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We investigate ionic criticality on the basis of a specially devised spherical model that accounts both for
Coulomb and nonionic forces in binary systems. We show in detail here the consequences of the entanglement of
density and charge correlation functions Gyy and Gzz on criticality and screening. We also show on this soluble
model how, because of electroneutrality, the long-range Coulomb interactions do not change the universality
class of criticality in the model driven primarily by sufficiently attractive nonionic interactions. Near criticality,
Gyy and Gzz are fully decoupled in charge symmetric systems. However, in more realistic nonsymmetric
models, charge and density fluctuations couple in leading order so that the charge and density correlation
lengths diverge asymptotically in a similar way. Similarly, the Stillinger-Lovett sum rule, which characterizes a
conducting fluid, is violated af criticality in nonsymmetric models when the critical-point density-decay exponent
n vanishes. In addition, if quantum effects are accounted for semiclassically by incorporating algebraically
decaying interactions, Gz decays only as a power law in the whole phase space, contrary to the usually expected
exponential Debye screening. We expect these results on this soluble toy model to be general and to reveal

general mechanisms ruling ionic criticality.
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I. INTRODUCTION

What happens when long-range Coulomb interactions are
combined with long-range critical fluctuations? One knows
that the universality class of a critical point depends on the
range of the interactions: For instance, gas-liquid phase sepa-
ration belongs to the Ising class when only short-range inter-
actions drive the phenomena [1], while a distinct universality
class arises in systems with 1/r?*° interactions (with spatial
dimension d and a given o >0) [2]. However, when charge-
charge 1/r¢2 interactions are present, e.g., when one con-
siders gas-liquid phase separation in ionic fluids, no current
theoretical results establish with full conviction the universal-
ity class to be expected [3-6]. Indeed, even though systems
with integrable forces are treatable via the renormalization
group yielding critical properties that compare successfully
with experiments, charged systems characterized by the 1/k?
singularity of Coulomb interactions have proved intractable.
Might the long range of ionic coupling enforce mean-field
behavior, or does the screening effect result in effective short-
range interactions, leading again to the Ising class?

To answer these questions, experiments were performed
in the early 1990’s on electrolyte solutions which allowed
exploration of the critical behavior close to the critical point
[7,8]. At first, both mean-field and Ising-type behavior seemed
to arise! Even though the former results were later shown
to be unreliable [9], this controversy engendered the need
for a better understanding of the phenomena. More recently,
Monte Carlo simulations have unequivocally pointed toward
the Ising behavior [10]. But, one must still recognize that no
generally accepted theoretical description is available espe-
cially as regards the various charge and density correlation
functions at and close to criticality [3-6,11-15]. Yet, some
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progress has been made as regards the crossover Ginzburg
temperature [16-21]. In this situation, exactly soluble models
can prove valuable as they can reveal some basic laws. The
goal of this article is therefore to describe a model designed
to reveal general mechanisms that can rule fluid-fluid crit-
icality in charged systems [22-25]. Even though criticality
is ruled here by nonionic interactions, we argue that the
structure underlying this exactly soluble model (entanglement
between charge and density correlations, cancellation due to
electroneutrality, etc.) are general and we intend to describe
here the structure of the mechanics of this model.

At first glance, one could expect that the screening effect
present in charged fluids might effectively rein in the long
range of the Coulomb interactions: In a fluid with Coulomb
and short-range interactions, consisting of various species T
of density p, and carrying charges ¢., Brydges and Federbush
[26] proved that, in the low-density limit, the effective interac-
tions are exponentially screened with a screening length &7
that approaches the Debye-Hiickel length defined by

—-1/2
&p = <4m3 Zq%m) : )

where B =1/kpT is the inverse temperature. But, is this prop-
erty still valid near criticality? And if not, can the Coulomb
interactions change the universality class of a system? How
does the screening length behave when, near a critical point,
the density correlation length &y o, diverges?

To rephrase some of these questions, one can consider the
sum rules characterizing conducting fluids: The Stillinger-
Lovett (SL) sum rule [27] requires that the charge structure
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factor Sz in Fourier space behaves at small k as
Szz(K) =0+ &7 k° +--- withézi =&, ()

provided the fluid is conducting. Note that the vanishing at
k =0 describes the internal screening. Is this sum rule satisfied
near a critical point? Finally, one can also consider semiclassi-
cal quantum effects described as, e.g., in Lennard-Jones (6,12)
pair interactions, by dispersion forces decaying as 1/r¢+®
(with o > 0); these are of long range but are integrable. What
kind of screening can be expected away from the critical point
when dispersion and Coulomb interactions interfere? Are the
effective interactions still exponentially screened [28] as in the
Debye theory? And what happens when long-range critical
fluctuations also come into play?

In the family of the exactly solvable models, the spheri-
cal model [29], which corresponds to the n — oo limit of
an n-dimensional spin model [30], proves to be sufficiently
adaptable to encompass many physical situations [24]. It is
therefore tempting to use it to study some basic properties
of critical charged fluids even though special caution must be
exercised before applying the model to a first-order transition
[25]. A pioneering approach was made by Smith [31,32]
who studied an ionic spherical model in which, however, the
Coulomb interactions destroyed the usual gas-liquid phase
separation (leading, instead, to a freezing transition to an ionic
crystal). As explained below, this feature originated in the use
of only a single density variable, namely, the charge density,
while density fluctuations were not separately represented.

In order to address this problem, we have devised a mul-
ticomponent spherical model (see [25] which article will be
denoted I in the following) that can be solved for an arbitrary
number of species. When one considers a binary lattice fluid
with labels + and — (or 1 and 2 in the notation of I),
relatively simple expressions can be derived which show that
the behavior is driven by the two eigenvalues Ay and Az of
an interaction matrix (see I and [22]): In particular, a crucial
result we will use below is that all the structure factors can be
decomposed according to

Sxy(kid)  BY,(k;d)
ksT /4pvy — An(K;L)

By (ki 1)
Az(k;d)

3)

Here p= ZT Pz, while vy is the volume of the reference lattice
unit cell, and X and Y stand for N or Z which, in turn, label
neutral number density and charge density, respectively: see
Eqgs. I(49). The amplitudes B satisfy the relations

Byy=B7,=1—B{y=1—B}, =B(k;}) 4)

as given in I(50); furthermore, in a charge-symmetric system
(defined in terms of the nonionic interactions by Jy =J__),
one has B(k;A)=1. It is noticeable that a similar decom-
position was found in Ref. [11] thanks to a random phase
approximation of the restricted primitive model.

In this article, we use this model to study systems with
symmetric ionic coupling, i.e., g4 =—q_, but with general
short-range nonionic potentials J4, Jy_=J_4, and J__.
When the nonionic interactions are of short range, we find (see
also [22]) that, provided the Coulomb interactions are not too
strong [as measured by a dimensionless ionicity parameter,
see [5] and Eq. (20) below], a fluid-fluid phase separation

is driven by the nonionic interactions and the same critical
universality class is realized as when no charges are present.
Indeed, the slow decay of the Coulomb interactions (char-
acterized by a 1/k> divergence in Fourier space) is exactly
canceled from Ay(k) in Eq. (3) owing to electroneutrality,
and hence has no effect on the critical behavior of the density
fluctuations.

However, as regards the charge fluctuations, symmetry
turns out to be crucial. When the system is fully charge
symmetric, with J,;(r)=J__(r), one has BY,=B%, =0 in
Eq. (3), so that the charge and density correlations Gzz(r)
and Gyn(r) become completely decoupled being governed
separately by Az and Ay, respectively. This ensures that
the charge screening length &7, remains finite near and at
criticality. By the same token the SL sum rule is satisfied
even at criticality. Conversely, as soon as some asymmetry
appears (so that J; # J__), as must be the case in a realistic
description of most fluids, the charge correlations become
infected by the density fluctuations. As a consequence, the
charge screening length &z, grows on approach to criticality
and diverges at criticality. Thus, the usual picture of charge
screening being fully effective on a microscopic or nanoscopic
length scale is destroyed by this charge-density coupling.
Moreover, at the critical point, the SL sum rule is now
violated, indicating, in point of fact, that the fluid is no longer
acting as a standard conductor.

This ionic spherical model can be generalized easily to
consider also 1/r9*° nonionic interactions which may in fact
mimic quantum effects semiclassically [23]. Away from any
critical point, we find that the charge correlations Gzz(r)
decay only algebraically as 1/r*°** Hence, the 1/r¢~>
Coulomb interactions are still screened, but only by the al-
gebraic factor 1/7°7°. Once again, the classical picture of
the exponential Debye screening is destroyed, but this time
because of the coupling between Coulomb interactions and
power-law forces. In such long-range spherical models, the
critical behavior of the density fluctuations matches that found
for the short-range models: (i) The critical universality class
is not affected by the Coulomb interactions; and (ii) when
the system is charge symmetric, the charge and density fluc-
tuations are decoupled; conversely, (iii) they are coupled, so
that £« diverges, in an asymmetric system. However, (iv) in
asymmetric fluids, the validity of the SL sum rule af criticality
is now controlled by the long-range decay of the density
correlation function as 1/r¢=2%": specifically, when =0,
which corresponds to longer-ranged critical fluctuations, the
SL rule is violated, while 1 > 0 ensures its satisfaction.

In the following, we first define the binary ionic spherical
model, with due attention to important details, in Sec. II.
Coulomb interactions are computed in the lattice geometry
of concern and significant general properties are stated. In
Sec. III, we analyze the charge symmetric models with only
short-range and Coulomb interactions. To ensure normal criti-
cal behavior we impose some general conditions on the ionic-
ity. The critical singularities are then given by the vanishing of
Ay which, as explained, is independent of the 1/k* Coulomb
divergence since electroneutrality is required. The charge cor-
relations are computed and shown to remain free of the crit-
ical singularity because of their decoupling from the density
fluctuations. A particular model devised to simplify numerical
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estimates is also presented. Charge asymmetry, introduced by
supposing J;4(r) # J__(r), is introduced in Sec. IV. The
universality class of criticality is still not affected by ionic
forces since Ay (k) is still free of the 1/k> Coulomb singular-
ity; however, charge and density correlations are coupled to
both eigenmodes via the factors 1/Ay and 1/Az. The conse-
quences for the charge and charge-density structure functions,
etc., are analyzed. A particular asymmetric model convenient
for numerics is also introduced. Section V is devoted to
both symmetric and asymmetric fluids but with power-law
interactions in addition to the ionic coupling. The structure
of the charge correlations resulting from both 1/Ay and
1/ A enforces weak, i.e., algebraic screening over the whole
phase diagram. Near criticality, the coupling between charge
and density correlations depends on the nature of the decay
of the density fluctuations. Finally, in Appendix A, the SL
sum rule is generalized for long-range systems while various
correlation lengths are derived rigorously in Appendix B. The
algebraic decay of Gzz(r) in ionic-plus-power-law systems is
supported by a diagrammatic expansion in Appendix C.

II. BINARY CHARGED SPHERICAL MODELS
A. Coulomb interactions

In order to consider an ionic lattice gas, we first need to ap-
propriately define Coulomb interactions in the corresponding
geometry. Thanks to the work of Lieb and Lebowitz [33], one
knows that the thermodynamic limit of a Coulomb fluid in the
grand-canonical ensemble exists for all chemical potentials
w, for species . The fluid then satisfies bulk electroneutrality
while any excess charge, linked to the chemical potentials
[34], is repelled to the vicinity of the system boundaries. If we
wished to consider surface effects, we would need to specify
the nature of the boundary conditions, Dirichlet vs Neumann,
etc.; but, because they are not relevant for bulk properties, we
eliminate such effects by considering a uniform background
which neutralizes the system. At equilibrium, this affects the
properties of a Coulomb fluid only near its boundaries. (One
may refer to [31,35] for some insights regarding the surface
properties of an ionic spherical model.)

We consider the geometry of a d-dimensional binary lattice
gas (as described generally in I) where the two species labeled
o=+ and — lie on two sublattices which are images of a
hypercubic reference sublattice with lattice spacing a, after
translation with the vectors 6, =0 and §_=(a/2,...,a/2).
For simplicity here, we specialize to “body centered” inter-
lacing of the two sublattices based on a hypercubic reference
lattice of spacing a. We define Coulomb interactions as so-
lutions of the Laplace equation but discretized on the lattice
geometry with periodic boundary conditions and including
a neutralizing background. Explicitly, the Coulomb potential
¢€(r) is thus the solution of

, S 1
Drg(r—r1') = —Sd[ @~ ﬁ]’ (5)
with periodic boundary conditions in the Cartesian directions
of the sublattices (before the thermodynamic limit L — o0 is
taken). The term —1/L? describes the uniform neutralizing
background, while §, , is the discrete Kroenecker symbol and
Sq=2m%?/T(d/2) (with S3=4) is the surface of a sphere

of radius unity. The factor (a/2) is introduced to preserve
dimensions but also ensures that the limit a — O leads to
the standard continuum Coulomb potential. Finally, (a/2)*D;
is the appropriate lattice Laplacian defined as follows: We
need the electrostatic potential to “live” on both the inter-
laced sublattices; thus, for simplicity, we define (pc(r) at all
lattice sites R=(R,) with Ry/a=1,15,2,...,L/a+ L (a=
1,...,d), i.e., on a lattice of spacing %a that hence includes
the two + and — sublattices. Hence, the operator D is defined

by
1
(a/2)2 Z[ ( + aea>—2F(r)+F<r—§aea)i|,
(6)

where e, is the unit vector in the direction « of the reference
sublattice. The solution of (5) with appropriate boundary
conditions is

1

ik'-(r—r’)
K2k’

Sda2 *

/ —

r)= 414 Z
K= /L)p’

where p/, =0, £1, £2, ..., [2L/a], and the summation Z*
is performed over nonzero vectors, and

Kz(k/)—zz[ —cos( K, )} (8)

[Note that the spacing %a used in the discrete Laplacian
means that the summation in Eq. (7) runs over vectors which
belong to a Brillouin zone larger by a factor 2¢ than that
associated with the reference sublattice, namely, B; see 1.)
The Fourier transforms of the Coulomb potential over the
reference sublattice, as defined in I, are, with T =+, —, then

1
_ ¥
5 Kk) = dad—2 Zl K2%(k — 27b/a)’ )
(—1)2aba
;
(k) = 1a d 2 Z] K2(k — 27b/a)’

oC(r — (7)

(10)

where the sum ZT includes nonzero b if and only if k=0.
Naturally, the small-k expansions of the Coulomb potential,
which reveal its crucial long range, display the usual 1/k?
divergence; specifically, for k0, we find

1 2
P50k = {kz +a [2 (k) + Sf — +0(k2a2)“,
Y
where vy=S,/a’. Depending only on the unit vector k=

k/|Kk|, the anisotropy factor satisfies

d
. 1 1
<Ek=—§k4k4<—. 12
0 4(k) T o/ a3 (12)

In spite of the 1/k* divergence of @< at small k, the
neutralizing background ensures that the values of @< pre-
cisely at k=0 are finite; their values for d =3 are @5, (0)=
297 /24a and <pC (0)=—11m/24a. These values, together
with (9) and (10), are independent of the lattice size L¢ and
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remain valid in the thermodynamic limit. The finiteness of
’(p\TCU(O) ensures that, in the correspondence between lattice
gas and Ising spins developed in I, the sums in I(7) and I(8)
remain finite in the thermodynamic limit even when long-
range Coulomb interactions are present. Hence, the thermo-
dynamic limit of the system remains well defined whatever
the total charge of the fluid: i.e., there is no need to impose
electroneutrality. However, the fluid-plus-background system
is always electroneutral by our construction. Nevertheless,
we will require electroneutrality in the following. (Without
the neutralizing background, an ambiguity in the chemical
potential differences would arise at this stage, related to the
bulk electroneutrality condition [34].)

Finally, at order k2, the difference between the two Fourier
transforms when d =3 reduces to

al@f_(0) = 950) - [9F_ (0 - 9]}
= —gemk’a® + O(k*a*). (13)
Notice that €_(k)>0 when [Kk,| <7 /a whereas ?ﬁf_ (k)=

0 when one coordinate satisfies |k,|=m/a. Note also that
¢ (R) as defined via (7) is a decreasing function of |Ry|.

B. Total interactions
We consider a system where both nonionic and Coulomb
interactions are present so that
Jow =10 +JE, (v =+, -), (14)
where JS, describes the Coulomb interaction JE, (R?, RY)=
—q:qup° (RT — R7)/4, while the nonionic interactions
JORT — R7) are supposed to be integrable, either short or

long range decaying as 1/r4t° with ¢ >0, so that J.%(k=
0) is well defined. We suppose the interaction JR_(R) is
sufficiently attractive so that

Jo=tksTy = 17.°.(0) > 0, 15)

where j::l (0) is the only maximum of |JA+07 (k)| over the
Brillouin zone. Moreover, we also impose a global condition
of attraction
27.°.(0) +T.2.(0) + T (0)
> 2170 ()| + 7.2 (k) + 70 (k), (16)

for all k#0. A sufficient condition for the validity of this
inequality is that the mean interaction is globally positive in
the sense that

AJ°(K) >0 inB, (17)
where, following I, for any function g(k) we write
Ag(k) = 3[8(0) — gk, (18)

while we also adopt the notation of I for averages and differ-
ences, namely,

g =1(gs—g-) (19)

for any g, . The condition (17) is fulfilled, e.g., when both Jj)_ +
and J°  are attractive interactions. We consider in this article
only charge-symmetric systems where the species bear the
charges g+ = —q_ = q with g the elementary charge. However,

g=3(g+ +g)

we will allow asymmetry in the sense that J© oc (J,, —J__)
need not vanish. The relative importance of the Coulomb
forces vs the nonionic interactions is conveniently measured
by the ionicity [5]

¢ 1
T ogd2 kT ’
where, via (15), Ty is defined in terms of the short-range
(4, —) attractions.

As observed above, the presence of neutralizing back-
grounds means that the Coulomb interactions alone will not
enforce bulk electroneutrality whatever the chemical poten-
tials may be. On the other hand, one knows [33] that a grand-
canonical Coulomb fluid will realize bulk electroneutrality in
the absence of any background potentials. In order to repro-
duce this situation, we impose electroneutrality “by hand,”
which means that we consider only systems where the ionic
densities

Iy (20)

po = 5(1+my)/a’ (0 =+, -) 1)
satisfy
pr=p_ or m = %(mJr —m_)=0. 22)

Consequently, in contrast to general nonionic spherical model
fluids, our ionic lattice model is defined by the set of only two
variables, e.g., (T, m) where the overall ion density is set by

p=ps+p-=(1+m)/a. (23)

This greatly simplifies the further analysis.

III. SYMMETRIC IONIC FLUIDS

A. General properties

In this section, we consider symmetric ionic fluids with
Coulomb and nonionic interactions which are of short range
as is conveniently stated via the analyticity of their Fourier
transforms at small £ and is usefully embodied in the expan-
sions

T20k) = 1.90)[1 — K°R2, + O(k™)], (24)

where R;,, is the range of J? (). Moreover, we assume “per-
fect charge symmetry” in the sense J9, =J°_ so that J,; =
J__; this common simplification (as in the restricted primitive
model [3-6]) has dramatic and special consequences for the
physical properties of the model as explained below; one must
be aware of these features when trying to comprehend more
realistic models of ionic fluids.

As explained in I, a general binary spherical model requires
two spherical fields, here A and A_, one for each sublattice.
However, the electroneutrality condition (22), requiring m' =
0, ensures as in I that AT= %()ur — A_) must also vanish so
that only the mean spherical field X:%(LL + A—) plays a
role. It is convenient then to define the net spherical field by

A=h—jy with ji=17,(0), (25)

where j; differs only slightly from the short-range parameter
defined in Eq. (15). Specifically, for d =3 we have

Jjo = Jjo(1 — st Ty). (26)
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To present the spherical condition, which then determines
A as a function of T and the overall ionic density poc(l +
m), we require the eigenvalues of the basic interaction matrix.
These, as seen in I, are given by

As(k;A) = &+ AJ(k) £ D(k; A), 27)

where

DA = I+ AT GOR + 4T (0P (@28)

In terms of them we may define the basic integral
1
Ja(h) = 7 /[A;' (k; ) + AZ (ks )], (29)
k

where for brevity we have written [, = [, _, a’d‘k/(27)? the
integral running over the reference lattice Brillouin zone 5.
This form follows directly from I(42) and I(52) (but is simpler
than the integrals G and L, that we had to consider in detail
in [ in order to handle the general case with p; # p_).

In this symmetric system and thanks to the electroneutral-
ity condition (22), the most convenient variables are defined
with the usual average and difference values [see (19)], and
one can check that the spherical condition (50b) of I enforces
the equivalence

m=0s 1" =0, (30)

as A and A _ are non-negative. Hence, the system is uniquely
characterized by only one Lagrange multiplier A, implicitly
defined by the spherical condition
2
1 =kgT T4(A) + ek 31

The field 4, related to the species chemical potential and
defined in I(7), is merely given here by
h = 2, (32)

as the conditions (22) and (30), together with Egs. (54) of I
ensure that 4" = 0 in this symmetric system. The spherical
condition (31) involves the functions

1
Ja=(Ts+T)Q) with  J:() = 1 / 1/A+(k; 1),
k
(33)

which depend here on only one variable A (as AT =0). When
(30) is met, the interaction matrix eigenvalues (see I ) are
given merely by

Ar(kiX) =X+ AJ(K) £ 1T, (k). (34)
For small (but nonzero) vectors k, Ay~ A _ behaves as
An(K;A) = A+ joRy K> + O(kY), (35)
where we define the new characteristic length
Ry = R} — 2:84a° Ty, (36)

with the nonionic global range
. 1 ~ 1 ~
JoRG = 3 ;Rz, TR0 + SR TL@),  (7)

which is positive thanks to (16). The crucial point of the
expansion (35) is that even if Ay a priori involves Coulomb

interactions with their l/k2 divergence [see (34)], its behav-
ior at small k is free of this singularity, due to the exact
cancellation of the divergence of 2AJ(K) ~ —vgq*/k* and
of J._(k) ~ vyq°/k?; in fact, this cancellation can be seen
as a consequence of electroneutrality and will ensure that
Coulomb interactions do not change the universality class of
the model as seen in the following. On the other hand, the
behavior of Az=A near the origin is drastically different,
as the divergences of AJ(k) and J,_ sum up and lead to

. Saq® 1 20 Ly 12 4
Az(k;A) = Wk—z[l—i-RZ(x,k)k +0("H], (38
where
. 2a> A+ 2j) .
RZ(h k)= — =20 4 @234 (Kk). (39)
“ SaZo o *

B. Criticality

The free energy per site is given by Eq. (26) of I, and
involves In[A_ A (k;A)] in a binary system, so that its sin-
gularities, which signal criticality, happen when A_(k;X)
vanishes (recall that A_ < Ay). In fact, we can show that
these singularities occur (a) when A=0 and (b) for k —
0, provided the conditions (15) and (16) are met, and for
bounded ionicities. To establish this result, we first need to
ensure the positiveness of jj, which can be done by imposing

Iy <Zi(d) where Z;(3)=96/11mw ~2.78 (40)

[see (26)]. The second condition ensures that the small-k
expansion (35) of A_(k; 1) is convex, which, thanks to (36),
is fulfilled when

144 R%

Li(3) = ——- (41)

Ty < Z;i(d) where >
T oa

When this condition is met, the limit k — 0 is the strict
minimum of A_ in the zone where (35) is valid, i.e., typically
for vectors k such as |k,| < k_ with some given k_. The
last condition ensures that no other minimum of A_(Kk;})
can compete with k— 0 in the rest of the Brillouin zone.
Let us define B’ the close subdomain of the Brillouin zone
made of vectors with at least one component such as |k, | >
k_. We compare A_(k;A) to its value when ¢g=0 (which
case is referred to with superscripts 0). The minimum of the
continuous function A (k; 1) is reached on the close domain
B’ and is so strictly positive thanks to (16),

8A% = min {A(k; ) = G — jo)} > 0, (42)
B
with some given constant SAY, independent of g. Moreover,

as < is continuous and bounded on the close interval B, one
can check that j;CU k)=0(y), jo=Jjo + 0(Zy), and

A_(k;2) = A% (k1) + O(Zy). (43)
Hence, in B/,
A_(k;d) — A > 8A° + 0(Zy), (44)

so that for ionicities not too strong, let us say Zy < Z;,
A_(K;1) — A >0 in the domain B’. As a conclusion, as soon
as Ty < Imax =1nf(Z;, Z;;, L;;i), the minimum of A_(Kk; ) is
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A and is reached only when k — 0 so that A =0 signals the
singularities of the model.

In fact, these conclusions mean that criticality is mainly
governed by the nonionic attractive interactions. Indeed, first
note that the conditions (a) and (b) are similar to the ones de-
scribing criticality in purely short-range spherical models (see
I). Moreover, the critical condition A = Jo=1Jo + O(Zy) shows
that Coulomb interactions enter only via a perturbation in the
critical localization. In fact, the origin of this mechanism lies
in the properties of Ay: As the 1/k*> Coulomb divergence
is exactly canceled in Ay, and as criticality is governed by
the vanishing of this eigenvalue, the long range of Coulomb
interactions is ruled out of the critical behavior. This result
is very different from the conclusions of the ionic spherical
model recently proposed by Smith [32]. The main difference
is that in the latter analysis, only one variable, the charge
density, is considered at each lattice site: The interactions
between every site are both short range and ionic, but the
latter destroy the gas-liquid phase separation as the 1/k?
divergence dominates the calculation and breaks the usual
spherical model singularities. On the other hand, thanks to
the consideration of a binary fluid, we can consider in the
present analysis two local densities (both local charge and
total density), described by a two-dimensional interaction ma-
trix with one of its eigenvalues Ay, which does not contain the
long-range Coulomb behavior, and which describes mainly
the density fluctuations as explained in the following. (Note
that, similarly to [32], the other eigenvalue Ay is dominated
by the 1/k? divergence and would not drive criticality alone.)

When Ty <Zna, the function J;(A) = Jy(A, AT=0) is
well defined for A > 0, and decreasing with A. The spherical
condition (31) may then be rewritten in the compact form

1 = kgT Ty(L) +m*  where m?> = h*/4)>. (45)

When & # 0, the right-hand side of (45) is a continuous,
decreasing function of A, diverging at A=0 and going to zero
when A — oo; hence, for every T > 0, there exists one (and
only one) non-negative solution of (45) and the system is free
of singularity. On the other hand, when h=0, the situation
depends on dimensionality. Indeed, concerning the behavior
of J_,as d’k/A_(k; L) behaves as kY~ 1dk/ (% + joR}k*), we
find the following: (i) when d <2, J;(A) diverges when A goes
to zero, Eq. (45) can always be satisfied by some non-negative
A and no critical point occurs; (ii) in the case which matters to
us, i.e., for d > 2, J;(A=0) is finite and, as J; (1) < J,4(0),
the spherical condition (45) can be fulfilled only when T > T,
where

kgT. = 1/Ja(0). (46)

When T =T, the solution of (45) is A=0, while for T < T,
A sticks to zero but (45) l_1as to be modified. Hence, the critical

point is defined as (7;, h=0) or, equivalently as (T, m=0),
while in the fluid language, the critical densities are merely

alpr.=1/2 and a’p. = 1. 47

Note that the critical temperature defined in Eq. (46) is
given mainly by the contribution of the nonionic interactions,
as

T. = T'[1 4+ O(Zy)], (48)

where TC0 =1/kgJ ‘? (0) is the critical temperature when g =0.
In the general case, joJ2(0) is of order unity, and one can
give some specific values in some particular cases: following
Joyce’s notation [36], we consider nonionic interactions such
as

ATO(k) + AT (k) = jo[1 — A, (k)], (49)

where the characteristic functions X;(k), of the simple-cubic
(sc), body-centered-cubic (bcc), or face-centered-cubic (fcc)
lattices with nearest-neighbor interactions are

Ay (k)

% Z cos(kya) (sc) (50)

[ Jcostkaa) (bec) (51)

% Z cos(kya)cos(ky1a) (fcc), (52)

with the convention k;;;=Xk;. In these case, one gets the
estimates [36]

JoT-(0) = 3K, + O(Ly), (53)
where K (sc)~1.52, K.(bcc)~1.39, and K (fcc)~1.34.

C. Critical vicinity

The vicinity of the critical point is characterized by two
small parameters (¢, #) [or (¢, m)] with the reduced tempera-
ture

t=(T -T)/T.. (54)

In this vicinity, A is also a small parameter and one can get
the physical properties of the system as perturbations in terms
of this Lagrange multiplier. Indeed, when A > 0, because the
eigenvalue A, (k;L) is strictly positive and 1/A(k; L), as
well as its derivative with respect to A are integrable functions
of k, J; can be expanded according to a Taylor expansion

J+() = TJ1(0) + O). (55
Concerning J_, the behavior of dk/A_ near the origin as
k4=1dk/(A + joR%k?*) leads to the usual spherical model ex-
pansion (see [36])
T-(0) = T = pr""” + 0], (56)
where y is the critical exponent

y =max{2/(d —2);1} when d > 2, 57)

while the positive constant j is given by the universal relation
[37]

R !
(58)

~ . Ry -
P ‘7‘(0)[") @ = 247dP-1T(d)2) sin(n /y)’

where I' is the gamma function. As a whole, J; () is charac-
terized by the expansion

Ja(k) = Ja(O)[1 — pA" + o), (59)

with some given positive constant p, which leads to the
usual spherical model universality class as explained in the
following.
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The equation of state of the system is implicitly defined
by the spherical condition (45) together with the link (32).
Moreover, explicit expressions can be obtained when treating
perturbatively these equations in the vicinity of a critical
point which is defined by the two small parameters ¢ and .
Considering the difference between (45) and its expression at
criticality, together with the expansion (59), we find, at leading
orderin A,

A= LA +my {1400t +m*) ']}, (60)
where we define the slow varying function
A=2p77(14+1)7. (61)

Combined with (32), this expansion leads to the equation of
state

h=Amt+m*) {1+ 0[( +m>) "], (62)

which is the same as in short-range spherical models [36]!
Hence, the same universality class compared to nonionic
models is realized: the long range of Coulomb interactions do
not break the usual critical fluctuations. This conclusion was
also derived for a symmetric system in Stell’s work [4] and is
robust to asymmetry as seen in the following.

Naturally, the physical behavior contained in Eq. (62) is
similar to that found in nonionic models: For instance, the
divergence near criticality of the susceptibility (or, in fluid
language, compressibility) is

am - 1
—| (T,h=0)~ — when t— 0T, (63)
oh | ty
where y, defined in Eq. (57), is the usual spherical model
critical exponent [36]. Similarly, for 7 below T; and for small
k, the system exhibits the discontinuity
}_llir{)li mh, T) =my = +1'/2, (64)
so that we retrieve the critical exponent ﬁ:%. Finally, we
note that, contrarily to what happens in binary short-range
spherical models I, no demagnetization effect is at stake in
the present ionic spherical model [compare (62) to (84) of
I]. This is due to the consideration here of systems with
the partial symmetry m' =0, as enforced by electroneutrality,
which happily destroys this unrealistic effect for a fluid model.

D. Density correlations

We now turn to the calculation of the species and density
correlation functions, while the analysis of charge correlations
is done in the next section. In the present symmetric model,
the correlations given in Eq. (3) reduce to

L kT 1 (—1)
Geullsd) = 16a2d|:AN(k;k) Az(k;x)]’ (652)
Grx(k;h) = 20 (65b)

16a24 Ay (K;A)’

where ¥, =0 if t =v and 1 otherwise. Similarly to the binary
spherical model (see I), these correlations are linear combi-
nations of the two eigenmodes 1/Ay and 1/Az. However,
in this special symmetric case (where AJ'=m"=0), Gyy
and Gzz involve, respectively, only 1/Ay and 1/Az. This

accidental decoupling is full of consequences as seen in the
next section concerning charge correlations and as opposed to
realistic asymmetric systems. As seen in Eq. (38), the term
1/ Az describes a short-range function with the typical length
scale Rz and with a vanishing integral over the whole system.
On the other hand, the term 1/Ay ~ 1/(A + joRJZVkZ) [see
(35)], which exhibits a singularity when k£ and A vanish, is
responsible for the critical behavior: Indeed, at the critical
point, characterized by A =0,

Guww(k; T, p.) ~ kiz’ (66)
which means in the r space, Gyy(r). ~ 1/rY~2 when |r| —
oo [the same property holds for G,, which also involve
1/An, see (65a)]. Hence, the species and density correlations
exhibit the usual long-range critical fluctuations characterized
by a critical exponent =0 as in short-range spherical models
[36]. Away from criticality, for A #0, we also find that the
density structure factor can be written at small k as

Swk; T, p) _ 1
Sww(0;T, p) 14 k*3(T, p) + O(k*)’

with the total fluctuations Syx(0; T, p) = kgT /4ad pA and the
density correlation length

En(T, p) = Ry jo/MT, p). (68)

On approach of the critical point, as 7 — 7.* on the axis h=0
(i.e., when p= p.), these quantities diverge as

(67)

1 1
SNN(O; Ts pc) ~ t_V and éN(T’ pL) ~ t_‘)’ (69)

with v=1y/2, which are indeed the expected behavior.

In order to characterize the spatial dependence of corre-
lations, one can also study various characteristic lengths. A
choice, relevant for the comparison with simulations, is to
consider the moments of the small-k expansion of Sy,

Swk; T, p)

1 _ &2 2 = _1\Pg2p 2p
ST gy = | ST 0K+ D (CIEST .

p=2
(70)

(We notice that the different coefficient 51\2/,'7 does not need
to be positive.) In the present model, we find that the first
moment is merely &y (T, p)=£&y (T, p) while the higher mo-
ments are given in the limit (7, p) — (¢, p.) by

Enp(T, p) > pli)n;o%-N,p(Tv p) ~ &n(T, p). (1)

One can also consider &y, the true decay length of the
density correlation, given in the complex k plane by the
singularity nearest to the real axis: We also find &y o ~ &y near
criticality [see Appendix (B)].

E. Charge correlations

When one examines ionic fluids, electrostatic properties
are revealed in part by the charge correlations which, in
the present symmetric model, are solely determined by the
eigenvalue Az as explicit in Eq. (65b). The latter being free
of the singularities of Ay, charge correlations display smooth
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behavior and, especially, remain short range even near and at
criticality. Indeed, the small-k behavior of the charge structure
factor can be written as

kgT K2

S7zz(K; T, p) = =~ )
77( o) Siq%p 1 —|—k2R%(T, 0. k) + O(k*)

(72)

where O(k*) contains only even powers of k*. Consequently,
one can check that the system satisfies the electroneutrality
sum rule [38] characteristic of internal screening,

Szz(k=0:T, p) =0, (73)

over the entire phase space. Moreover, the structure of (72)
implies that Sz (r) is a short-range function over the screen-
ing length R given in Eq. (39). In fact, Rz is always of order
of the Debye length (1), and accordingly stays finite near
and at the critical point. Indeed, neglecting the anisotropic
contribution X4 (k) /a? thanks to (12), one has, near criticality,

R . .
=5 (It, pe; K) = 80 Ja(0), (74)
D

which leads to Rz.=0(p.) as joJs(0) is of order unity
[see Sec. (III B)]. Note also that, in the low-density limit, the
spherical constraint (45) implies J; &~ 1/2A, so that

kgT
A 2
4pa?

Consequently, the charge characteristic length Rz approaches
exactly the Debye length at low coupling,

Rz(T, p, k) ~ &x(T, p), (76)

which is in accord with Brydges and Federbush’s result of
[26]. (This result also implies that in the low-density limit,
the charge structure factor reduces to

k2
&yt + k2

which coincides with the Debye-Hiickel result.) As a con-
sequence, the true decay length of the charge correlations,
which characterizes the large-r behavior of Sz (r) and which
is given by

£200(T, p, k) = R(T, p, K)[1 + O(Z3)] (78)

[see Appendix (B)], remains of the order of the screening
length &p, and therefore stays finite in the critical region. We
note that the anisotropy present here via X4(k) in Rz is an
artifact of the anisotropy introduced by the Fourier transforms
of the Coulomb potential [see (11)].

We can also analyze Sz via its small-k behavior

when pa? — 0. (75)

DH __

77 = a7

o
Szz(&; T, p) = Y (=1Y"'&(T, p, k)K", (79)
p=1

We first find
ng(Tv p) = sD(Tv p): (80)

which shows that the system always satisfies the Stillinger-
Lovett second moment sum rule (2), even near and at crit-
icality (a specialization of this sum rule for the present ge-
ometry and definitions of the Fourier transforms is presented

FIG. 1. Two interwoven lattices + and — modeling a binary
Coulomb fluid.

in Appendix A). In fact, this sum rule characterizes the
screening by a charged fluid of any external charge and is
the condition for a system to be conducting [38]. However,
as seen in the following, its satisfaction at criticality is not
automatic and is a consequence here of the special symmetry
and universality class of the model. The higher moments of
the charge structure factor are given by

&2(T, p. k) = &,°R)*(T, p, k), (81a)
&0 (T, p, k) = E3R,Y (T, p, K)[1 + O(Zy)] (81b)

(see Appendix B) so that lim,_, &7, is merely Rz(T, p, ﬁ)
[1+ O0@y)].

F. Simplest model for numerics

In this section, we define a model with precise nonionic in-
teractions in order to get quantitative estimates of the different
characteristic lengths and conditions of validity. We consider
the basic ionic spherical model (BISM), a particular case of the
previous model in dimension 3. The nonionic interactions are
taken as the nearest-neighbor interactions

22 2
=0 otherwise, (83)

JI_R)=J>0 if R:(iiiii‘—? (82)

so that
];O_(k) = 8Jl_[ cos(kqa/2), (84)

while J9_ and J°_ are set equal to zero (the system is indeed
symmetric). If the two species were equal, this model would
mimic a one component fluid on a bcc lattice, with step
ap=a~/3/2 (see Fig. 1). In the nonionic case where g=0,
the critical temperature corresponds to the one component
nearest-neighbor bce spherical model, i.e.,

kgT" = 8J/K.(bcc), (85)

where K .(bcc) was introduced in Eq. (53). The nonionic
interactions are characterized by

jo=4J and R} = id’. (86)
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When Coulomb interactions are present (g #0), the condi-
tions of validity can be made explicit. First, the positiveness
of jj requires the condition Zy < Z; [see (40)]. Second, the
amplitude of the k> term in the small-k expansion of Ay [see
(35)] is merely

joR2 = %aZJ[l — Tv/Ziil, (87)

with Z;; = 18/m ~ 5.72, so that Zy < Z;; is required to ensure
the convexity of A_(Kk) near the origin. Finally, we check
numerically that k=0 is the absolute minimum of A_(k;A)
over the entire Brillouin zone as long as

Ty < 12/ ~3.8. (88)

In fact, this condition is a necessary condition as can be
shown analytically considering the corner of the Brillouin
zone k= (m/a, m/a, w/a). As a whole, as soon as Zy < Z;,
the hypothesis made in Sec. III B is satisfied and the resulting
properties apply.

We can then give some estimates of the characteristic
lengths of density and charge correlations. As regards density
correlations, the true decay length &y involves the parameter
p introduced in Eq. (56). Its value can be given in the low-
ionicity limit, noting that, when ¢ =0,

0y~ Lp(H
TN = 2AP< . >, (89)

where P is the Green function associated with the bcc lattice
with nearest-neighbor interaction, which expansion is given in
(3.19) of [36]. The latter expansion leads to

V2
nKC(bcc)ﬁ

Hence, the density correlation length diverges near criticality
as

p= [1+ O(Zo)]. (90)

1
En ~ ml‘"[ + 0(Zo)l, oD

where 1/mK.(bcc) >~ 0.229. Normalized by the step
of the bcc lattice ag, this divergence is &y/(ap/t') =
Z/ﬂan(bcc) ~ (0.264 which is close to its value in the
Ising model [39].
Finally, concerning charge correlations, the characteristic
length Rz behaves near criticality as
2

Ry~ ﬂ“—%a ~Ty/T)). (92)

Its ratio to the Debye length approaches near the critical point
R, _ [3210 —Io/Ii):|1/2
&p kpT. 7

which is well of order unity and equals 2./K.(bcc)>~2.4 in
the low-ionicity limit. Similarly, in the low-density limit, this
ratio is well of order unity and tends again toward 2/K.(bcc).

93)

IV. ASYMMETRIC CLASSICAL SYSTEMS
A. General properties

In the previous section, the symmetry of the system had
crucial consequences concerning, e.g., the finiteness of the

charge correlation lengths or the validity of the SL sum
rule. However, even if convenient for theory, symmetry is
a charming lure which has to be treated with care in any
realistic description of Coulomb fluids. Hence, we deal in
this section with asymmetric systems. As the present model
is built so as to satisfy charge symmetry (¢ =—q_ =q), we
consider the asymmetry which originates from the short-range
interactions, describing, e.g., hard-core mismatch or different
nonionic attractions. Hence, we deal with the model defined in
Sec. I where we suppose J9 , #J°_. Even if electroneutrality
still requires m"=0, A" does not vanish in the general case
and satisfies the spherical condition (50b) of I, which reduces
here to

AJT(K) /f o4
A Ar(k;h) A A+(k A

In addition to this equation, any state of the system is defined
by the spherical condition (45) and the link between external
and internal fields

h = 2

A==

and A’ =2mr’. (95)

In fact, the eigenvalues A display similar behavior at small
k compared to the symmetric case. Indeed, we find for small
(but nonzero) vectors

An(K;A) = 1+ joRy (MK + OK?), (96)
where the length Ry now depends on A via
1 242 17
RY(A) = R — —S40°Ty — — —5, 97
N( ) 576 da 0 SdIO ]g ( )

with R(z) defined in Eq. (37). (We note that the notation R]2V does
not presuppose the a priori positiveness of this coefficient.)
Similarly, Az(k;A) has the same expression (38) at order 1/ k2
and 1 as in the symmetric case.

B. Singularities

To quantify the asymmetry introduced by the difference
J9, —J°_#0, we define the asymmetry parameter §;,

max AJT(k
5, = M AT ) o8)
Jo
which also measures the asymmetric Lagrange multiplier A'.
Indeed, as A_ A, (k; 1) is always positive, the constraint (94)
leads to the bond

AT < jod. (99)

We can then show that for ionicities Zy and asymmetries §;
not too large, the singularities of the system occur similarly
to in the symmetric systems. In fact, they occur when A_
vanishes as it signals a singular behavior of J; (1) involved in
the spherical constraint (45). However, in the thermodynamic
limit where J; is given by an integration over K, an isolated
annulation of A_(k;A) does not enforce a thermodynamic
singularity; hence, in this asymmetric case where A_(k;1)
might be discontinuous at k=0, we do not consider the
contribution from the isolated point k=0.

Thanks to these considerations, one can check that the
singularity of the model happens when k — 0 and A=0. To
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prove this result, we impose three conditions similar to those
in symmetric systems. First, we suppose that the total interac-
tions are globally attractive so that jj > 0, which requires the
condition (40). Second, we enforce the small-k expansion (96)
to be convex, i.e., R,zV > 0, which is fulfilled in the interior of
an ellipsoid, which in d =3 reduces to

= (100)
This condition concerns the interval of validity of (96) made
of vectors of the Brillouin zone such as |k, | < k_ for all «.
Finally, in the close complementary part B’ of the Brillouin
zone (made of vectors with one |k,| > k_), A_(k;L) — A can
be proved to be strictly positive by comparing its value to
the associated symmetric system (referred to with superscripts
SYM) defined as having the same J, _ and AJ interactions but
with AJT=0. Indeed, we suppose the associated symmetric
system to fulfill the conditions of Sec. III B, which requires
Ty < Tmax and implies that the minimum of ASYM(k; 1) — A
is zero and is reached only when k vanishes. Accordingly, the
minimum

1 R 1., R
[ﬁﬂzo—g} +—5J<a—4.

SAS™ = min{AS™M(k; 1) — A}, (101)
keB’

which is attained for some k in B’ [because of the continuity of

ASYM(K; )] is strictly positive and independent of asymmetry

by construction. Then, performing the decomposition

A )= =AM 1) = A= [Dk; M) — 31T, ()],
(102)

and noticing that thanks to the bound /x% + y2 < |x| + |y],
the second brackets of (102) are smaller than 2 jy6;, we find
that for asymmetries not too large, §; < 67, with, e.g.,

s = §ASM)2 ji, (103)

A_(Kk; L) — X is larger than some strictly positive value. As a
conclusion, for Zy < Znax, (Zo, 8;) in the ellipsoid (100) and
8y < 87*, the minimum of A_(k; 1) is A and is reached only
when k — 0.

As regards the behavior of A" near criticality, we first note
that, as the integrand of fk 1/A_A+(k; L) in Eq. (94) behaves
as d?k k?/[1 4+ O(k?)], this integral is well defined when A
vanishes, as well as its derivatives with respect to A and A,
[The same argument is true for fk AJT(K)/A_AL(k;L).] Let
us note A[ the critical value of A" and J} (%, 1) the right-hand
side of (94). The derivatives of 32 with respect to A and A are
continuous for every A > 0 and AT, and, for 8, not too large,
ant — 32)/8)\*“ # 0 when A=0 and )ﬁ:ki. Thanks to the
implicit functions theorem, one concludes that when §; is not
too large, AT solution of (94) is a C! function of A,

A =2l o). (104)

Moreover, we are interested in truly asymmetric system where
Al #0. This condition is achieved in many examples: for
instance, it is met in systems where symmetric nonionic inter-
actions are supplemented with nearest-neighbor interactions
with different amplitudes. The condition that AJ'(k) has
a constant sign over the Brillouin zone is also a sufficient
condition for A not to vanish. Finally, one can expect that the

vanishing of the integral [, AJ T(k)/A_A,(k; ) at criticality
is only accidental for some very particular interactions, with
no robustness with respect to the addition of small asymmetric
perturbations. If the interactions are such as A =0, the system
would recover some special accidental symmetry at the criti-
cal point.

Finally, the singularities of the system appear to be linked
to the function J;(A) defined in Eq. (33) and involved in the
spherical constraint (45). First, let us define the shorthand
notation J;(A)=Jy[*, AT(1)]. Because the small-k behavior
of Ai(k;L) is similar to its counterparts in the symmetric
case, Jy(A) displays a small-A expansion similar to (59).
Moreover, J;(1) is continuous for A > 0, finite at A=0, and
its monotonicity requires an extra bound on §,. Indeed, let us
call A,, the domain of validity of (59) in the asymmetric case,
meaning that the latter equation is valid in the interval 0 <
A < Ay where J;(A) is decreasing. For A > A,,, we consider
A, the minimum of A_(k;A) forallk,i.e., Ar(k;X) > A, >
0. As there is no singularity in the link between A" and A, as
d)"/d is bounded for A > A,, >0, and as

djd()»)_l/{_ 1 B 1
dr 4 )y Ark;A)? A_(k;A)?

N A[A + ATE)NAT + ATT(K)1dAT/d A
[A-A, (k)2 ’

(105)
one can show that for low enough asymmetry, i.e., for

A

3y < = ,
8o maxkgkm{ldk’f/dkl}

(106)

the function J;(A) is also decreasing for A > A,,.

C. Phase diagram

We are now in a position to show that criticality in this
asymmetric ionic model is mainly driven by the nonionic
interactions in the usual universality class of spherical models.
Thanks to the spherical condition (45) and to the monotonicity
of J4(1), one realizes that, when d. <d <d. with d.=
%d> =2, (i) forh#0and T > 0, the model is free of singular-
ity; (ii) for h=0, the system is singular for 7' < 7, where the
critical temperature is given by (46) while h! =, =0, so that
(47) still applies. [Note that for T < T, X sticks to 0 but (45)
has to be modified.] At this point, it is worth analyzing the
influence of asymmetry on the critical temperature. To do so,
we compare an asymmetric system with its associated sym-
metric system defined above. We first notice that 7, < 7.5™™.
More precisely, in the case where AJ'(k;8;)=8;AJ'(k), we
find that 7, is a decreasing function of §,;, with the small-§;
behavior

T, = T2™[1 — 87 + o(87)], (107)

defined with some positive constant s. We note that the
decreasing trend of 7, with asymmetry is in accord with recent
simulations of hard-core continuum electrolyte models [40],
but it contradicts with various approximate theories [41,42].
In the general case, the state of the system is given by
the two spherical conditions (45) and (94), and by the link
(95). As stated above, the implicit relation (94) may be solved

052145-10



CRITICAL CHARGE AND DENSITY COUPLING IN IONIC ...

PHYSICAL REVIEW E 100, 052145 (2019)

implicitly, giving AT as a function of A and the resulting equa-
tion (45) displays the same structure as in symmetric models
provided one considers J;(A)=Jy[A, AT(1)]. Moreover, as
the latter function displays the typical small-A expansion (59),
the expansion (60) still applies so that the equation of state is
similar to the symmetric one [see Eq. (62)], but with now in
addition

h' = 2mAl{1 + O[(t + m*)"]}. (108)

The equation of state (62) enforces the system to display
the same critical exponents 8, y, etc. (see next section for
the correlation length exponents) as in the symmetric ionic
model, which coincide with the nonionic spherical model
exponents. Hence, even in asymmetric systems, the long range
of Coulomb interactions does not change the universality
class which is driven mainly by the strong enough nonionic
interactions. The origin of this property lies again in the
eigenvalue Ay, in which the 1/k* Coulomb divergence is
exactly canceled thanks to electroneutrality and which there-
fore displays the usual singularities of nonionic systems. Note
finally that the singularities for 7 < T, occur when m? = —t,
and are localized on the parabola (h=0, ht? =4)Lj2|t|, t) for
T <T..

D. Infection of correlations

As regards the different correlation functions, on the one
side, the species and density correlations display the same
singularities as in symmetric systems, so that their character-
istic lengths diverge with the same exponents; on the other
side, charge correlations display drastically different behavior
as they become infected by the density divergences. The
origin of these properties lies in the decomposition of all
the correlations on the two eigenmodes 1/Ay and 1/Az, as
explicit in Eq. (3), where the mixing amplitude B behaves here
at small k as

2
Bk;)) =1~ gk_y + Ok,
v q

(109)

so that 1 — B0 a priori.

Concerning the density correlations, the term B/Ay be-
haves as [1 + O(k")]/[ + joR%k* + O(k*)] [see (96)], while
the term (1 — B)/Az describes a short-range function [see
(38)]. Hence, at the critical point, Syy behaves as 1/k? and
the critical exponent 7 is zero. Away from the critical point,
when A #£0,

S (KT, p) _ 1
Snn(0;T, p) 14+ K2E3(T, p) + O(k*)
where Syn(0;T, p)=kgT /4pa’) diverges near criticality

with the usual 1/¢7 form at p. while the density correlation
length

+ O(k"h),

(110)

En(T, p) = Ry[A(T, p)IV jo/MT, p)

diverges as 1/t” with v=y/2, the usual spherical model
exponent. Because the structure of the calculation is similar
to Sec. IIID, we also find &y; =&y and the property that
the moments &y, lim, . &y, and the true decay length
&N all approach &y in the vicinity of the critical point
(see Appendix B). (Note that we need to impose some extra

(111)

conditions on the nonionic interactions in order to compute
&n.co 1n this case.) The critical behavior of density correlations
is therefore the same as in symmetric system.

Concerning charge correlations, we find that Sz has an
analytic small-k behavior similar to (79). Its first moment &z
coincides with the Debye length £, when the system is not
critical, indicating that the fluid satisfies the Stillinger-Lovett
sum rule and is therefore in a conducting state. However,
contrarily to in the symmetric systems, the singularities of
1/An(k; LX) appear to infect Gzz because the amplitude 1 —
B(k; L) in Eq. (3) does not vanish in the general case for
asymmetric systems [see (109)]. Hence, at the critical point,
we find

£21(Tv. 0.) = Epo[1 + w2ai?]"2,

with

w? = 2a* /ST joR%,, (112)
so that &7 .#&p,. when AI#O which is indeed supposed
in the general case. Hence, the Stillinger-Lovett sum rule is
violated at criticality in this asymmetric model, showing that
the system can no longer be conducting because asymmetry,
which couples charge and density correlations, leads to singu-
lar charge fluctuations.

Singularities also appear in the second-moment length &,.
Indeed, when A #£0, it satisfies

£5,(T, p) = —EX(T, p)[w’A 7’} — RL](T, p, k),

and, on approach of the critical point on the axis h=h" =0, it
diverges as

£,(T, p,) ~ 1/t"/*> when t— 0",

(113)

(114)

introducing a new length which diverges less rapidly than the
1/t" density correlation length. We also note the change of
sign of 52 , Which tends to —oo near criticality, whereas in the
low-density limit it remains positive (as is always the case in
symmetric systems). However, using (11), a Taylor expansion
of (@5 — @£ )(k) near the origin, and the expansion

T00) =T0O[1 — R, + 'R}, 4, + O], (115)

with some given coefficients R, 4, one can perform an expan-
sion of Ay(k; L) at the order k* included and a straightforward
calculation shows that &7, is well defined at the critical point.
Concerning the other correlation lengths, using a decomposi-
tion similar to (B2), we isolate the more divergent contribution
to &7, with the result

22 _
(T, p) ~ —w AR (T p), (116)

when (T, p) — (T, p.). If we redefine /S\Zip,z— 225) in the

expansion (79), we find

lim & (T, p) ~ &x(T, p), (117)
when (T, p) — (T, p.). Finally, thanks to the decomposition
(3) one realizes that the singularities of Gyy and Gzz in
the complex k plane are the same, and are given by the
vanishing of either Ay(k;1), Az(K; 1), or of the square root
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TABLE I. Charge correlation lengths near criticality [the symbol
~ stands for the limit (7, p) — (T, p.)]. The density correlation
length &y diverges as 1/, whereas Rz, of order of the Debye length
&p, stays finite.

Szz Symmetric fluids Asymmetric fluids

Epifa#0
. e { >&pc at (It p,)
& E3R; —£3[wA g} — R2]
&) RV + 0(Zy) ~ —whatgge
§200 Rz[1+ O(Z3)] ~ &y

D [see (28)]. As shown in Appendix B, thanks to some extra
hypothesis on the nonionic interactions, we get

EZ,OO(Ta p) ~ %‘N(Tv P) When (Tv p) - (ch pc)

This is a singular consequence of asymmetry: it enforces
charge correlations to display similar singularities and the
same divergent characteristic length as density correlations
near criticality! The critical density fluctuations have therefore
infected charge fluctuations and screening clouds fluctuate in
part on the critical density length scale. (A glossary of the
previous results is displayed in Table I.)

Note, however, that, at the critical point, charge correla-
tions still display an exponential decay at large separations
so that exponential screening is still at stake (even if the
Stillinger-Lovett sum rule is not fulfilled). Indeed, at large
separations in d =3, we find near but not at criticality

SesTy & 1 g o
JiTe Ry &xr Ry

(118)

Gzz(r)~2

(119)

(where c¢;=A!/8; is a priori of order unity) while only the
second term survives at criticality. The first term in Eq. (119),
which spatially depends on the density correlation length, van-
ishes as 1/&y oc t*” which is in fact the maximum amplitude
allowed by the satisfaction of the Stillinger-Lovett sum rule
forT >T.,.

At this point, it is worth having a comparison with the
results of the theory developed by Stell [4]. Indeed, some a
priori similar structure of charge correlations was found in
asymmetric systems, typically as

S5, ~ e /Tr, (120)

where I" is the inverse of a length diverging near criticality.
However, one must first note that, contrarily to the result
(119), the form (120) does not vanish when asymmetry goes to
zero which is certainly an undesired feature. Moreover, (120)
does predict £z o 7# &n.0o When 170 which is also a difference
with our analysis. We first believe that in the analysis of
[4], the large-r behavior (120) should not be derived by the
small-k expansion of Szz(k) when the latter is analytic. On
the contrary, in our study, we did perform a rigorous analysis
looking for the pole of Szz(k) in the complex k plane which
leads to the exact form of Szz(r). With this correction, the
second remark could then be corrected by assuming that X (k)
as defined in Ref. [4] could be given by the scaling form
ao(c? + k2 2x(k).

E. Charge-density correlations

In an asymmetric system, we can also study the charge-
density correlations which, as seen in Eq. (3), are given by
combinations of the two eigenmodes 1/Ay and 1/A; and are
therefore infected by the singularities of density fluctuations.
Their small-k expansion is always analytic, with the form

Snz(k; T, p)

oo
= Snz(0;T, p) + Y (=1 ~'&3% (T, p, KK,
p=1

(121)

and they remain short range even at criticality. Their spatial
integral Syz(0; T, p) is always zero except at the critical point
where it reduces to

M &b
Snz(0; T, p.) = = =5
o re JoRJZV,C

#0, (122)

as AI is nonzero in the general case. The first moment of (121)
is also singular: it is given when A #0 by

Enz1 (T, p) = EpATER ) joR%, (123)

which diverges as 1/¢2” near criticality. At the critical point,
however, it has a well-defined expression

4j, LRV o

2 _ 0 2 N2 0 pi

T, p) = ——2 — @5,k) — 2 + L0 (124
Enz1(Te. p.) 2vg - (k) ) -I-)LI (124)
where

. 2 -~ -~

JoRY = YU (R, —T__(OR*),  (125)
while R?v,z is the amplitude of the k* term in
the expansion (96). Finally, noticing that [AT +
AJ*]/.ZF_\/I +40" + AJ*)/E_ has an expansion in
powers of k> with no singularity when A — 0, and using the

same analysis as in Eq. (B1), we find that the higher moments
diverge near criticality as

v (T, p) ~ (WT&2/ joRY)EN. (126)

so that

lim &z,(T. p) = &x(T. p) when (T.p) > (T...p,).
(127)

Hence, the true decay length of density fluctuations character-
izes also the charge-density fluctuations as a consequence of
asymmetry which couples all the different correlations.

F. Simplest model for numerics

In order to get some quantitative predictions, we consider
again the model described in Sec. IIIF where we intro-
duce asymmetry by adding different next-nearest-neighbor
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interactions

Je(R) = —J__(R) = 38,J

=0 otherwise.

The asymmetry function AJ' is then merely

AT (k;8;) = %8;] |:3 - Xa:cos(kaa):|. (130)

For convenience, we suppose 8; >0 which means that A" is
nonpositive [see (94)]. The positiveness of j; and R% still
requires, respectively, the conditions (40) and (100), which in-
volve the definitions of (86). Moreover, we check numerically
that the absolute minimum of A _(k;A) occurs when k — 0,
as long as

8 < 1 —nTy/12, (131)

which is in fact a necessary condition to avoid the competition
with the corner of the Brillouin zone, k= (7 /a, 7 /a, 7 /a), as
can be proved analytically.

When these conditions are met, the critical temperature is
given by (46) where 7;(0) « fk 1/AyN + 1/Az].. We find nu-
merically that 7, is a decreasing function of asymmetry, while
its dependence on ionicity is subtle: For §; small enough,
T. is a decreasing function of Zy, while for 8, large enough,
T. is first increasing at small ionicities and then decreasing
for larger ionicities. To understand this behavior, we note
that because Ay behaves as joR3 k> at criticality, where R,
is given by (97), the critical temperature can be expected
to behave as 1 + 0(8; /Zy) + O(Zyp), while additional 0(83)
terms might be present because of higher-order contributions.
Hence, we fitted the results for the critical temperatures as

T.(Zo, 8;) = T.(0, 0)[ (5‘0 + 7 >82

+ Ty + 0(87, 13/2)] (132)
We find good comparisons with numerical calculations with
the choices ¢;=0.095, ¢;=0.047, and ¢, =—0.082, while
T.(0,0) is 1.44 x (4J/kg). The nonmonotonic dependence of
T. on ionicity is therefore a consequence of the competition
between the two terms 8; /Ly and Zy.

Concerning the different correlation lengths, we find es-
timates of Rz and &y similar to their values in symmetric
systems with corrections of order [1 4+ O(5;)] [see (92) and
(91)]. Moreover, the length Ry can be bounded as

1 483 1 1
0< Baz[ — —nly— ——} <R} < §a2|:1 — —nIoi|.

Finally, concerning the length &7,, we define tx the crossover
temperature at which é}é , [see (113)] changes its sign, which
is given by

2 Al
7K (bcc) jo

txy = (134)

if R=(=a, 0, 0) and permutations

(128)
(129)

(

At leading order in asymmetry, one can neglect the §; depen-
dance of the integrands in the right-hand side of (94), leading
to the estimate

M ~ —0.5796 (135)
49—
so that the crossover temperature is approximately
ty >~ 0.2654;. (136)

V. SEMICLASSICAL IONIC SPHERICAL MODELS

In the present section, we consider a model of charged
fluids where quantum effects are dealt with semiclassically by
taking into account algebraic 1/ rdt9 interactions, with o > 0,
which encompass induced, permanent dipole-dipole or van
der Waals forces. Hence, the typical small-k behavior of the
nonionic interactions now contains nonanalytical terms that
we note

T2k =T20[1 — k(RS ,,)" —K*RZ, + O,4], (137)
for either 0 < 2 or o > 2, but o /2 not an integer and with the
new length scale R0 . The subscript £ will be used to label
quantities deriving from the long-range nonionic interactions
and for brevity here and below, we let O, , denote a function
which is the combination of nonanalytic terms negligible
compared to k¥, and analytic terms of order k". These nonionic
interactions are supposed to be attractive enough for the
conditions (15) and (16) to be met, so that they suffice to
drive criticality in absence of Coulomb forces. We define the
characteristic ranges R% N> Roﬁ’ 7> R]Ov, and R% with the small-k

expansions
AT (k) + (=)™ AJY_(K)

.10 o . 2
= jok (R}.x)" + jok*(RY)" + Oo.4. (138)
where 9y =0=1 — 7. We note that the coefficients of these
expansions are not necessarily positive but, thanks to (16),

(R%,N)G > 0 when o < 2, while (R,‘i,)2 > 0 when o > 2. Fi-

nally, the leading nonanalytic term of AJ' is measured by Rz
defined via
AT (K) = jok"R}" + o2

when k — 0. (139)

A. Criticality

In the absence of charge (=7, =0) and asymmetry (§; =
0), the nonionic interactions generate the usual criticality
of spherical models with power-law forces [36]. Indeed, in
this symmetric case where A"=0 (in order to enforce elec-
troneutrality), criticality occurs when A =0 and the small-A
expansion of J; displays the usual structure [see (59)]

Ta(A) = JaO)[1 — pAl”Y + 0], (140)
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with now

where o0, = min{o, 2},
(141)

y = max{o,/(d — on); 1}

and with some positive constant p. Again, we consider only
nonclassical regimes where d. < d < d. with d_.=d. /2=
Onm-

When charges and possibly asymmetry are present, the
same criticality prevails provided Z, and §; are not too large.
Indeed, the eigenvalues Ay and Az behave when k — 0 as

An(K;X) = A + jok” (RE)” + jok*Ry(X) + Oy 4, (142)
quz 1 ~
Az(k;L) = 1 12 [1 + sz%(l;k)
+ k2+0 (R§)2+G + 02+”,4]’ (143)

where the ranges Ry and Ry are still defined with (97) and
(39), respectively, while R =R, . and

(R5)™" = 24*(R.,) /ToSa- (144)

Once again, the structure of Ay leads to the exact cancellation
of the 1/k* Coulomb divergence in Eq. (142), so that the
same criticality as when Zo=4;=0 is at stake provided some
conditions which ensure that k — 0 is the absolute minimum
of A_(k;X). When o > 2, these conditions are the same as in
Sec. IV B. However, when o < 2, the condition (100) can be
released because the leading behavior of Ay, which is now of
order k7, has a positive coefficient thanks to (16).

When these conditions are fulfilled, criticality occurs in
symmetric or asymmetric systems similarly to the previous
Coulomb+short-range spherical model (with, however, a dif-
ferent universality class), when kgT.=1/7,(0) and =0 so
that the critical density is merely p.a? = 1. Near criticality, the
equation of state displays the usual structure

h= Am@t +m®) {14+ 0[(t +m*) "'} =2mr,  (145)

where y is defined in Eq. (140) and A in Eq. (61). Moreover,
we also check that the next corrections to scaling in the
brackets of the right-hand side of (145) are merely of order
O[(t + m*)%] where 6, =|2 — 0|y /o,,. The phase separation
singularities occur when ¢ 4 m* =0, and the critical exponent
B is still % As regards density correlations, except at the
critical point, we find the small-k expansion

Svww(k; T, p) _ 1
Sw(O;T, p) 1 +k7&5, + kzéfl,l + Osa

+ Os444.
(146)

The spatial integral Syx(0; T, p), proportional to the isother-
mal compressibility, is kzT /4pa?A(T, p), and, thanks to
(145), diverges as 1/t¥ near criticality when p=p,.. The two
characteristic lengths in Eq. (146) are

Eno (T, p) = RyIM(T, p)ILjo/M(T, p)]'°,
En1(T. p) = RYIM(T, p)] Ljo/MT, )],
When p=p,, £, diverges as 1/t7/ while &y, as 1/t7/2,
with &5/ (R,f,)” :Sﬁyl/R,z\,. We identify &y the density cor-
relation length, as the most divergent characteristic length,
ie., &y =&y, when o <2 and &y =§&y; when o >2, which

(147a)
(147b)

diverges near criticality as 1/¢" with the critical exponent v =
y /o, With this definition, one may write the density correla-
tions in the scaling form Syy (K)=(1/t")D<)(Eyk;t%, .. .),
where < (>) refers to 0 <2 (o >2), and where the exponent
0, describes corrections to scaling defined above. In real
space, it is well known [43] that the first nonanalyticity in k
of the small-k expansion of Syy (k) rules the large-r behavior
of Gyn(r). Hence, when r goes to infinity, we find the scaling
expressions

<

D \’;‘_ 20
Gun(r; T, p) ~ —X <7N> wheno <2,  (148)

rd—2+r]

while

D> 2 Y o
Gy T, p) =~ rdfzvﬂ <E—N> (sN' ) when o > 2,

r r

(149)
with the critical exponent n =2 — o, which satisfies the usual
scaling relation y =(2 — n)v. The amplitudes in Eqgs. (148)
and (149) are Dy =T"*(0)S,T/2a*To(R5)*=D3R% (RS’
where we define

M*(x) = =297'T0(d/2)T'[(d + x)/2]/79T(=x/2).  (150)

We notice that Eq. (149) involves both &y and &y, because,
in the case o > 2, the t% corrections to scaling in Syy (k)
are linked to the asymptotic behavior of Gyy(r). Finally, we
check that at criticality Gyn(r). ~ 1/ r4=2+1 a5 must be.

B. Charge correlations

As regards charge correlations, the question we address
is what kind of interplay occurs with (i) Coulomb 1/r4~2
interactions, (ii) nonionic 1/ pdto quantum effects, and, pos-
sibly (iii) near critical 1/r?=>*" density fluctuations. This
information is in fact included in the small-k expansion of
Szz. We first find that when (T, p)# (7, p..), Szz(k) can be
expanded according to

Szz(&: T, p) = K65 (1 — K*EZ ) — K*T6237 + Or404).

(151)
The first correction in Eq. (151) is defined by
&,k T. p)=[R} — &7, wa"*|(k: T p). (152)
with
wX(T, p)=2a*/S:Tojo* (Ry) (T, p), (153)

while the nonanalytic correction of order k**° involves

5217 (T, p) = (RG)™™

i T g 2,2
—2w?jor RLT &Y, + wiAt e
(154)

The structure of (151) is in fact drastically different from what
is found in Coulomb+-short-range binary spherical model.
Indeed, in the entire phase space, the term k**° is nonanalytic
(recall that ¢ /2 is not an integer) so that Gz is always
algebraic at large distances. More precisely, we find that the
large-r behavior of charge correlations is

1
Gzz (5T, p) ~ ———kgTES L T (4 +0),

(155)
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except at criticality. [We note that the sign of (155) is not
determined and depends on the interactions.] Hence, inde-
pendently of any criticality, we find that long-range quantum
effects added to Coulomb forces destroy the usual picture of
the exponential Debye screening, even in the low-density limit
and lead to algebraic screening. By way of comparison, we
recall that for classical fluids with only 1/r¢*° interactions
where —d < o < 0, only the Coulomb fluids with 0 =—-2
exhibit perfect exponential screening (as a consequence of
Poisson’s equation), whereas other potentials lead to algebraic
decays of Gzz(r) [44]. Moreover, we note that the algebraic
decay (155) is not in contradiction with Brydges and Feder-
bush’s article [26] where exponential screening in Coulomb
fluids is rigorously proven in the low-density limit: Indeed,
only Coulomb in addition to short-range interactions were
taken into account in Ref. [26], whereas the quantum effects
enforce here long-range 1/r**° nonionic interactions. In ad-
dition, it is satisfactory to note that, when one considers d =3
systems with o =3 (i.e., with typically van der Waals 1/r°
interactions) our analysis reproduces the exact 1/r'0 decay
proven in point-charge fluids with fully quantum dynamics
[45,46]. Finally, we signal that such an algebraic decay was
also found in a recent study of Coulomb fluids with dispersion
interactions, based on an Ornstein-Zernicke analysis [28].

Nevertheless, charge correlations in the present model do
still exhibit a kind of screening, but which is only algebraic:
namely, the 1/rY=2 Coulomb potential is multiplied by an
algebraic factor 1/r°%% in the resulting charge correlations
(155). Moreover, whether symmetric or asymmetric but not
critical, the system satisfies the Stillinger-Lovett sum rule,
as clear in Eq. (151), even though the screening is only
algebraic. In fact, this algebraic screening arises from two
different mechanisms: In a symmetric system, according to
the decomposition (65b), Sz is governed by 1/Az, which
behaves typically as (1 /kz)[l + O(k?) + O(k*7))], after the
factorization of the long-range 1/k*> Coulomb potential [cf.
(143)], giving a first nonanalytic term of order k**°. More-
over, in an asymmetric system, because of the expansion

BY, = k*(4a*/S222 7Y (A7 + 201 jORET K 4 O,2),

(156)
the contribution of BgZ/AN [see (3)] also leads to a k*™°
term in Gzz. These two mechanisms reveal how long-range
integrable forces can destroy exponential screening thanks
(i) to the decomposition of every correlation on only two
eigenmodes, and (ii) to the structure of these eigenmodes
which involve the two kinds of interactions (algebraic and
Coulombic). This property appears in fact to be a consequence
of the external screening as explained in the diagrammatic
analysis of Appendix C.

Back to criticality, one may now ask the following: “How
is this algebraic screening modified when long-range criti-
cal density fluctuations occur?” The answer depends in fact
crucially on symmetry. Indeed, in a symmetric system, the
amplitudes 5%2 in Eq. (152) and 522‘_0 in Eq. (154) are always
finite because the contributions involving the diverging length
&no exactly vanish with AT o 8y, charge correlations then
display a regular behavior near criticality. Similarly, at crit-
icality, (151) is valid and well defined so that the system still
satisfies the Stillinger-Lovett sum rule (2). Hence, as enforced

TABLE II. Large-distance behavior of charge correlations in
semiclassical ionic spherical symmetric or asymmetric models. The
density correlation length &y diverges as 1/t”. By way of compar-
ison, the density correlations Gyy(r) behave as 1/r4*° away from
criticality, and as 1/r¢=2*" at criticality.

Gzz(r) Symmetric Asymmetric
(Te., pe)s ~1 /it ~1 /ot
(T, p) # (T:, po) ~1 /it ~(En /)t et

by the decomposition (3), charge and density correlations are
disentangled and characterized by two different eigenmodes,
as in models with Coulomb+-short-range interactions.

On the other hand, for asymmetric systems, the amplitudes
522 and SZ%XG diverge respectively as 1/t and 1/¢%”, so that
the large-r behavior (155) of Gzz becomes divergent near
criticality, and can be written in the scaling form

<

: ~ D7
Gzz(r;T, p) = v

20
<€—N) wheno <2 (157)
-

D3 4
~ 2 (E—N) wheno > 2, (158)

rd+o r

where D7 =kpT wzﬂ I'@4+o)= D>R /(Rf, )% Naturally,
as enforced by (3), the density smgularltles infect the charge
correlations. Moreover, at criticality, the consequences of the
charge-density mixing depends on the long-range behavior of
density fluctuations, i.e., on 1. Indeed, we find

Szz(K)e = KPES [1+ K657, + O 6], (159)
forn =2 — o > 0, while
Szz(K)e = k&5 [Ec — kT TES 2 + O 2] (160)

forn =0 <o —2,with&;,° a_(wzk )e=E5 2 [RY /(RE)™ ]

and £.=1+ [wz)Jz(Rf,)" /R, At large separatlons, the
scaling behavior (157) reduces to

1
Gra(r)e ~ — (kT 6537, T =) (161)
forn =2 — o > 0, while
Gzz(*)e ~ ——kgT, éz,(, (o) (162)

for n = 0 < o — 2. The critical density fluctuations therefore
infect charge fluctuations and weaken the algebraic screening
of the system by a factor r*~2" compared to the noncritical
state (157) (see also Table II). This effect is stronger when
o > 2 since =0 characterizes a longer range of the 1/r¢=2*"
critical density fluctuations compared to the case n > 0 when
o < 2. Similarly, the validity of the Stillinger-Lovett sum rule
(2) at the critical point also depends on 1: When n > 0, and
according to (159), the system still satisfies the Stillinger-
Lovett sum rule at criticality, and may well be regarded as
conductor even though with a weak algebraic screening. On
the contrary, when n=0, the Stillinger-Lovett sum rule is
violated at criticality as £ # 1 in Eq. (160) and the system is
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nonconducting. This result is similar to the Coulomb+-short-
range ionic spherical model (see previous sections), where the
value n=0 is always at stake. Moreover, we note that this
interplay between critical density fluctuations and screening,
enforced by asymmetry and ruled by the value of 7, can in
fact be also derived from the analysis of [4].

Finally, similar conclusions can be drawn about charge-
density fluctuations in asymmetric fluids. Except at criticality,
their behavior at small & is

Snz(& T, p) = K&y, — K655 + Oo o,
where &3, (T, p)=£51"€3, /jo(R§)" and &7%5, (T, p)=
E3 168, /(RGYNIATES,, /jo — R}, 1, so that

Dyz
rd+2+a

(163)

Gnz(r;T, p) ~
with

Dyz = SapqT* (2 + 0)E315,, (T, ). (164)

Near criticality, these correlations are singular as 51%12_ , and

S,%,JZ”; 4o diverge, respectively, as 1 /tY/° and 1/t?Y/°, and, in

the r space, their algebraic behavior is

D<(>) %_N 4-—2n
Gynz(r;T, p) =~ L( ) when o < (>)2,

rd+i2—ol \ 5

(165)
where Dy,=Sipqe3) T*(0+2)/jo(RE)* =D3,RY /(RE)™.
Hence, these correlations are also infected by the density
correlations as a consequence of the general decomposition
(3). However, compared to the 1/ r4=2 Coulomb interactions,
some algebraic screening is still at stake as Gyz is
multiplied by a decay 1/r*T°. At the critical point,
differences arise depending on n: When 1 > 0, Syz(0). =0,
whereas, when 7=0, Syz(0).=(&317/joR%). # 0 as in the
short-range case. Moreover, at criticality and for large
r, we find Guz(r) ~ Dyy)/ri*2=°l where Dy, =
D57 (RY) /Ry =—Supeqph T*(12 = 1)/ jo(Rf)”  when
o <(>)2. Hence, compared to the scaling form (165),
the screening of the cross charge-density correlations is
weakened by a factor 421 je. all the more effectively as
n=0 (compared to n > 0), as a consequence of the coupling
with the critical density fluctuations.

VI. CONCLUSION

Our aim has been to shed some light on ionic criticality.
Indeed, many debates and speculations left the universality
class of Coulomb fluids unsettled theoretically: For instance,
it has been both proposed via approximate approaches that
the long-range Coulomb interactions could or could not lead
to a mean-field behavior [3,4]. In order to exhibit some basic
mechanisms at stake in critical ionic fluids, we devised an
exactly solvable spherical model which accounts for both
charge and density fluctuations.

We first find that the universality class of the model is
left unchanged when nonionic forces are implemented with
Coulomb interactions provided the latter are not too strong.
This result is not contradicting recent Monte Carlo simu-
lations which establish an Ising behavior in the restricted

primitive model. Its origin lies in our model in the fact that
the system is characterized by two eigenmodes Ay and Ay
of the matrix describing the interactions in a binary fluid:
in the mode Ay, the long-range 1/k> Coulomb singularity
is exactly canceled thanks to electroneutrality so that its
vanishing, which rules criticality, drives the usual spherical
model universality class.

We also find that charge and density correlations are decou-
pled in fully symmetric systems, and characterized, respec-
tively, by the eigenmodes Az and Ay. As a consequence, they
exhibit different behavior: while Gyy displays usual critical
divergence, Gzz varies smoothly and stays short range over
a screening length £z, which remains finite near criticality.
However, in the realistic case where some asymmetry is
present (e.g., in hard core diameters or in short-range fea-
tures), we find that both charge and density correlations are
coupled via similar decompositions on both 1/Ay and 1/A,
[see (3)]. Accordingly, the charge correlation length &, di-
verges near criticality exactly as the density correlation length
EN.co- Similarly, the validity of the Stillinger-Lovett sum rule,
which discriminates between conducting and nonconducting
fluids, depends on symmetry: satisfied in symmetric systems,
this sum rule is violated in asymmetric fluids if and only if
n =0, which describes longer-range 1/r?=>*" density fluctua-
tions compared to the case n > 0. This conclusion is consistent
with what can be deduced in part from the formulation of [4].
Hence, even if sensible only in short-range characteristics, the
asymmetry of a fluid can have dramatic consequences on the
overall screening effect, as a consequence of its coupling with
the Coulomb interactions.

As a by-product, we also investigate the influence on the
previous model of 1/r* interactions (with o > 0), mimick-
ing quantum effects in a semiclassical way. We find that, con-
trarily to the usual picture of the exponential Debye screening,
charge correlations decay only algebraically as 1/r¢+o+4,
Compared to the 1/r?~2 Coulomb interactions, one concludes
that some screening is still at stake, but only algebraic. This
result is consistent with some exact results in quantum plas-
mas [45,46] and with Ornstein-Zernicke approaches [28].

APPENDIX A: STILLINGER-LOVETT SECOND
MOMENT SUM RULE

The Stillinger-Lovett second moment sum rule distin-
guishes between conducting and nonconducting media. It
describes in fact the screening of an external charge by a
conducting system and can be derived by the linear response
theory (one can refer to [38] for a general review of sum rules
in charged fluids and their demonstrations based on the Born-
Green-Yvon (BGY) hierarchy). We present in this Appendix
its generalization to the geometry of the model. Hence, we
consider an external charge spread on one sublattice, e.g., the
lattice +, with a charge density § 0% such as

(Spexl(R+) — /eik- R+8peXt(k), (Al)
k

where the Fourier transform is associated with the reference
sublattice. We define ¢S (R, ) the electrostatic potential cre-
ated on the sublattice T by the external charge. It is given by
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the Poisson equation as
3¢ (k) = 8p™ (k) @5, (K), (A2)

where the Coulomb potential is given by (9) and (10). In the
linear response theory, this external potential induces a change
in density given by

8pe(K) = —B Y qud¢ (K)Gru(k;X),  (A3)

so that the induced charge density is merely
Spz(k) = —p Z 419,89,  (K) Gry(k3X).  (Ad)
7,v

Then, one characterizes a conducting system such as it shields
every external charge, which can be written as

lEinf}){f?pz(k) +8p™(k)} = 0. (A5)
The combination of (A2), (A4), and (A5) leads to the sum rule

. Ud
lim ;quUGM g =1 (A6)

where v, /k? is the singularity of the Coulomb potential at the
origin, which is equivalent to the equality £z; =£&p in Eq. (2).

APPENDIX B: DIFFERENT CORRELATION LENGTHS

In this Appendix we exhibit some values of the characteris-
tic lengths involved in the Coulomb+short-range interaction
models.

1. Density moments &y,

First, we write the small-k expansion of Ay as

oo .
Avkid) = 2| 14+ Y ZRL KT |, (B1)
p=1

where the coefficients Ry, remain bounded when A goes to
zero, leading to

1
Ay (k)

= 1+Z<

0 RN ) 2q p
)k2p Z( 1;1+) 12
=0 N
(B2)

The ratios Ry 4+1/Ry are bounded when A vanishes so that the
brackets in Eq. (B2) can be expanded in powers of k> with
bounded coefficients. Hence, when A — 0, the coefficients
of k*’ in Eq. (B2) behave as (—joR%/A)P[1 + O(X)]. On
the other hand, we know that Az(k;A) and B(k;A) can be
expanded in powers of k2:

2 o0
v
Az(k;X) = :—]i 1+ Y RZR (B3)
p=1
oo
B:A)=1-) " Byk™, (B4)

p=2

with Rz =Rz and where the coefficients Rz, and B, remain
bounded when A — 0. As a conclusion, one can see that in
symmetric and asymmetric models,

ZpN 2
£ (AR>. (B5)

2. True length &y o, in the symmetric case

The large-r behavior of Gyy is given by the singularity of
Gyy(K) nearest to the real axis. In the symmetric case, one
has

4Ba* Gyn (k) = 1/[A + AJx(K)], (B6)

where AJy(K)=1(J_ +7;)(0) — L(J5_ + J;.)(K) is inde-
pendent of A. In the complex k plane, AJs does not have
any singularity and the singularity of Gyy arises from the
vanishing of the denominator of (B6). We define ky such
as for k with both |Re(k)| and |Im(k)| smaller than ks, the
small-k expansion of AJy is valid. When |Re(k)| < ky and
0 < Im(k) < kg, the vanishing of Ay given in Eq. (B1) has a
unique solution k=ix where x — 0 as KRNZ()\./jQ)l/Z[l +
O(A)]. As seen in Sec. III B, when some conditions on Z,
are imposed, k=0 is the only solution of AJy(k)=0 so that
AJs (k) > 0 for k#0 in the Brillouin zone.

Proposition 1. For a function f continuous on a compact /C
of the C plane, such as f[Re(k)] # 0 in K, then

Ay, 3Jks/ VkeB, kp = 1f ()| > n.
(B7)

Hm(k)| <

Indeed, if not true, for all n, there would exist a suite &, such
as |Im(k,)| <1/n and |f(k,)| <n. In the compact /C, we could
then extract a convergent partial suite of Re(k,) converging
toward ko, such as | f(kx)| < n which is in contradiction with
fIRe(k)] # 0 on the compact K.

Then, if we consider the compact By made of the com-
plex numbers such as |Re(k)| > ky and 0 < Im(k) < kx, one
knows that there exist some n and kfy such as |AJx (k)| >
n when 0 < Im(k) < k., independently of A so that A +
AJs(k)#0 for A <n. As a conclusion, when A — 0, ik is
the only singularity of Gyy (k) nearest to the real axis and it
therefore rules &y, as Ex.00 & Ry (jo/A)!/2.

3. Charge correlation lengths in symmetric systems

In order to compute the small-k expansion of Sz7 in a
symmetric model, we first notice that Az can be expanded
according to

oo pp

2 R
RS e |, (BS)

Az(kid) = 275

p=1
with some given Rz, which remain bounded when A— 0

and/or when ¢ — 0. Thanks to the decomposition (65b), this
expansion leads to

p
e ) R2q
Szz(k) = K&} Z (—R2K*)"| 1+ Z Z242(q-1)
p=0 Zl
(B9)
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Considering that the ratios qu | /R, are bounded when g — 0,

one gets at leading order in g2, ézp ~ 2RV |

ric system.
When ¢ is small enough, we can compute the large-
distance characteristic length &7 o, more precisely. Let us write

in a symmet-

q Vg

Az(GA) =2 +2jo+

1+ (k)] + AJz(k: ).

(B10)
where we isolate the leading 1/k*> and O(1) terms of the
Coulomb potential with

2AJ7(K; q) = {J+ (k) — —[1 + k224(f<>]}
q Vg ~
{Jn(k) + et k224<k>]}
+ (e = J12)(0).

When ¢=0, AJg(k) is an analytic function of the short-
range interactions without singularity, and, as |AJz(k;q) —
AJ2(K)|=¢*O(k*) when k — 0,

|ATz(k; q) —

(B11)

ATY(K)| < Mg, (B12)

for some given M. If the conditions of validity of the model are
satisfied, we know that A%(k, A) — X, which is independent
of A, never vanishes in B. Hence, thanks to Proposition 1, we
know that there exists n and kz such as

|Re(k)| < 7/a and 0 < Im(k) < kz = |2 + AJ(k)| > 1.
(B13)
When ¢ is nonzero, Az vanishes when
q Vg . 1 .
TR = [2j5 + AJYK)] + A+ Zqzvd24(k)
+ AJz(k; q) — AJO(K). (B14)

Using (B12) and (B13), one can show that for ¢ small enough,
the modulus of the right-hand side of (B14) is greater than 1/2
for k satisfying (B14). Hence, the vanishing of A occurs for
|k%| < q*va/2n, so that AJz(k;q) — AJ2(k)=O(q"). Hence,
in the region |Re(k)| < 7 /a and 0 < Im(k) < kz, (B14) has
a unique solution, which is k=(i/Rz)[1 + O(Ig)], leading to
(78).

4. True correlation lengths in asymmetric systems

For this analysis we need to make an extra hypothesis on
the interactions in order to ensure that D(k;A) defined in
Eq. (28) does not have spurious singularity in the complex
k plane. We suppose

(i) Ji-(k)#0

where 8B is the frontier of the Brillouin zone which is
fulfilled for example when JfL describes a nearest-neighbor
interaction [see (84)]. We also suppose

(i) AJT(k)=0 on &B. (B16)

With these conditions, one can check that D(k;A)#0 in the
Brillouin zone when AT =0, which is indeed an hypothesis of

in B—-4B, (B15)

the model. Thanks to (3), one knows that the singularity in
the complex k plane of Gyy and Gy arises either from the
vanishing of Ay or of D.
a. Vanishing of A_(k)
With the notation of Sec. IV B, we write
A_(k X38)) — 2 =[AM(k;A) — 2]
+ W) — D)), (BIT)

where the first brackets in the right-hand side of (B17) are
merely AJ(K) + j, — —|J+ (k)|. As seen in Sec. IV B, for

Ty < Zmax, there exists some positive bound SASYM guch as
for k in B with one |k, | > k_,

ASMKk:2) — A > 5ASYM > 0. (B18)
Thanks to Proposition 1, one can check that there exist § A’
and k', such as

[Re(k)] > k- and 0 < Im(k) <k (B19)

so that

[ASM(k, L) — Al = 8A" > 0, (B20)
independently of A. In order to bound D(k;A) — %|j:r_(k)|,

we first establish the following property.
Proposition 2. For a continuous function f on a compact /C
such as |f[Re(k)]| < j, there exists k; such as

kin K and [Im(k)| < kp = | f(k)] <

Indeed, if the proposition was not true, we could build a con-
verging suite of complex k, such as | f(k,)| = 2j, Im(k,)— 0
and Re(k,,) > koo, Where ko isin K, and such as | f (koo )| = 2
which is not possible.

Hence, as |[AJT(k)| < jod,, one knows that there exists k¥
such as, for |Re(k)| < 7 /a and [Im(k)| < kT, AJT is bounded
as |AJT(k)| < 2jody, so that

ID(k; 1) — SI5— (ol < I+ |AT ()] < 3jods.  (B22)

Combining (B17), (B20), and (B22), and defining k” =
inf(k_, k', k"), one finds that for low-enough asymmetries,
e.g. for 8; <8A’ /3jo, A_(k;A1)5£0 in the region |Re(k)| >
k_ and 0 <Im(k) <k”.Finally, for k such as |Re(k)| < k_ and
0 < Im(k) < k”, the same analysis as in Eq. (B2) shows that
k =i&y Uis the unique zero of A_, which tends to the real axis
when A — 0.

(B21)

b. Nonvanishing of A, and D

We show that A, can not vanish in a given strip near the
real axis. Indeed, let us write

A h) == [A™( ) — A1+ D(k; &) — 3175 (K],
(B23)
where the first brackets of the right-hand side are

merely AJ(k) + Jo+ 3 |J+ (k)|. In the Brillouin zone,
ASY™M(k; L) — A never vanishes so that, thanks to Proposition
1, there exist some n and k; such as, for |Re(k)| < 7/a
and 0 < Im(k) < ky, one has |[ASYM(k;1) — A| > 7, inde-
pendently of A. Moreover, thanks to (B22), the bound §, <
n/3jo implies that | A4 (k;A) — A| never vanishes in the strip
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0 < Im(k) < K, with &/, =inf (k. k"), and so is the case also
for A (k;A) when L — 0.

Concerning D(k; 1) and thanks to the extra condition (B15)
and (B16), one knows that D.(k)=D(k; A=0, 1[) never van-
ishes in the Brillouin zone, so that thanks to Proposition 1,
there exist some 7 and kp such as |[D.(k)| > n when |Re(k)| <
7 /a and 0 < Im(k) < kp. Writing D — D, = (A" — AD)[AT +
Al 4+ 2AJ7(K)], one can deduce

ID(k; M) = 1 — 6jod; (A" — 1D, (B24)

valid for |Re(k)| < w/a and 0 < Im(k) <k, with kp=
inf (kp, k7); consequently, close enough from criticality,
D(Kk; A) can not vanish in this region.

¢. Behavior of Gyy and Gzz

As a conclusion, when A vanishes, the only singularity of
both Gyy and Gz in the strip |[Re(k)| <7 /a and 0 <Im(k) <
inf(k”, k', kp,) is linked to the vanishing of A_ which occurs
for k= iE,;l . Hence, in the asymmetric case, 700 =&n 00 =&N-

APPENDIX C: ALGEBRAIC SCREENING

In this Appendix, we use a diagrammatic analysis in order
to establish the algebraic screening present in a charged fluid
when at least one species correlation G;,, behaves as 1/ pdto
(being supposed that it is the leading algebraic decay among
all the G, correlations). According to [46], we consider the
general decomposition

Gro(r) = G2 (r) + > P () + G, (r) + ZON(r), (C1)

where  GPN(r)=—Bg.q,p:p,¢""(r), with $PH(k) =
47 /(k* + &p?), and where
) = 8:08(r) + GU(X)/ (C2)

The relation (C1) is proven thanks to a reorganization of
diagrams in such a way that the root points are attached or
not to a GPH bond. Hence, G™ stands for the sum of all the
diagrams where the root points are not attached to a G°* bond,
while XPH is the charge density formed in the Debye-Hiickel
approximation, by an external charge and its surrounding
screening cloud. We check the relation

> g =R K) = goSHY (k). (C3)
T

where S is given in Eq. (77), which states that in the Debye-
Hiickel approximation, the total induced charge around an
external charge exactly compensates for it, as a consequence
of the external screening. Using (C3) in Eq. (C1), we find
k4
Gzz(k) =Gy (k) + ————— WG (k). (C4
22(K) = Gop (k) + T ;qfq "(k). (C4)
We suppose that one G;, (k) contains a nonanalyticity of
order k°, which is the leading singularity present in all the
correlations. This is indeed the case in the spherical model
with 1/r?*% interactions. Considering the Ursell functions
hry =Gy / pr Py, one can deduce the decomposition (see [46])

ey = WS WP s, 4. (C5)
Wy = xS (6)

thanks to which A"~ can be obtained in terms of /4 and
A" in terms of h"~. We can then show that one G} must
contain a nonanalyticity of leading order k. Considering
(C4) where every G7" is multiplied by k*, one concludes that
Gz (r) behaves as 1/r?+7+4 if no spurious extra cancellation
happens, while it decreases even faster if such an accidental
cancellation arises. The increase of 44 in the power law
of charge correlations compared to density correlations is
therefore a consequence of the external screening at stake in
both the system and in the Debye-Hiickel limit.
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