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We present the formulation of the Replica Ornstein-Zernike equations for
a model of positionally frozen disordered Heisenberg spin system. The re-
sults are obtained for various models, one in which the particle positions
correspond to a frozen hard sphere fluid, another system in which the con-
figurations are generated by a random insertion of hard spheres, a system
of randomly distributed spins, and finally a system corresponding to a soft
sphere fluid quenched at high and low temperatures. We will see that the
orientational structure of the spin system is fairly well reproduced by the
integral equation which, however, does not correctly account for the critical
behaviour.
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1. Introduction

The study of positionally frozen dipolar fluids has been the focus of various works
in recent years [1-4], using both simulation techniques [1,3], mean field theory [2]
and quite recently the Replica Ornstein-Zernike (ROZ) integral equation theory
[4]. In related works [5,6], the authors focused on the ferromagnetic transition of a
positionally frozen Heisenberg spin system, which is amenable to be treated more
accurately using simulation techniques adapted for near critical conditions.

In this paper we will explore the capabilities of the ROZ integral equation treat-
ment to describe the ferromagnetic transition in positionally frozen Heisenberg sys-
tems. For this purpose we will solve the ROZ equations in the Hypernetted Chain
(HNC) approximation for the models simulated in references [5] and [6], namely,
Heisenberg spin systems in which the spin positions are frozen according to the
configurations of hard sphere (HS) fluids (model A) [5], a random distribution of
spins (model B) [5], and soft spheres (SS) quenched at high and low temperatures
(models C and D, respectively) [6]. Additionally, we have considered a system in
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which the spatial distribution is generated by random insertion of non-overlapping
hard spheres in a given volume until the desired density is attained (model E). The
critical behavior of this system studied by means of Monte Carlo (MC) simulation
and finite size scaling analysis is presented in this paper.

The spin-spin interaction in all the models considered is defined by

U(riz, w1, w2) = —J(r12)(s1 - s2), (1)

where exchange coupling is given by
J(r) = e expl(o — )],
r

s; being the unit vector that describes the orientation of the spin i, and € is a
positive constant, favoring ferromagnetic alignment. With this, the reduced temper-
ature will be defined by T* = kgT'/e. For practical purposes J(r) is truncated at
R = 2.50. In the case of the SS model J(r) is shifted at the truncation radius, so that
lim, ,z- J(r) = lim,_,z+ J(r) = 0. As mentioned before, the spatial distribution of
model A is simply generated by taking independent HS configurations (in which
the particle diameters are oy = o) at the desired density, which in this case will be
po® = 0.6. The random positions of model B are generated by simple insertion of
hard spheres of diameter oy = 0.10 in a given volume until the density po® = 0.6
is reached. These configurations are practically random and the small hard cores
prevent the divergence of the interactions at zero separation. Models C and D are
generated by placing the spins onto the positions of a frozen SS fluid which interacts
via a potential of the form

bun)=16[(9)" = () ]+ v

r r

and Vg (r12) = 0 otherwise. Now, in this case the spatial distribution of the spins
will be defined by quenching the positions of the SS fluid at a quench temperature
Ty = kTo/e (with 7§ = 2.1 for model C and 7§ = 100 for model D). As a matter
of fact, in the case of Heisenberg interactions, the spatial distribution is hardly
sensitive to the spin-spin correlations for temperatures as low as the Curie point.
One might envisage then the situation depicted here as the effect of quenching the
particle positions on the spin fluid itself, and the same can be said for the frozen HS
Heisenberg system. Finally, model E is constructed exactly as the random system
B, but using a particle diameter oy = o. The distribution thus generated has some
similarities with the HS model but is somewhat more random.

The rest of the paper is organized as follows. In the next section we introduce
the ROZ equations for the positionally frozen Heisenberg system. In section 3 we
present our most significant results and conclusions.

2. A summary of the theory

The application of the replica trick [7] to a system like ours, in which the orienta-
tional degrees are allowed to equilibrate and the particle positions are frozen, implies
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taking the s — 0 limit of a fully equilibrated system composed of soft spheres with
embedded s replicas of the spins. The Hamiltonian of such a system reads

S DIUIUSED 3 SHCHIEE! @)
i>7 a=11>j

where 5 = 1/kgT and By = 1/kgTy, Ty and T being the temperature at which the

particle positions have been frozen, and the equilibrium temperature of the spins,

respectively. In equation (2), ¥(r) is either the hard sphere potential, 1 (7), or

a given radial potential capable of generating the spatial distributions of models B

or E. As prescribed by the replica procedure, only replicas of the same family, «,
interact.

The Ornstein-Zernike equation in Fourier space for the replicated system reads

Pr(12) = & (12) + p [ @ P(13)P(32)d{ws}, (3)
where d{ws} = dwy...dw; denotes the integration over the orientations of the s
replicas of the spin in particle 3, p is the number density, and h™P and ¢**P are the

Fourier transforms of the total and direct correlation functions, respectively. The
replicated functions can be expanded in Legendre polynomials as

frP(12) szl ) Py(cos 65%), (4)
with f§°(r) = fo(r)/s?, and in general
) = 20 [ deos 058 7 (12) B(cos 5. (5)

Inserting (4) in equation (3) and taking the limit s — 0, the ROZ equations read

hy = 50 + péohy (6)
i P [af5f  sbib

o= &+ 2+ { hi — & hd ; (7)
b b P ~f7 b f f

where [ # 0, and
V) = lm fO0r), a# g,
flf(r) = ngli% Jre(r).

As usual, the connected functions are defined by f¢ = f/ — f*, by which the last
two equations transform into

7 p ~cT. ~bJc

W o= &+ %—H[Clhlf + &hil, 9)

~ 5 p o~

o= @4 —L—ah. 1
! et g +1 e (10)
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These equations are just a particular case of those derived by Klapp and Patey [4]
for the dipolar case.
As to the closure relation, here we will use the HNC approximation, which reads

¢"*P(12) = K™ (12) — log[g™(12)] — fu™P(12), (11)
where according to (2)

BurP(12) = Botho(r12) + ﬁz J(r12)(s] - 89). (12)

The s — 0 limit of (11) can be obtained if one uses Fries and Patey’s form of the
HNC closure [8], which expanded in Legendre’s polynomials leads to

co(r) = —Bouo(r / dr'ho( (7X0( )’ (13)
! b
dq(r) = —ﬁul(r)—(zzﬂ);@ AO 0)/ A b+ 3X/( 9X% () (14)

/ X,
&) = _(2z+1)§<3 f 0) " arnien® A( ) (15)
after the limit s — 0 is taken. Above we have used X (12) = h(12) — ¢(12) — fu(12),
and the quantities in brackets are the 3 — j Wigner symbols, uo(r) = () and
uy(r) = J(r) (with u; = 0 for [ > 1.) From equations (15) and (6)—(8) it turns out
that A’ = &> = 0 when [ # 0 (and h) = h8 = hg by definition). With this, the
equations can be recast in the form

ho(r) = exp[—LBouo(r) + so(r)] — 1, (16)

W) — 2l+1/dcos@B(cosH)(h0( )+ 1)

X exp [Z (—ﬁul/ (r) + S{i(r)) Py(cos 6)] , (17)

I'=1

where s = h — ¢, and equation (17) holds for [ > 0. Equation (6) can be solved cou-
pled with (16) and this gives the spatial distribution of the particles at the quenching
inverse temperature 3. Equations (17) and (7) will describe the orientational struc-
ture of the spins at the equilibrium inverse temperature (3.

3. Results

The ROZ-HNC equations have been solved by a standard mixing iterates proce-
dure, with the r-space discretized in 8192 points and a grid size of 0.01c. The spatial
distribution of the spins can be visualized in figure 1, where we have plotted the pair
distribution function, go(r) = ho(r) + 1 for models A—E. The only features worth
mentioning are, on the one hand, the slight difference between the go(r) of mod-
els A and E, despite the fact that the hard sphere configurations are generated by
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Figure 1. Radial distribution function of the positionally frozen Heisenberg sys-
tems studied in this work.

completely different procedures (this simply illustrates how the hard core condition
completely dominates the structure of the fluid even at relatively low densities). On
the other hand, the comparison between the high and low temperature SS quench
shows that the high temperature quench allows for a closer approach distance be-
tween the particles, which will have consequences on the critical temperature.

The results of the ROZ equations for the structure of the positionally frozen
Heisenberg system are illustrated in figure 2 where the most significant angular co-
efficient of the fluid-fluid correlation function, h{ (r), is depicted. This coefficient is
proportional to the ensemble average (s -sz2)(r) which measures the relative orienta-
tion of the two spins separated by a distance r. The results presented correspond to
the SS model D, in which the spatial correlations of the quenched system differ most
notably from those of the corresponding fully equilibrated (i.e. spin fluid) system.
In contrast, the correlations for the HS quenched systems are completely dominated
by the HS repulsion (which is temperature independent) and thus the structures of
quenched and equilibrated systems are extremely similar. We observe that the ROZ
equation rather accurately reproduces the structure for the highest temperature. As
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Figure 2. Leading angular coefficient of the pair distribution function expansion
for the positionally frozen Heisenberg system constituted by spins embedded in
frozen soft spheres (high temperature quench, model D).

the temperature is lowered the theoretical correlation becomes somewhat more long
ranged that its MC counterpart. We will see that this is consistent with a systematic
overestimation of the critical temperature on the part of the ROZ results.

The critical parameters of model E have been calculated following the prescrip-
tion of references [5] and [6] (essentially similar to the procedure used in the spin fluid
cases studied in reference [10] and [9]). In figure 3 we present the evolution with tem-
perature of Binder’s cumulant [11], Uy, and the percolation fraction, ¢, (defined as
the fraction of configurations for which, at least one of the Swendsen-Wang clusters
percolates through the periodic system) for various system sizes. Binder’s cumulant

is defined by

Uy=1-

where the magnetization per particle is

(18)
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Figure 3. Evolution of Binder’s cumulant, Uy, and percolation fraction,¢, with
temperature and system size for the positionally frozen Heisenberg system with
the spatial distribution described by model E (randomly inserted non-overlapping
hard spheres of diameter oy = o).

N being the number of particles in the sample. From the analysis of the intersections
of the U, and ¢ curves one obtains the critical parameters for this model which are
presented in table 1 together with the parameters for the rest of the models taken
from references [5] and [6], as well as the results for the hard sphere Heisenberg
spin fluid from reference [9], and for the soft sphere spin fluid of reference [10]. The
values of /v are obtained by a fit of the critical magnetization, m., which is known
to scale with the system size as m. oc L™/, and /v is obtained from a fit of the
magnetic susceptibility maxima near the critical point, which also scale with system
size as X, oc L'V, In table 1 we also include the values of T, the temperature at
which the ROZ integral equation breaks down with diverging zero-field magnetic
susceptibility,

/oo =3 1+ 21O =3 [1- Sdo)] (19

where p is the coupling parameter between the spins and the external field. The first
striking feature in table 1 is the fact that despite the equilibrium HNC approxima-
tion predicts the transition temperatures within less than a 6% deviation from the
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Table 1. Critical parameters of positionally frozen Heisenberg systems obtained
from FSS analysis of the MC simulation, and non-solution temperature of the
ROZ-HNC (or HNC for the spin fluid systems) equations, 775.

Model 15 oo/o T U, v/v B/ T
A 5] ~ 1.0 3.145(3) 0.609(3) 1.87(2) 0.53(1) 3.517
B [5] ~ 01 3.947(2) 0.616(4) 1.86(1) 0.55(2) 6.520
E ~ 10 3.120(3) 0.609(2) 1.86(2) 0.57(1) 3.463
HS spin fluid [0]  — 100 3.150(5) 0.608(1) 1.85(1) 0.56(2) 3.186
C [6] 21— 2.050(6) 0.617(2) 1.92(2) 0.52(4) 2.420
D [6] 100.0 -~ 2.196(3) 0.618(2) 1.93(2) 0.51(4) 2.826
SS spin fluid [10]  —  —  2.054(1) 0.619(2) 1.90(3) 0.54(2) 2.187

simulation in the spin fluid cases, the theoretical results for the quenched systems
are considerably away from the simulated estimates. As a general trend the ROZ
overestimates the critical temperatures, but the results are particularly off in the
case of the random model B. Moreover, comparing model A with the HS spin fluid,
and model C with the corresponding SS spin fluid, one observes that the ROZ pre-
dicts an increase in the critical temperature when quenching the particle positions
for these systems with positional correlations. This is in agreement with the ROZ
results reported in reference [4] for dipolar systems, but it is in clear disagreement
with the simulation results that unequivocally indicate that freezing the particle po-
sitions does not affect the critical behaviour, at least in the case of separable angular
interactions. Aside from this, what seems to be correct in the ROZ predictions is
the qualitative change in the critical temperature when comparing different posi-
tionally frozen systems. Thus, we observe that the ROZ critical temperatures are
ordered as T7.(C) < T (D) < T (E) < T (A) < Tr,(B). This is the same order
observed in the simulation results. Moreover, when comparing models E and A, one
observes that T (E) < T (A). The only difference between these two models lies
in the fact that model A presents fluid-like positional correlations, whereas model E
is somewhat more random (hardly noticeable in the distribution functions, cf. fig-
ure 1). This agrees with the results reported by Klapp and Patey for the dipolar fluid
[4] who based on their ROZ calculations concluded that the presence of positional
correlations tends to increase the critical temperature. Interestingly, the simulation
results also support this view. As a general observation, it can be mentioned that
the marked increase in 77 when going from model C to D and, very especially, from
models A or E to model B, simply reflects the fact that the core size in models D
and B is smaller (cf. figure 1), by which particles can get in closer contact, thus
enhancing angular correlations and subsequently rising the critical temperature.

In summary, we have presented the results of the ROZ-HNC integral equation
for a variety of positionally frozen Heisenberg systems in order to assess its ability
to describe the critical behaviour. Although the theory yields reasonably accurate
results for the structure, it presents a severe deficiency: it systematically predicts a
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substantial increase in the critical temperature due to the freezing of the particle
positions, in contrast to the evidence provided by the simulation. As a consequence,
all the theoretical critical temperatures are overestimated by far. On the other hand,
when considering just the positionally frozen systems, the ROZ theory predicts the
correct dependence of the critical temperature on the topology. Finally, both theory
and simulation seem to support the view that positional correlations tend to raise
the critical temperature.
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PenniyHi piBHaHHA OpHwTeiHa-LlepHike anga
NO3ULLINHO 3aMOPOXXEHUX ran3eHO0epriBCbKNX cucTemM

E.Jlomb6a, C.MapTiH

IHCTUTYT PIBNYHOI Ximii
CeppaHo 119, E-28006 Mapgpia, Icnanis

OTpumaHo 28 6epesHsa 2003 p.

Mu dopmynioemMo pennidHi piBHaHHA OpHwTeliHa-LlepHike ona mopeni
3 MO3ULIMHO 3aMOPOXXEHOIO HEBMOPSAKOBAHO ran3eHdepriBCbkoto chi-
HOBOIO CUCTEMOIO. Pe3ynbTatn OTpuMaHi ansg pisHnx Moaenen, B 0OaHin 3
SIKMX MOJIOXKEHHS YaCTMHKM BiANoBigae 3aMoOpPOXXEHOMY TBEPAOCHEPHO-
MY NAKHY. [HWa cucTtema, B sKi KOHgIrypawis reHepyeTbCs BUNaakoBUM
BMIiLLEHHAM TBepaMx chep, TakoX CUCTEMA 3 BUNAAKOBO PO3MNOAINEHU-
MU chiHamMuM i HapewTi cuctema, sika BianoBigae NAMHY M’IKNUX KynbOK,
PO3MNAHYTI MPU BUCOKUX i HU3bKMX TeMnepaTtypax. Mn Moxemo 6a4mTuy,
L0 OpieHTaLiHa CTPYKTypa CniHOBOi CUCTEMW O0CUTb A06pe BiATBOPIO-
€TbCH METOA0M iHTErPaNbHUX PIBHSAHb, AKi, MPOTE, HE Jal0Tb KOPEKTHOIO
OMnUCY KPUTUYHOI NOBEOIHKN.

Knio4voBi cnoea: rariseHbepriscbka CUCTEMA, iIHTErpasbHi PIBHSIHHS,
pepomarHeTHuI nepexia

PACS: 75.50.Lk, 61.20.Ja, 64.60.Fr
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