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ABSTRACT: The polarization behavior analysis within dielectric N odulation :Fi“d
materials is crucial for electronics. Here, we reconsidered the Kelvin - —‘\ inbulk |
probe (KP) technique, a widely used method for determining the work  vipration t ) ( —\\
function and surface potential of solid materials, for assessing the N
polarization properties of deformable materials. Unlike impedance ® &

spectroscopy (IS), the KP technique measures displacement current by i %@ e 5o
modulating the electrode spacing, rather than electrode potential. By ®e

phase-separating KP signal into displacement current and its delayed (%@

component (actual current), the KP method is expected to selectively ‘_‘ <%6+ 8-
measure polarization properties within the bulk, as the potential drop in %

the bulk and interface remains constant. We achieved precise phase

separation of the KP signal using an optical lever signal synchronized with the electrode vibration as the reference for the lock-in
amplifier. The complex dielectric constants &} xp and &5 of liquid samples were measured by KP and IS measurement, respectively.
For nonpolar octane, & xp was almost equal to &5 Alternatively, for polar 1-octanol and 2-octanol, & ¢p was smaller than &f15. We
also estimated that the bulk potential drop in 1-octanol and 2-octanol is approximately one-tenth of the total potential drop. The
proposed approach offers a novel method for evaluating energy diagrams and provides insights into the polarization mechanisms of
deformable materials.

H INTRODUCTION where C, Vpp and V,, represent the capacitance modulated by
vibration, the contact potential difference (Vpp = (@ — @p)/
e), and the external bias voltage applied between the sample
and reference electrodes, respectively. Vipp is obtained by
adjusting V,, to cancel Iyp(t). Considering the electric field E,

In dielectric materials, an external electric field triggers charge
rearrangement and electric dipole rotation, resulting in
dielectric polarization. This induced charge distribution finds
application across various electronic devices, including eq 1 can also be expressed as follows.
capacitors and transistors.”” To evaluate this electric polar-

ization property, several electrical measurement techniques are Lo(t) = oD(t) A=¢ OE(t) A

employed. Among them, impedance spectroscopy (IS) is a K ot O ot ()
widely used method for kinetic analysis, sweeping the
modulation frequency of electrode potential. However, IS
faces limitations in separately evaluating the bulk and interface
responses, as modulation of the electrode potential often

where D, A and g, denote the electric flux density, the
electrode area and the dielectric constant of vacuum,
respectively. Typically, KP measurements are conducted in
air or vacuum, hence, Ixp is proportional to the dielectric

triggers interface responses alongside changes in the bulk constant of vacuum &, (the dielectric constant of air is almost
region. Therefore, there is a need for an alternative equal to that of vacuum). Initially, this proportionality might
measurement method that can suppress interface responses. seem uninformative for polarization evaluation. If the electrode

We focused on the Kelvin Probe (KP) method as a novel gap is occupied by a deformable dielectric material, such as a
approach for evaluating polarization. In general, KP has been liquid, gel, sol, or elastomer, this proportionality acquires
used to measure the work function or surface potential of solid crucial significance. In such scenarios, the signal current can be
materials. In the KP method, a reference electrode (work expressed as follows.
function is ®@g) facing a sample electrode (work function is
@) is vibrated, inducing a displacement current proportional Received: December 20, 2024
to the difference in ®p and @, This current Iyp(t) can be Revised:  February 19, 2025
expressed as follows. Accepted: February 27, 2025

Published: March 5, 2025
IKP(t) = ac—(t)(‘/ex - VCPD) (1)
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where € is the complex relative dielectric constant of the
dielectric material. Using the proportionality (Ixp(t) « £¥), the
KP method can measure polarization properties without
modulating the electrode potential, unlike IS, which neces-
sitates voltage modulation. The signal current in IS measure-
ments can be expressed in the same way as follows.

ov(t) « OE(t)
I(t) = C* =g ¢ A= (e —je’
IS( ) ot 0o ( ]

T g )80

T r

OE(t) "
ot
(4)

where C* is the complex capacitance. Unlike IS measurements,
the classical KP method does not phase-separate the signal
current into displacement current (oce/) and actual current
(cxe!’). For accurate polarization evaluation, the classic KP
method requires enhancement to enable phase separation.
Therefore, we developed a novel KP system capable of phase-
separating the KP signal current.

The fundamental distinction between KP and IS methods
lies in how they modulate the electric field: KP modulates the
distance between electrodes, while IS modulates the potential
difference. The distance modulation in the KP method is
expected to selectively measure the bulk response, as it
maintains a constant potential drop across the bulk and the
interface, minimizing space charge effects at the interface. This
is particularly advantageous when dealing with liquids, allowing
for the bulk response to be measured while suppressing
charging and discharging of the electric double layer (EDL)
near the electrodes. Understanding the polarization phenom-
ena at the interface and in the bulk is paramount for liquid-
based devices, such as light-emitting electrochemical cell,>*
EDL capacitors,””” EDL transistors”” and liquid organic light-
emitting diodes.'*™"*

Previous attempts to apply the KP method in liquids have
primarily focused on work function changes and surface
potential in liquids."*~"” However, the use of KP as a method
for evaluating the polarization properties of liquids has not yet
been fully explored. Recently, Kelvin Probe Force Microscopy
(KPFM), which is capable of imaging surface potential, has
also been employed in liquids to measure surface potential and
charge distribution.'®™** While KPFM can assess the dielectric
properties of the scanning surface,”” >’ KPFM is not well-
suited for quantitative evaluation of polarization properties
between the electrodes because of two significant challenges:
(i) potential modulation is required to generate electrostatic
force signal, and (ii) the electrode areas of the capacitor
between the scanning tip and the sample are geometrically
asymmetric, resulting in a nonuniform electric field. Therefore,
the KP method is more effective than KPFM for evaluating
polarization properties between electrodes, such as those
assessed by IS measurements.

In this study, we have developed a phase-separated KP
system. In this system, the optical lever signal, reflecting the
probe electrode vibration, serves as the reference signal for the
lock-in amplifier (LIA) to detect the KP signal. This approach
enables high-precision phase separation, unaffected by
vibration phase shifts caused by liquid viscosity. Using this
system, we investigated the potential of the KP method as a
polarization evaluation tool. To compare KP and IS, we
measured two complex dielectric constants, £yp and £,
using KP and IS measurements, respectively. For a nonpolar
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liquid octane, the two dielectric constants were almost equal.
Alternatively, for polar liquids 1-octanol and 2-octanol, real
part & ygp was clearly smaller than €] ;5. This reduction in &/ yp
can be ascribed to the screening of the bulk electric field by
space charge at the interface. By analyzing the difference
between the two dielectric constants, we evaluated bulk
potential drop in octane, 1-octanol, and 2-octanol, suggesting
the feasibility of the KP method for evaluating potential
profiles in liquid devices.

B THEORETICAL AND EXPERIMENTAL METHODS

KP is a method employed to measure the work function or
surface potential of solid materials. During a KP measurement,
the reference electrode, positioned facing the sample electrode
undergoes vibrations. This modulation results in a variation of
the distance d between the two electrodes, expressed
mathematically as follows.

d(t) = d, + d,e (s)

where o, d; and d, represent the angular frequency, the mean
electrode spacing and the amplitude of the electrode vibration,
respectively. This vibration modulates the electric field E.
Assuming that d| is sufficiently smaller than d,, the electric field
can be expressed as follows.

E(t) — |4 — VCPD _ Ve); ~ VCPD _ Vex(l _ iej(ut)
d(t)  dy+ de dy dy
(6)

This field modulation produces a displacement current
Ixp(t). In air or vacuum, Iip(f) can be expressed as follows.
oD OE

d .
Lp(t) = EA EOEA ~ &y(Vex — VE:PD)d—lew-je’wt
0

(7)

This signal current Iip(t) is proportional to V,, — Vepp. In
the traditional null-detection method, to determine Vipp, Vi,
was controlled by a feedback loop system so that this signal
current cancels out to hold Vgpp — V., = 0. In off-null

operation,”® the linear relation between V,, and Ip(t) is
measured as shown in Figure 1. Vpp can be determined from

Ixp

y
/”/ Gradient G
L

- Vex
l’/ I

Verp

Figure 1. Relation between the external bias (V) and current
measured in KP (Iyp) in the case of off-null operation. The intercept
on the horizontal axis corresponds to the contact potential difference
(Vepp), and the slope of the line (G) is proportional to the dielectric
constant of the sample between the electrodes.

the intercept of the linear fit of this plot with the V,, axis. The
measurement accuracy of this method surpasses that of the
null-detection method, especially in environments with
insufficient signal-to-noise ratios. The linear-fitted line
gradient, G, serves as a quality factor for the measurement.
Typically, G is used to adjust dy to achieve a desired signal
intensity level. However, this study emphasizes another aspect
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Figure 2. Experimental setup for conducting KP and IS measurements. KP measurement is performed by vibrating the reference electrode
immersed in liquid sample. The laser beam is reflected off a mirror attached to the electrode and detected by the photodiode, serving as a reference
signal. IS measurement is performed by switching the setup to the impedance analyzer. See the text for the detail.

of G: its proportionality to the dielectric constant of the
material placed between the electrodes. This proportionality is
particularly significant when the space is occupied by
deformable dielectric materials, such as liquids, gels, sols, or
elastomers. Under these conditions, the signal current Iyp(t)
can be expressed as follows.

o,
ot

OE
er*eo—A
ot

Lip(t)

Q

e e
dy (8)
Thus, the gradient G should offer critical insights into the
polarization properties of these dielectric materials.
The signal current in air, I;,(t), as expressed in eq 7, and in
dielectric material, I;(t), as expressed in eq 8, can also be
expressed as follows, respectively.

L (t) = Liprje’™

(‘/ex - ‘/CPD)(grl

)

Idi(t) = |IKP|,jej(U)t+<I>) — I]’(P'jejwt + I{ép-ejwt

(10)

where @, Iyp and Igp represent the phase delay derived from
the dielectric loss &/, displacement current (oxé,) and actual
current (xe; ), respectively. Iy(t) comprises two components
in different phases. By detecting I;(t) with LIA, the DC output
signal I, can be expressed as follows.

1 t
Ll®) = — [ sin(@s + $I()ds -
where T, @, and ¢ denote the time constant of the LIA, the
angular frequency of the reference signal, and the phase offset
adjustable on the LIA, respectively. A two-phase LIA provides
two signal outputs, X, and Y, where Y,, has an additional 90°
phase offset relative to X,,. In conventional KP measurements,
@ is adjusted to maximize either X, or Y, providing highly
accurate Vpp measurements. However, in dielectric materials,
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maximizing X, is unnecessary; instead, separating X, and Y,
—i.e, Ixp and Izp —using an appropriate reference phase is
crucial. To achieve this, we adopted the optical lever signal
reflecting electrode vibration as the reference signal for the
LIA, as described later. This signal reflects vibration phase
shifts caused by liquid viscosity, providing a reference signal
corresponding to the vibration phase under any conditions.
Using this reference signal, I;;(f) can be phase-separated into
Ikp and Igp. The first step in the phase separation process
involves calibrating ¢ to maximize X, for the KP signal in air
I;.(t). This calibration allows X,, to represent Izp and Y, to
represent Iy, enabling phase separation of the KP signal even
in liquids. This process is necessary because the optical lever
signal exhibits a certain phase shift from the actual vibration
phase due to the parasitic capacitance of the photodiode. We
can then evaluate £¥xp by using gradients Gj, and Gy
determined from Iyp and Igp in liquids. The dielectric constant
€; xp can be determined as follows.

GI/iq o

= & xp

!
_ 8()81'

€o

(12)

The dielectric loss € can be also determined in the same
way.

" ”
th _ Eoéy =g
;T - “r,KpP
Gair € (13)
n measuremen is determined as follows.
In IS t, & is det d as foll
* *
Cliq _ €oér ok L
C - - 5‘r,IS - Sr,IS - ]8r,IS
air € (14)

where Cjfj and C,;, are the measured complex capacitance of
the cell filled by liquids and the measured capacitance of the
cell without liquid, respectively.
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Figure 3. Phase-separated KP results in octane. (a) Time dependence of Ip, (b) time dependence of Iy, (c) Ixp plotted on V,,, (d) I¥p plotted on
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ex)

and (e) time dependences of & and Vpp,.

B MEASUREMENT SYSTEM

The experiments were conducted using a homemade measure-
ment system as shown in Figure 2. This system facilitates the
measurement of KP and IS in air and liquid, respectively. The
disk-shaped reference electrode (8 mm in diameter) can be
immersed in the liquid sample contained within the holder
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electrode. Both electrodes are made of SUS304, a widely used
stainless steel alloy, primarily composed of iron (Fe),
chromium (Cr, ~ 18%), and nickel (Ni, ~ 8%). In the KP
setup, the reference electrode was vibrated by a voice coil
motor (Dayton Audio BCT-3), while the signal current was
measured using LIA (NF corporation, 5610B) through a

https://doi.org/10.1021/acs.jpca.4c08604
J. Phys. Chem. A 2025, 129, 28122821
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homemade I/V converter (Gain: 10 M [V/A]). According to
the analysis of capacitance and gradient, the mean electrode
spacing d, and the amplitude of electrode vibration d, were
approximately 100 and 10 um, respectively. Both values are
significantly larger than the typical thickness of the EDL. An
optical lever signal was used as reference signal for LIA instead
of the drive voltage of the voice coil motor. This signal was
generated by detecting a laser beam reflected from a mirror
attached to the vibrating electrode using a split photodiode
(Hamamatsu Photonics, S5981). To render this signal suitable
for phase detection, it was amplified in differential mode and
converted into a stable square wave using a comparator.
Additionally, the shifts in d; or d; due to the liquid’s viscosity
were manually corrected by adjusting the output driving
voltage of the voice coil motor, as monitored by the optical
lever signal. A guard ring electrode, maintained at the same
potential as the reference electrode, was used to suppress the
fringing electric field. For Vpp measurements, the instrumen-
tal uncertainty was approximately 3 mV. Using impedance
analyzer (Wayne Kerr, 6520B), this system can be configured
for IS setup, with the equivalent circuit for capacitance analysis
being a parallel circuit consisting of a single resistor and
capacitor. Both the electrode vibration in KP and AC voltage
in IS were operated at a frequency of 605 Hz. At a relatively
low frequency of 605 Hz, non-negligible dielectric loss &/
should contribute to actual current Iyp in the phase-separated
KP measurement. Prior to each experiment, the electrodes
were polished with emulsifying liquid metal polish and
ultrasonically cleaned twice with detergent, acetone and 2-
propanol. The liquid samples used in the experiments were n-
octane (purity >98%, FUJIFILM Wako Pure Chemical), 1-
octanol (purity >99%, Tokyo Chemical Industry), and 2-
octanol (purity >98%, Tokyo Chemical Industry).

B RESULTS

The results of KP measurement for nonpolar n-octane are
presented in Figure 3. The time dependence of phase-
separated KP signals, Iyp and Igp, after applying the bias
voltage V,,, was measured (Figure 3(a) and (b)). As in air,
only the time-independent displacement current Iy, was
detected. Immediately after the voltage application, a large
transient current made detection by the LIA impossible (not
shown). When comparing the V_,-dependence of Iy, with that
in air, the gradient Gy, in octane was larger than the gradient
Gy, in air (Figure 3(c)). Conversely, the gradients G, in
octane and G, of I{p in air were nearly zero (Figure 3(d)).
Using these converged values, €, and Vpp were determined,
as shown in Figure 3(e). These measured values also exhibited
no time dependence. As reference results, £t measured using
IS measurement under the same setup, the corresponding
value reported in literature, and Vipp in air before immersion
in octane are provided in Table 1. The values &) and &ff were
nearly identical, indicating that the dielectric property analysis
of nonpolar liquids can be effectively performed using KP,
similar to IS. The nonzero Vcpp in air is attributed to slight

Table 1. Measured Complex Dielectric Constants and Vpp
(in Air and Octane)

g (inref Vepp/V(In  Vepp/V (In
er" 7 5;, IS er’,’KP er’,’ls 31) air) octane)
1.99 1.83 0.00 0.00 1.95 0.065 0.038
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variations in surface conditions of electrodes. In air, surface
adsorption of molecules such as water induces a shift in the
work function of the two electrodes. The Vpp slightly changed
before and after immersion. This change is likely due to the
removal of adsorbed molecules (e.g., water) from the electrode
surface or the adsorption of the octane. Similar changes was
also reported in decane.”’

The results of KP measurements for polar 1-octanol are
presented in Figure 4. In 1-octanol, Iy, and the actual current
Igp were detected, with both currents exhibiting time-decaying
signals, as shown in Figure 4(a) and (b). Similar signal decay in
ionically active polar liquids has been previously observed in
KPFM measurements, attributed to ion diffusion dynamics.”’
However, the prolonged decay observed in this study, which
occurs over tens of seconds, is significantly longer than the
diffusion time scales reported in the previous study. This
prolonged time scale can be attributed to the high viscosity of
l-octanol (7.363 mPa-s)’* and the longer electrode spacing
compared to KPFM, which results in a slower diffusion
process. At such long time scales, Faradaic processes, e.g., the
reduction of dissolved oxygen, could also contribute to the
observed decay. The dependence of these signals on V, at the
time t = 10 and 200 s was compared with the signal in air
(Figure 4(c) and (d)). These plots demonstrated nonlinear
behavior with respect to V,,, likely due to nonlinear responses
associated with electrochemical reactions or diffusion dynamics
of ions. However, within the low-voltage range (—0.4 V < V,
< 0.4 V), the signal was relatively linear behavior, suggesting
that pure KP signal is dominant. Therefore, the gradient of the
plot within this range was used to determine &, and Vpp, as
shown in Figure 4(e). The observed changes in & and Vpp,
which were absent in nonpolar liquids like octane, likely reflect
the formation of an electric field due to space charge
redistribution near the electrodes. The value at t = 200 s was
assumed to represent the equilibrium KP results and was
compared with reference results (Table. 2). The values of &/

4 . . ’ 4
and &, p were significantly smaller than those of ¢/ ;5 and &7,

suggesting that in polar liquids, KP measurements evaluate
properties distinct from those assessed by IS measurements.
Notably, &; xp was less than 1. A discussion of the reasons for
this is given in the following section. Regarding Vpp, its
interpretation in 1-octanol may differ from that in octane. The
Vepp measured in polar liquids is also discussed later.

The results of KP measurements for another polar liquid, 2-
octanol, are presented in Figure S. The dependence of these
signals on V, at t = 10 and 200 s was compared with the signal
in air (Figure 5(a) and (b)). Although I}, was smaller than Iy,
both components were detected. Similar to 1-octnaol, the
signals exhibited time-dependent decay and nonlinear behavior
with respect to V.

The gradient in the relatively linear region (0.4 V<V, <
0.4 V) was used to determine &, and Vipp. The values at t =
200 s were compared with the reference results (Table. 3). As
observed in 1-octanol, & xp was significantly smaller than ¢; 5.
In contrast, &/ xp was larger than &/ 5.

B DISCUSSION

In the KP measurement for nonpolar octane, the KP signal
remained constant over time, and &} p was almost same as the
value of &5 In other words, the KP signal can be represented
by a simple expression as like in air. Alternatively, for polar 1-
octanol and 2-octanol, £ xp was clearly smaller than & 5. This

https://doi.org/10.1021/acs.jpca.4c08604
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Table 2. Measured Complex Dielectric Constants and Vpp

(in Air and 1-Octanol)

! (in ref
N N N N 33%
€ kp €IS € kP €18

0.71 9.23 119 79.0 10.39

Vepp/V (In Vepp/V (In
air) liquid)
—0.069 0.018

finding indicates that the KP signal in polar liquids are
proportional to the time derivative of the bulk electric field

reduced by EDL as described below.
To elucidate the differences between KP and IS measure-

ments, we considered the model illustrated in Figure 6. In
polar liquids exposed to air, an external electric field causes
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Table 3. Measured Complex Dielectric Constants and Vpp
(in Air and 2-Octanol)

g (inref  Vepp/V (In - Vepp/V (In
/ , " " . o/ 4
£ xp &5 &'xp gl 33) air) liquid)
1.30 8.40 0.87 0.30 8.68 0.032 0.052

impurity ions (e.g., HCO;™) to accumulate near the electrode.
Additionally, electric dipoles are expected to strongly orient
near the electrode interface. As a result, a space charge is
formed at the interface. Within the bulk, liquid molecules are
expected to polarize uniformly like a lossless dielectric. In the
IS model, the modulation of the electrode potential results in
the modulation of electric fields in both the bulk and the
interface, accompanied by changes in space charge distribu-
tions. By contrast, the KP model assumes that a constant
electrode potential fixes the space charge layer at the interface
and only the electric field in the bulk is modulated. As a result,
the KP signal only reflects the modulation of the electric field
in the bulk, which is screened by the space charge layer. Under
this assumption, the KP signal current can be expressed as
follows.

* bulk A v
bulk

T = 0t =5 ot (15)
where Ey . and V, are the electric field and potential drop in
the bulk, respectively. This equation indicates that the KP
signal contains information about Vy,. Regarding Vcpp
measurement, the Vipp measured in polar liquids is affected
by the screening effect of the interfacial space charge. In other
words, this measured Vipp reflects an effective work function
difference, which includes contributions from the interface.
The total potential drop Vi, between electrodes can be
expressed as follows.

‘/total = ‘/i)ulk +V

int

(16)

where Vj, is the interface potential drop caused by the space

charge layer. For air or nonpolar liquid, Vi, does not occur

since there is no space charge. In this case, Vi, can be
expressed as follows.

V) (17)

‘/total = ‘]bulk( = ‘/CPD -
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This equation shows that the region probed by the KP signal
is influenced by the presence or absence of a space charge at
the interface. This has a substantial impact on determining
€; xp as follows.

_ Ga( = e Vo) _

= &r1S”
Ga/ir( & Eomotal) !

Vbulk
V.

total

’
gr, KP

(18)

This equation demonstrates that the reason for the smaller
values of &; yp for 1l-octanol and 2-octanol is that the bulk
potential drop was screened by the interfacial space charge.
The apparent dielectric constant &/ yp reflects the electric field
change in the bulk. Therefore, for polar liquids, IS is more
suitable at measuring dielectric constant. However, eq 18 also
indicates that comparing &; yp and & |5 reflects the ratio of
Viulk t0 Vigea A similar argument may apply to the comparison
of & xp and € ;5. However, the measured value may be
affected by variations in the contribution of impurity ions
between experiments and the influence of slow dynamics
induced by electrode vibration in the KP method. Therefore,
accurately comparing and discussing & xp and & | remains
challenging.

Using Eq. 18, the potential profiles for octane, 1-octanol, and
2-octanol were evaluated and are shown in Figure 7. In
nonpolar octane, the agreement between &/ xp and g g
indicates that no interface potential drop occurs. This is
consistent with the fact that octane has no dipole moment and
is ionically inactive. In contrast, for polar 1-octanol and 2-
octanol, &/ xp and &; 1 were totally different. Comparing these
two values reveals that, for both liquids, the value of &/ yp is
approximately one-tenth of & 1, indicating that V},, is about
one-tenth of V. The ratio €] yp/€; 15, which reflects the bulk
potential drop Vi, was found to be slightly larger in 2-octanol
than in 1-octanol. This suggests that the screening effect in 2-
octanol is weaker, which could be attributed to its smaller
dipole moment or its lower activity toward impurity ions
compared to l-octanol. It is challenging to conclusively
determine which factor has a more dominant contribution to
screening effect. However, in practical systems, the overall
screening effect resulting from both contributions is what
ultimately matters. The results of this study demonstrate that
the potential drop in the bulk can be effectively evaluated from
experimental data, even in polar liquids containing space

https://doi.org/10.1021/acs.jpca.4c08604
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charge. Additionally, we are planning measurements under an
inert gas atmosphere to suppress impurities, as well as
experiments investigating the effect of added electrolyte
concentration.

B CONCLUSIONS

In this study, the KP method was reconsidered as a tool for
analyzing the electric polarization properties of deformable
materials. A phase-separated KP system was developed, using
an optical lever signal. The two complex dielectric constants
e¥gp and € obtained from KP and IS measurements were
compared. For nonpolar octane, & xp was found to be nearly
equal to & In contrast, for polar 1-octanol and 2-octanol,
e¥gp and € were totally different. In octane, the agreement

2819

between & xp and & 15 confirms the absence of an interface
potential drop. However, in 1-octanol and 2-octanol, the
smaller & yp highlights the influence of space charge in
reducing V. Potential profiles in liquid devices have
remained largely unexplored, but this KP-based approach for
evaluating energy diagrams offers a promising pathway to
understanding the detailed mechanisms of polarization in
liquids. This insight could significantly enhance the perform-
ance of electronics utilizing liquid-induced polarization.
Furthermore, the target is not limited to liquids as long as it
is deformable. If the frequency dependence can be measured
analogously to the IS method, a more detailed evaluation of
polarization characteristics will become feasible. Ongoing
research aims to investigate such frequency-dependent
behaviors, further refining this approach.
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