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The zero-temperature random-field Ising model is solved analytically for magnetization versus external field for
a bilayered Bethe lattice. The mechanisms of infinite avalanches which are observed for small values of disorder
are established. The effects of variable interlayer interaction strengths on infinite avalanches are investigated. The
spin-field correlation length is calculated and its critical behavior is discussed. Direct Monte Carlo simulations
of spin-flip dynamics are shown to support the analytical findings. We find, paradoxically, that a reduction of
the interlayer bond strength can cause a phase transition from a regime with continuous magnetization reversal
to a regime where magnetization exhibits a discontinuity associated with an infinite avalanche. This effect is

understood in terms of the proposed mechanisms for the infinite avalanche.
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I. INTRODUCTION

The nonequilibrium zero-temperature random-field
Ising model (zt-RFIM) is a model for crackling noise in
disordered systems such as ferromagnets [1], martensites [2],
condensation in porous media [3], and fracture of materials [4].
Disorder in the zt-RFIM refers to quenched local random
magnetic fields applied to each Ising spin in the system. For
this nonequilibrium model, the hysteresis response of the
magnetization to changing external field is well established for
spin systems with certain underlying topologies, including a
complete graph, by means of the mean-field approximation [1],
Bethe lattice [5], and hypercubic lattices [6]. In the mean
field, for sufficiently low degree of disorder, the mean
magnetization exhibits a jump discontinuity as a function of
external field. This jump is reproduced on the Bethe lattice
with coordination number g > 3 [5] and for hypercubic
lattices in dimensions d > 2 [6,7].

The reason by which the infinite avalanche in a Bethe
lattice occurs for g > 3 but not for ¢ < 3 has recently been
understood in terms of the number of free paths available for
the avalanche to propagate through the system [8]. In order
for an infinite avalanche to occur, the flip of one neighbor
of a spin has to increase the probability that a subsequent
avalanche will branch when it arrives at that spin, i.e., the
probability that the spin flips and causes more than one of its
neighbors to flip. If this probability does increase then, after a
certain external field is reached, a single avalanche can grow
exponentially by interacting with a large number of pre-flipped
spins which flipped during previous finite avalanches. This
cannot occur in a ¢ = 3 lattice, as the flip of a single neighbor
prevents branching occurring at that spin at a later time,
due to the low coordination number and consequent blocking
effect. The simplest way to avoid blocking is to increase the
coordination number of the Bethe lattice to ¢ > 3, where,
indeed, infinite avalanches occur. However, it is an interesting
question whether or not increasing the coordination number
but keeping the global topology of the ¢ = 3 Bethe lattice
can avoid the blocking effect. In this paper, we address
this question by considering the zt-RFIM on a bilayered
g-coordinated Bethe lattice, in which every spin is replaced by
a pair of spins connected to each other [9,10]. The interaction

1539-3755/2013/88(2)/022117(12)

022117-1

PACS number(s): 05.50.4q, 75.60.Ej, 75.10.Nr, 75.60.Jk

strength between spins within each layer is chosen to be
the same but interactions between spins in the two layers
is a variable parameter. Bilayered spin systems have been
previously studied within the random-bond mean-field Ising
model [11] with the aim of understanding the fundamental
properties of multilayered spin systems, which potentially have
numerous technical applications [12].

Our main finding is that an infinite avalanche can occur for a
bilayered Bethe lattice, and we suggest a possible mechanism
for avoiding blocking effects. Variation in the interlayer inter-
action strength is found to result in nonmonotonic behavior
for both the critical degree of disorder below which the dis-
continuity occurs and for the size of the jump in magnetization
when it does occur. In particular, there are regions of the space
of disorder and interaction strengths in which a decreasing
strength of interaction between layers leads to a continuous
(second-order) transition in the size of the jump in magnetiza-
tion from zero to finite and increasing values. Such a behavior,
i.e., bigger avalanches caused by smaller interlayer interaction,
which might be considered counterintuitive, is consistent with
the suggested mechanisms of infinite avalanches.

Technically, the zt-RFIM in the bilayered Bethe lattice has
been analyzed by calculating the mean magnetization as a
function of the external field by means of a method employing
a stochastic tensor formalism. This is a generalization of the
method used in [13] for quasi-one-dimensional lattices. The
method has allowed exact solutions for mean magnetization
and correlation length as a function of external field in a
bilayered Bethe lattice to be obtained.

The paper is structured as follows. The model is formulated
in Sec. II and the solution for magnetization is presented in
Sec. III. Results for the magnetization versus external field
and the phase diagram are given in Sec. IV. A formula for the
correlation length is derived in Sec. V. In Sec. VI we explain
the mechanism of the infinite avalanche on a bilayered lattice.
The effect of altering the interlayer interaction strength is
analyzed in Sec. VII and the conclusions are in Sec. VIII.

II. MODEL

The nonequilibrium zt-RFIM describes a set of N spins {s; }
placed on the nodes of a network of certain topology. The spins
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interact with each other, with local random fields, #;, and with
an external field, H, according to the following Hamiltonian:

HZ—ZJ,‘jSiSj—HZSi_ZhiSi’ (1)
(i) i i

where J;; > 0 are the strengths of ferromagnetic interactions
between neighboring spins i and j. The local random fields
are quenched and independent and distributed according to a
probability density function (pdf) p(#;).

If the external field increases monotonically and adiabati-
cally from —oo (when all spins are down, s; = —1), and the
dynamical rules for relaxation are such that spins flip one at
a time, then the system will pass through a sequence of states
which are stable to single spin flips. Each of these states is
fully determined by the values of k; and H; i.e., they do not
depend on the order in which spins flip (the system obeys the
Abelian property) [1].

During the process of relaxation, the spins individually
align themselves with their local fields, f;, given by

fi:H""hi“l‘Z]ijsjs 2
jli
where the sum is taken over all neighbors, j, of spin i. The main
quantity of interest in this paper is the mean magnetization of
the system,

(my=N""3 s, 3)
and its dependence on external field, i.e., the hysteresis loop.

III. MAGNETIZATION OF BILAYERED BETHE LATTICE

In this section, we derive an iterative procedure to calculate
the mean magnetization of a bilayered Bethe lattice in the
zt-RFIM. A bilayered Bethe lattice is defined as two copies
of a single-layered Bethe lattice with coordination number
g, where a link is added to connect each node in the
first lattice to its copy in the second lattice (see Fig. 1).
The interaction of neighboring spins in the same layer is
characterized by J;; = J, while interactions between spins
in different layers is described by J;; = J’, which does not
necessarily coincide with J. The presence of interlayer links
results in the coordination number of each spin in a bilayered
Bethe lattice being z = g + 1. The topology of the bilayered
lattice is, however, significantly different from that of a Bethe
lattice with coordination number ¢ + 1. For instance, there
exist local loops in the bilayered lattice which are absent, by
definition, in a single-layered Bethe lattice.

9=y
g=3
g=2
g=1

FIG. 1. Diagram of a bilayered Cayley tree as considered in this
paper. In this example, § =4, ¢ = 3, and z = 4.
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Such a bilayered lattice can be considered as a single-
layered lattice where each node is replaced by a pair of spins
which are connected to each other and to the neighboring spin
pairs. The spin state, sx, of an arbitrary pair of spins, X, in the
lattice can be characterized by a two-dimensional state vector
sx = (sx,,Sx,), where each component is a discrete variable
taking values £1 and describing the states sy, and sy, of the
spins in layers £ = 1 and ¢ = 2, respectively. Such a pair can
be in four possible states, i.e., sx = (sx,,5x,) = A, Bi, B,
or C, where A = (-1, —1), B = (+1, =1), B, = (-1, +1),
and C = (+1, +1).

We consider a bilayered Bethe lattice as the infinite limit,
& — o0, of a bilayered Cayley tree consisting of g generations
of spins. In this bilayered Cayley tree, spins in generation
g = 1 are linked to their copy in the other layer and to a single
spin in generation g = 2 (see Fig. 1). Spins in generation 1 <
g < g are each linked to their copy, a single spin in generation
g + 1and g — 1 spins in generation g — 1. The two root spins,
R,in generation g = g are linked to ¢ spins in generation g — 1
and to each other. In the limit g — oo, the mean magnetization
of the bilayered Bethe lattice, equal to the mean magnetization
of the one of the root spins, (mg,), is given by

(m) =2P(sg, = 1) — 1, 4)

where P(sg, = 1) is the probability that the root spin in layer
1 is in the up state [P(sg, = 1) = P(sg, = D]

The probability P(sg, =1) can be calculated for an
arbitrary value of H using an iterative procedure. In particular,
we apply the method to calculate the value of P(sg, = 1) for
relaxation from an initial state when all the spins are down. This
gives a dependence of P(sg, = 1) on H which corresponds to
the lowest branch of the magnetization hysteresis loop. For any
given H, the calculation proceeds as follows. Before the first
step, all spins are artificially held in the down state. At step 1,
the spins in generation g = 1 are allowed to flip if their local
field is positive. After this, at step 2, spins in all generations
g < 2 are allowed to flip if their local field is positive. Such a
process continues progressively until all spins in the whole tree
with positive local fields have flipped at step g. At each step,
avalanches of spin flip events will pass through the part of the
system in which spins are allowed to flip, eventually leading to
the possibility that an avalanche will reach one of the root spins,
R, (£ = 1,2), causing it to flip. For concreteness, we choose
to analyze the magnetization of the root spin in layer 1, R;.

In order to find the probability that the root spin flips, we
should account for all possible routes that avalanches can take
to the root spin, which can be done by an inductive method,
being the standard approach for the Bethe lattice [14]. At
each step of the inductive process we derive an expression
for the state function, sy = sx(sy), which describes how
the state of pair X in generation g depends on the state
of the pair Y in the generation above (see Fig. 2). The
form of this function depends on similar state functions,
swo = Swa(Sx), describing the state of the neighboring pairs,
w® b=1,... ,q — 1), in generation g — 1 as a function
of the state of the pair X. Thus, by finding the relationship
between sx(sy) and swyw(sx), an inductive process can be
established. By continuing the inductive procedure to the spins
neighboring the root pair (at generation g — 1), all avalanches
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Lower Branches

Lower Branches

FIG. 2. A pair of spins at generation g and its neighbors in
generations g — 1 and g + 1.

propagating into the root pair can be described, allowing the
final state, sg,, of the root spin to be determined.

The state function sx(sy) depends on the random fields at
spin pair sy and in the branches below it and is a discrete
random function which has four possible states for each
of the four states of sy, and thus has 4* = 256 possible
functional forms. It is convenient, however, to categorize
each functional form into one of five categories, labeled C;
(1 <i < 5). Categories specify the possible changes of a pair
X at generation g from its initial state, sy = .4, induced by
changes of state of pairs in neighboring generations, g — 1
and g + 1. Table I summarizes the categories and detailed
definitions are given in Appendix A. Categories C; and C;
include cases in which sx can only change as a consequence
of a change of the pair sy in the generation above. After a
change A — B of state of the pair Y, category C; accounts
for the case in which sy does not change or changes to a stable
state 3; (see Fig. 8 in Appendix A). In contrast, category C,
describes the case in which sy = B3; is not stable and an in-out
avalanche occurs, which leads to the state sy = C (Fig. 9). The
term in-out avalanche refers to the fact that such a change of
the state sy as a result of the flip of sy, (avalanche going in to
the branch) can increase the local field at spin sy, (avalanche
going out of the branch). Since sy, is in the down state, an
in-out avalanche potentially causes it to flip and an avalanche
to propagate back along the same branch, but in a different
layer. Categories C3, C4, and Cs describe cases in which sy
changes before sy does (spontaneous flips; see Figs. 10-12 in
Appendix A). Here, spontaneous flip refers to the fact that these
spin flips were not triggered by an avalanche coming from the
upper generation. The change of sy may occur because the

TABLE I. Summary of the categories C; of the changes of spin
pair sy given the state sy in the generation above. The third column
describes the sequence of states taken by spin pair sy given the
sequence of states taken by spin pair sy (second column).

Category Sy Sx
C A A
A — B A— Aor A— B
C, A A
A — B A— B —C
C; A A— B
C, A A— B,
Cs A A—- B —-CorA—- B, —-CorA—C
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state sy = .4 is not stable at the external field, H, irrespective
of the state of its neighbors or may be induced by spin flips in
lower generations. Categories C3 and C4 account for changes
of state that involve the flip of a single member of the pair sy
and Cs describes events in which both spins of the pair X flip.

The behavior of spin pair sy with respect to avalanches
[i.e., the category of sx(sy)] is determined entirely by the
local fields fx,, which in turn depend on the random fields, the
external field, and the interaction terms with all neighboring
spins. The interactions with spin pairs in the generation
below depend on the state vectors of those spins, which are
determined by the categories, C;, either of their state function,
sw (sx), or of the state function 7,4, (s ). Here, s7,4,(s) is
the state function that spin pair W® would have if all spins
in layer £ = 1 were swapped with their copies in layer £ = 2,
ie., S;V](,,)(S/X) = swéw(sx) and S;v,jb’(s;‘) = szw)(sx), where
Sx, = Sx, and sy, = sx,.

The function sx(sy) falls into a category C; randomly with
probability P(C;,g), which can be represented, for generation
g, as a five-dimensional vector, P®_ with components Pl.(g) =
P(C;,g). Similarly, the functions sy (sx), or, equivalently,
(8 ), fall into category C; with a probability P(C;,g — 1),
which is represented by the same five-dimensional vector,
P~V In Appendix B, a recursion relation is derived to
describe P® in terms of P®~D, which takes the form of a
tensor relationship,

(€3] (=1 plg—1 (g—1)
P = Ay PEVRED PR, 5)

where 1 <i,j,...,/ <5, summation is assumed over re-
peated indexes, and A is a tensor of rank g given by

Atjrs = (1= Pusn).0) (1 = Pingtns+1.0)
+ (1 = Prytnsn).1) (Pinstns+1.0 — Plng4ns),0)s (62)

A2jk...l = (p(n2+n3+n5),1 - p(n3+n5),0) (p(n4+n5+1),0 - p(n4+n5),0)1

(6b)

Asjis = (1 = Paytnstns).1) Pln+ns).0- (6¢)

Asjkd = Pinssns)0(1 = Ponssngsns)1)s (6d)
Asjk.01 = D(ns-ns),0 P(natng+ns),1

+ (P(flz+rz3+n5),1 - p(n3+n5),0)17(n4+n5),0- (6e)

Here, the subscripts n; take integer values in [0, — 1] given
by the discrete function

nt(jvk"~-’l)=8jt+8kt+"'+811’ (N
where §;; is the Kronecker delta. The function n,(j,k, ...,I)
gives the number of the subscripts j,k, ...,/ which are equal

tot (0 <r<5),with0 < n, < g — 1. In Egs. (6), the values
of n, specify the number of the state functions of spin pairs
in the generation below which are of a certain category, C;.
For instance, in the case of g = 4, the value of Assy; can
be calculated by setting n; = 1, np, =1, n3 =0, ny =0, and
ns =1 in Eq. (6¢), resulting in Assy; = (1 — p2.1)p1,o. The
values of p, ,» (0 < n < g and n’ = 0,1) are the probabilities
of finding the local fields in certain intervals and are given by

MW=/ ph)dhi.  (®)
hi=—H—-Q2n—q)J—Q2n'-1)J’
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In Egs. (6), the firstindex (i) of A, jx..; refers to the category
of state function sx (sy), while the other indexes j,k, .. .,l refer
to the categories of the g — 1 state functions, sy (sx), of spin
pairs in the generation below. The tensor A is symmetric in all
indexes except the first: A;jx. ; = Ai(jk..;y- It can be described
as a stochastic tensor, i.e., D, Ajjk... = 1, and for the case of
g = 2 it is equivalent to the stochastic matrix given by Eq. (4)
in Ref. [13].

The probability that the root spin flips, P(sg, = +1), can
be calculated by a similar method to that used to obtain
Eq. (5) (see Appendix C), resulting in the following tensor
relationship:

P(SR1 = 1) = BijmkPi(g_l)Pj(-g_l) N Pk(g_l), (9)
where B is a tensor of rank g given by

Bij. k = Pons+ms),0 + Pina+ms),0
X (Pimytmsms).1 = Pimytms).0)» (10)

with the indexes 1 < i,j, ...,k < 5 referring to the possible
categories of the spin pairs in generation g — 1. The values
of m, (0<m; <q) are given by the discrete function
m;(i,j...k) =6; + 8 + -+ &, which counts the number
of spin pairs in the generation g — 1 that belong to a
category 7.

In the limit of a large number of generations, g — oo, the
vector P‘® tends to a limit, P* = limg_, o, P'®, given by

P = A,-jk___IP;‘Pk* PR an

This is a self-consistent equation which can be solved numeri-
cally for P* (with the constraints 0 < P*< land ) ; P*=1).
Finally, the mean magnetization, (m) = 2P(sg, = +1) — 1, of
the bilayered Bethe lattice can be found by substituting P* into
Eq. (9).

IV. PHASE DIAGRAM

In this section, we analyze the behavior of magnetization
as a function of external field for different values of disorder,
in the case where the interlayer and intralayer interaction
strengths coincide, J = J'. The results of numerical solution
for (m)(H) of the self-consistent Egs. (6)—(11) is shown in
Fig. 3(a) for normally distributed random fields with mean
equal to zero and variance A?, i.e., h; ~ N(0,A?). Different
lines, describing the lower branch (increasing H) of the
hysteresis loop, correspond to different degrees of disorder,
represented by the value of A /J. As can be seen in the inset of
Fig. 3(a), there is a region in the parameter space of H and A
in which the solution for mean magnetization is multivalued.
The phase diagram displayed in Fig. 4(a) shows the extent of
this region.

The region in which (m)(H) is multivalued exists when the
degree of disorder is less than the critical value, A < A.,ina
finite range of external fields Hiow(A) < H < Hyign(A). Atthe
critical value of disorder, A./J >~ 0.8171, the width of the re-
gion shrinks t0 0, i.e., Hiow(Ac)/J = Hyigh(A)/J = He/J =
1.556. The width of the region, Hpigh(Ac) — Hiow(A¢), has
its maximum value for A/J ~0.69 [see Fig. 4(b) and
inset of Fig. 3(a)] and decreases rapidly for A/J < 0.69.
In the interior of the region, there are three solutions to
Egs. (9) and (11), (m(H)) < (my(H)) < (m3(H)) [see inset

PHYSICAL REVIEW E 88, 022117 (2013)
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FIG. 3. (Color online) (a) The mean magnetization (m) vs H for
a bilayered Bethe lattice with J = J', ¢ = 3, and A/J = 1.0 (dot-
dashed line), A/J = A./J = 0.8171 (dashed line),and A /J = 0.69
(solid line). The lines show the solution given by Egs. (6)—(11) while
the symbols are the results of numerical simulations on a system
of N =2 x 107 spins averaged across 107 realizations of disorder.
The inset magnifies the small multivalued region for the case A /J =
0.69. Individual data points in the inset represent the data before
averaging over realizations of quenched disorder in random fields and
network structure of bilayered 3-regular graph. (b) The correlation
length £ as a function of H obtained from the numerical solution
of exact equations derived in Sec. V (lines) and by direct numerical
simulations (symbols) for the same set of parameters as used in (a).
Lines and symbols have the same styles as in panel (a).

in Fig. 3(a)], two of which merge at the boundaries of the
region, i.e., (ma(Hiow)) = (m3(How)) at the left boundary and
(m1(Hhigh)) = (m2(Hyign)) at the right boundary. Outside of
the region, the solution is single valued, taking the values
(mi)(H) for H < Hioyw and (m3(H)) for H > Hyen. For
increasing external field and fixed degree of disorder, A < A,
the magnetization will follow the path of the solution with the
lowest magnetization, namely, (m) = (m(H)) for H < Hhpign
and (m) = (m3(H)) for H > Hy;gn, thus exhibiting a jump of
size §m(A) = (m3(Hnigh)) — (m1(Hhign)) as H passes Hhigh.

Mathematically, the origin of the discontinuity in magneti-
zation can be understood in terms of a diverging derivative of
P} with respect to H. Differentiation of Eq. (11) leads to

dPi* _ aAi/ k..l % *
=1 = D) ‘],-,#Pj Pr... P}, (12)
where the matrix D is defined as

D,‘j = (C] — 1)Aijk...lPk* e P[*. (13)
The nonnegative matrix D always has one eigenvalue equal
to g — 1, which ensures that ) ", d P*/dH = 0 (so the prob-
abilities P;* always sum to unity). At the discontinuity in the
magnetization, one of the other eigenvalues, A, passes through
1, causing the matrix (I — D) to become singular.

022117-4



ZERO-TEMPERATURE RANDOM-FIELD ISING MODEL ON ...

@ 5

AT

(b)
10" - - E
- ~< 3
P 3
10_2 // \\ E
Q 3 7 \ =
=10 ! | E
° / 1 3
- 4 ! | —
5 10 | | E
= ~ I I -
Z o° ) | =
I 1 3
10° ) ! E
' \ L ]

-7 | 1
107 0.5 1 15
AT

FIG. 4. (Color online) Size of multivalued region varying with
disorder for an interlayer link strength of J'/J = 1.0 (solid line)
and J'/J = 0.5122 (dashed line). The difference between Hy;g, and
Hioy for J'/J = 1.0 cannot be appreciated at the scale of the graph.
(b) The inset width Hyign — Hio, of the multivalued region as a
function of disorder A.

The scaling exponent describing (m) as a function of ex-
ternal field around the critical point (H,,A.) can be computed
by solving numerically the exact equations giving (m), and
it is found to be equal to the mean-field value, i.e., § = 3 in
(m) o< |H — H,|'? (at fixed A = A.) [1]. Similarly, the size
of the jump as a function of A scales with the mean-field
exponents, i.e., 8 = 1/2 for m(A) o< |A — A|P.

In order to test the analytical results, we have performed
numerical simulations on a finite size (N = 2 x 107) bilayered
3-regular graph, which is a finite-size approximation of a
Bethe lattice [5,15]. Such a graph is formed of N /2 pairs
of spins in layers 1 and 2, out of which two pairs are selected
at random to be connected together (by introducing a link
between the members of each pair belonging to the same layer
only) repeatedly until all pairs are connected to exactly three
other pairs. The random fields at each spin were chosen from
anormal distribution, and the external field H was set initially
to —oo, forcing all the spins into the down state. The field
was then increased to the value required to make the spin
with highest local field flip. Avalanches of spin flips were then
allowed to pass through the lattice until all spins were stable.
When avalanches had ceased, H was increased until another
avalanche started. This process was repeated until all spins
had flipped. The magnetization was measured as a function
of external field, and the resulting hysteresis loops are shown
by symbols in Fig. 3(a) and the points in its inset. As follows
from this figure, the numerical results support the analytical
findings.

PHYSICAL REVIEW E 88, 022117 (2013)

V. CORRELATION LENGTH

By using an extension of the method discussed in Sec. III,
the correlation length & for field-spin correlations in the
bilayered Bethe lattice can be derived. The correlation function
obeys

C(r) = (his;) — (hi)(s;) ~ [Ng()] " exp(—r/E),  (14)

where £ gives the correlation length [16,17] and the factor
N, (r) o< (g — 1)" is the number of spins at a distance r from the
root. If a small test field, 4, is applied to a spin in generation
g —r(l € r K g),itisexpected that the magnetization of one
of the central spins will change by an amount (6m) ~ C(r)éh.
In order to calculate &, we assume that the test field has been
applied to all of the spins in generation g¢ — r and that the
resulting change in magnetization, (§m’), is related to (§m)
according to (8m’) oc (8m)Ny(r).

The value of (§m’) can be estimated as follows. The test
field applied to the spins in generation g — r will alter the
value of P~ given by Eq. (5), meaning that

P& = p* 4 5PC "), (15)
where the vector § P@~") has components
aory  OAjjkd .o .
§PET = L prpr PP, (16)

oH

As a result of the application of the test field, the values
of P& (1 <r' <r) also change by a small amount, i.e.,
PE) = p* 4 §PE ) A recursive relation giving  P@~""
in terms of 8 P4~V can be written using Eq. (5),

§P) = Dys P, (17)

so that PG~ = D"~1§ P(¢=") and the value of (m) given by
Eqg. (9) changes by an amount

(6m'y = ETD" 7 's P&, (18)
where the components of E are given by
d
Ei = mBjk...lP;P]: . PZ* = qBijm]P; . PI*‘ (19)

The values of D, § P®~"), and E given by Egs. (12), (16),
and (19), respectively, do not depend on r, meaning
that (dm’) oc A", where A is the largest eigenvalue of
D, excluding the eigenvalue equal to g — 1. Equating
(8m) o¢ [N, (r)]~" exp(—r/€) and (8m) oc [N, (r)]~" (m') o
[N, (r)]"'A" gives the correlation length as & = —1/In(}).
The correlation length is plotted in Fig. 3(b) as a function of
H for values of A above, equal to and below A, and is found
to diverge at both the critical point and the magnetization
discontinuity. At the critical disorder, it diverges as
&(H,A.) o< |H — H.|™* with u = 2/3. The divergence along
the magnetization discontinuity behaves as £(H*(A),A) «
|[A — Ac|7", where v = 1 and H*(A) is a straight line passing
through the critical point with the gradient of the curves
Hyow(A) and Hpign(A) that are identical at A = A,

dH*  dHygn|  dHow

da — dA |, dA

(20)

A

The values of the critical exponents are identical to those
found in a single-layered Bethe lattice [17], indicating that the
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universality class has not been changed by the introduction of
the second layer.

The value of £ can be estimated using numerical simula-
tions. In order to do this, we have calculated the field-spin
correlation function, C(r), given by Eq. (14) and fitted its
logarithm by a straight line in the range r =1, ...,5, thus
extracting the correlation length as a function of H. The
numerical data for £ (H) are shown in Fig. 3(b) by the symbols
for several values of A. In the case of A/J = 0.69 and H 2,
1.625, the numerical data are not presented since the small
value of C(r) in this range leads to an inaccurate estimate of &.

VI. MECHANISM OF INFINITE AVALANCHE

It is known that an infinite avalanche does not take place
in a g = 3 single-layered Bethe lattice. This is because the
infinite avalanche can only occur when avalanches branch at
spins neighboring pre-flipped spins (spins which flipped in
previous avalanches). In a single-layered ¢ = 3 Bethe lattice,
the pre-flipped spin blocks one of the outgoing paths [see
circled spin in Fig. 5(a)(i)], meaning that a new avalanche
[circled spin in Fig. 5(a)(ii)] that reaches the central spin
[bold arrow in Fig. 5(a)(ii)] and causes it to flip [circled spin
in Fig. 5(a)(iii)] can only continue down one branch [bold

(a)

PHYSICAL REVIEW E 88, 022117 (2013)

arrow in Fig. 5(a)(iii)]; i.e., branching cannot occur at a spin
neighboring a pre-flipped spin.

Since there is a phase transition in the bilayered g = 3
lattice (see Fig. 3), we can infer that blocking is avoided
for such a system; i.e., branching must occur at a pair of
spins neighboring pre-flipped spins. There are two simple
mechanisms by which this can occur. In the first mechanism,
only one member of a pair of spins is pre-flipped [see circled
spin in Fig. 5(b)(1)], so that a new avalanche [circled spins
in Fig. 5(b)(ii)] which causes the central spins to flip [circled
spins in Fig. 5(b)(iii)] can continue along two branches [see the
three bold arrows in Fig. 5(b)(iii); the two parallel bold arrows
correspond to an avalanche along the down-right branch in
both layers and the third bold arrow shows an avalanche along
the down-left branch in a single layer]; i.e., the avalanche splits
into two paths (two-way branching). In the second mechanism,
there are pre-flipped spins in both layers of one branch [circled
spins in Fig. 5(c)(i)] and a new avalanche causes a single
spin neighboring the central spins to flip [circled spin in
Fig. 5(c)(ii)]. This avalanche, in turn, causes the central spins
to flip [circled spins in Fig. 5(c)(iii)] and induces two-way
branching [see the three bold arrows in Fig. 5(c)(iii) along the
upward branch and down-right branch]. In addition, two-way
or even three-way branching can occur when one of the

(i) ! (i) (iii) 1
| 17
= ! =
\ / \
7 ! 7 !
State before ] Incoming | Outgoing Avalanche |
avalanche occurs Avalanche on one branch
(b) I I
e (i1 IR
/ \
l— l/ = — =
l l=1 l—=1 T—1 l—=1
/' N 7 /N /\/\/\/\ 7NN 7NN
State before ] Incoming | Outgoing avalanches |
avalanche occurs Avalanche on two branches
(c) | | .
(i 17 (i) I I
\ I / \ \
\ T—1 l—
/\/\ /\/\/\/\ 7N/ N\ 7 \/ '\
State before ] Incoming | Outgoing avalanches |

avalanche occurs

Avalanche

on two branches

FIG. 5. The interaction of an avalanche with pre-flipped spins in (a) a Bethe lattice of ¢ = 3 and (b,c) a bilayered Bethe lattice with
q = 3. The circled spins in columns (i) and (ii) correspond to pre-flipped spins and spins which have flipped in a new approaching avalanche,
respectively. In column (iii) the circles indicate that the central spins have flipped. The bold arrows in columns (ii) and (iii) represent the
incoming and outgoing avalanches with respect to the central pair, respectively.
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neighboring pairs has one pre-flipped spin and the avalanche
approaches on a single level.

VII. EFFECT OF INTERLAYER
INTERACTION STRENGTH

Spin pairs with two spins in different states play an essential
role in causing the infinite avalanche to occur (see Sec. VI).
However, we have found numerically that such spin pairs are
relatively rare for the case J' = J. A decrease of the interlayer
interaction strength, J' < J, decouples the two spins in the
pair, meaning that they are more likely to take different states.
Consequently, we might expect the enhancement of infinite
avalanches with reducing J’ and an increase in the size of the
multivalued regime for the solution of (m).

We have solved the self-consistent Eqgs. (6)-(11) for
magnetization as a function of external field for J' # J [see
Fig. 6(a)] and established the phase diagram for this case
[see dashed line in Figs. 4(a) and 4(b)]. Additionally, we
have calculated the correlation length & as a function of H
[see Fig. 6(b)] and confirmed that the critical exponents are
not altered from their values when J' = J. Repeating such
an analysis for several values of J’, we have found that the
dependence of the critical degree of disorder A, on J' is
nonmonotonic and reaches a maximum value AT /J = 1.212
at J'/J = 0.5122 [see solid line in Fig. 7(a)]. At this point
the size of the multivalued region is large in comparison
to that for J'/J =1 [cf. regions bounded by a solid and
dashed curves in Figs. 4(a) and 4(b)]. At low interlayer link
strength, avalanches pass down each layer independently, and

1 @ \ -
- m .9‘ -
,/.e'
0.5 /O: o —
N i d I i
’
\E/ (U P _|
L »./o/ .
-0.5*’0’0_.9' o -
-1 1
(b) 1
- [} 4
I
I
20 I —
I \
wp = ] \ .
7
: A\
107 /~/4/// \.\\. n
B -l S :"\s;
o E— \ \ .
0.8 1 1.2
H

FIG. 6. (Color online) (a) Lower half of the hysteresis loops for
a g = 3 bilayered Bethe lattice with an interlayer link strength of
J' =0.5122J. The value of (m) is plotted against H for disorder
above criticality (dot-dashed line, A = 1.5), atcriticality (dashed line,
A = 1.212), and below criticality at the location of the maximum size
of the multivalued region (solid line, A = (0.70). Symbols represent
numerical results averaged across 107 realizations of a system of size
N =2 x 107. (b) The correlation length plotted vs external field for
the same system and values of the parameters as in panel (a).
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LS

1.5
JCZ(A)

A/

0 0.5 1 1.5 2
Al

FIG. 7. (Color online) (a) Critical disorder A./J as a function
of the relative strength of the interlayer links, J'/J. Solid and
dashed lines refer to bilayered Bethe lattices with ¢ = 3 and ¢ = 4,
respectively. (b) Size of jump in magnetization, m(A), as a function
of J'/J for a bilayered Bethe lattice with ¢ = 3 for several degrees
of disorder, A/J = 0.8 (solid line), A/J = 1.0 (dashed line), and
A /J = 1.2 (dot-dashed line). The dotted lines in panel (a) correspond
to the values of A/J for the curves plotted in panel (b).

the system approaches the behavior of a ¢ = 3 single-layered
Bethe lattice; i.e., the discontinuity does not exist at J' = 0.
The numerical analysis seems to suggest that there will be a
jump for any nonzero interlayer link strength, J" > 0, although
the narrow width of the multivalued region for both J" — 0
and J’ 2 1.1J makes numerical studies imprecise for these
values of J'. In order to avoid these numerical instabilities,
we have analyzed the dependence of A. on J' fora g =4
bilayered Bethe lattice and have found a similar peaked shaped
curve [see dashed line in Fig. 7(a)]. For this system, the critical
disorder has a nonzero limiting value for both small and large
J', which can be related to the fact that the ¢ = 4 single-layer
Bethe lattice exhibits a disorder-induced phase transition at a
nonzero value of disorder.

At a fixed value of A < AT™, the dependence of the
size of the discontinuity in magnetization, §m(A), on J’
is not monotonic. Figure 7(b) shows that dm(A) takes a
finite value in the interval J/;(A) < J' < J,(A) and is zero
outside this region. The fact that ém(A) can decrease for
increasing J’ might seem to be counterintuitive. However, such
a dependence can be understood in terms of the mechanisms
of the infinite avalanche presented above. Indeed, decreasing
the interlayer interaction strength allows the two spins in a
pair to take different values, reducing the probability that the
outgoing path for the avalanche is blocked.

VIII. CONCLUSIONS

In conclusion, we have demonstrated a method to calculate
the magnetization hysteresis loop for the random-field Ising
model at zero temperature defined on topologies more
complex than a Bethe lattice (i.e., containing topological
loops). In particular, we have analyzed a bilayered Bethe
lattice [9,10]. Our main findings are as follows: (i) we have
obtained an exact implicit solution for magnetization of a
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q = 3 bilayered Bethe lattice, expressed by a set of five
simultaneous self-consistent equations, which can be solved
numerically; (ii) the mechanism by which blocking effects
that prevent the presence of infinite avalanches in ¢ = 3 Bethe
lattice are avoided by the introduction of a second layer; (iii)
the effects of the interlayer interaction strength are studied and
shown to be able to increase the range of degrees of disorder
in which magnetization exhibits a discontinuity as a function
of external field; (iv) a reduction in the interlayer interaction
strength can increase the size of the jump in magnetization,
i.e., enhance the size of the infinite avalanche; and (v) the
correlation length as a function of external field exhibits a
power-law divergence at the critical point with the same critical
exponents as those for a ¢ > 3 single-layered Bethe lattice.
The bilayered Bethe lattice has local loops. We have
demonstrated how to take into account the effect of these
loops exactly in the calculation of the mean magnetization
and correlation functions. In addition we have described the
mechanism which allows the infinite avalanche to grow in
the presence of these local loops. As such, this analysis is
a step forward in understanding the mechanism by which

(a) I

PHYSICAL REVIEW E 88, 022117 (2013)

an infinite avalanche occurs in more complex and realistic
lattices.

The method for evaluation of magnetization introduced in
this paper is based on recursion relations and can be relatively
straightforwardly generalized to multilayer Bethe lattices and
to similar topologies but with more than two spin states per
node. The mechanism of infinite avalanches described in this
paper applicable to Bethe lattices which can only be embedded
in hyperbolic topology [18] could serve as a basis for an
understanding of similar processes on systems embedded in a
Euclidean space.
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APPENDIX A: CATEGORIES

As mentioned in Sec. III, the state function sx(sy) describ-
ing the state of a spin pair sy in generation g in terms of the
state of the spin pair sy in generation g + 1 can be categorized
into five forms. In this Appendix we give a more detailed

No spontaneous flips |

Y l l Y, l l
/ Neither X7 nor X, flip because /]
Xy -] x, == fx,(sy =A,sx =A) <0 B 1=
. 1\\\ and fx,(sy = A, sx =A) <0. e ,’\\:\
’ /, \ss ’/ // N \\
’ 0 A IEN 7 s NN
w w® w w®
I No in-out avalanche |
@ i} X does not flip because T
' / le(Sy:Bl,SX :.A)<O. / /
4 l:l\ N Pid l:l\ N
, e \\ , e \\
i SN 7 ANAN
W w2 w w2
(b) | No spontaneous flips |
il | v Ly
/ Neither X nor X5 flip because / /
X = x, = [fxsv=Asx=A4)<0 => 1=
/1/1‘*‘s and fxz(Sy:AﬂSX:A) < 0. //:,/\\:\\
,/,z SO R oM
W w® W w®
I No in-out avalanche |
l X flips because Tl X5 does not flip because T
" / fxl(8y:l31.,sX:.A)>0. / / sz(Sy:Bl,SX:Bl)<O. / /
1=l | T—l
e ,’\\ SO RO AR 7 //\\ oS
R SN ,l ’ s‘s 7 SN
27 NN & ’ \: 77 NN
wd W e W w W)

FIG. 8. Two possible sequences of spin flips leading to the state function sy (sy) being in category C; for which avalanches emerging from
the branch below spin pair X do not lead to a spontaneous avalanche at X. Double arrows represent the order in which events take place. Bold
solid arrows represent the sequence of flips in an avalanche. Bold dashed arrows represent that there can be an avalanche from the spin pair below.
Bold dashed arrows which go down and then up represent that in-out avalanches can occur in the generation below. Circled up arrows represent
an intermediate state in which a spin flips. The light dashed lines represent the links to the spin pairs sy which are not shown in the diagram.
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I No spontaneous flips |

il |y Ly
/ / Neither X7 nor Xy flip because / /
Xil—| X, == fulsy=Asx=A4)<0 => I—|
1,1\~\ and fx,(sy = A,sx =A) <0. //’ ,’\\\‘\
7, AN .7 ,’/ \\\\\
w@® w2 w® w®)
I In-out avalanche |
l X flips because T X, flips because Tl
" / fxl(-Sy =By, sx =.A)>0. / / fXQ(SYZBl,SXZBl)>O. / '
7 l\\i 7 T
L pid \:\ R , \\\\ P e N
A NN v SN A NN
‘s NN @ A AFN s s NN
w® w®) wm W) w® W)

FIG. 9. Sequence leading to a state function sx(sy) of category C,. The notation is the same as in the previous figure.

description of the categories. They are formally defined as
follows (see Table I and Figs. 8—12):

Ci = {sx(sp)l(sx(sy = A)

= ANsy,(sy = By) = -1},
Cr = {sx(sy)l(sx(sy = A)

= ANsx,(sy = B = +1)},
C; = {sx(sy)lsx(sy = A) = By},
Cy = {sx(sy)lsx(sy = A) = By},

Cs = {sx(sy)lsx(sy = A) =C}. (AD)

Category C; contains all functional forms that lead to no
spontaneous avalanches emerging from spin pair sy and the
branch below it [the state sx(sy = A) = A]; i.e., the fields at
both sy, and sx, are negative when both spins in pair sy are in
the down state, sy = A [see Figs. 8(a) and 8(b)]. Additionally,
functional forms falling into category C, indicate that any
avalanche propagating into the branch along layer £ = 1 will
not propagate back out again along layer £ = 2, i.e., sx,(sy =
Bi) = —1, either because the field at sy, remains negative
when sy = B, [see Fig. 8(a)] or because the local field fx, at
spin sx, becomes positive but the field fx, at spin sx, remains
negative [see Fig. 8(b)].

Category C, contains functional forms leading to no
spontaneous avalanche emerging from the branch (i.e., the
fields at sy, and sx, are both negative; see Fig. 9). Category
C, also indicates that an in-out avalanche can propagate into

the branch along layer £ =1 (from spin sy, to spin sx,)
and pass to spin sy, in layer 2 (increasing the local field at
spin sy,). This occurs when the field at spin sx, becomes
positive and its flip causes the field at spin sy, to become
positive.

Functional forms in category C3 or Cy4 lead to a spontaneous
flip of spins in either layer 1 or 2, respectively, but not
simultaneously in both layers (see Figs. 10 and 11). For Cs,
this occurs when the field at spin sy, is positive and the field
at sx, is negative even after X has flipped, or vice versa in the
case of Cy.

Category Cs indicates that both sx, and sx, flip spon-
taneously, either because the field at both spins is positive
when both sy, and sy, are down [Fig. 12(a)] or because
the field at spin sy, is positive and its flip sy, causes the
field at spin sy, to become positive [Fig. 12(b)] or vice versa
[Fig. 12(c)].

APPENDIX B: DERIVATION OF SELF-CONSISTENT
EQUATION FOR THE PROBABILITIES, P*' [Eq. (5)]

The recursion relation between the probabilities Pi(g) of
sx(sy) being in category C; and the probabilities Pj(-g_l) of
the functions {sww (sx)} being in categories C; can be found
in the following way. For convenience, definitions of the
possible categories of the function sy (sy) in terms of the local
fields at spins sx, and sy,, matching the descriptions given in

I Single spontaneous flip at X3 |

il | v X flips because bl X5 does not flip because L]
l |/ Ix,(sy =A, sx =A)>0. 4/ Ix,(sy = A, sx = B1) <0. 4/
X1 l‘l XQ e N
7 N
,1,1\3‘ RAKAAN RSN
4 0 SOS ’ o, SON s s SO
4 A IEN < S s s N
w® W@ WT{) W?2> w® w®)

FIG. 10. Sequence leading to a state function sy (sy) of category Cs. The notation is the same as in Fig. 8.
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I Single spontaneous flip at Xo |

il |y X, flips because 1] X4 does not flip because L
/ / fXQ(Sy:.A,SX :.A)>O. / ' le(SY:A7SX:BQ)<0- / ,‘
X1 l—| X, j l@ . L@
/1,1\s\~ AR AL JRe //’ \\\\
’ s SO 7 s O ‘s SN
4 ST VM 4 ~\ ‘s s AEREN
w® W@ w® W@ w w®)

FIG. 11. Sequence leading to a state function sy (sy) of category C4. The notation is the same as in Fig. 8.

Appendix A, can be formally written as
Cy if [fx,(sy = Bisx =A) < 0N fx,(sy = Bi,sxy = A) < 0]
U[fx,(sy = Asxy = A) <0 < fx,(sy = Bi,sx = AN fx,(sy = Bi,sx = By) < 0],
C, if fx,(sy = A,sx = A) <0 < fx,(sy =Bi1,sx = A)
Nfx,(sy = A,sx = A) <0 < fx,(sy = Bi,sx = B1),
C; if fx,(sy =A,sx =A) > 0N fx,(sy = A,sx =By) <0,
Cy if fx,(sy =A,sx =A)>0N fx,(sy =A,;sx =B) <0,
Cs if [fx,(sy = Aisx = A) > 0N fx,(sy = Asx = By) > 0]
U frolsy = Assxy = A) > 0N fx,(sy = Asx = B,) > 0.
The above definition does not explicitly contain the dependence on the state functions, {sww (sx)}, of the spin pairs syw» (1 <

b < g — 1) in the generation below. These state functions are adsorbed into the expression for local fields fx, (sy = A,sx = A),
which in fact do depend on {syw (sx)}, according to the following equation:

sx(sy) € (BD)

q—1
Fx(svosx Aswo (s hx,) = Ty, +J Y syo(sx) + H +hx, + J'sx . (B2)

b=1
In Eq. (B2), X3_; refers to the spin in layer 3 — ¢ which is linked to spin X, in layer £ = 1 or 2. The random function
Sx,(sy,sx; {sww(sx)},hx,) accounts for the effects of the random fields at spin pair X and all the avalanches which randomly
emerge from lower generations. Equation (B2) can be rewritten in terms of the categories of either {syw(sx)} or {s’W“,)(s’X)}

(a) } Spontaneous flips at X; and Xo ]
il | v U
/ / Both X7 or X, flip because 4 1
X l—| X, == fruy=Asx=A)>0 => QE
,1,1\\\\ and fx,(sy = A,sx =A) > 0. ////,’ \\\\
/,,, \\\\ // // \\ \\
w w® w® w®
(b) | Spontaneous flips at X; and X, |
il | vwn X5 flips because Ll X5 flips because Ll
/ fx, (sy = A, sx =A) > 0. 1/ fx.(sy = A, sx =B1) > 0. 1 4
Xl l‘l X2 GE
AT AR RIT AR WiaN
’ ,l \\\ ’I ,/ \~\\ e e AN AN
’ 4 ~ L RS 7 s NN
w w® wTﬁ w® w w®
(c) ¥ Spontaneous flips at X; and X» |
ill]lv X, flips because ] X, flips because 1]
! fx,(sy = A, sx =A) > 0. [ 4 fx,(sy = A, sx = B2) > 0. 4 4
Xl ‘L\l X2 ’ /GE
/1,1‘s\\ PR A LN R AN
’ SON PR 4 O Pad ATRES
’ s S < ~\ ‘s . AIEN
w @ w2 W w®) w w2

FIG. 12. Three possible sequences leading to a state function sx(sy) of category Cs. The notation is the same as in Fig. 8. In panels (b) and
(c), the upward pointing bold arrow is shown for both the second and the last state. This represents the fact that the spins Y; and ¥, which this
interaction affects cannot change state until the spin pair X is in a stable state, so that the spin pair ¥ may be in an unstable state but not flip
before the final step shown.
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as follows:
fx(sy.sx = Ai{swor(sx)}hx,) = Jsy, + H + hy, + J[2n3+2ns — (g — D] — J'

=Jsy, + H+hx, +J[2ny+2n5— (g — D] —J
fx.(sy.sx = Ai{swo(sx)}hx,) = Jsy, + H + hx, + J[2n4 + 215 — (¢ — D] —

= Jsy, + H + hx, + J[2n} + 205 — (g — D] = J', (B3)
Ixi (sy.5x = Bai {swor(sx)}hx,) = Jsy, + H + hy, + J[2n) + 2n), + 2n5 — (g — D]+ J',
Ix.(sv.5x = Bii {swo(sx)}hx,) = Jsy, + H + hy, + J[2n2 + 2n4 + 2ns — (g — D]+ J',

where we have defined n; and n; as the number of the functions sy (sx) and s}, (s ), respectively, in category C;. As explained

in Sec. III, the functions sW(,,)(s ') are the state functions that spin pair W® would have if all of the spins in layer £ = 1 were
swapped with their copies in layer £ = 2. Substitution of Eq. (B3) into Eq. (B1) gives a set of conditional expressions for the
categories of sx(sy; hx,,hx,,{Swe(sx)}) in terms of both the random fields A x, and A x, and categories of sy (sx) and S";V<b;(53()-
The probability distribution of the category of sx(sy) can then be written as

00 00 qg—1 qg—1 g—1 q—1
P(Ci,g) = P(sx(sy) € C)) = / / Z . Z Z Z IC, Sx Sy,hx, hxz,{SWw)(SX)})]
—00 Jhx,=—00

hx,= n1=0 n5=0n=0 ns=0

x P({ni}.{n;Dp(hx,)p(hx,)dhx, dhx,, (B4)
where I¢,[S(S")] is the indicator function, defined by I, [S(S)] = 1 for S(S) € C; and 0 otherwise. In Eq. (B4), the value of
P({n;},{n;}) represents the joint probability distribution of the numbers {n;; i = 1,2,...,5} and {n}; i = 1,2,...,5} that take

values given by the function n;(j, ...,l) [cf. Eq. (7)]. Performing the integral over the random fields in Eq. (B4) results in the
following:

gqg—1

P(Cy,8) = Z .. Z P{niD[(1 = Pus4n5.0) (1 = Porsns+1.0) + (1 = Ponssnstns)1) (Pangsns+1.0 — Pina+ns)0) ]+
n=0 ns=0
q—1 g—1

P(Ca,8) = Z e Z P{ni)(Pnytnstns)t = Pons+ns).0) (Pinstns 1.0 = Pinatns).0)»
n1=0 ns=0
q-1 -

P(C.2) =Y ... > PUrH(1 = Pinstnitns)1) Plasing).0- (BS)
n1=0 ns=0
q-1 q-1

P(C4’g) = Z o Z P({n;})p(ng-ﬁ-n;),O(l - p(n/2+n_fl+n’5).l)’
n=0 ns=0
q—1 q—1 g—1 q—1

P(Cs.8) =Y ... Y PUnPayins)0Purinitngt + D - D PURD(Diry g int = Pon).0) Py .00
n;=0 ns=0 ny=0 ns5=0

where P({n;}) and P({n}) are the distributions of {n;} and Equation (B6) can then be substituted into Eq. (BS), revealing
{n}, respectively. Owing to the symmetry between the layers, the tensor equation (5) in the main text.

the distributions P({n;}) and P({n}}) should be the same and

the primes can be dropped wherever they appear in Eq. (BS).

Since the categories, C;, of each of the functions sy (sx) are

distributed independently according to P(C;,g), the function

P({n;}) can be written as

APPENDIX C: PROBABILITY OF ROOT SPIN FLIPPING IN

P(n;) = 25: 25: P(Cj.g — L P(Crg—1) BILAYERED BETHE LATTICE
Jj=1 =1 The root spin R; will flip on the last iteration step if
5 either the local field at that spin is positive at the start of
1_[ - (B6) that step or (a) the field at the other root spin is positive,

_ causing it to flip, and (b) the field at R; is positive once sg, has

022117-11



HANDFORD, PEREZ-RECHE, AND TARASKIN

flipped, i.e.,

+1 if fr,(sg = A; {swor(sg)}.hg,) >0
U[fR2 (SR = .A; {Sw(h)(SR)},hRZ) >0

SR, =
1 Nfr, (& = Bas {swer(sg)}hg,)) > 0],
-1, otherwise.
(C1)
Here, the local fields at the root spins can be written as
Iz (sg; {swor(sp)}bhr,)
q
= JZSW(h)(SR)—i-H-i-hRé + J'spy_,s (C2)

b=1

where {sy» (sg)} (1 < b < g) describes the states of the spins
in generation g — 1 in terms of the state of the root spins.
Equation (C2) can be rewritten in terms of the numbers mz; (1 <
i < 5) of the functions s/, (s%) [the layer-swapped versions
of sy (sg); see Sec. II1] in each category C;:

fri(sr = A {swo(sx)}bhx,)

= H + hg, + J[2m4 +2ms — (g — D] = T/,
fr(sr = Ai{swo(sx)}hx,)

— H 4 hg, + J[2m3 +2ms — (g — D = J',  (C3)
fr (sr = Ba: {swor(sx)}.hx,)

= H + hg, + J[2my + 2my +2ms — (g — D] + J'.

PHYSICAL REVIEW E 88, 022117 (2013)

The value of sg, is a random number depending on hg,, hg,,
and {m;}. The probability that s, = 41 can be written as

oo o q q
P(SRI = +1) = /}; /h Z 551?1“H
R =700 Ry=—00

m|=0 m5=0
x P({m;Hp(hg)p(hr,)dhg dhg,. (C4)

As in the case for the recursive relation given by Eq. (B4),
substitution of Egs. (C1) and (C3) into Eq. (C4) leads to the
relationship

q q
P(sg, =+1) =D ... D PUmDPonsims.0
m1=0 ms=0

+ (P<m2+m4+m5>,1 - P<m4+m5>,0)l’<m3+m5),0’
(&%)

where P({m;}) can be written as

x P(C;,g — DP(Cj,g—1)...P(C;,g — 1).

(Co)
In Eq. (C6) there are now ¢ sums, corresponding to each
branch, and m,(i, ...,[) gives the number of the subscripts

i,...kwhichequalt,ie.,m:@,...,[) =8 +6; + ...+ 8.
Substituting the expression given by Eq. (C6) into Eq. (C5)
gives the tensor relationship given by Eq. (9) in the main text.

[1] J. P. Sethna, K. Dahmen, S. Kartha, J. A. Krumhansl, B. W.
Roberts, and J. D. Shore, Phys. Rev. Lett. 70, 3347 (1993).

[2] M.-L. Rosinberg and E. Vives, in Disorder and Strain-Induced
Complexity in Functional Materials, edited by T. Kakeshita,
T. Fukuda, A. Saxena, and A. Planes (Springer, New York, 2011),
pp. 249-272.

[3] E. Kierlik, M. L. Rosinberg, G. Tarjus, and E. Pitard, Mol. Phys.
95, 341 (1998).

[4] S. Pradhan, A. Hansen, and B. K. Chakrabarti, Rev. Mod. Phys.
82, 499 (2010).

[5] D. Dhar, P. Shukla, and J. P. Sethna, J. Phys. A: Math. Gen. 30,
5259 (1997).

[6] O. Perkovi¢, K. A. Dahmen, and J. P. Sethna, Phys. Rev. B 59,
6106 (1999).

[7] D. Spasojevic, S. Janicevic, and M. KneZevié, Phys. Rev. Lett.
106, 175701 (2011).

[8] T. P. Handford, F. J. Pérez-Reche, and S. N. Taraskin, Phys. Rev.
E 87, 062122 (2013).

[91 M. L. Lyra and C. R. da Silva, Phys. Rev. B 46, 3420

(1992).

[10] C.-K. Hu, N. S. Izmailian, and K. B. Oganesyan, Phys. Rev. E
59, 6489 (1999).

[11] P. N. Timonin and V. B. Shirokov, Phys. Rev. B 74, 094401
(2006).

[12] L. Zutié, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).

[13] S. Sabhapandit, Phys. Rev. B 70, 224401 (2004).

[14] R. J. Baxter, Exactly Solved Models in Statistical Mechanics
(Academic Press, San Diego, 1982).

[15] M. E.J. Newman, Networks: An Introduction (Oxford University
Press, Oxford, England, 2010).

[16] K. Christensen and N. R. Moloney, Complexity and Criticality
(Imperial College Press, London, 2005).

[17] T. P. Handford, F.-J. Perez-Reche, and S. N. Taraskin, J. Stat.
Mech.: Theory Exp. (2012) PO1001.

[18] B. Soderberg, Phys. Rev. E 47, 4582 (1993).

022117-12


http://dx.doi.org/10.1103/PhysRevLett.70.3347
http://dx.doi.org/10.1080/00268979809483166
http://dx.doi.org/10.1080/00268979809483166
http://dx.doi.org/10.1103/RevModPhys.82.499
http://dx.doi.org/10.1103/RevModPhys.82.499
http://dx.doi.org/10.1088/0305-4470/30/15/013
http://dx.doi.org/10.1088/0305-4470/30/15/013
http://dx.doi.org/10.1103/PhysRevB.59.6106
http://dx.doi.org/10.1103/PhysRevB.59.6106
http://dx.doi.org/10.1103/PhysRevLett.106.175701
http://dx.doi.org/10.1103/PhysRevLett.106.175701
http://dx.doi.org/10.1103/PhysRevE.87.062122
http://dx.doi.org/10.1103/PhysRevE.87.062122
http://dx.doi.org/10.1103/PhysRevB.46.3420
http://dx.doi.org/10.1103/PhysRevB.46.3420
http://dx.doi.org/10.1103/PhysRevE.59.6489
http://dx.doi.org/10.1103/PhysRevE.59.6489
http://dx.doi.org/10.1103/PhysRevB.74.094401
http://dx.doi.org/10.1103/PhysRevB.74.094401
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/PhysRevB.70.224401
http://dx.doi.org/10.1088/1742-5468/2012/01/P01001
http://dx.doi.org/10.1088/1742-5468/2012/01/P01001
http://dx.doi.org/10.1103/PhysRevE.47.4582



