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Low-frequency dielectric response of charged oblate spheroidal particles immersed in an electrolyte
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We study the low-frequency polarization response of a surface-charged oblate spheroidal particle immersed in
an electrolyte solution. Because the charged spheroid attracts counterions which form the electric double layer
around the particle, using usual boundary conditions at the interface between the particle and electrolyte can be
quite complicated and challenging. Hence, we generalize Fixman’s boundary conditions, originally derived for
spherical particles, to the case of the charged oblate spheroid. Given two different counterion distributions in
the thin electric double-layer limit, we obtain analytic expressions for the polarization coefficients to the first
nontrivial order in frequency. We find that the polarization response normal to the symmetry axis depends on
the total amount of charge carried by the oblate spheroid while that parallel to the symmetry axis is suppressed
when there is less charge on the edge of the spheroid. We further study the overall dielectric response for a dilute
suspension of charged spheroids. We find that the dielectric enhancement at low frequency, which is driven by
the presence of a large ¢ potential (surface charge), is suppressed by high ion concentrations in the electrolyte
and depends on the size of the suspended particles. In addition, spheroids with higher aspect ratios will also
lead to a stronger dielectric enhancement due to the combination of the electric double layer and textural effects.
The characteristic frequency associated with the dielectric enhancement scales inversely with the square of the

particle size, the major radius of the spheroid, and it has a weak dependence on the shape of spheroids.

DOI: 10.1103/PhysRevE.95.042601

I. INTRODUCTION

Frequency-dependent dielectric signals of composite ma-
terials have been widely studied because they provide a
way to probe essential properties of materials, such as the
fraction of each constituent phase and the anisotropy of the
mixture [1,2]. In addition to its practical uses, the dielectric
response of mixtures is of interest because the properties of
mixtures can be far from those of composite media. This
also poses challenges for interpreting those measurements.
Perhaps the most intriguing phenomenon is the observation
of strong dielectric enhancements at low frequencies when
charged or conducting colloids or particles are mixed with
electrolytes [3,4]. To put this phenomenon in perspective,
the measured value of the permittivity can be four orders
of magnitude higher than that of the original constituents at
frequencies lower than 1 KHz. Considering that values of the
permittivity for an electrolyte and a typical dielectric material
are on the order of 10 ~ 100, the effective permittivity of the
mixture can be on the order of 10° or higher [5].

Various mechanisms have been proposed to account for this
strong dielectric enhancement. At very low frequencies, less
than 1 Hz, chemical interactions, such as adsorption and cation
exchanges at the solid-liquid surface, can play an important
role [6]. On one hand, it has been suggested that nonspherical
particles immersed in an electrolyte, especially platy grains,
can give rise to high dielectric enhancement due to the
conventional Maxwell-Wagner effect occurring at interfaces
between two dielectric materials. However, the actual size
of the enhancement from this geometric effect alone cannot
explain the observed data [7]. On the other hand, Dukhin and
Shilov [8], Fixman [9,10], and Chew and Sen [3,11] have
provided solutions for the low-frequency polarization response
for a charged spherical particle. There, it has been shown that
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the presence of the out-of-phase diffusion currents of charged
particles outside of the electric double layer is responsible for
inducing strong dielectric responses at frequencies less than
10 MHz [3]. In addition, numerical studies also support results
of these analytical solutions [12—15]. However, many colloidal
particles are not spherical. Hence, it is important to explore
whether a combined effect of double-layer polarization and
nonspherical shape will give further enhancement.

The polarization response of a nonspherical, charged
particle immersed in an electrolyte is, however, not as straight-
forward to evaluate. Chassagne and Bedeaux have obtained an
analytic expression by assuming that the electric double layer
is a shell of dielectric material bridging the spheroidal particle
and the electrolyte [16]. In addition, an analogy to the solution
of a charged sphere is used to obtain solutions for the spheroid
without directly solving for the polarization responses due to
the presence of an external electric field. These assumptions
in principle limit the applicable regions of their solutions to
spheroids with aspect ratios close to one.

In this paper, we will study the low-frequency dielectric
response of charged oblate spheroids immersed in an elec-
trolyte. We will ignore the effects of chemical interactions
and electrophoretic flows. For charged spheres, the dielectric
response remains qualitatively the same, with small quanti-
tative modifications, when one takes into account the effects
of electrophoretic flow [10,16]. It is unclear whether such
a conclusion still holds for charged spheroids. Nevertheless,
we will neglect the contribution from electrophoretic flow to
simplify our current study.

Our approach is to first solve for the single-particle
polarization response of a charged, oblate spheroid immersed
in an electrolyte with approximate boundary conditions at the
outer surface of the electric double layer, following Fixman’s
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idea for spheres [9,10]. The use of Fixman’s boundary
conditions allows us to partially circumvent the need to solve
for the equilibrium ion distribution in the electric double
layer from the Poisson-Boltzmann equation, which is in itself
an interesting and difficult problem. We will then use these
solutions to understand the properties of the low-frequency
dielectric enhancement for a dilute suspension of charged,
oblate spheroids in the electrolyte. Because many particles in
nature, such as blood cells, platy colloids, and clay grains,
can be well approximated as oblate spheroids, our results can
potentially be used for interpreting dielectric measurements
for biological, colloidal, agriculture, and geological systems.

We will organize this paper as follows: In Sec. II, we
describe the setup for a charged spheroid immersed in an
electrolyte and discuss the governing equations and proper
boundary conditions for obtaining the single-particle polariza-
tion response. In Sec. III, we briefly discuss our methodology
for solving for the polarization response for the setup in Sec. II.
In Sec. IV, we summarize our results for the single-particle po-
larization coefficients for two different ion distributions, which
are detailed in Appendixes C and D. In Sec. V, we discuss the
dielectric response for dilute suspensions of charged oblate
spheroids immersed in an electrolyte. Finally, we give a brief
summary in Sec. VI. In addition, we define our conventions
for associated Legendre’s polynomials and spheroidal wave
functions in Appendixes A and B, respectively.

II. GOVERNING EQUATIONS AND BOUNDARY
CONDITIONS

In electrodynamics, the polarization coefficient of a non-
charged particle embedded in a dielectric material can be
obtained from the induced dipole response (far-field electric
potential) of the system subjected to an externally applied
electric field [17,18]. To follow a similar approach for extract-
ing polarization coefficients, we need to properly establish the
relevant governing equations and boundary conditions which
allow us to solve for the resultant electric potential in the
presence of an applied oscillating electric field.

For a charged particle immersed in an electrolyte, the
governing equations that control the electric response are the
Poisson equation and the continuity equations for cations
and anions [3]. At equilibrium, because the ions follow
the Boltzmann distribution, the Poisson-Boltzmann equation
becomes the only governing equation. However, due to
the nonlinear nature of the Poisson-Boltzmann equation,
the equilibrium cation and anion concentrations cannot be
easily solved analytically for a nonspherical particle with
arbitrary charge distributions [19,20]. In addition, what we are
ultimately interested in is the induced dipole response to the
externally applied electric field. Without a firm understanding
of the equilibrium state, it becomes nontrivial to make concrete
predictions for the perturbed state. Furthermore, because of
the accumulation of counterions forming the electric double
layer around the particle surface, directly using boundary
conditions at the interface of a charged spheroid to solve
for the dipole responses can be difficult. To circumvent this
difficulty, we follow Fixman’s idea, originally proposed for
charged spheres, to derive boundary conditions outside a
thin double layer for the charged oblate spheroid [9]. These
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boundary conditions in principle require the knowledge of the
integrated surface distributions of the cations and anions in
the double layer. To proceed, we will assume two particular
surface distributions of cations and anions in solving for the
corresponding polarization response.

A. Governing equations

The fundamental equation that governs the electrodynamic
properties of a charged particle immersed in an electrolyte is
given by [17]

-1

V2Wl(r,t) = Z—[Ni(r,t) — NL(r,0)],

2.1
Nord

where N (r) are the total concentrations of cations and anions
as a function of the position 7 and time ¢, W' = (Zey/kpT)W!
is the scaled electric potential with ¥' defined as the original
electric potential, and Ap = \/kB Teoew/2(Zeg)* Ny is the
Debye length. For simplicity, we only consider symmetric
electrolytes, i.e., the cations and anions carry a charge of £Zey,
and their intrinsic concentrations far away from the charged
particle and in the absence of an applied electric field are both
given by Ny. Here, T is the temperature in degrees Kelvin, e
is the absolute value of an electron charge, k3 is the Boltzmann
constant, &g is the vacuum permittivity, and €,, is the real part
of the electrolyte permittivity.

As we are ultimately interested in the polarization response
upon the application of an external electric field, it is conve-
nient to separate the total potential and ion concentrations into
equilibrium and perturbed parts as [3]

U'= W™ 4 ¢ and N = NY' + ny.

2.2)

Here, the superscript “eq” denotes the equilibrium part that
includes the response due to the presence of the charged
particle, and ¥ (r) and ny(r) denote the perturbed parts of
the potential and ion concentrations due to the externally
applied electric field, respectively. Because the solution to
Eq. (2.1) obeys the superposition principle, we have the
Poisson-Boltzmann equation

—1 e e | e
NI (N{ — Ny = z sinh Wi(r) (2.3)
for the equilibrium part of the response, using the definition
in Eq. (2.2). Here, we have used the Boltzmann distributions
N(r) = NoeT¥™ @ for the equilibrium ion distributions. In
Eq. (2.3), the Debye length Ap sets the electric screening length
scale. The double-layer thickness is thus on the order of a
Debye length §pp, ~ Ap. Because the Debye length is on the
order of nanometers (Ap ~ 2.4 nm for a 1 ppk sodium chloride
electrolyte at 25 °C), we will focus on the thin double-layer
limit, in which the double-layer thickness is much smaller than
the size of the particle, throughout our discussions.

Solving for the equilibrium electric potential and, hence,
the ion distributions associated with the Poisson-Boltzmann
equation (2.3) for a charged spheroid immersed in an elec-
trolyte is an interesting and nontrivial problem. The linearized
approximation is often used to proceed in the limit of a weak
surface ¢ potential [19], while the solution for the nonlinear
Poisson-Boltzmann equation involves extensive perturbative
calculations [20]. Some physical insights can still be obtained

V2Wd(r) =
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FIG. 1. A schematic plot shows a negatively charged oblate
spheroid immersed in an electrolyte. The dashed ellipse indicates
the outer surface of the double layer with thickness dpr.. The cations
in the double layer screen the negative charges carried by the spheroid.
The distance between two foci is given by 2k. The major axis of the
spheroid is given by a and the minor axis is given by b. Here,
the schematic charge and cation distributions depicted in the plot
only show qualitative properties of the system and do not reflect the
distributions discussed in the text.

without explicitly solving for it. First, we expect N3 — N
and W4 — 0 outside the double layer. Second, the total charge
of the ions in the double (screening) layer must equal the total
charge carried by the particle as qualitatively shown in Fig. 1.
Unfortunately, connecting the equilibrium ion concentrations
in the electric double layer to the charge distribution on the
spheroid requires solving Eq. (2.3) explicitly, which is beyond
the scope of this paper. As discussed below, we will circumvent
this complication by assuming two particular surface-ion
distributions.

Upon application of an electric field, the perturbed electric
potential and ion distributions obey an equation of motion
similar to the one for the equilibrium potential and ion
distributions:

ViU (r,t) =

2NoA3,
Again, the Debye length is the dominant length scale for
the perturbed electric field and ion concentrations. However,
because there is no simple relation between the perturbed
ion concentrations n.(r) and the perturbed electric field ,
another set of equations is required to solve for them.

In the absence of external sources or drains, cations and
anions are independently conserved and obey the continuity
equations

[ns(r,t) — n_(r,0)l. (2.4)

INL(r,1) 0

Y P
where Ji(r,r) are the total current densities for cations and
anions, respectively. Because the equilibrium concentrations
of ions are independent of time, we have used dN;'/dt = 0.
In the frequency domain, we then have

VoIl =— (2.5)

(2.6)

The current density in this equation can be expressed in terms
of the diffusive current density as

V. Ji(r.w) =iony(r,w).

Ji(r,t) = —=DiNL(r,t)Vis(r,1), 2.7)

na(r,t) = In[NL(r,t)/Nol £ W'(r,1), (2.8)

where D, are the diffusion coefficients for the cations and
anions, and w4 are the dimensionless chemical potentials for
the cations and anions. For simplicity, we will also assume
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D, = D_ = D in the following discussions. In equilibrium,
J' =0, and, according to Eq. (2.7), the ions follow the
Boltzmann distribution. By inserting Eq. (2.2) into (2.7), we
obtain

JL(r,t) & —D{Vny(r,t) £ [NS(r)Vy(r,t)
+ni(r,))VU(r)]},

to linear order in the applied electric field.

As pointed out by Chew and Sen in Ref. [3], the low-
frequency dielectric response for charged particles immersed
in an electrolyte is dominated by the neutral current outside
the double layer. Hence, we will focus on this region where
the diffusion currents can be simplified to

JL(r.t) = —NOD[—V'“E(”I)
No

+ le(r,t):|. (2.9)

We can now combine Eqs. (2.6) and (2.9), which yields

Vzni(r,a))

iong(r,w) = —NOD[
0

+ Vzw(r,a))]. (2.10)

Using Eq. (2.4) to relate ny.(r,w) and ¥ (r,w) gives

V2i(r.w) +i Si(r) = 0 @2.11)
and
V2An(ro) — [~ — i 2 ) AnGr.w) = 0 (2.12)
' Ay D T :

where 7 =n, +n_ and An =n, —n_ are the sum and
difference of the perturbed cation and anion concentrations,
respectively.

From Egs. (2.11) and (2.12), we observe that An decays
much faster than 77 when w < D/ AZD. In this limit, we can take
ny = n_ = n outside the electric double layer, which yields
two equations of motion as follows:

Vi (r,w) = 0,

(v2 + i%)n(r,a)) —0.

(2.13a)
(2.13b)

To solve these differential equations, we must now derive
proper boundary conditions (BC) for the electric potential and
ion concentrations, both at |[r| — oo and at the outer surface
of the electric double layer.

B. Boundary conditions in spheroidal coordinates

Let us start with the boundary condition at |r| — oo. The
ion concentration at |r| — oo must satisfy the BC

n(r,w)\lr‘_)oo =0 (2.14)

because the perturbed ion concentration should decay to zero
far from the charged particle to avoid singularities. In the
presence of an applied electric field, (kgT'/ ZeO)EOE in the
direction E, the perturbed electric potential obeys the BC

w(r,w)‘lrl_)oo = —EyE-r), (2.15)

which fits the potential profile of the electric field in the absence
of the charged spheroid.
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Our task now is to derive BCs at the outer surface of the
electric double layer, which allows us to study the polarization
response. Here, we will generalize the boundary conditions
originally proposed by Fixman for a charged sphere to a
charged oblate spheroid [9].

It is useful to introduce the oblate spheroidal coordinates
with which a spheroid placed at the origin can be easily
described. Let us define oblate spheroidal coordinates through
their relation to Cartesian coordinates as [21]

x =hy(1+&>)(1 —n?)cos ¢,
y=hy(1+E)(1 —n?)sing,

where 1 > n>—1,& >0, 0< ¢ <27, and & is the half
distance between the two foci of the ellipse. A schematic plot
of the oblate spheroid is shown in Fig. 1. Pictorially, oblate
spheroidal coordinates are a three-dimensional curvilinear
coordinate system that results from rotating a two-dimensional
elliptic coordinate about its minor axis. For our choice of
coordinates in Eq. (2.16), the symmetry (rotation) axis is along
the z axis. Here, £ can be viewed as the radial variable of
the oblate spheroidal coordinate system. Because the constant
& > 0 defines an oblate spheroid with its major radius

z = hén, (2.16)

a=h,/1+ Sg and its minor radius b = h&,, the boundary
conditions of an oblate spheroidal shell are easily defined.
To fully define curvilinear coordinates, we need to introduce
the scaling factors hg, h,, and hy, such that the actual
distances along each orthogonal direction are /,dq. Detailed
descriptions of the scaling factors and spheroidal coordinates
are provided in Appendix B.

To infer the proper BCs at the outer surface of the electric
double layer, we start with the continuity equation in Eq. (2.6),
combine it with the diffusive currents in Eq. (2.7), and
then separate the vector derivative into the parts normal and
parallel (]|) to an oblate spheroidal shell defined by holding &
fixed. Using definitions of vector derivatives in a curvilinear
coordinate system, we can cast the continuity equations into
the form

1 0
hghphg 0&
— DV - [NL(r,o)V ps(r,o)l,

iony(r,w) = [hyhyJy o (r,w)]

(2.17)

where Jif(r,a)) are the diffusive currents in the & direction.
We now multiply both sides of Eq. (2.17) by the scaling factor
he and then integrate & over the diffuse layer from & = & to
& = &) + 8¢ to obtain

iwoy = Ji,s(r’w)|go+sg

&o+0¢
— D/ dghSVH . [th(r,a))V”pLi(r,w)]
o

§o+38& 9 1 .
0 n

where we have used J; £ (r,w)| = 0 because currents normal
to the particle surface should vanish. Here, §¢ corresponds to
the thickness of the double layer and can be defined by dpp. ~
hg(&9,m)8€ for the thin double-layer approximation where
6& <« &). We also define the integrated perturbed surface-ion
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distributions o4 as

§0+0§
[om— / hgdé ni(r,a)).
o

In the thin double-layer limit 6§ < &;,, we will neglect
contributions from the last term in Eq. (2.18) because it is
generally suppressed by épr./# when compared with the first
term. The scaling factors in the transverse vector derivative can
be treated as constants inside the integral. Furthermore, V 4
can also be approximated as a constant over a thin double layer
due to the general vector derivative property V x (Vuy) =0,
together with Stoke’s theorem (cf. Refs. [9,22]). With these
simplifications, we have

(2.19)

9

E0+8&
(2.20)

.
lwo4 = Jﬁt:.é(r’w)igﬁag — DhSVH . [EVui(r,a))}

where the integrated surface-ion distributions 'y are defined
as

§o+8¢ §0+6§
| :/ hedg Ni(r)~ / hed& N3\(r), (2.21)
&o &o

and are dominated by the equilibrium ion concentrations. The
BCs in Eq. (2.20) are valid for all frequencies, provided that
o4 and 'y are known, in the thin double-layer limit.

Atlow frequencies w < w;, = D/h?, we can make a further
approximation in these BCs by setting w = 0 on the left-hand
side of Eq. (2.20), which yields

|
0=JL (ro),  —DhVy- [EV”Mi(r,a))]

&o+0¢
(2.22)

These simplified BCs at low frequency essentially neglect the
interface effect between the electrolyte and spheroid. As a
result, the Maxwell-Wagner effect, which plays an important
role in dielectric dispersion at higher frequencies w > w,, is
neglected [23]. The frequency w,., defined below, is a char-
acteristic frequency associated with dielectric enhancement.
It is possible to include interface effects if we use the BCs
in Eq. (2.20). However, additional BCs at the surface of
the spheroid or explicit expressions for oy are required to
proceed, which further complicates the exposition. As a result,
we will focus on the low-frequency response in this paper
and present the more complicated results for wider frequency
ranges elsewhere.

The functional forms of the integrated ion distributions 'y
in principle come from solutions of the Poisson-Boltzmann
equation (2.3). As discussed earlier, it is a nontrivial problem
and beyond the scope of this paper. Instead, we will investigate
two examples of ion distributions which mimic reasonable
situations: (I) uniformly distributed cations and no anions,
I'Y =Ty and I'_ ~ 0; (II) nonuniformly distributed cations
and no anions, given by FH = Fohg(go,n)/h and I'_ ~ 0. In
this paper, we assume that the spheroid carries negative charge.
Hence, the cations are the primary counterions and the amount
of anions can be neglected in the double layer as long as
I'_/(NodpL) < 1. The surface cation densities I'}, and I'! can
be related via surface integrals to the total charge Q carried by
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the charged particle, as follows:

10l = Zeg / dsTi®. (2.23)
The nonuniform ion distribution has less charge along the
edge of the oblate spheroid. There are two primary reasons for
investigating the particular form of the ion distribution given
in case (II): First, there is less mixing of angular modes [cf.
£ indices in Eq. (3.1)] for the nonuniform charge distribution.
Namely, to solve for the polarization coefficients for case
(II) requires less and also cleaner approximations. Second,
it provides insight on how changing the ion distribution will
affect the polarization response.

III. BRIEF DISCUSSION OF METHODOLOGY

In classical electrodynamics [17], the dipole response
can be extracted from the £ = 1 component of the angular
expansions of the electric potential [cf. Eq. (3.1) below].
We can hence start with the general solutions of n(r,») and
¥ (r,w) which satisfy the boundary conditions at [r| — 0o in
Egs. (2.14) and (2.15), and then match the BCs in Eq. (2.22).
In this section, we first summarize the formal solutions for
the perturbed electric potential ¥ and the ion concentration #,
and then comment on how to match the boundary conditions.
The goal here is to provide a road map for obtaining the
polarization response of a charged oblate spheroid immersed
in an electrolyte. The detailed descriptions and derivations will
be given in Appendixes C and D.

Solutions to the Poisson equation (2.13a) in oblate
spheroidal coordinates can be written as an expansion in terms
of associated Legendre polynomials [24]. With the BC in
Eq. (2.15), the perturbed electric field can be expanded as

YENG.0) = —EfE 1)+ AT QLGE) P ()

L,m

X (U, cosme + V,, sinme). 3.1

Here, the coefficients A}’ are functions of @. Our conventions
for the associated Legendre polynomials of the first and second
kinds, P,"(x) and Q}'(x), are summarized in Appendix A.
Legendre polynomials of the second kind are dropped in
the expression for the n because Qj'(n) diverges at n =
£1. The radial terms Q}'(i§) are always included in the
solution because Q' (ioo) — 0. On the other hand, because
the P," (ioo) either diverge or go to a constant, they are allowed
only for matching the BC at § — oo, which appears as the first
term in Eq. (3.1).

The general solution of the diffusion equation (2.13b)
for the ion concentration in oblate spheroidal coordinates is,
however, more complicated. Formally, it can be expanded in
terms of spheroidal wave functions as

n(E.n.¢.0) =y [ar R (—ie" @ hq,i&)

n,m
+ B R (=i hg i8)]
X S’(nlr)l(_ieis(w)rr/4hq’n)

X (U, cosme + v, sinme), (3.2)
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where R®@(c,x) and S{)(c,x) are radial and angular
spheroidal wave functions, respectively, ¢ = /|w|/D and
s(w) = sign(w). Again, the expansion coefficients o]’ are
functions of w. A brief discussion that defines the necessary
notation for spheroidal wave functions is given in Appendix B.

Because R®) — 0 (00) and R — 00 (0) forw > 0 (w <
0) as £ — oo, the BC in Eq. (2.14) for the ion concentration
requires

n.(En.¢.0) =Y ar (@R (—ie™*hq.i&)

n,m

X Str(—i€™*hq, ), cos me + v, sinme)

mn

(3.3)
for w > 0, and
n(En.g.0) =Y @R (—ie""*hq,if)
X S,(,ll,z(—ie_i”/“hq,n)
X (U, cOS mp—+v,, sinme) (3.4)

for w < 0. Here, the subscripts > and < indicate solutions
for v > 0 and w < 0, respectively. These solutions are not
independent and should obey the relation n%(£,1,¢,0) =
n-(&,n,¢, — w) because the ion concentration is real in the
time domain. Using the following identities for spheroidal
wave functions [cf. Eqs. (B10a) and (B17)]

S,(,llr)l*(—ieiS(w)ﬂ/4hq’n) — Sr(nl’i(_l-eix(fw)nﬂhq’n) (353)

and

RO (—ie* @™ hg ig) = R (=i pg k), (3.5b)

mn

we have BI'(—w) = o (w) for w > 0. Hereafter, we will
focus on the case w > 0.

To solve for the perturbed electric potential to extract polar-
ization coefficients, we need to match the boundary conditions
in Eq. (2.22) to obtain at least the £ = 1 components, i.e., A",
in Eq. (3.1). In principle, the BCs in Eq. (2.22) should uniquely
determine the solutions for ¥ and n. However, two issues
complicate the process of matching these BCs. First, there is a
mismatch between the general solutions in Eqs. (3.1) and (3.3).
Although spheroidal wave functions can be expanded in terms
of Legendre’s polynomials (cf. Appendix B), it makes the
matching of the BCs more challenging. Second, for arbitrary
ion distributions I'*, different angular components can mix
with each other. Both issues can potentially lead to an infinite
series expansion for the perturbed electric field and make the
solutions rather formidable.

Because the concentration of anions is assumed to be small
within the double layer and is set to zero, I'_ =0, in the
distribution profile, the boundary condition for the anions in
Eq. (2.22) simply gives relations between the o' and A}
coefficients which allows us to cast the «) in terms of Aj'.
In general, different angular components can couple with each
other, i.e., o))’ is related not only to the £ = n component but
also to £ # n components of A}'. By inserting these relations
into the BC for cations in Eq. (2.22), we obtain a set of linearly
independent equations for the A}' which can, in general, be
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organized into the form

m' m
E GomemAy =V,

o,m'

(3.6)

Here, Gg ey and V" depend on the frequency w and
other known parameters. In principle, AZ’f’ is then obtained
by inverting the G matrix.

Because different angular components couple to each other,
the G matrix and V vector in Eq. (3.6) are neither diagonal
nor truncated at finite order. The key is to show that the £ = 1
angular component is still the dominant part of the response
when the system is subjected to an oscillating electric field.
As a result, we developed a perturbation scheme that gives
approximate analytical expressions for the £ = 1 components
and truncates the higher order ¢ > 1 contributions to the
perturbed electric field in Eq. (3.1). Because matching the
BCs and perturbative calculations are rather tedious, we will
present them in Appendixes C and D. We will summarize
the essential results for further discussions in the following
section.

IV. RESULTS FOR THE POLARIZATION COEFFICIENTS

In the conventional case where a dielectric material is
embedded into a dielectric host medium, the polarization
coefficients represent the induced dipole moment formed
in response to the local electric field inside the embedded
dielectric material [17]. However, it has been shown that these
induced dipole moments are not the dominant low-frequency
polarization response of the system of interest, a charged
particle immersed in the electrolyte [3]. Instead, the major
contribution to the overall dipole polarization response comes
from the out-of-phase ionic currents outside the electric double
layer, which the simplified BCs in Eq. (2.22) aim to capture. As
a result, the polarization coefficients described in this section
should be understood as the total induced dipole moment due to
the ionic response to the applied electric field in the electrolyte,
averaged over the volume of the spheroid.

From Appendixes C and D, the low-frequency polarization
coefficients P; for a charged oblate spheroid immersed in an
electrolyte are expanded to order O(w)*/? and can be cast into
the generic form

1 O; — Oy,i
P=- J , “.1)
3Lio; +(1— Li)gw,i

when an oscillating electric field is applied in the i direction.
We use the convention that the z direction is along the
axis of symmetry of the oblate spheroid, while the x and y
directions are normal to the symmetry axis. In this equation,
the L; are the depolarization factors [18], and o; and oy, ;,
respectively, represent the effective particle and modified water
conductivities in the i direction. Due to the symmetry of
the oblate spheroid, we have L, = L, = L,, o, = 0, = 0y,
Ow,x = Oy,y = Oy, and, hence, P, = P, = P,. In addition,
wedefine L, = L,,0, = 0,0, ; = 0y ,and P, = P,. Here,
the subscripts p and » stand for “parallel” and “normal” to the
symmetry axis, respectively.
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Alternatively, the generic form of the polarization coeffi-
cients in Eq. (4.1) can be written as

_ 1 (Uiaw/aw,i) — Oy
3 Li(ojoy/0u) + (1 — Loy,

With this form, the entire polarization response due to the ion
flows in the electrolyte is grouped into an effective particle
conductivity o/ = 0,0, /0, ;. However, because this alterna-
tive form is less compatible with our approach, i.e., it is less
transparent how to keep the relevant orders of the expansions,
we will use Eq. (4.1) as the generic form for our discussion.
It is also worth noting that the solutions for the polarization
coefficients obtained by Chassagne and Bedeaux in Ref. [16]
have the same generic form as in Eq. (4.1) in the proper limit.
However, the detailed structures of o, and oy, p@,) in their
solution are different from what we present below.

Because the depolarization factors are purely geometric
quantities which only depend on the shape (or the aspect ratio)
of the oblate spheroid, they are a function of &, the radius of the
oblate spheroid in spheroidal coordinates, and are given by [18]

(4.2)

i

10w
L,=—(1+&)01G&) =1—&(1 +53)% 4.3)
and
dQl(i&)
_ .50 o Q1G&) €0 N dE
L, =iz (1 +$0)P11(l.§0) = 1+iZ(1+§) e
“4.4)

The polarization coefficients for the uniform surface-ion
distribution I‘ﬂr =TIp and I'_ = 0 are derived in Appendix C.
In the z direction, the effective particle and modified water
conductivities for P, = P; are given by

ol = g Lo ‘ b1,1(50)
P waNO 0 ) P
To b1,1(50) 1,2
Oup ™ Uw{l o S AL A (7)) Il BCE)

where o, is the water (electrolyte) conductivity. The
superscript I indicates that the results are for case (I). The two
functions by 1(&) and P[E;O)(hq,?;‘o)](l’z) are given by

2 1+ +1
biiEo) = %[\/@_ (1 4 %0> In (F—O)}
Jirg

4.6)
and
o1t Q1G&) 1+ wplhq
P[=] dQ1(i&)/dé 1 + @ hg + @ 2h?q? @.7)
with
o2 = _l{ 0xi&) 1 dOs&)/dE }
r 2501(&) 601G&)  25[dQ1(i&)/déo] )’
4.8)
ol — e iT/4 |: Pi(i) dPl(l'Eo)/d§o:| 49)
P 9w2 | 0i(i&)  dQi(i&)/dE | '
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Here, P[f]? indicates that we have taken the Padé
approximation for the function f to the (1,2) order. We have
used the approximation for the variable hg = h/w/D.

In the x and y directions, P, = P, = Pnl, the effective
particle and modified water conductivities have the form

Pl(i&)
dPl(i&)/d&’

bJ_
l—"12(50)7)[22@(/1%50)]("”}.

aN()
(4.10)

I Iy

0, = —0y mbh@o)

n

op W (@) ~ oy {1 +

In these equations, the two functions bl{l(go) and
PV (hq £)]" are given by

3 1
bﬁ(50)=—z|:\/§§+l+—
JEE+1
4 Ve +1+1
50 ln< i )} 4.11)

—2(1+§§) /5(%4-1—1
and
ot Qi(i&) 1+ @) hq
P~ Gotienyde, T+ wihg + wiings *12
with
) 0iGi&) Q&)
w, = —1 . - N
7501(i&)  3Q1(i%)
_ dOi(i&)/d& dQ" (i&)/d&
75[d L&) /d&]|  3[d0Li&)/d&] |
(4.13)
ol = 2iei”/4|:P1]1(l:§0) B dplll(lzfo)/déo]' @.14)
9w?2 | QL&) dQli&)/d&

As detailed in Appendixes C and D, the functions % and

2O are both Taylor expanded to order O(hq)*/?. However,
the Taylor expansion will cause unphysical behavior once w
becomes large enough, and it does not approach the proper
limit at high frequencies [23]. To regularize this problem, we
further perform a Padé approximation for the functions E;,O)

and 2. Even though they are unconventional as we only
perform the Padé approximation in part of the full solution,
these approximate Padé expansions have several advantages.
First, they provide low-frequency approximations that are as
good as the Taylor expansions. Second, they smoothly inter-
polate to the proper limiting solutions in the high-frequency
regime [23]. Remarkably, the Padé approximated solutions
exactly match the polarization coefficient of a charged sphere
immersed in an electrolyte in the spherical limit [3], where
h — 0 and & — oo with hv/1 + &2 = a held constant.

For the second example, the polarization coefficients
for the nonuniform surface-ion distribution, given by I'lf =
Fohg(f@)/ h and I'_ =0, are derived in Appendix D. This
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particular choice for the ion distribution leads to less mixing
of angular modes. As discussed in Appendix D, with this
choice of nonuniform charge distribution, the BC does not
intrinsically cause mode mixing. Instead, the mixing of modes
only occurs due to the mismatch of the mode expansions for
solutions of the diffusion equation and the Laplace equation.

In the z direction, P, = PII,I, the effective particle and the
modified water conductivities are given by

T
I 0 2

=0op—— 1+ &7,
% 7 aNy 5o/ éo

~

Iy 1.2
oy, = ow{l A AN A 502}.

(4.15)

Interestingly, P[E;O)(hq,éo)](l’z) in Eq. (4.7) also appears in
the expression for the polarization response of the nonuniform
surface-ion distribution.

In the x and y directions, P, = P, = PJ, the effective
particle conductivity and the modified water conductivity are
given by

0 o B P (&)

= —0y 2aN \/@dPll(i&))/dgo,

T 1
0'15)1,;1 ~ Oy { 14+ —0 &P[Eﬁo)(hq’so)](lqz) } .

aN()z /1+$§

U}l

(4.16)

Again, P[PV (hq,&)]"? is given by Eq. (4.12) and the
function B} (&) = —2 + 1/(1 + &2).

Let us compare the polarization response for the two
different ion distributions. The polarization response for the
two cases differs only in the form of the conductivities o,
and oy, p(). It is useful to note the following relations:

o, — Oy

I 1T
P w,p

2T
T — ,
O'p Uw,p Ow FO 1+ %‘gbl,l(EO)

ol o, —on  ToBl(&)
ol —ow  Tobi (%)

4.17)

If we assume that the particle has a fixed amount of total surface
charge, then I'y/ [y can be obtained by using Eq. (2.23) and is
given by

o 3148 [1+ &

e ()
1_'_ggtanh ( o

Ty 21438
(4.18)

As shown in Fig. 2, the ratio o!'/o is around 1 for the full
range of aspect ratios, but JII,I / UII, becomes smaller for &) < 1
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FIG. 2. The ratio of 0,' /o, and 0,' /o) with the same amount of
total charges carried by the oblate spheroid are plotted with the blue
solid and red dashed curves, respectively, as a function of the &.

and approaches 1 for the spherical limit & >> 1. In the limit
£ < 1, we have

I
o, 2

ol 22— 1-2Ing

+ 0(&).

ol s
U_;NHO(%)' (4.19)
Thus, o, and o0, , — 0,, are largely unaffected by the form of
the ion distribution in the two cases, which means P, depends
mainly on the total charge. In addition, these results show that
(TII)I and ag’ » — Ow are suppressed and hence imply a weaker

low-frequency polarization response for PIEI due to less charge
on the side of the oblate spheroid. Because both o)} »— Ow
and o), , — 0, share the common factor [ (hq,£)]"?,

we expect that the polarization coefficients P} and P have
qualitatively the same frequency dependence but with different
magnitudes. Hence, we will focus on case I with uniform
surface-ion distributions in the next section. The dielectric
response will remain qualitatively the same but with weaker
signals for nonuniform surface-ion distributions when the
electric field is applied along the axis of symmetry.

We shall close this section by commenting on the region of
validity for our solutions. Even if we assume that Eq. (2.22)
is the proper BC for all frequencies, our solutions for the
polarization coefficients are good approximations only in
the frequency range o < w, = D/h* because we kept only
the first few orders in the expansion for small hw'/? of the
spheroidal wave functions in Eq. (3.3). Although the additional
Padé approximation helps in joining these solutions smoothly
to the high-frequency solution, strictly speaking, the validity
of these solutions in the region w > wj is still unknown.
As discussed earlier, the full solutions for the polarization
response which are valid in the frequency range w > . require
the inclusion of the Maxwell-Wagner effect. This will require
the introduction of either of additional BCs at the interface
between the particle and the electrolyte or the proper form of
o4 in Eq. (2.20). Finally, because in the spherical limit # — 0
and a is held fixed and because the characteristic frequency
is primarily determined by the factor w, = D/a®> < wy,, our
solution will provide a good description over a wide dynamical
range for spheroids with aspect ratios close to one. This is
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FIG. 3. Frequency dependencies of the relative permittivity €,
and the imaginary part of the dielectric constant after subtracting the
dc contribution & are plotted with the blue solid curve and the red
dashed curve, respectively. Here, we used the following parameters:
the sodium chloride electrolyte salinity, 1 ppk, which has o, ~ 0.2
S/m and €,, & 80; the surface-ion density, 'y = 0.15 nm~2; the major
radius of spheroids, a = 1 um; the volume fraction of spheroids, f; =
0.05;and &y = 0.1. We also use the diffusion coefficient D = 1.334 x
10~° m?/s. An apparent enhancement of the relative permittivity is
observed with a characteristic frequency around w. ~ 3500 Hz as
indicated by the peak position of the €. The vertical dashed line
indicates the position of w, = D/h>.

in turn why our solution exactly recovers the results for a
spherical particle.

V. DILUTE SUSPENSIONS AND DIELECTRIC
ENHANCEMENT

In this section, we aim to understand the consequences of
the polarization coefficients derived in the previous section
by considering the dielectric response of dilute suspensions
of charged spheroids in an electrolyte. We derive two major
results: (1) the strength of the dielectric enhancement at low
frequency and (2) the characteristic frequency associated with
this enhancement. The former requires the explicit use of
the solutions for the polarization coefficients summarized
in Sec. IV. Because these solutions are rigorous for small
frequency and approach the exact representations when v <
wy, the strength of the dielectric enhancement derived in this
section is very robust without any approximation. For the
latter, we will invoke scaling arguments which still remain
correct beyond the strictly applicable region of our solution
and which allow us to identify the important parameters
affecting the characteristic frequency. Finally, because the
Padé approximated solutions for the polarization coefficients
ensure the proper low- and high-frequency behavior [23],
we shall argue, less rigorously, that they are still good
representations in the intermediate frequency range. Hence, the
peaks of imaginary part of dielectric constant after subtracting
the dc contribution, i.e., €/ = [0,(w) — oc(w = 0)]/gow (cf.
Figs. 3, 6, and 7), associated with the characteristic frequency
represent good approximations.

In the dilute limit, i.e., when the volume fraction
of spheroids f; <« 1, the effective dielectric constant &,
of an isotropic suspension can be approximated by the
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Maxwell-Garnett mixing formula as [1,2]

_ /7 . GE . Ow
ce=|e, +i— ) =|ew+i— |1+ f;2P, + Pp)l.
Eow

Eqgw

(5.1)

Here, €/ and o, are the relative permittivity (or the real part of
the dielectric constant) and the conductivity of the suspension,
respectively. As usual, g is the vacuum permittivity and w is
the frequency.

To be concrete, we will consider the case of a uniform
surface-ion distribution with P, = P, and P, = P} in the
following discussion. By partitioning the polarization coef-
ficients into their real and imaginary parts, P! = P! + iPnI”
and P; = P; +i PII,”, we obtain

e, =cu[l + (2P} + P})] - fs;—“;)(ng” +P") (52)

and

Oe _ Ouw T T I” i
e = 80&)[1 + (2P, + Pp)] + fiew (2P, + P, ).

(5.3)

Because the real parts of the polarization coefficients P,f' and
PII)’ are on the order of 1, the first term of each expression
does not move the values of the effective permittivity and
conductivity substantially away from those of the electrolyte
when f; <« 1. On the other hand, if the imaginary parts
of the polarization coefficients have terms that are linearly
proportional to , a strong enhancement of the relative
permittivity at low frequency becomes possible because the
vacuum permittivity gy = 8.85 x 1072 Fm~! is a very small
value [3].

Before we explore our analytical expressions in more detail,
itis worthwhile to first give an illustration of a typical dielectric
response when the enhancement of the relative permittivity
becomes apparent. In Fig. 3, we plot the relative permittivity
€, with the blue solid curve as a function of the frequency.
In addition, &, is depicted with the dashed red curve. In this
example, the electrolyte is a 1 ppk sodium chloride solution,
which has o, &~ 0.2 S/m and ¢,, = 80. The diffusion constant
of the sodium ion is D = 1.334 x 10~° m?/s [25]. If the
suspended particles are glass beads, the surface charge density
is approximately I'y = 0.15 nm~2 for a 1 ppk electrolyte with
neutral acidity [26]. We also use the volume fraction f; = 0.05,
& = 0.1, and the major radius @ = 1 um.

As depicted in Fig. 3, the relative permittivity is enhanced
because its value is almost an order of magnitude larger than
that of the electrolyte, €, ~ 80, for low frequency. We will
use €,(w = 0) to quantify the dielectric enhancement strength.
We expect that the relative permittivity of a dilute suspension
will reach €, ~ €, for frequencies w >> w. because we ignore
the Maxwell-Wagner effect in our solution. Finally, €/ has a
prominent peak which indicates that there is a characteristic
frequency w, associated with the dielectric enhancement.

Let us first focus on the relative permittivity of the
suspension in the dc limit, which gives us the enhancement
strength. After expanding the polarization coefficients to linear
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order in w and performing some algebra, we have

_0if) 7 dw
1 1 1 dQ1(io)/déo 50(1_%3) D 2
Pp ~ Pp’w:() +l§ 1 I . (Up)
[Lyol + (1 — Lol (@ =0)]
5.4
and
0l(k) dP\i&)/d§ i} dlw
pl ~ pl 1 dofiE/dE  PlGE)  (14gd) P )
" n,w:0+l3 I 1 Z(Gn) :
[LnO'n +0 - L”)Uw,n(a) = 0)]
(5.5)

It is straightforward to show that the first term in each
expansion is a real function. Because iwg, iwf, o,{,, p(a) =0),
and o, ,(w = 0) are all real functions, the second term in each
expansion is a pure imaginary function.

With the expansions in Egs. (5.4) and (5.5), the zero-

frequency relative permittivity reads as

efw=0)=ey[l+ £,(2P) oo+ P} )]
2
owa Iy
=207 7 £, —2 ), 5.6
+f 6‘0D <SO CZN()> ( )

where

0l(i&)  dPl(i&)/dé iw?
r 0 dOlE)/dE  PlE) (14
(o o) -2 W oy
aiNo [Lno',f +(1 - Ln)GJ),n(w = O)]
0iik) _ im;
1 dQl(iéo)/dSOE 1+E2
1 o(6) iy
3[Lyol + (1= Lyl (=0)]
(5.7)

We first observe that 7(£y,[o/aNy) vanishes in the limit
To/aNyg — 0 because o, and o, are proportional to this
quantity. This implies that there 1is little or no enhancement
of the relative permittivity in the absence of charge on the
spheroid or in a high salinity environment.

Although it is tempting to argue that the low-frequency
dielectric enhancement scales as a’ from Eq. (5.6), it is
important to notice that 7(&y,I"o/aNy) can add some size
dependence as well. If the amount of charge carried by the
spheroid is linearly proportional to the volume of the particle,
['o/a will be a function of &, only. In that case, the dielectric
enhancement will scale as a2. In contrast, if the amount of
charge carried by the spheroid is linearly proportional to the
surface area of the particle, 7(&y,I"g/aNy) will depend on
a explicitly. In this paper, we will focus on the latter case,
where the scaling with respect to a is more complicated. In
the limit where I'g/aNy < 1, one can show that I o 1/a?.
Thus, the dc relative permittivity becomes almost independent
of size. As shown in Fig. 4, the relative permittivity has a weak
dependence on a when I'y/aNy < 1 (cf. the blue solid curve
for [y = 0.03 nm~2 and the region a > 1 of the red dashed
curve for 'y = 1 nm~?2). On the other hand, an appreciable size
dependence for the dielectric enhancement is observed when
['o/aNy ~ 1, as depicted by the red dashed curve in Fig. 4.
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FIG. 4. The zero-frequency relative permittivity is plotted as a
function of the major radius of the spheroid a for two values of
surface-ion density, I'y = 0.03 and 1 nm~2. Apart from using different
values of I'y, varying a, and taking the limit w = 0, the rest of the
parameters are the same as those in Fig. 3.

Because of the functional form of 7(§y,o/aNy) and
€,(w =0) in Eq. (5.6), the enhancement roughly scales as
0<F§ and «1/Ny in the limit I'y/aNy < 1. Here, we have
used o, & Np. In the region I'g/aNy ~ 1, the enhancement
can, however, have nonmonotonic behavior with respect to
the variable I'g/aNy. The explicit & dependence is not easy
to obtain. However, as shown in Fig. 5, the enhancement, in
general, appears stronger at the smaller & < 1 region, i.e.,
the larger aspect ratio, while it becomes insensitive to &, for
& > 1, i.e., approaching the spherical limit.

One important quantity to identify in Eqs. (5.2) and (5.3)
is the characteristic frequency w., which is associated with
the enhancement of the relative permittivity. As shown in
Fig. 3, €/ has a peak centered around the frequency where the
relative permittivity rises with decreasing frequency. Due to
the symmetry of oblate spheroids, we will in principle have two
distinct characteristic frequencies w? and o, corresponding
to the directions parallel and normal to the symmetry axis,
respectively. However, because the widths of the peaks are of

— Iy = 0.05 nm 2
100000 — T =0.1nm2
50000 I'p=0.2nm™2 |1
- Tg = 0.5 nm™2
~= Tg=1nm2
8 10000 - 0 nm
|| 5000 T O
3
R | L U L T
S ro0op\\ o T e '
500 i
100f I 1]
0.0 . . . 0.8 1.0

FIG. 5. The zero-frequency relative permittivity is plotted as a
function of &, for five values of surface-ion density, 'y = 0.05, 0.1,
0.2,0.5, and 1 nm~2. Apart from using different values of Iy, varying
&o, and taking the limit w = 0, the rest of the parameters are the same
as those in Fig. 3.
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FIG. 6. The € is plotted as a function of the frequency for three
values of the major radius a. Apart from using different values of a,
the rest of the parameters are the same as those in Fig. 3.

the same order as we ”, and Aw, = |wf — | is much smaller
than wp'”, we are unable to distinguish the two characteristic
frequencies. Hence, for practical purposes, we will assume
that there is an averaged characteristic frequency.

From Eq. (5.3) and the equations for the polarization
coefficient [Eqgs. (4.1)—(4.14)], we can show that the peak
position and the shape of €, are mainly determined by the
contribution from

o.(w) — 0,(0)
Eogw

Ow ) ,
~ fSE()_(,()[Z(P; - PrE,w:O) + (P;E - P;,w:O)]

2
- fSMg,(a \/E&,go),
8()D D aN()

where & is a function of a/w/D, I'y/aNy, and &,. Hence,
the characteristic frequency can be, in general, expressed as
we = g(§0,To/aNo)w,, where , = D/a* and g(&y,To/aNp)
is a function of & and I'o/aNy. The height of the peak will
directly depend on the volume fraction of spheroids f; and
shows scaling behavior with the other parameters as indicated
by &. Here, the reasons for using the length of the radius

&(w) =

(5.8)

a=h,1+ ég, instead of /4, as the characteristic length scale
is twofold. First, the motion of the ions in the electrolyte
should ultimately be affected by the explicit physical length
scale, either a or b, of the spheroid. Second, using the length
scale a makes it is easier to connect our solution to the one
in the spherical limit, given by & — 0 and & — oo with

hy1+ ég = a held constant. As shown in Fig. 6, &€/(w) is
plotted for three different values of @ = 0.2, 1, and 5 um. The
shift of peak’s position is appreciable and satisfies the scaling
behavior of the characteristic frequency, given by w. o< 1/a’.
For the examples shown in Fig. 6, one can see that the
characteristic frequencies of adjacent peaks differ by roughly a
factor of 25, which is consistent with a 1/a? scaling behavior.

By expanding €.(w) for small values of I'g/a Ny, one can
show that the characteristic frequency w,. has a very weak
dependence on I'g/a Ny and a moderate dependence in &. We
expect that w. = w, in spherical limit &y — oo [3]. In contrast,
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FIG. 7. The €] normalized by its maximum value is plotted as a
function of frequency (a) for five different values of & and (b) for
five different values of I'y. The values of &, and I'y are indicated on
plots. The rest of parameters are the same as those in Fig. 3.

platier spheroids, with £y < 1, will have higher characteristic
frequencies because the true length scale of the particle should
effectively be reduced from a to smaller values. This trend
is observed in Fig. 7(a), where the peak position shifts from
higher to lower frequencies and approaches w, when &, varies
from 0.01 to 1. We notice that the w. does not have a very
strong dependence on &, because it changes by about a factor
of 4 when & is varied by two orders of magnitude. Thus, it
has the expected response with respect to &j. Next, Fig. 7(b)
shows how the peak position of €/(w) varies as a function
of I'y. We observe that the characteristic frequency depends
very weakly on 'y because it changes by only 15% when I’y
varies by three orders of magnitude. In Figs. 7(a) and 7(b),
we have normalized €/ (w) with respect to its maximum for
each value of &, and I'y to clearly show how the peak position,
or characteristic frequency, shifts. The actual peak height can
have a strong dependence on &y and I'y. In general, it becomes
larger for smaller values of &, as well as for larger values of Ty.

VI. CONCLUSIONS

In this paper, we studied the low-frequency polarization
response of a charged, oblate spheroid immersed in an elec-
trolyte and obtained analytical solutions for the polarization
coefficients for two different surface-ion distributions. When
there are fewer cations on the edge of the oblate spheroid, the
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polarization response becomes weaker along the symmetry
axis but remains roughly constant in the direction normal to
the symmetry axis. Intuitively, the strength of the ionic current
in the electrolyte, which gives the enhanced polarization
response, is related to the amount of cations accumulated in
the double layer. In particular, the ionic current is caused by a
gradient in the density of the ions in the double layer which is
formed in response to an applied electric field. When there are
fewer cations along the edge of the particle, the gradient along
this direction will be smaller. Hence, we expect that there will
be a weaker polarization response parallel to the symmetry axis
when there are fewer cations on the edge of the oblate spheroid.

Our approach is based on approximate BCs in the thin
electric double-layer limit, and on expansions of spheroidal
wave functions for the solutions of the diffusion equation.
We make two low-frequency approximations. First, in the
BCs, we do not take into account the conventional Maxwell-
Wagner effect for the dielectric enhancement, and, second,
we keep only the first few leading terms in the expansions of
the spheroidal wave functions. Because both approximations
become rigorous in the low-frequency regime o < wy, the
derived solutions are, strictly speaking, valid only at low
frequency. However, using a Padé approximation, we are
able to smoothly match our solution onto the high-frequency
polarization coefficients in the absence of the Maxwell-
Wagner effect [23]. Remarkably, in the spherical limit, the
Padé approximated polarization coefficients for the charged
spheroid approach those for the charged sphere when the
Maxwell-Wagner effect is ignored [3,16]. This indicates that
our solution will be applicable for a wider range of frequencies
for particles with aspect ratios close to one.

Because our solutions are based on approximated BCs
given by Eq. (2.22), the actual polarization response can
deviate from what we found and depend on more of the
detail of the double-layer structure when the thickness of the
double layer ép;, becomes comparable to the characteristic
size of the particle. However, in the thin double-layer limit,
we expect that the generic form of the analytic expression for
the polarization response will remain the same even when the
integrated surface cation distribution I'y differs from the two
cases studied in this paper. This is largely because both the
angular mode and spheroidal wave function expansions give
strong constraints on the analytical structures of our solutions.
Namely, even if one can model the double layer more
realistically by solving the Poisson-Boltzmann equation,
the analytic form of the expressions for the polarization
coefficients will not change drastically while the magnitude
of the response can definitely change.

We then incorporate our solutions for the polarization coef-
ficients into the Maxwell-Garnett mixing law to understand
the dielectric response of a dilute suspension of charged
spheroids in an electrolyte. We find that the enhancement of
the relative permittivity depends on the surface charge density,
the size (the major radius), the concentration of cations, and the
shape (aspect ratio) of the charged spheroids. The functional
dependence of the enhancement on the parameters is rather
complicated. In the limit I'y/aNy < 1, it generally scales as
Fg and 1/Ny, and it becomes independent of the size a of
the spheroid. Interestingly, spheroids with higher aspect ratios
(§o < 1), which lead to a stronger enhancement due to the
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Maxwell-Wagner effect, also cause stronger enhancements due
to the double-layer effect. Finally, using a scaling argument,
we found that the characteristic frequency associated with the
enhancement is largely determined by the size of the spheroids
and has a generic functional form w, = g(&y,Ty/aNo)D/a?,
which depends moderately on &, (or aspect ratio) and very
weakly on I'g/a Ny.

Several outstanding issues could be of interest for future
research. First, throughout our discussion, we ignored the
direct interfacial effect between the particle and the electrolyte,
which becomes important in the frequency range ® > w..
Including this effect requires introducing additional BCs right
at the interface or using the BCs in Eq. (2.20) instead of those
in Eq. (2.22), along with self-consistent perturbed ion-surface
densities o. In addition, we ignored the effect of convective
polarization. To take this into account, one must solve for
the velocity profile of the fluid in the double layer [10].
Third, numerical studies, similar to ones for the charged
sphere and prolate spheroid [14,15,27], could be beneficial for
understanding the polarization response of a charged spheroid
immersed in an electrolyte. Finally, systematic experiments
with controlled parameters would be essential for qualitatively
and quantitatively confirming the validity of the current theory.
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APPENDIX A: LEGENDRE’S FUNCTIONS

In this Appendix, the basic properties and our conventions
for the associated Legendre function are reviewed. The
Legendre functions are the solutions of the Poisson equations
in spheroidal coordinates. They will also be used as the
basis for the expansions of the spheroidal wave functions
in Appendix B. For a more extensive summary, we refer
the reader to the work of Abramowitz and Stegun [28]. The
associated Legendre functions are a class of solutions to the

following differential equation:
dw 2

dz

(l—zz)dz—w—zz +|:v(v+l)— ]w—O (A1)
dz o

1 —z2
where z can be a complex variable, and v and w can be
arbitrary complex parameters. For our purposes, we only need
those with integer indices v = £ and u = m. The solutions
of Eq. (Al) are then denoted by P;"(z) and Q}'(z) for the
associated Legendre polynomials of the first and second kinds,
respectively. Also, the solutions for m = 0 are called the
Legendre polynomials and are often denoted by P,;(z) and
Q.(z) without specifying m = 0.

The Legendre polynomials are well documented in the
literature. Here, we list the ones that are useful for our
application [28]. The first three Legendre polynomials of the
first kind with arbitrary complex variable read as

P =1, Px) =z PR=33-1. (A2
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The first four Legendre polynomials of the second kind with a
complex variable z or a real variable |z| > 1 are given by

1 1 1
Q02) = Eh‘(ztl)’ Q1<z)=§1n(§f1) -1,

322 -1 z+1 3z
= 1 - =
01(2) 7 I (Z — 1) >
2(5z2 = 3) <z + 1) 2 572

= In

o= A
, +3 > (A3)

03

z—1

For Legendre polynomials of the second kind with real vari-
able, z — x and |x| < 1, one needs to change the functional
form of In (<£}) to In ({22) in Eq. (A3) for a proper branch cut.

For complex variables, the associated Legendre polynomi-

als with m # 0 can be defined by the following relations:

dl’ﬂ
pm — 2 1 m/2 P ,
1@ = @ = )P P)

dm
0}'(@) = (* = D" 7—01(2). (A4)
e

When z — x, for x areal variable with |x| < 1, the associated
Legendre’s polynomials follow the relation

m

d
pm = (1 — 2\m/2
7 = (1=

dm
0y (x) = (1— xz)m/szm Q.(x).

Pl(x)v
(A5)

We note that definitions in Eq. (AS5) are different from that in
Ref. [28] by a factor of (—1)™, but are consistent with that in
Ref. [21], which discusses the spheroidal wave functions.

In our discussion, explicit forms of the following associate
Legendre’s functions are used for the angular solutions with
—1l<n<l1:

Pl(n) =+1-n%

In addition, the radial sector for the spheroidal wave functions,
discussed in Appendix B for 0 < &, < &, are expanded in
terms of associated Legendre polynomials with pure imaginary
variables. The following Legendre polynomials,

Pi(n) =n, (A6)

Pi(i§) = i§,  Qu(i§) = & tan™'(1/€) — 1,
& - 2 587
Q3(i8) =—353 + 58 tan" (1/§) + 3+ —, (A7)
and associated Legendre polynomials
§

Pli&) =iVEX+ 1, Q' (i§) = iEQ(i&) = “TEET

0LiE) = VET + Ttan™(1/8) - ———
£24+1

136 + 1583 _ 330+ 562)/E2 + 1
2

-1 1
NG tan~'(1/)

(A8)

03(i&) =

are used for our discussions.
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APPENDIX B: REVIEW OF SPHEROIDAL
WAVE FUNCTIONS

In this Appendix, we review the spheroidal wave functions
that can be used to express general solutions of the diffusion
equation for the perturbed ion density in Eq. (2.13b). Here, we
follow closely the conventions for spheroidal wave functions
in Ref. [21]. Although we are mainly interested in the oblate
spheroid, we will also review the prolate case with the
understanding that our approach can be applied to study the
prolate spheroid as well.

Let us start by defining two families of spheroidal coordi-
nates by their relation to Cartesian coordinates. For the prolate
case, we have [21]

x =hy (&> = D1 —n?)cos ¢,
y=hy/(E2=1)(1 —n?)sing, z=hén,

where & is the half distance between the two focal points along
the z axis. Here, 1 < & < oo can be understood as the radial
direction, —1 < n < 1 plays the role of the polar angle, and
0 < ¢ < 2m is the azimuthal angle. The scale factors for the
prolate spheroidal coordinates are given by

_ I%—Z_nZ _ [52_]72
h%’ —h 52—_1, hn—h 1_7” )
hy = h/(E = D(1— 7).

The relations between oblate spheroidal and Cartesian coor-
dinates are given in Eq. (2.16) with their scale factors given
£+n

by
_ [+
arr ENTTE
hy = hy/ (> + D)(1 —n?).

We are interested in solutions to the scalar Helmholtz differ-
ential equation

(BI)

(B2)

he = h

(B3)

(VP4 fr)=0, (B4)

where « can be a complex parameter. This equation can
describe many physical phenomena. For instance, lossless
wave propagation in the frequency domain is governed by
Eq. (B4) when « is a real number. In addition, the diffusion
equation in the frequency domain, such as Eq. (2.13b), is also
described by Eq. (B4) with «? being purely imaginary. The
Helmholtz differential equation can be written explicitly as

[%@2 D+ 5=
N @2_51)%,,2);7,2 LEE - n2>]f —0 (®5)
for prolate spheroidal coordinates and
[%@2 g+ gr( =)
%% +AE + nz)]f =0 (B6)
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for oblate spheroidal coordinates. Here, ¢ = hx. Because
Eq. (B5) can be transformed to Eq. (B6) with § — +i&
and ¢ — Fic, we can use these transformations to relate
solutions in the prolate spheroidal coordinates to those in
oblate spheroidal coordinates.

With the standard separation-of-variable technique, solu-
tions to the Helmholtz equation (B5) in prolate spheroidal
coordinates can be expressed as [21]

cos
Jmn = Rpn(¢,8)Spn(c,m) . mo, (B7)
sin
where R,,,(c,&) and S,,,(c,n) satisfy the ordinary differential
equations

i 2 i _ _2s2 m—z _
[(S 1) Rmni| I:)"mn Cc s + Ez _ 1i|Rmn - O’

dg d§
d 2 d 22 m?
% (l—ﬁ)d—nsmn + [ Amn — —1_—"2 Sun = 0.

(B8)

Here, the separation constants m and A,,, are the same in both
of the equations in Eq. (B8). According to the transformation
relating Egs. (B5) and (B6), the solutions of Eq. (B6) in oblate
spheroidal coordinates are

cos
fmn = Rmn(—iC’ig)Smn(—iCJ?) . mqb, (Bg)
sin

where R,,(—ic,i§) and S,,,(—ic,n) satisfy the ordinary
differential equations in Eq. (B8) with the transformations
& — i€ and ¢ — —ic. We note that all the equations in (B8)
reduce to Legendre equations when ¢ = 0. Hence, we have
Amn(c = 0) =n(n 4+ 1) with n an integer. As a result, it is
useful to expand both R, and S,,, in terms of Legendre
polynomials, especially in the region ¢ < 1.

In what follows, we will focus on the solutions in oblate
spheroidal coordinates.

1. Solutions for the angular sector

The two orthogonal solutions S,,(—ic,n) for the angular
coordinate 1, given a set of eigenvalue A,,,, and azimuthal index
m, can be formally expressed as expansions over Legendre
polynomials as

o0
/

S (—ic,n) = § d™ (—ic)Pr, (),
r=0,1

(B10a)

SA(—ic)y = 3 A" (=)0, (). (B10b)

r=—00

Here, the Z' indicates that the summation is over even integer
r for even n — m and is over odd integer r for odd n — m €.
The expansion coefficients d;""(—ic) are functions of —ic.
Because QF'(n) is divergent at n = &1, we will focus on the
first type of solution for the angular sector. When ¢ = hx = 0,
dy" (0) =1 and dr’”;’n_m(O) = 0 because Eq. (B8) reduces to
Legendre’s equation. As a result, we expect thatr =n — m is
the dominant term for the expansion in the limit ¢ < 1.
Using the recursion relations for the Legendre polynomials
and the expansion in Eq. (B10a), one can derive a recursion
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formula for the coefficients d;"" (cf. [21]). This allows us to ex-
press the eigenvalues A,,, in terms of expansions of ¢ = hx as

hnn(—ic) = n(n + 1)+ Y _(=Df1gre™,
k=1

(B11)

where [3}" are coefficients depending on n and m which are
well documented in Refs. [21,28]. This expansion satisfies
Amn = n(n+1) for ¢ — 0. The expansion coefficients
d"(—ic) are completely determined by the recursion formula
given a proper choice of normalization. We will follow the
convention in Ref. [21] for normalization and require

Smn(_ic’n = O) = P,:"(U = O)
(=1 2" (ntm)!

B Ecaren

- n—m-—1

(—D)"F (ntm+1)!
m( )

Ultimately, the angular functions S,,,,(—ic,n) form an orthog-
onal set of functions for —1 < n < 1. As a result, we have

Y (n—m)even
(B12)
(n — m) odd.

1
/ Smn(—iC,T))Smn'(—iC»U)dﬂ = 8w Noun,» (B13)
~1
where
)
, 2 1(dmn 2
Ny =2 Z o +2m)ld,™)” (B14)

= Qr+2m+ Dr!
Although the second type of solution, S (—ic,z), is seldom
used for the angular sector, it will become useful when |z| > 1
and z is complex. In this case, we have to use the proper
definition of Legendre polynomials of complex variables
[cf. Egs. (A3) and (A4)]. Furthermore, the summation of
S§®(—ic,z) in Eq. (B10b) extends to negative values of r,
which requires extra care because Q) (z) diverges forn < —m.
By combining the fact that d]"" =0 for all » < —2m and
using the identity for Legendre polynomials with negative
valued indices [cf. Ref. [21] and Eq. (8.2.2) in Ref. [28]], a
nondivergent expansion of S®(—ic,z) can be obtained, which
reads as
i /
Sm—ic) = Y dM(=ioQ,, ()
r=—2m,—2m+1
0 /
+ Y dn=ioP!, (),

r=2m+2,2m+1

(B15)

with coefficients dj(—ic) functions of —ic.
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of spherical Bessel and Neumann functions j,(x) and ny(x)
as [28]

= -1
Rin(—ic.i6) = [Zldr”’”(ic)w]

r!
r=0,1

m/2 oo
x <$2+ l) Z/i”m—nw

2 |
S r=0,1 r

X df”(_ic)jm“(cé),

—1
) 2 !
R?(—ic,i&) = [Z drrniz(l-c)#]

r=0,1

(B16a)

m/2 oo
T

2 |
§ r=0,1 r

X d" (=i (CE).

By adding and subtracting R\)) and R>), we can rewrite these
solutions as

RO W (—ic,ig) = R')) £iRS)

mn

0o -1
— |: Z/d;""(ic)w]
r!

r=0,1

m/2 oo
5 (éz_}_ 1> Z/i’+m_”(2m+r)!

2 |
é’: r=0,1 r

x A" (—i)hly P (cE).

(B16b)

(B17)

Here, hél)’(z)(cé) are Hankel’s functions. For the diffusion
equation, i.e., when ¢ is a complex number, one of R
converges and the other diverges at large distance & — oo,
which allows us to easily select the solution with the proper
boundary condition. However, although the expansion in
Eq. (B17) converges rapidly for long distances & > 1, the
convergence of these series for short distances can be very
slow and problematic at times [29].

Because we are interested in matching BCs at the outer
surface of the double layer, alternative expansions of R):-®
which converge well at short distances are desired. Let us
observe that the radial and angular equations in Eq. (B8)
are essentially the same. Hence, solutions to them must be
proportional to each other. As a result, it is possible to identify
solutions for radial wave functions of the form [21]

S-D(—jc,i&)

2. Solutions of radial sector Rz(nlr)f(z)(_i c,if) = S TIXC TP (B18)
Conventionally, the two orthogonal solutions for the radial fomn"~ (i)
sector for a given set of A,, and m are expanded in terms  with joining factors {1 (—ic) given by
|
om + 1 ! , ) |
( _m + ')(n + m)_ < Z fiod;”"(—ic)ﬂ, Y (n—m)even
2mtm gt (—ic)(—icy m!(452) (2 )! r!
kD (—ic) = 0 272 (B19)
Qm +3)(n +m + 1)! @m + 1)!

YV (n—m)odd

2t (—ic)(—icym+im) (=L ) (2L

2

L (o

r! ’
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and

on— m(zm),(n m)’(n;m)!dlxétm(_ic) Z’OO
@2m—1)m!(n+m)!(—icy"=!

2 .
K,(m)l(—lc) =

Q2m— ?)(Zm 1)m'(n+m+1)'( icyn=2

Because Eq. (B18) is simply an alternative representation
of Eq. (B16), we have

S(l)( ic,i&)
(1)

Kmn

S@(—ic,i§)
o)

Kmn

RO@

mn

(—ic,i&) =

(B21)
—ic) —ic)
This is the expansion we will use for the radial sector because
it converges well at short distances and goes to the correct limit
for large &.

Finally, to use the solutions reviewed in this appendix for the
charge density which satisfies the diffusion equation (2.13b),

we can simply take ¢ = e~ ©@7™/*hq with ¢ = /|w[/D.

APPENDIX C: POLARIZATION RESPONSE OF A
CHARGED OBLATE SPHEROID WITH A UNIFORM
SURFACE-ION DISTRIBUTION

In this Appendix, we provide a detailed derivation to obtain
the polarization coefficients of a charged oblate spheroid that
is immersed in an electrolyte and has a uniform surface-
ion distribution given by I'), =T’ and I'_ = 0. The case

9§ 9§
[ 0

|
1
an

hyhg 0n

I
he(&o)

(i

Because the £ =1 component of the perturbed electric
field in Eq. (3.1) gives the strength of the dipole response,
our primary goal is to obtain AU, or ATV, to extract
the polarization coefficients by matching the BCs, given in
Egs. (C2) and (C3), when the electric field is applied along
the two major axes. According to our derivation, we can also
see that the £ = 1 component is the dominant part of the
response to the externally applied electric field. We will now
summarize the key steps and essential results for evaluating
the polarization coefficients in the z and x directions.

—n-(&.n,¢,0)+ No—I/f(é n.¢, w)}
§=&o

he

{_

h

1. Polarization coefficient P, in the z direction

When an electric field E = EyZ is applied in the z
direction, the solutions for v and n are independent of the
angular variable ¢ due to the azimuthal symmetry. Thus,
the expansions given in Eqgs. (3.1) and (3.3) for the electric
potential and ion concentration when w > 0 become

Y7 =iEchPiGE)Pi() + Y Ac@)Qu(i§)Pi()  (C4)
¢

d
—n>(iﬂ:‘baw)‘i‘NO%‘/f@»’?»d’»w)} } +
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dmn( lC) (2m+1 )! ,

DM

(

Y (n—m)even
(B20)

-\ @2m+r)!
)

2 dM (—ic , VY (n—m)odd.

for a nonuniform ion distribution will be studied in the
next Appendix. As mentioned in the main text, the angular
components do not naturally decouple in our problem. Hence,
a perturbation scheme is developed to solve for an approximate
analytic expression for the polarization coefficients in the
low-frequency limit.

Formally, we need to match the BCs in Eq. (2.22)

|
JLe(ro), s = DheVy- [Evllﬂﬂ:(r,w):l (C1)

&o+0¢

at the outer surface of the double layer. In the thin double-layer
limit, we will further set 5 — 0 to simplify our discussion.
Using definitions of the diffusive currents in Eq. (2.7) and
chemical potentials in Eq. (2.8), we obtain explicit expressions
for the two coupled BCs, given by

g

—=n-E.n.¢.0) =

No— =0 C2
T 0 W(S .9, w)]g_éﬂ (C2)

&

and

872 n-(&,n,¢,0) + No (C3)

1[92
@[ a(pzw(snm)}

§=6y

and

= Za@(w)Rg?(—ie"”/“hq,is)sgy(—ie"”/“hq,n). (C5)
4

Here, the definition of spheroidal coordinates is used to
write z = hén = —ih Py(i&)P1(n). Because m = 0, we also
suppress the index m in the coefficients A, and the «;.

By inserting Egs. (C4) and (C5) into the anion BC in
Eq. (C2) and using the expansions for the angular spheroidal
wave functions in Eq. (B10a), we obtain

v dRy)(—ie™hg,iky)
2 ) el —— e

£ r=0,1

x d%(—ie"™*hq) P, (n)

dQ(i&)

+N0[thpl(n>—ZA @) =

P()}

(C6)
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where the symbol Y indicates that the summation is over even r for £ even and odd r for £ odd. Using the orthogonal property
of the Legendre polynomials, f_ll dn Py(n)Py(n) = c¢See with ¢, = 2/(2¢ 4 1), we have

o0 .
' dQ(i&)
D Kion) = —No[thaw — Av(@)— =, ()
=0,1 §o
where ;' is the Kronecker delta function, and elements of the matrix K< are given by
dRS)(—ie™*hq,i&) 4
Ki,=Dj ,—>* i . Dj,=dy'(—ie™*hg). (C8)
Here, we have defined the matrix D® matrix for convenience. )
Formally, we can now write o in terms of the A, by using the inverse matrix K< as follows:
%0 . G _ijin/ap . iz
o d Qe (ibo) > dRy,(—ie™"hq,is) | .
oy = Ny K: /|:—E()h8g/1 + —Agf y K:, = - D;,, (Cg)
ZX: £, d& € d& £,

where D? is the matrix inverse of D?. Some useful observations are in order. From the properties of d>*, it follows that Dy, =0
when £ + £’ is odd. So, sectors with even and odd indices in Eq. (C7) are decoupled. As a result, D} , and K}, are also zero
when £ 4 ¢ is odd, i.e., sectors with even or odd indices are decoupled for the inverse matrix. This decoupling structure will
simplify the solution for the perturbed electric potential dramatically.

Let us now turn to the BC for the cations in Eq. (C3). Again, due to azimuthal symmetry, the ¢ dependence on the BC
disappears. After plugging in the explicit form of the scaling factors and v¥* and n% given in Eqgs. (C4) and (C5), we can replace
o, with the relation given in Eq. (C9) which yields

- Z b Z[ Eohdy + d%—éé”m]s&%—ie"”“hq,nw [thmn) - ZAedee—g)gO)Pe(U)}
£,0' = 4

Io d| 0—11) | & -
= —— | Y/ Z Dg,j —th(Su =+
N

d Q&) A} RO (—iei™/*hq.i&)  dSy)(—ie™*hq,n)

¢ ,
aNo dn &2 + 2 dé&o dRS) (—ie™/4hq,i&0)/dE dn
Py(n)
|:1thP1(l§0)+ZAeQz(l§0) “’}”. (C10)
Next, using the expansion of S(()g in Eq. (B10a) and the definition of Dy ,, in Eq. (C8) toreplace d?[ , Eq. (C10) can be reorganized as
oo
dQ,( )
2B P () —2 Y Py TELE)
=0 d&o
To d | A=n®» |, arm) RO (—iei™*hq.i&)  dP.(n)
:(_th)_o_ 1 &o 1 +ZZDM’ (3)01Z 4 10
aNodn | [e2 | o dn = AR (—iei/Ahg ig)/dEy  dn

Ty d | (=n» O A RSN—ie™hgiig)  dQu(i&) dP.(n) e(n)
+ —— A D, D;, +
aNodn | fe2 4 op Xe: {;o; P RS iy ity dsy d& dn O

Here, we have used the fact that D? is the inverse matrix of D?.
We now employ the orthogonality properties of the Legendre polynomials by first multiplying both sides of Eq. (C11) by
Py (n) and then integrating over the interval —1 < n < 1. After an intgration by parts and some algebra, we obtain

RO . iso
dR(()3z/(_iein/4hq’iSO)/dEO

(C11)

Eoh {2315 +— |:-’§obz"1(§0) + Z Z b (€0) D5y Dy

=0 r=1

oo d .
_ 22Ag%§0)8z : ZAe |:be' (G0 QuiE) + 3 > b (60D, D,
=0 ¢'=0r=0,1
RS (—ie"™*hq.iky) dQe(iéo):|

3) (C12)
dRg,(—ie™*hq,i&)/d&  d&o
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where a = h,/1 + 502 and the functions by ¢ (&) are defined as

be.o (&) = —— f dn———=="P/ () Py (). (C13)

\/E“rn

Because b, » = 0 for £ 4 £’ odd, sectors with even and odd indices are decoupled as well in Eq. (C12). Upon closer inspection,
one can show that all the A, = 0 for £ even. For the sector with odd indices, a matrix equation for A,,; can be written as

2 e . .
> G3it a1 Aow 1 = Vi, With elements given by

z dQZn’-H(iSO)
G§n+l,2n’+1 = Zd—&)snn

n To dQow1(i60)

aN() dé:() 1v=0

and

Iy
Vi1 = Eoh{ 28n0 +t obons1,1 + Z banr12u41 D541 2041 D501 1

w,v=0

z N<
§ : b2n+1,2u+1D2M+1,2u+1D2u+1,2n'+1

Iy .
+ —Dbout1,20+10) Qo +1(ié0)
Ny

3 . .
R<() 2v+1(—1e’”/4hq,1§0)

5 — (C14)
dR02U+1(—le’”/ hq,i&y)/d&
RG), o1 (—ie™hq.i&)
(C15)

dRS),, (—iei™/*hq,i&)/dE

It is useful to separate both the G* matrix and V? vector into two parts, G* = G*® + §G* and V? = VO 4§V, The

elements of the leading-order terms, G*® and V3, are given by

d Qo +1(i&) [y
(0) 2n'+11S0
G§n+1 2n'+1 2d—§05nn’ + aN,

3) .
R$),o1(—ie™hq.i&)

——Dbat1,.2041 [an +180) + D3yt 21 Do 1 2w 41

d Qo y1(i&p)
X

d§  dR),. (=iei™*hq,i&)/dE

and

Ty i}
Vi = th{zsno + a—%bzn+1,1(so>[so + Di Dj |

} (C16)

RO (—ie™hg.iko) “ (C17)

AR\ (—ie™/4hq,i&0)/dE

With respect to hq, these elements are of the order O(hq)° with the O(hg)* with higher-order contributions coming solely from
the last term of each expression. The elements of the higher-order terms, §G* and § V<, are given by

1@ > _ R ie™/*hq,i
0G5t aws1 = al;\(;o dQZHd—;l)(l&)) W}XZ:O bani1.2041 D31 2011 D301 20041 dR((f;z:r(l—(le’”/“hq,qi’éj)o/)dgo (C18)
—u=v=n
and
: Iy ~ RG), o 1(—ie'™hq,i&)
8Vin = Eoh o > baiapn D3y i1 D3 (C19)

w,=0
—u=v=0

Here, the —A symbol indicates that A is not included in the
summation. In these equations, §G3, t1owyr and 8V5,., are
on the order of O(hq)?, with higher-order corrections starting
at O(hq)*.

We are now interested in solving for an approximate
expression for the component A;. Let us first consider the
contributions from the leading-order terms of the matrix
G? and vector VZ. From the structure of G*@ and V3O,
we can show that the leading component A(lo) dominates

A(O) >
1, in the following two limits [22]: (i) when

the response of the perturbed electric field, i.e.,

A ©)

a1 forn =

dRS), . (—iei™/*hq,i&)/dgy

(

ITo/Noa| < |[dQ(i§0)/d&0]/Qe(i&)|, in which case the
matrix G is nearly diagonal, and (ii) When |Ty/Noa| >
[[d Q¢(i&0)/d&0]/ Q(i&0)|, in which case the first column of the
matrix is proportional to the source vector GZS:)L, 1 VZZ,E?:,

Depending on the salinity (ion concentration) of the electrolyte
and the amount of charges carried by the particle, our system
can be in limit (i), in limit (ii), or in the intermediate
regime. However, because cases (i) and (ii) are opposite
limits, we expect that A(lo) will most likely still be the most
dominant component of the perturbed electric field even in
the intermediate regime. Hence, we will first approximate the
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perturbed electric potential as
¥* ~ —Eohsn + AP Q1GE)Pi(),
with the A"’ component approximated by A” ~ v© /G-

(C20)

P R TNCEE ) I
o dQ]ogO)+ZarR]UbLl[Ql(igo)Jrz(omQ‘;;;é@]
where
_ RO (—iei™*hq,i&y)
20(hq.£) = Di, Df | — 2

dRéfi(—iem/%q’i&))/d& '

Because the higher-order terms §G* and §V* also contribute
to the component A; at order O(hq)?, the actual O(hq)?
dependence of A can, in principle, differ from A(]O). However,
by explicitly examining the structure of the inversion of G*
matrix and performing perturbative expansions in hq, we can
show that the O(hq)2 order contribution from §G* and §V*
is suppressed by a factor of I'g/(aNy) in limit (i) and by
a factor of aNy/ Ty in limit (ii), compared to the O(hq)?
order contributions in A(]O). It is also important to note that
the second-order leading contribution from the addition of the
8G* and §V*? terms is of order O(hgq)*. We will hence keep
only the A(10) part of the contribution to the perturbed electric
field to order O(hq)? for the following discussions.

In the limitas £ — oo, the second term in Eq. (C20) exactly
matches the dipole polarization response a’b P, E - r/r3, with
P, defined as the polarization coefficient in the z direction.
Using Q(i&) — —1/(3£2) for £ — oo and Py(n) =1, we

J

R(3) _ieirr/4h ,i .
50 (hg, &) ~ 0.1( q.1&o) Q1)

L

dRé?i (—iei™*hq,i&)/d&

" 40, (i) dE
dPi(i&)/d&

n e_,‘n/4h3w3/2 Pi(i&) .
9D32 | Q1(i&)

where we have used the expression in Eq. (B21) for
R((:i and only kept the terms with expansion coeffi-
cients d\'(—ie™*hq) ~ 1 + 3i(hq)*/50, di'(—ie"™*hq) ~
i(hq)*/25, and dY), ~ —i(hq)? /6, with ¢ = J/w/D. All the
other expansion coefficients are higher order in 4g. To obtain
Eq. (C26), we have also made use of the expansion Dilﬁil ~
1 + O(hq)* and the definitions of the joining factors. Although
the expressions for the joining factors in Egs. (B19) and (B20)
are quite tedious, the infinite summation always cancels
out because E(O)(hq &y) is approximated as a ratio between
R$)(—ie™*hq,i£o) and d Ry (—ie™/*hq.i&)/d&.

Because the expansions of the spheroidal wave functions
in terms of d* (hq) are quite accurate for hg < 1, the Taylor
expansion of X to order (hg)® in Eq. (C26) should provide
a good approximation for the polarization response at low
frequencies when @ < wj, = D/h*. However, the polynomial
expansion with a finite cutoff is bound to give unreasonable
predictions for @ > wy,. We hence perform an additional Padé
approximation to order (1,2), which reorganizes the expansion
in Eq. (C26) into the form of a rational function. To obtain the

dQ1(i&0)/déo
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have
[ b+ 5060+ 8)

7= d 0) d
3 les(:)&)) + 2aN0b1 1[Q (i&) + 2() Qd]é;&)]

(C23)

Upon multiplying both the denominator and numerator in
Eq. (C23) by the water conductivity o, and using the
depolarization factor L, given in Eq. (4.3), we obtain

1 ol — ol

P. = Pl — )4 w,p
¢ P 3Lyl 4+(1-Lyal,

, (C24)

where the superscript I denotes case (I) for uniform surface-ion
distributions, and the subscript p means that the electric
field is parallel to the symmetry axis of the oblate spheroid.
In this equation, the effective particle and modified water
conductivities along the z direction are given by

I b, 1(50)

o, = —Gwa—NOEO 2
To b1.1(50)
1 _ 0 U1,1850 0)
=0, 1 ) (h C25
O-qu o |: +aN0 ) ( q, %_0) ( )
We note that the effective particle conductivity cr}, has no
frequency dependence and remains the same throughout all
frequencies. The expression for U[I, found here is the same
as that found for the high-frequency response of a charged
spheroid in [23].
By expanding the expression for Z(’(hq.&), given in
Eq. (C22), to order (hg)*, we obtain

[ Q3@) 1

_dQ3(i&0)/d&o ]
2501(i&)  601(i&)

D 25(d Q1(i&o)/d&o)

(C26)

(

Padé approximation for £, denoted by P[Z{]"?, we make
use of the leading-order behavior as a function of w~! of the
high-frequency solution, given in Ref. [23], as well as the small
o solution given in Eq. (C26). We find

1 ho'/?
1+ o, 5

PxO11D Q1(i6o)
=] dQ1(i80)/d& 1 + @ ) 5 holl2 4 wp2—"’

p

. (C27)

D D
with
1 [ Qs3@i§0) 1 _dQs(i&)/d& }
r 25Q1(i%) 601(i&) 25(dQ1(i&)/d&p) ]
(C28)
ol — e~im/4 [ Pl(i.%_O) B dPl(i.%-O)/d‘i:Oi|. (C29)
P 9wl [ Qi(i&)  dQi(i&)/d&

There are several advantages to using the Padé approximation
in Eq. (C27). First, it has the same low-frequency response
given by the Taylor expansion in Eq. (C26). Second, it gives the
desired high-frequency behavior P[E(w — 00)]"? — 0,
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which is consistent with the high-frequency solution [23]. This 2. Polarization coefficient P, in x direction
at least provides a smooth transition from the low- to high-
frequency regions without unphysical behavior in-between.
Remarkably, in the spherical limit, the Padé approximation
7>[E(po>](1,2) reproduces the exact polarization response of a
charged sphere immersed in an electrolyte [3]. As a result, in
this paper we will use the Padé approximation in the expression
for the modified water conductivity, which yields

In this section, we consider the case when the electric
field is applied in the x direction, so that it is normal to the
spheroid’s axis of symmetry. For the most part, the derivation
is very similar to the one given in the preceding section, except
that now the perturbed electric field and the ion concentration
depend on the coordinate ¢, and m = 1.

When the electric field is applied in the x direction,

. Ty by, 1(50) o (1.2) the perturbed electric field and the ion concentration are
0y p(@) ~ I+ — aNo PIZ, " (hq,50) 7 - proportional to cos ¢. Thus, the general solutions for them
become

(C30)

J
Yt = |:iE0hP1' GEYPL (D) + ) A Q}g(ié)PZ(n)} cos ¢, (C31)

=1

nt = Za;RG)( ie™*hg, lE)S(l)( ie™*hg,n)cos¢. (C32)

=1

Here, we have used the relation x = —ih P! (i&) P/ (n) cos ¢.

Again, we start by substituting the above expressions for the perturbed electric field ¢* and ion concentration n’ into the BC
for the anions. Using the expansion for the angular spheroidal wave function given in Eq. (B10a) and employing the orthogonality
properties of the associated Legendre polynomials, we obtain the relations

0 dPLi d 1, : dR(3) —ielm/4p i
S Kl = No [ithﬂéw + A},M} k;, = by AR hg i%) (C33)
P do d&o dé&o

In this equation, we define a matrix D* with elements given by D}, , = d)* |(—ie"™/*hq), and the symbol )" indicates that the
summation is over even ¢ for £’ even and odd ¢ for £’ odd. Next, the coefficients ; can be expressed in terms of the A}, as

dpPl(i
al = No Z K, [onh%m + Ay,

=12

(C34)

. -1
dOLE)] oo _ | 4RI (Zie g ik | 5
) ey — 00"
dEO d%‘o

Here, K~ is the matrix inverse of K*, and D* is the matrix inverse of D*. Because Djf,’(Z = dg,’fl(—iei”/“hq) = 0for £ + ¢ odd,
it follows that [)Z o = 0 for £ 4+ £’ odd. As aresult, even and odd index sectors of the inverse matrix K* are decoupled.

Now, using the expansion of Si?(—ie"”/“hq,n) in Eq. (B10a) and the relation between 0‘1} and Aé in Eq. (C34), we can write
the BC for the cations in Eq. (C3) as
d P/ (i&)

. dP]l(ii:O) X
—lth{2 5 P'(n )+ |:P (i&)O0y(E0) P () + Z D}, Dy, 4z,

0, r=1
R(3),(—i€i”/4h 71- )

Gy " q. il 0,(&)P, (n)
dRyy(~iei™/4hq,i&)/dE

> d
Z { Q. gO)P '(n )+—[Q[<zso)0 (E)P () + —L == Qf( '5) Z D, D},

U, r=1

Ri?(—ie"”/“hq,iso) 1
AR (—iei™/*hq,i&)/dE G F- () (C35)

Here, we have defined a differential operator
0(60) = d( 1 d) Ve +n’ .
0) = —/— - .
dn\ Je2ypdn)  (1+E)0 =)

Similar to the calculation for the z direction, we now employ the orthogonality properties of the Legendre polynomials by
multiplying both sizes of Eq. (C35) by P/.() and integrating over the interval —1 < 1 < 1. Again, the even and odd index

042601-19



CHANG-YU HOU, DENISE E. FREED, AND PABITRA N. SEN PHYSICAL REVIEW E 95, 042601 (2017)

sectors decouple with all the A} = 0 for £ even. A matrix equation for the odd index sector reads as

Z G)2cn+],2n/+lAén’+l = Vius1s (C37)
n'=0
where
X dQ%n’ l(lSO) l—‘0 .
G2n+1,2n/+1 = zd—go‘snn’ + mb2n+l,2n’+l Q%n%l(l&))
_ R, \(—ie™*hq it))  dQ), ., (i&)
+— b1 21 D3t 2001 Dyt o L, 2] (C38)
LZN() /L,ZU;O +1.2pu+ u+1,2v+ v+1,2n'+ dR(lgvarl(—le’”/“hq,i&))/d&) dgo
and
dP(i&) Lo
Vi = —iEgh|2—1"2228,0 + —— P (i&0)bs:
2n+1 LEg |: d&o 0 dN() I(ZEO) 2n+1,l($0)
e & 3 RY), . (=ie™*hq,ik&)  dP\i
+ == Z bzlnﬂ,zuﬂDgwl,zuﬂD;uH1 (3)12 + T q il (11(150) (C39)
aNo =0 de 2v+1(—le”r/ hq,i&y)/d& §o
Here, the functions bjl/(éo) are defined by the integral
i [ | LI [ gy L=n? dP/pdPia) \/
byp (o) = < dnP, (MO, (&) Py(n) = —— dn p p 1 P (n)Pe/(n) )
e J=1 co|Jor 7 Jg2 g AN n +€o
(C40)

and we have used the orthogonality properties of the associated Legendre polynomials, given by [ 11 dn P"(n) Py'(n) = ¢ e,
with ¢’ = ¢,(£ +m)!/(£ — m)!. We note that Egs. (C38) and (C39) have a very similar form to Egs. (C14) and (C15), but with
m = 0 replaced by m = 1 and b, , replaced with bll[,.

Again, it is useful to separate both the G* matrix and V* vector into two parts, G* = G*@ + §G* and V* = V*© 4 §y~,
The elements of the leading-order parts, G and V*©, are given by

dQ},, (&) r
(0) 2n'+1 0
GJZCn+l,2n’+l = 227“%’ aNo b2n+1 2n'+1

R, (=i ™*hq.i&)  dQ),., (&)
AR, . (—ie/*hq.ig)/dsy  d&o

1 . N
X |:Q2n’+] (l 50) + D;n/+1,2n’+1 Dgn’+l,2n’+l :| (C41)

and

dP/(i
VO = —ith{zﬁ o+ - bz,,+, ,(50)[13 (i€) + D}

The leading contribution to these elements is of the order of O(hq)°, and the O(hg)? and higher-order contributions come solely
from the last term of each expression. Here, we will not give the explicit form of the higher-order parts G* and §V*, but only
state that, as in the case for the z direction, their elements are of order O(hq)z, with the second leading-order contribution of
order O(hq)*.

For reasons similar to those in the case of the z direction, Ai(o) is the dominant response to the applied electric field and can
be approximated by A;” ~ V¥ /G with the result that

(3) ur/4h 1/:
(3) ((—ie"™"hq,i&)  dP|(i&) )
de [(—ieim/*hg i) /dEy  dbo

dP/(i%) To pL Le; (0) 4P| (%)
Al@ 20 0 bk [P(i&) + Z
1 ~ —i dS() 2aN0 [ df() ] (C43)

Eoh dQW&) |, To p1 0 d0L&)
0 déoo +2ax’ob [Q (i&) + X, déoo]

where

Ry (—ie™*hq,i&o)

29hq,&) = Df Dy, , : (C44)
U dRY (i€ hg i)/
The approximate perturbed electric field then becomes
v* ~ i Egh Pl (i&)P](n)cos¢ + A\ QL&) P! (1) cos . (C45)
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Because Q}(S) — —2,/1 +£2/(38%) for £ — oo, the second term in Eq. (C45) is exactly the dipole polarization response
a’*bP? /r? in the x direction. The polarization coefficients in the x and y directions are hence given by
dPl(i&) | Tobiirpiy: (0) 4P| (%)
2 & T 2an, L1 (60 + X
P, =—i- d& 2aNy [ dg, ] (C46)

3g0(1+ 6){ 14 + S5 [ Qhisy) + T 9L}

Using the depolarization factor defined in Eq. (4.4), we have

I I

1 1 0y —Oyn
P, == : . (C47)
3L,0l 4+ —Lyal,

Here, the subscript n denotes that the applied electric field is normal to the symmetry axis of the oblate spheroid. The effective
particle and modified water conductivities are given, respectively, by

1 _ F Pll(ié()) 1 _ ] 1(%‘0) (0)
% = ~OugNe 11(50)—6”311(1.50)/6150, Oy = Gw[l +— aNo ——2, (hq.%0) |- (C48)

Again, the effective particle conductivity 0,1 remains the same for all frequencies [23].

Next, we need to find an approximation for (% (hq,&) which gives a well-behaved polarization response over a wide range
of frequencies. As in the case for the z direction, we first perform the Taylor expansion of £V (hgq,&) to the (hq)® order and then
reorganize it by the Padé approximation to the (1,2) order, using the leading-order behavior as w — oo. This procedure gives us

P[0 ~ Qi (i) 1+ o) hors (C49)
! dQi(ik)/dé | + w)}ie 4 m2le’
with

2 01(i&o) Qil(iéo) dQX(i&)/d& dQ" (i&)/d&
n 1,: - 1/+ + 1+ (CSO)

75Q (i&) 301(i&%) 75(dQ|(i&)/d&)  3(dQ}(i&)/d&)
ot = 2 [Pﬁ(z:sw _ dPli(IZEO)/dSO]. s

9w?2 | Q1(i&) dQ|(i&)/d&

To obtain this expression, we have used the following expansion for the coefficients for Rfi(—i e™*hq,i&): d)' (—ie™*hg) ~
1 +i(hq)*/50, d'y(—ie"™*hg) ~ —i(hq)*/3, and d;'(—ie'™*hq) ~ i(hq)*/75. We also used the fact that Dy Df, ~ 1+
O(hg)*, with ¢ = /w/D, and the definitions of the joining factors in Egs. (B19) and (B20).

Similar to the case of P[E;,O)](l’z), the Padé approximation for %9, P[E,(lo)](l'z) provides a good approximation for the

polarization response in the frequency range @ < w, = D/h?, and it eliminates the unphysical behavior at @ > w;, which occurs
(1,2)

for the Taylor expansion. Also, P[Z?(w — 00)]" "~ — 0, which gives a smooth transition to the high-frequency region. Finally,

. . . o 1.2 o
in the spherical limit, the Padé approximation P[£®]"? = P21 reproduces the exact polarization response of a charged

sphere immersed in an electrolyte [3]. Hence, we will use the modified water conductivity with the Padé approximation, given by

1 1(%-0)

ol (@) ~ oy 1+ —= P[0 (hg,&0)]"? (C52)

aN()

for our discussion.

APPENDIX D: POLARIZATION RESPONSE OF A CHARGED OBLATE SPHEROID
WITH A NONUNIFORM SURFACE-ION DISTRIBUTION

In this Appendix, we repeat the same analysis as in Appendix C, but for a nonuniform surface cation distribution of the form
FH = Fohg / h. The derivations will be more concise because they are largely parallel to the ones in the previous Appendix. The
main difference between the calculation for our particular choice of nonuniform surface cation distribution and for the uniform
cation distribution is that there is less mixing of modes for the nonuniform charge distribution. There are two reasons that the
modes become mixed. First, the BCs depend both on the perturbed electric potential, which is a solution of the Laplace equation,
and the perturbed charge density, which is a solution of the diffusion equation, whose eigenfunctions can be expressed as infinite
sums of the eigenfunctions of the Laplace equation. This mismatch of the two general solutions will cause mode mixing for any
choice of charge distribution. Second, the form of the BC can intrinsically cause mode mixing. This does not occur for our choice
of nonuniform charge distribution, but will occur for most other charge distributions, including the uniform one.
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In this case, the BC for anions is identical to Eq. (C2) while the BC for cations, due to the nonuniform distribution, becomes

a
n. No—
hs(g)[ag &.n.¢,0) + No El/f(éﬁ(lﬁw)Lzéo

To (1 0 [hehy N he [ 0 N2
=N hm%{ N [877 - (E.0.¢,0) + o—w@w )” [3¢2n>(én¢w)+ oa(j)zwéww)} .

(D)

Once we have the general solutions in Egs. (3.1) and (3.3), the electric potential and the ion concentration are uniquely determined
by the BCs. Again, we shall focus on solving for the components A" which allow us to extract the polarization coefficients.

1. Polarization coefficient P, in the z direction

When the electric field E = EZ is applied in the z direction, the general solutions for % and nZ still take the forms in
Egs. (C4) and (C5), respectively. Because the BC for the anions is given by Eq. (C2), the o are related to the A, through Eq. (C9)
with all the K%, K%, D?, and D* matrices defined in Appendix C.

Let us now focus on the BC for cations in Eq. (D1). Using the expansions for ¥ and nZ in Egs. (C4) and (C5), replacing o

with the relation in Eq. (C9), and finally inserting the expansion of Sé[, in terms of the Legendre polynomials, we obtain

2Eoh Py(n) — 2ZP(> 0% ,
=0 s
Ty d dPy(n) RS (—ie™*hq i&)  dP.(n)
=(—Eh)————{(1 — D?
¢ °’hzv0(1+sg)dn{( ’”[5" ZOZI e L ARY) (—iein/thg i€ /dE  dn “
To RSN(—ie™*hq,ig)  dQ(i&)dP.(n)
_ A D ,DZ, 0¢
hNo(1 + £2) dn!( n)Z [[2);0:1 PO ARS) (—ieinihg ig) /g dgo dn
dP
+ Qi) ‘(”)]} (D2)

Here, we have used the fact that D? is the inverse matrix of D? with elements D;, = d?[.

As for the uniform case, we now employ the orthogonality properties of the Légendre polynomials by multiplying both sizes
of Eq. (D2) by P;(n) and integrating over the interval —1 < < 1. Again, the even and odd index sectors are decoupled and
Ay =0 for £ even. After some algebra, the matrix equation of the odd index sector reads as ), _, GZn oAz = Vo, s
where

~ d Q2,+1(i60) To .
G§n+],2n/+] = |:2C2n+1 d%_O - hN()(l +§_2) Cén+1Q2n+1(l§0) 8nn
0
~ 3 l .
_ o ol iDz b (();u+1( ie*hq,i&)  dQayi1(i&o) (D3)
hNo(14&3) | g 2ol g g0 o (—iei™hq ig)/dE  déo
and

Vi Eohi{2c$ o ! £0 iDz Dz R(()3%u+1(_i€m/4hq7i€0) (D4)
1 = Eoh2¢1800 — ———F——5vC), 08n0 + 12y ) : , )
2+ nNo(1 + £) 241 2 2n+1,.20+102 +1’1dR((f;V_H(—ie'"/4hqvi§0)/d§0

For this choice of surface-ion distribution, the matrix b, , from the uniform case is replaced with a diagonal matrix, which
reduces the mixing of the modes.

With arguments similar to those right before Eq. (C20), we can argue that the dominant response upon the application of an
electric field is in the A; component. However, unlike in the case for uniform ion distributions, we do not need to introduce the
leading- and higher-order parts [cf. Egs. (C16)—(C19)] to separate G* and V*. Instead, their scaling structure as a function of hq
in the low-frequency limit hg — 0 provides a nice way to separate the different orders of contributions to Ay.

We start by observing that the first line of Eq. (D3) contributes only to diagonal terms n = n’, and is of the order O(hq)0
while the second line of Eq. (D3) contributes to all combinations of n and n’ with leading contributions scaling as O (hg)¥n—"1
according to the structure of the elements Dy ,, (or, equivalently, the dd ) We can then conclude that the elements G2n +12n41 Ar€

of the order O(hq)*"~"!. As aresult, the elements of its inverse matrix G2n '+ 1.2n41 also scale as O(hg)?" "' = O(h*w/D)" 1.
Because Vo4 scales as O(hg)*" = O(h*w/D)" according to the structure of the elements Dj ,,, the leading order of Az,

042601-22



LOW-FREQUENCY DIELECTRIC RESPONSE OF CHARGED ... PHYSICAL REVIEW E 95, 042601 (2017)

is O(hq)*"! = O(h*w/D)". To collect all the terms that contrlbute to the leading order of A,,;, the elements in the lower

triangle (including the diagonal part) of the inverse matrix G are needed. One can then argue that the upper triangle of G
contributes to A, starting at order O(hq)*"'1**. In contrast to the case discussed in Appendix C 1, the off-diagonal terms of
the matrix G* contribute to the component A starting at O(hq)*.

With these observations, the A; component of the perturbed electric potential can be approximated as A; ~ V / G

A 1 - —IEZ[EO +2,(hq, £)] ©3)

Eoh dogiey Ty EZ[QI(’SO)JF S, (hq,50)]

where we have used a = h,/1 + 53 and c{ =2c = ;—‘. In addition, we have defined

00 RO in/4
=~ z = Ri 2,41 (—i€7"hq,i&)
X,(hg.5) = Dy, +1D§ +1,1 3 :
; STUTTARE, (i€t hg k) Jdg
The polarization coefficient in the z direction can now be extracted from the A, and is given by

[azvof/()@(éo +5,) - 1]/5(1+&)

1
zZ— 5 N = - .
3 {aniE((l]Eo) 1 = [QI(ISO) + Ededl;lfo)]}

(Do)

Using the depolarization factor in Eq. (4.3), we can case the polarization coefficient into a form similar to Eq. (C24), given by

1 ol _ gl

P w,p
- , D7
3Lpa;1+(1—Lp)o£’p ©D

n_ 5
Pl=P =
where the effective particle and the modified water conductivities in the z direction are given by

I To
nm__ 2 )| 2
o) = ou s PG+ 8. ol = aw[l = o o &)\ 1+ go}. (DS)

The superscript II indicates that those quantities are related to case (II) with the nonuniform surface-ion distribution. Again, the
effective conductivity UIIJI has no frequency dependence and agrees with the values found for high frequencies [23].

To order (hq)?, the Taylor expansion of % ,(hq,&o) is the same as for % (hq,&) in Eq. (C26). Thus, the Padé approximation
PIS,(hq,£0)]"? is equal to P[E;O)(hq,éo)]“*z) in Eq. (C27). The Padé approximated modified water conductivity reads as

Oy ™ aw{l S A UAD) 1“2/ 1 +§O} (DY)

Again, using this Padé approximation for the modified water conductivity gives a good low-frequency approximation with a
smooth transition to the high-frequency polarization response.

2. Polarization coefficient P, in x direction

Lastly, we consider the case when the electric field is perpendicular to the axis of symmetry for the nonuniform charge
distribution. When an electric field E = Ex is applied, the general solutions for ¢ and n? take the forms given in Egs. (C31)
and (C32), respectively. Because the BC for the anions is given by Eq. (C2), the ;} can be expressed in terms of the A} through
the relation in Eq. (C34) with all the matrices K*, K*, D, and D* defined in Appendix C. For the BC for the cations in Eq. (D1),
we first use the explicit form of ¥* and n? in Egs. (C31) and (C32), then replace Olé by A1 with the relation in Eq. (C34), and

finally use the expansion of S(l)( ie'™/*hq,n) in terms of the associated Legendre polynomials, in Eq. (B10a), which gives

. dPli&) ., dO}(i&)
— | 2i Egh—L—==2p] 2y A —L>2p)
[, oh e L) + ;:1 7 ()}

Ly . dP(i&) doLaig)]  RP(—ie™*hq.ig)
= D Dx iE hl—a , +A1/ ¢ :| 10 Pl
aNo\/1+&; {MZ lﬂ B [l e 45 JaRD (iemihg ity
" [ﬂ%(EO)iEOhPII(iEO)P L+ BiA; Qé(i?o)f’el(n)] } (D10)
=1
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Here, we have introduced B} (§)) = —€(¢ + 1) + 1/(1 4+ &) and used the following identity to simplify the expression:

d d
Zla=pH)=p! —
dn[( n)d g(n)} 1
By employing the orthogonality properties of the Legendre polynomials, one can show that sectors with even and odd indices
are decoupled and all the A} = 0 for £ even. Then, the matrix equation for the odd index sectorreads as Y, _, G3, w1 Al =

= —L(L+ P ().

VZnJrl with
. dQ}, . \(i&) I'o .
G2n+1 2n'+1 = 2 dg + 1321n+1 Qén+1(l€:0) 8nn’
o i
= 3) in/4 . 1 .
Ty RS, (=ie'™hq,i&)  dQ,,. (&)
+ —:32;1+1 Z D3, 1, 2v+1D2v+l 241 (31 2t T 2d+1 (D11)
aNo,/1 + EO v=0 dR, 2U+1(_lem/ hq,i&)/d&o €o
and
~ . d P/ (i&) r .
Vi =—iEoh{ |2 clzg 0 O Pli&)Bhs |8no
0 aNo,/1 + %'02
'1:' R(3) il i dP\i
bl 5 Dy Dy 2t M) o) (D12)
aNy,/1 + SO v=0 dRy 2v+1( ie'"*hq i) /d& €o

According to an argument similar to the one following Eq. (D4), an approximate expression for A} is given by A] ~ 171)‘ / (N?’l‘ )
such that

dP|(i&) i ToBl (€0) [ Pl(ig) + s dp| (zso>]

A} | dé 2aNo\/1462 (D13)
L~ -
Eoh Q&) | ToBl() s dQ (l&))

T T 1+§g[Q (i&) + 5, 4080’

where

3) Jap .
R (—ie'™*hg,i&)
Ea(hg &) = ZDI 21 D21 (3)1 2t " q = :
v=0 de,2v+1(_leln/ hqal§0)/d§0
Then, the polarization coefficient is extracted from A% and is given by

1 O’,{I ol II

PII

R K (e 38 (D14)

Here, we have used the depolarization factor in Eq. (4.4). The effective particle and modified water conductivities for the x
direction (y direction) are given by

ﬁ 1 Pl
ol = —g, 0P A1 G5 (D15)
261N0 1 +§§ dPl (lfo)/déo
and
r L
Typ = 0w 1 > Pi 2, (hq,60) |- (D16)

+ LS S
Z(JNO /1+$§

The Taylor expansion of %, (hq.&) to the (hg)® order is the same as that of £©(hq.&) in Eq. (C44). Hence, the Padé
approximation P[ %, (hq,£)]"? is given by Eq. (C49). The Padé approximated modified water conductivity then reads as

Ty Bl&)

aNoo 1+ g2

Again, Eq. (D17) gives a good approximation for the low-frequency polarization response with a smooth transition to higher
frequencies without unphysical behavior. We will hence use this form for our discussions.

Ty~ w1+ P[E0(hq.60)]" ' . (D17)
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