = 0.06203610¢_., D, = 0.0792¢ , = 0.07798824e .,
and D, = 0.0793¢, = 0.07808671e_.. For all these curves, e, is switched on from the 1 to 45" cycles and
switched off after the 45™ cycle, whereas noise is switched on from the 1% to the 35% cycles, and switched
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Fig. 3. Time series curves for (s, e,), (s, q,), (s, 7)), (5, q,), (s, 1), (s, q,), and (s, r,) for the 1 to 45" cycles.
The three black (s, g) curves and three red (s, ) curves correspond to three amplitudes of noise:

40

D, =0.0630e,, D, =0.0792¢,, and D, = 0.0793¢,,. Here, e | = e, = 0.9857e_, f = f, = 0.5f,,
and /As, ~7.654083178069687 x 1073 all noise is switched off after the 35™ cycle
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02 149,
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Fig. 4. (a) AFE hysteresis loops without noise (white loop, D = 0) and AFE hysteresis loops with Gaussian
white noise (black curves, D, = 0.0792¢,) for the 5* to 8" cycles. (b) FE hysteresis loops induced by Gaussian
white noise (D, = 0.0792¢ ) for the 17* to 20™ cycles. Here, f = f, = 0.5, and |e | = ¢, = 0.9857e_

When Gaussian white noise is activated, the transition from AFE hysteresis to FE hysteresis does not
occur immediately but is delayed, as shown in the curves (s, q,), (s, g,) and (s, r,), (s, r,) in Figure 3. This
is displayed as an abrupt change in the amplitudes of (s, g,), (s, ¢,) from less than 0.2 to greater than 0.6,
and in (s, 7)), (s, r,) from greater than 0.6 to approximately 0.0. For the noise amplitudes D, = 0.0630e,,
and D, = 0.0792¢_, the transitions from AFE hysteresis to FE hysteresis are delayed until the 23 and
14™ cycles, respectively. This indicates that a larger amplitude of Gaussian white noise results in a shor-
ter delay time for the AFE to FE phase transition. The noise amplitude required to induce the transition
is identified as D, = 0.0793¢ , which is the smallest amplitude necessary to observe the transition oc-
curring in the first cycle.

The numerical results indicate that when the amplitude of the field is smaller than the transition
amplitude (i. e., e, < ¢,,,), and in the absence of noise (D = 0), the system displays only the AFE hys-
teresis curve, depicted as a white loop in Figure 4(a). The black curves in Figures 4(a) and 4(b) show
the hysteresis loops with Gaussian white noise, derived from a selected curve in Figure 3, specifi-
cally the (e,, g,) curve for D, = 0.0792¢, focusing on the 5™ to 8" cycles (before the transition) and

o1’
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the 17" to 20" cycles (after the transition), respectively. Due to the applied noise, the four successive
AFE and FE hysteresis loops in Figures 4(a) and 4(b) show fluctuations and do not overlap. In par-
ticular, the black AFE hysteresis loops in Figure 4(a) exhibit fluctuations around the white loop. The
FE hysteresis loops in Figure 4(b) exhibit both stable and unstable states, corresponding to the parts
with positive and negative slopes.

The numerical results for the second set of frequency and amplitude, namely f = f, = 1.5f and

le,| = e,, = 1.0443e_, with a standard deviation of \/As, =~ 4.419086983258320 x 102, are shown in Figu-
res 5 and 6. In Figure 5, the time series curves display e, versus s (i. e, (s, e,)), along with three g versus s
curves (i. e, (s, g,), (s, q,), (s, q,)), and three r versus s curves (i. e, (s, r,), (s, 1), (s, ). These curves cor-
respond to three amplitudes of noise: D, = 0.0561¢,, = 0.05858523e ., D, = 0.0813¢ , = 0.08490159% .,
and 1)6 = 0.0866¢,, = 0.09043638e,.. For all these curves, e, is switched on from the 1% to the 45" cycles
and switched off after the 45" cycle, whereas noise is switched on from the 1* to the 35" cycles, and
switched off after the 35™ cycle.

05 &

0.3

0.1

-0.1 !
-0.3 ]

-0.5
1.0 G4 11 D, =0.0561

LA D
e T I

o T
N T TP T TR =

-1.0

o LA PO P
"W T e b =

Fig. 5. Time series curves for (s, e,), (s, q,), (s, 7,), (s, q.), (5, 1)), (s, q,), and (s, r,) for the 1% to 45™ cycles.
The three black (s, g) curves and three red (s, r) curves correspond to three amplitudes of noise:
D, =0.0561e,,, D, = 0.0813¢,,, and D, = 0.0866¢,. Here, |e,| = e, = 1.0443e_, f = f, = 1.5f,,

and /As, ~4.419086983258320 x 1073 all noise is switched off after the 35™ cycle
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Fig. 6. (a) AFE hysteresis loops without noise (yellow loop, D = 0) and AFE hysteresis loops with Gaussian
white noise (black curves, D, = 0.0561¢,) for the 5* to 8" cycles. (b) FE hysteresis loops induced by Gaussian
white noise (D, = 0.0561e,,) for the 17* to 20™ cycles. Here, f = f, = 1.5f, and e = e, = 0.9857e_.

As with the first set of results, when Gaussian white noise is introduced, the transition from AFE
to FE hysteresis does not occur immediately after noise is switched on; instead, it is delayed, as shown
in the curves (s, g,), (s, g,) and (s, ), (s, r.) in Figure 5. For the noise amplitudes D, = 0.0561e,, and
D, =0.0813¢,, the transitions from AFE to FE hysteresis are delayed until the 14™ and 8" cycles, respec-
tively. This reflects the inversely proportional relationship between noise amplitude and time delay for
the AFE to FE phase transition. The transition noise amplitude is identified as D, = 0.0866¢,. In addition
to the AFE to FE phase transitions, the three (s, ) curves in Figure 5 exhibit desynchronization, or phase
slips, and a loss of periodicity while Gaussian white noise is switched on. The appearance of these features
is the result of the crossing of unstable and fluctuating orbits (Berglund 2016).

When the amplitude of the field is smaller than the transition amplitude (i. e., ¢, < ¢ ,,), and in the
absence of noise (D = 0), the system displays only the AFE hysteresis curve, depicted as a yellow loop
in Figure 6(a). In contrast, the black curves in Figures 6(a) and 6(b) represent the hysteresis loops with
Gaussian white noise, derived from the (e,, ¢,) curve in Figure 5, for D, = 0.0561e,, during the 5 to 8"
cycles and the 17* to 20" cycles, corresponding to the periods before and after the AFE to FE phase

Physics of Complex Systems, 2025, vol. 6, no. 1 43
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transition. As a result of the applied noise, the four successive AFE and FE hysteresis loops in Figures
6(a) and 6(b) do not overlap and show fluctuations. In particular, the black AFE curves in Figure 6(a)
exhibit fluctuations around the yellow loop, while the FE hysteresis loops in Figure 6(b) display both
stable and unstable states, corresponding to the parts with positive and negative slopes. The large and
distorted deviations observed among the four successive FE hysteresis loops in Figure 6(b) are manifes-
tations of desynchronization, or phase slips, as seen in the time series curve (s, q) , in Figure 5.

Part I1I: Hysteresis effects in the FE phase under strong field and moderate Gaussian white noise

In this section, the formalism, material parameters, and numerical schemes are the same as those
in the second part. To enable comparison with the results from the second part, the same two frequen-
cies and standard deviations are selected, i. e., f1 = O.Sfo and f2 = 1.5f0. The selected strong field amplitudes
for the two frequencies are |e,| = ¢, = 1.5e_.and |e,| = e , = 3.0e_, respectively, which are approximately
147.6% and 278.4% of the transition amplitudes e, and e, respectively. To assess the effects of Gaussian
white noise, moderate noise amplitudes of D, = 0.1¢,, = 0.15¢_and D, = 0.1¢,, = 0.30e_. are selected for
the two frequencies, respectively. The numerical results for both frequencies, covering the 1% to 10" cycles,
are presented in Figures 7 and 8.

1.2 4 Q7’ 83
0.8 -
04 -
0.0 : . .S
0 0 0 50 8 1,000
0.4 -
0.8 -
1.2 - (a)
12 ¢,
€3
-0.8 0.8
1.2 - (b)

Fig. 7. (a) (s, e,) and (s, ¢,) time series curves. The (s, ¢,) time series curve corresponds to Gaussian white noise
with amplitude D, = 0.1e,. (b) FE hysteresis loops without noise (yellow loop, D = 0), and FE hysteresis loops
with Gaussian white noise, (63, q7) (black curves, CD7 = 0.1603), Here,f:f1 = O.5f0, |e3| =e, = L.5e,,

\/El ~ 7.654083178069687 x 1072, and the time range is 1* to 10" cycles
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Fig. 8. (a) (s, e,) and (s, g,) time series curves. The (s, g,) time series curve corresponds to Gaussian white noise
with amplitude D, = 0.1e,. (b) FE hysteresis loops without noise (yellow loop, D = 0), and FE hysteresis loops
with Gaussian white noise (black curves, D, = 0.1e,), Here, f = f, = 1.5f,, |e,| = ¢, = 3.0e_,

JAs, ~4.419086983258320 x 102 and the time range is 1* to 10™ cycles

For f,, the time series curves (s, e,) and (s, ¢.) are represented by the red and black curves in Figure 7(a).
Similarly, for £, the time series curves (s, e,) and (s, g,) are represented by the red and black curves
in Figure 8(a). The corresponding hysteresis curves (e,, g,) and (e, q,) are shown in Figures 7(b) and 8(b).
The numerical results indicate that in the absence of noise (D = 0), the system shows only a single FE
hysteresis loop, represented by the yellow hysteresis loop in Figures 7(b) and 8(b). Upon the introduction
of Gaussian white noise, the FE hysteresis loops fluctuate around the yellow hysteresis loop and do not
overlap. Given that the field amplitudes are significantly larger than the corresponding transition ampli-
tudes e ,, and e, the time series curves (s, g.) and (s, g,) in Figures 7(a) and 8(a) do not exhibit the
pronounced desynchronization or phase slips, as seen in Figure 5.

Conclusions

The results in the first part of the reported study show the steady states of the selected AFE system,
specifically ADP, under the applied static electric field. The numerical results demonstrate possible states
of the system, including stable, unstable, and metastable states, as shown in Figure 1. By eliminating

Physics of Complex Systems, 2025, vol. 6, no. 1 45



Numerical simulations of Gaussian white noise and field-induced phase transition...

unstable states and AFE states with é > e_., clear AFE and FE hysteresis patterns emerge, with the cor-
responding magnitudes of the induced normal electric displacement at |g| < 0.2 and |g| > 0.6, respec-
tively. These steady states provide a baseline for identifying the AFE and FE phases in the second and
third parts of the study.

In the second part, it is observed that for ADP, without the application of noise, a higher frequency
requires a greater field amplitude for the dynamic phase transition from AFE to FE phases. For both
selected frequencies, f1 = O.Sfo < f0 and f2 = 1.5f0 > fo, and with the selected field amplitudes slightly below
the critical field amplitudes (around 97%), additional Gaussian white noise with amplitudes less than 8%
of the field amplitude induces a dynamic phase transition from AFE to FE phases. These phase transi-
tions, however, are delayed for noise amplitudes below the corresponding critical values. The higher the
level of noise, the shorter the delay time. This is due to the nonlinear nature of the system, where the
system’s states are affected by their history or past states over time. Consequently, the influence of noise
accumulates until it reaches the threshold for the phase transition from AFE to FE phases. The stronger
the noise, the faster the system gains the energy to cross the energy barrier and thus escape from AFE
to FE states (Kramers 1940; Schiiller et al. 2020; Tsimring, Pikovsky 2001). Notably, the transition delay
means that when plotting the 2D hysteresis curves, both AFE and FE hysteresis loops may coexist if the
AFE phase duration is not excluded from the analysis.

The hysteresis loops in the FE phase exhibit both stable and unstable states, identified by the positive
and negative slopes of different parts of the hysteresis loop, as shown in Figures 4(b) and 6(b). More
unstable features in the FE phase include desynchronization, phase slips, and loss of periodicity, which
are clearly observed in the g versus s curves in Figure 5. It is also observed that, at higher frequency of the
field, these instabilities become more pronounced. This is evident from comparing (i) the deviations
of the four consecutive hysteresis loops in Figure 6(b), which are larger than those in Figure 4(b), and
(ii) the more obvious desynchronization, phase slips, and loss of periodicity in the g versus s curves
in Figure 5 compared to Figure 3. These instabilities arise because the selected field amplitudes are close
to the transition amplitudes for the two selected frequencies.

When the field amplitude is well above the transition amplitude, it is evident that only the FE phase
exists, and the effects of moderate Gaussian white noise diminish considerably. This is clearly observed
in Figures 7(b) and 8(b) as the loss of negative slopes in the hysteresis loops, along with the recovery
of synchronization, as evidenced by the time series curves in Figures 7(a) and 8(a). The residual effects
of noise manifest as fluctuated and non-overlapping hysteresis loops.

In summary, when the field amplitude is just below the transition amplitude, the addition of Gaussian
white noise will provide energy to the AFE system to overcome the energy barrier from AFE to FE
phases, thereby inducing a transition. The transition does not occur immediately but is delayed for noise
amplitudes slightly below than the critical value. Once the AFE system transitions to the FE phase,
it remains in this phase, even when the noise and/or field are switched off. This indicates that the noise
and field-induced phase transition from AFE to FE phases is irreversible, which is significantly different
from the modeled non-stop transitions between ice ages and interglacials (Alexandrov et al. 2018;
Benzi et al. 1981; Nicolis 1982). The bulk AFE model used in this study (Equation 4) does not include
stress, strain, size effects, surface effects, or restoring forces that could pin the AFE states, which con-
tributes to the irreversibility of the transition. In contrast, the phase transition from AFE to FE phases
induced solely by a deterministic sinusoidal electric field, does not exhibit any delayed behavior.

To conclude, for the antiferroelectric system in its first-order phase, manipulating the frequency, the
amplitudes of the applied field, and the levels of Gaussian white noise can control the timing of the AFE
to FE phase transition. This feature may have applications in systems which require controllable switch-
ing time from small to large values of a physical quantity, corresponding to the AFE (|g| < 0.2) to FE
(lg| > 0.6)phase transition. Moreover, this feature will provide direct observations of the system’s order
parameter behavior in its time series, similar to climate transitions over time. In future research, the
analytical and numerical techniques developed here may be modified to enable the restoration of the
AFE phase, and the study of noise-plus-field-induced phase transitions may be applied to other physical
systems, such as antiferromagnets.
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