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Antiferromagnetic Barkhausen noise induced by weak random-field disorder
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This study numerically investigates magnetization reversal processes driven by an external magnetic field in
three-dimensional antiferromagnetic spin models with weak random-field disorder. Considering an extremely
weak disorder and low temperature, we observe a stepwise hysteresis loop and the appearance of short mag-
netization bursts of a characteristic triangular shape; the number of bursts increases with disorder, indicative of
Barkhausen-type noise. These phenomena are attributed to the simultaneous reversal at a given external field
of segments composed of spins with identical neighborhoods. A local random field orients one or more spin
neighbors, resulting in small, ferromagneticlike clusters distributed throughout the system. As disorder increases,
these clusters may merge to form a labyrinthine structure within the antiferromagnetic background, facilitating
brief avalanche propagation. The results demonstrate that, compared with familiar random-field ferromagnets,
the observed antiferromagnetic Barkhausen noise and the related avalanche sequence have a profoundly different
structure, organized into peaks associated with the transition between magnetization plateaus. They exhibit
prominent cyclical trends and disorder-dependent multifractal fluctuations, with the singularity spectrum quan-
tifying the degree of disorder. The activity avalanches exhibit scale invariance resembling that recently found in
experiments with disordered ferrimagnets and martensites, as well as in quantum Barkhausen noise, which are
associated with active geometric regions rather than individual-spin dynamics. The observed scaling behavior is
interpreted in terms of self-organized critical dynamics.

DOI: 10.1103/ym7r-kzdl

I. INTRODUCTION

Antiferromagnetic materials are the focus of current
research for their unique features with interpenetrating sub-
lattices and fast spin dynamics, making promising technology
applications instead of traditional disordered ferromagnets
with the domain structure [1–3]. Particularly, weakly disor-
dered bulk and low-dimensional antiferromagnetic materials
and layered heterostructures are intensively investigated; see
recent reviews [4,5]. These systems often exhibit strong spin
anisotropy and are suitably described by random-field Ising
models, with the local random fields emanating from under-
lying weak structural defects in otherwise regular lattices.
More complex structures, e.g., self-assembled nanomateri-
als [6], can be represented by Ising spin networks, which
capture the effects of geometric frustration [7,8] as the ori-
gin of new phenomena in these complex assemblies [9].
The occurrence of hysteresis behavior in random magnets
is a fundamental feature exploited in many technological
applications. The magnetization-reversal processes in antifer-
romagnets driven by the external magnetic field are much less
investigated, in contrast to disordered ferromagnets having
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domain structure, where the collective magnetization fluctu-
ations are understood as linked to the domain-walls depinning
and propagation [10–12]. Specifically, the underlying domain-
walls dynamics lead to the magnetization bursts, known as
the Barkhausen noise (BHN) signal. Groups of bursts ap-
pearing between the domain-wall depinning and new pinning
position make the magnetization avalanches, which exhibit
the scale-invariance associated with the out-of-equilibrium
hysteresis-loop critical point; see recent review for extensive
computational techniques developed to extract the hysteresis-
loop criticality from associated BHN signals [12] for different
systems studied with realistic driving at finite temperature
and demagnetization fields. The BHN signal captures the col-
lective magnetization fluctuations along the hysteresis loop,
resulting in a nontrivial multifractal structure established in
experimental [13] and theoretical [14–16] investigations. The
BHN features and scaling of magnetization avalanches are
thus used for noninvasive monitoring of the sample’s domain
structure related to random defects and its impact on the
magnetization processes.

In contrast to random ferromagnets, the magnetization
fluctuations phenomena on the hysteresis loop in disordered
antiferromagnetic systems are much less investigated. It is
interesting to note that in antiferromagnets with structural
disorder, the impact of these nonmagnetic site defects on
the system’s critical behavior is adequately described by the
random-field antiferromagnetic model, theoretical and experi-
mental studies demonstrate [17–22]. Meanwhile, the addition
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of site defects leads to nonuniversal critical features of the
hysteresis-loop criticality in the ferromagnetic random-field
Ising model, as shown in [23]. Experimental studies of the
antiferromagnetic material PrVO3 with weak random-fields
disorder in [24] revealed a characteristic structure of the hys-
teresis loop with plateaus. A similar hysteresis loop structure
was observed in the experiments with disordered ferrimagnet
DyFe3 with Ga-doped Fe sites [25], in pyroxene CoGeO3

[26], and many other materials. Theoretically, the origin of
the hysteresis-loop plateaus can be both quantum and classical
[27,28]; it is often connected to geometric frustration effects
induced by complex structure and interactions in networks
and lattice spin models [29–31].

The Barkhausen-type noise was experimentally observed
in the antiferromagnetic-ferromanetic (AF/FM) bilayers [13]
and Ga-doped DyFe3 ferrimagnet [25], the resistance fluc-
tuations of the antiferromagnetic thin film [32] and in
simultaneous magnetic BHN and acoustic emission during the
thermally induced martensitic transition in Ni-Ma-Ga single
crystals [33]. Recently, quantum Barkhausen-type noise was
reported in experiments with LiHo0.4Y0.6F4 single crystal at
low temperatures, associated with correlated quantum tun-
neling phenomena [34]. Experimental study in [35] reports
a domain-wall structure that arises in antiferromagnets MnF2

and Cr2O3 crystals during the first-order spin-orientation tran-
sition under the influence of the external magnetic field.
Considering more complex structures as networks that model
self-assembled nanomaterials [9,36,37], the field-driven re-
versal of Ising spins with antiferromagnetic coupling along
the network’s edges show BHN-type response; the associated
magnetization avalanches exhibit universal scaling exponents
in the class of mean-field self-organized criticality [38], re-
sulting from the critical branching processes [39]. (Note that
a different scaling in the class of directed sandpile automata
[40] correspond to the higher-order interactions embedded in
triangles [38]). In contrast to the hysteresis-loop criticality in
the random-field Ising model on compact lattices described
above [12], this scaling behavior of antiferromagnetic systems
appears to be induced by the complex network’s environment
without any magnetic disorder, and appears as a manifesta-
tion of a self-organized critical behavior [41]. Conversely, in
the regular crystalline structures, the above-mentioned exper-
imental findings in the antiferromagnetic materials suggest
that the role of weak disorder could be crucial. Given the
regular sublattices structure and their response to the exter-
nal magnetic field, entirely different mechanisms govern the
magnetization reversal in random antiferromagnetic samples,
compared to those in random ferromagnets. Hence, the gene-
sis of the BHN-type response and the nature of criticality on
the hysteresis loop in antiferromagnets with compact lattice
structure and weak disorder, as appropriate models of these
experimentally studied systems, is yet to be understood.

In this work, we study the field-driven magnetization re-
versal in a three-dimensional antiferromagnetic system of
Ising spins and weak random-field disorder. Using the zero-
temperature numerical simulations, we demonstrate how the
magnetization bursts appear with gradually increasing weak
disorder, leading to a specific type of Barkhausen noise and
stepwise hysteresis loop. These bursts organize into uneven,
well-resolved peaks associated with the transition between

the magnetization plateaus. Detailed analysis of the observed
noise reveals that the nature of fluctuations induced by weak
random fields is different compared to the ferromagnetic
random-field Ising model, and the identified magnetization
activity avalanches have different scaling behavior, similar
to one experimentally observed in doped ferrimagnets and
quantum BHN. The avalanche sequences in time have cyclical
trends with multifractal features and their singularity spectra,
reflecting the strength of disorder, can be used to quantify the
state of the underlying spin system.

II. MODEL, SIMULATIONS, AND METHODS
FOR THE SIGNAL ANALYSIS

The model of weakly disordered antiferromagnetic sys-
tem is defined on the three-dimensional regular cubic lattice
with Ising spins si = ±1 associated with the lattice sites
i = 1, 2, . . . , 106 with the nearest-neighbor antiferromagnetic
coupling and weak random fields. The Hamiltonian is given
by

H = −
∑
i, j

Ji jsis j −
∑

i

hisi − Ht

∑
i

si, (1)

where the spin-spin coupling is Ji j = −J , indicating antifer-
romagnetic interactions. At each site, the spin interacts with
a quenched random fileld hi, taken from Gaussian distribu-
tion ρ(h) = e−h2/2 f 2

/
√

2π f of zero mean and the variance
〈hih j〉 = δi, j f 2. The external field Ht coupled to all spins
varies with time t from large negative to large positive values
and back to complete the hysteresis loop, as explained below.

Simulations of the spin-reversal dynamics are performed by
suitably adapting the deterministic zero-temperature dynam-
ics algorithm, in analogy to the ferromagnetic random-field
Ising model (RFIM) [10–12]. Specifically, a spin si flips si(t +
1) = −si(t ) to align with its local field hloc

i = ∑
j Ji js j +

Ht + hi, which consists of the field provided by the spin’s
six nearest neighbors hnn

i = ∑
j Ji js j , time varying external

field Ht and quenched local random field hi. The spin system
is slowly driven by ramping the external field Ht → Ht + r
starting from the uniform state {si = −1} along the ascending
branch of the hysteresis to complete the magnetization rever-
sal, and similarly Ht → Ht − r along the descending branch
to close the loop. Here, the parameter r controlling the driving
rate is kept constant. In analogy with random ferromagnetic
systems [10,12], we employ the adiabatic driving, which re-
spects the avalanche propagation. See a detailed program flow
in Appendix. Specifically, the external field is kept constant
until the triggered activity avalanche stops, at which point
the field is increased again. At each time step t , the whole
system is updated in parallel, searching for the unstable spins
where sihloc

i < 0 and their flips to align with the local field are
accomplished with a probability p. Note that p = 1 signifies
the strictly deterministic zero-temperature dynamics, used in
the ferromagnetic RFIM [10–12]. However, this rule is not
directly applicable in antiferromagnetic systems with the two
mutually interpenetrating sublattices, where the surrounding
spins belong to the sublattice with oppositely orientated spins;
thus, situations where the local field is zero, leading to spin
frustration and possible back flips, may occur. To prevent
an infinite loop where a spin flips back and forth, we set a
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probability p � 1 for the spins to align with the local field.
A similar idea was used in modeling switching current in
ferroelectrics [42,43] to account for the impact of the un-
compensated part of the depolarization field. Note that these
probabilistic flips imply that the fraction 1 − p of all spins
may not be reversed along a hysteresis branch (see Sec. III).
Similar effects can also be attributed to a finite low tempera-
ture. In this work, we have p = 0.95 if not otherwise specified;
we also fix the driving rate r = 0.008. The system’s size
V = 106 spins and periodic boundary conditions are applied
for better resolving groups of spins relevant to the hysteresis
steps, as explained in Sec. III. We monitor the values of the
external field Ht , the number nt of spin flips at time t , whose
sequence represents the antiferromagnetic Barkhausen noise
(AF-BHN) signal, and determine the changes of total (un-
normalized) magnetization Mt = ∑V

i=1 si with time. The spin
activity avalanche, as a sequence of spin-flip events between
the two following updates of the external field, is identified as
a segment of the BHN between its two consecutive intersec-
tions ts and te with the baseline nt = 0. Hence, the avalanche
size S and duration T are determined as S = ∑te

t=ts
nt and

T = te − ts. The structure of the AF-BHN and accompanying
avalanches is analyzed in detail in Sec. IV, using the method-
ology described below.

Cyclical trends of the AF-BHN signal and sequence of
avalanches are determined using the local adaptive detrend-
ing algorithm [44,45]. The time series of N datapoints is
divided into K = N/m − 1 overlapping segments of the length
2m + 1, where neighboring segments overlap over m points.
For each segment k = 0, 1, 2, . . . , K , the local trend is de-
termined using the quadratic polynomial fit y(k)(mk + �),
where � = 0, 1, 2, . . . , 2m points. Specifically, for segments
0 < k < K the trend yc(mk + i) over the overlapping points
i = 0, 1, 2, . . . , m is determined by combining the polynomial
contributions in segment k and segment k + 1 as

yc(mk + i) = i

m
y(k+1)(mk + i) + m − i

m
y(k)(m(k + 1) + i),

(2)

such that they decrease linearly with the distance from the
center of the overlapping region. For the initial m + 1 points
in k = 0 and the final m + 1 points in k = K segments, the
trend coincides with the polynomial fit. The parameter m is
adjusted, depending on the considered time series.

Detrended multifractal analysis of multiscale cyclic time
series is applied, following the methodology described in
[46,47] as well as its applications to the study of various types
of multiplicative cascades [48], including the characterization
of the BHN signal [12,14,49]. In this context, variations of
the BHN signal induced, e.g., by the disorder, driving con-
ditions, or sample geometry, are properly quantified by the
changes in the multifractal spectra [14,15]. Specifically, 2Ns

segments of the length n, where Ns = int(N/n), are defined by
dividing the profile of the considered time sequence Y (i) =∑i

j=1(C( j) − 〈C〉) into nonoverlapping segments; they are
enumerated as μ = 1, 2, . . . , Ns, starting from the beginning
of the time series, and μ = Ns + 1, . . . , 2Ns, starting from the
end of the time series. At each segment μ, the local trend yμ(i)
is found by polynomial fit and the standard deviation F (μ, n)

around the local trend is determined as

F (μ, n) =
{

1

n

n∑
i=1

[Y ((μ − 1)n + i) − yμ(i)]2

}1/2

, (3)

for μ = 1, . . . , Ns, and similarly, F (μ, n) = { 1
n

∑n
i=1[Y (N −

(μ − Ns)n + i) − yμ(i)]2}1/2 for μ = Ns + 1, . . . , 2Ns. Then
the q-th order fluctuation function Fq(n) of the segment length
n averaged over all segments is given by

Fq(n) =
⎧⎨
⎩ 1

2Ns

2Ns∑
μ=1

[F 2(μ, n)]q/2

⎫⎬
⎭

1/q

∼ nH (q). (4)

Its scaling properties for a range of the segment lengths n ∈
[2, N/4] are investigated, leading to the generalized Hurst
exponent H (q), as indicated by the expression (4). The param-
eter q takes on various positive and negative values, allowing
for different enhancements of the large and small fluctuations,
respectively, to achieve self-similarity throughout the entire
time series. Having different values H (q) vs q represent the
multifractal spectrum; meanwhile, for a monofractal, H (q) =
const corresponds to the standard Hurst exponent H (2). The
spectrum H (q) can be represented in terms of a familiar singu-
larity spectrum �(α) of the local singularity Hölder exponents
α. This interpretation is related to the scaling exponent τ (q)
of the multifractal box probability measure [46]. Specifically,
the following relations apply [47] τ (q) = qH (q) − 1, and
�(α) is obtained by the Legendre transform of the scaling
exponent τ (q), i.e., �(α) = qα − τ (q), where α = dτ/dq =
H (q) + qdH (q)/dq.

III. HYSTERESIS PLATEAUS AND THE EMERGENCE
OF ANTIFERROMAGNETIC BARKHAUSEN NOISE

IN WEAK RANDOM FIELDS

As stated above, our objectives are to demonstrate how the
antiferromagnetic Barkhausen-type noise (AF-BHN) emerges
due to weak random-field disorder. Therefore, fixing the other
parameters, we perform simulations at varied width f of the
random-field distribution. As explained in Sec. II, for each
value of f , the spin sample is endowed with a value hi of a
random field at site i = 1, 2, . . . ,V , which remains quenched
during the simulation time. Meanwhile, the external field is
varied adiabatically along the hysteresis loop. At each time
step t , the system is updated in parallel, i.e., all flipped spins
are registered, and the respective changes in the local fields
are stored for the next step. The external field is changed only
when no flipped spins are registered. AF-BHN represents a
time sequence of the number of spin reversals nt at time t ,
triggered by a changed value of the external field Ht , resulting
in a corresponding change in magnetization Mt = ∑

i si. For
a very weak random-field disorder, f = 0.01, the temporal
evolution of the magnetization Mt is demonstrated along with
the number of flipped spins nt in the lower left panel of
Fig. 1; the corresponding hysteresis loop—the magnetization
M = ∑

i si/V ≡ Mt/V vs field H , is shown in the upper panel.
Figure 1 shows that, at low temperature, even very weak

random fields have considerable impact on the hysteresis
shape, compared to pure antiferromagnetic samples, where
we would expect that one sublattice flips at H = −6, then
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FIG. 1. (a) The hysteresis loop M vs H for the antiferromagnetic system with a weak random-field disorder f = 0.01, showing the
magnetization plateaus and the changing transition regions between them for slightly increased disorder f = 0.1. (b) The appearance of
magnetization bursts nt for very low disorder f = 0.01, and the magnetization evolution along the descending and ascending hysteresis
branches Mt (normalized to fit the scale). (c) The hysteresis loops for different disorder f , indicated in the legend, and fixed probability
p = 0.95. The inset (d) shows how the hysteresis loop for fixed disorder f = 0.3 changes when p is varied from 0.995 (inner line), to 0.9
(middle line) and 0.8 (outer line).

holding the magnetization M = 0 until the field reaches H =
+6, where the other sublattice would flip, and vice versa.
With weak disorder, however, two effects make the hystere-
sis loop significantly different. First, a broadening of the
lines at Ht = ∓6 occurs, because of small random fields at
the respective sublattice sites, which shifts the counteracting
external field from the exact value ∓6. This effect is more
pronounced by increased disorder, best illustrated in Fig. 1(d)
inner curve for high flipping probability p. Furthermore, only
a part of the respective sublattice spins fulfill the condition
to reverse at Ht = ∓6; the remaining spins reverse at field
values, Ht = ∓4,∓2, 0, making the magnetization steps and
plateaus between them, as explained below, resulting in a
nontrivial structure in between these two main loop parts.
Precisely, distinct groups of spins appear whose neighborhood
is differently altered by the presence of a nonzero random
field. This effect is well pronounced at low temperature and
very weak random fields, with moderate reversal probability
p, cf. Figs. 1(a) and 1(c). Whereas the increased disorder and
higher temperature (reduced p) tends to smooth these sharp
hysteresis steps. More precisely, considering the ascending
branch, a fraction of sublattice spins that flip at H ∼ −6 are
spins at sites that have k = 0 flipped neighbors from the other
sublattice, where the random fields are practically zero. The
remaining spins have at least one neighbor j that flipped at
Ht = −6 − h j , thus making the neighbors’ contribution to the
local field hnn

i = 4, which requires the external field Ht = −4
to fulfill the spin flip condition. Thus, all spins in the system
that have one neighbor already flipped form a group that has
a chance to reverse near the field Ht = −4, resulting in a new
magnetization step. Generally, such magnetization steps cor-
respond to the reversal of segments of the system consisting of
spins with the number of flipped neighbors k = 6 − j, where
j = 6, 5, . . . , 0. They require correspondingly larger external

fields to counteract them; cf. Table I and Fig. 1. Note that these
segments contain spins at different locations in the system.

Nearby segments may be mutually connected, compris-
ing a small local ferromagnetic (FM)-like cluster of equally
oriented spins; see Table I for the size of a cluster that
can appear around a single spin with a given number of
flipped neighbors. When the disorder is too weak, these clus-
ters are sporadic and scattered over the lattice. However,
with increasing random-field disorder, they may join together,
making a complex branched structure in the antiferromagnetic
background. These clusters then support propagation of spin
activity, in analogy to avalanches in random ferromagnets.
Furthermore, the spin flips with a limited propagation cause
the short magnetization bursts nt that appear at the transitions
between two consecutive hysteresis plateaus. These magne-
tization bursts are reminiscent of the BHN in random-field

TABLE I. The number of random-field assisted flipped neighbors
of a spin in (±x,±y, ±z) direction and the impact hnn

i = ∑
j Ji jS j

on the local field, requiring counteracting external field Hca
t ; the

corresponding local FM-like cluster size in 2D and 3D cubic lattice.
Examples are for the hysteresis ascending branch.

No. 2D lattice 3D lattice

flipped nn hnn
i Hca

t FM-like cluster hnn
i Hca

t FM-like cluster

0 4 −4 no cluster 6 −6 no cluster
1 2 −2 5 4 −4 7
2 0 0 9 2 −2 13
3 −2 2 11 0 0 17
4 −4 4 13 −2 2 21
5 − − − −4 4 23
6 − − − −6 6 25
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ferromagnetic samples, as mentioned above. However, the
structure of the antiferromagnetic BHN is considerably dif-
ferent, as we explain in the following section.

Here, we first describe the impact of the increasing disorder
on the hysteresis loop shape, as demonstrated in Fig. 1(c).
A larger width f of the random-field distribution implies a
larger number of spins having the favoring random-field ori-
entation to flip just before (after) the external field gets the
corresponding Hca

t value for a given hysteresis step. Conse-
quently, the transition between two successive plateaus is no
longer sharp, but smeared over a finite distance around Hca

t ;
for example, see Fig. 1(a), comparing f = 0.01 with a small
value f = 0.1. For larger values, f = 0.3 and f = 0.5, shown
in the panel Fig. 1(c), we observe that the smearing of the hys-
teresis steps extends over the entire plateau region, making the
smaller steps difficult to distinguish. In the inset, Fig. 1(d), we
show how the hysteresis shape for f = 0.3 changes with the
increasing fraction of unreversed spins (decreasing the param-
eter p), e.g., due to the spin frustration and finite temperature,
as mentioned above. Theoretically, at zero temperature (see
exact results for 1D lattice case in [27]), the hysteresis loop
consists of two narrow symmetrical parts that join at the point
M = 0 for H = 0. Such a situation is illustrated by the inner
line in Fig. 1(d) for our model, where p = 0.995 leaving only
0.5% of unreversed spins. For decreasing p, however, the loop
broadening occurs, increasing the distance between branches,
and the shape looks more similar to ferromagnetic samples,
apart from the two most significant steps at the beginning of
each branch, resembling the original antiferromagnetic loop.
We note that such a situation often arises in experiments
where both the finite temperature and spin frustrations can
contribute.

IV. THE STRUCTURE OF ANTIFERROMAGNETIC
BARKHAUSEN NOISE AND AVALANCHES

A. Cyclical trends of the AF-BHN and the avalanche sequence

As explained above, the presence of quenched random
fields leads to the hysteresis steps and the appearance of local
FM-like clusters, through which the spin reversal activity can
propagate, resulting in short magnetization bursts. The tem-
poral sequence of these bursts makes the antiferromagnetic
BHN, which we examine in the following; cf. Figs. 2 and 3.

Remarkably, these magnetization fluctuations are orga-
nized in seven peaks, which are well resolved at low
temperatures and weak disorder, along each hysteresis branch,
as shown in Fig. 2; each peak associates with a distinct group
of spins with respectively k = 0, 1, 2, . . . , 6 reversed nearest
neighbors, corresponding to a given step in the hysteresis in
Fig. 1 at the external field Ht = Hca

t indicated in Table I.
Precisely, for a very weak disorder, the small isolated clusters
are at different locations in the lattice. Then, at the Ht = Hca

t
corresponding to a given step on each hysteresis branch, spins
in these clusters can flip simultaneously, resembling an addi-
tional sublattice, which leads to a large jump in the signal. The
activity may briefly propagate in a local cluster. This situation
leads to a sequence of high and short bursts, for example,
those visible in Fig. 1(b). With increasing disorder, a larger
number of bursts and potential propagation over a labyrinth

10000 20000 30000 40000
t

2000 4000 6000 8000 10000 12000 14000
t

0 10000 20000 30000 40000
t

FIG. 2. The Barkhausen noise signal nt vs time t recorded during
the whole hysteresis loop for varied disorder f = 0.04, 0.3, and 0.5
(bottom to top panel), exhibiting seven peaks along each branch, but
with different scales and durations. From left to right, seven peaks
correspond to the reversal of the system’s segments comprising of
spins with k = 0, 1, 2, . . . , 6 reversed nearest neighbor spins, leading
to the magnetization steps along the ascending branch at the external
field Hca

t indicated in the Table I. Similarly, the following seven
peaks are observed at these fields in the reversed order along the
descending branch.

of connected local clusters may occur, leading to a longer
and more complex signal; cf. the inset to Fig. 3(a). Con-
sequently, the magnetization reversal process takes longer,
and the individual bursts are lower in height. Meanwhile, a
gradual broadening of each of the seven peaks is evident when
comparing different cases in Fig. 2. At the same time, the
overlap between successive peaks increases, in accordance
with the smearing of the transition between hysteresis steps,
which is demonstrated above in Fig. 1(c). These changes in the
global structure of the magnetization noise can be quantified
by studying modulations of its cyclical trend, as demonstrated
below; see Fig. 3.

Using the methodology described in Sec. II, we first deter-
mine the cyclical trend of the signal along the whole hysteresis
loop and then study its multifractal features. The example
in Fig. 3(a) is for the case f = 0.1; a part of the signal is
shown for better vision. The trend closely follows the peak-
like structure of the AF-BHN signal, resulting in an irregular
cycle, whose modulations are quantified by the multifrac-
tal spectrum. Precisely, the generalized fluctuation function,
Fq(n) vs time interval n, defined in (4), is computed for the
signal’s trend for different values of the scale parameter q. Its
plot in Fig. 3(b) shows multifractal features in an extended
range of time intervals, where the lines for varied q have
different slopes defining the spectrum of the generalized Hurst
exponents H (q). The H (q) vs q dependence is then trans-
formed (see Sec. II) into a singularity spectrum �(α) vs α,
where different α values suggest altered scaling for sets of
datapoints along the trend. The spectrum is shown in the inset
to Fig. 3(b); it appears to be broad and asymmetrical, with
an extended right side corresponding to small-scale fluctua-
tions. The occurrence of modulated cycles in the AF-BHN is
also manifested in the sequence of avalanches that the signal
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FIG. 3. (a) The main panel shows the AF-BHN signal for f = 0.1 exhibiting characteristic groups of different sizes registered at the
descending branch of the hysteresis loop; inset shows a close-up view of the signal between the second and third peak and its trend, indicated
by dashed line. (b) The fluctuation function Fq(n) vs time interval n of the whole loop signal’s trend; each line corresponds to a different
q ∈ [−4.5, 4.5], every second line is shown for better vision; the thick straight lines indicate the scaling region where the generalized Hurst
exponent is determined. The inset shows the corresponding singularity spectrum �(α) vs α. (c) The main panel shows the sequence of
avalanche sizes for f = 0.3 (black line) and its cyclical trend (red line). Inset: the singularity spectrum �(α) vs α of the avalanche-sequence
trend for three values of the random-field disorder indicated in the legend.

defines. We recall that an avalanche comprises the area cov-
ered by individual bursts between two consecutive drops of
the signal to the baseline; the close-up of the signal is in
the inset of Fig. 3(a). Figure 3(c) shows an example of the
avalanche sequence, derived from the signal for f = 0.3, and
its irregular cyclical trend. The multifractal analysis of cycli-
cal trends of the avalanche sequences is done for different
disorder strengths. The results of their singularity spectra are
shown in the inset to Fig. 3(c) for varied distribution f of the
random fields, listed in the legend. The observed variations
in these singularity spectra, therefore serve as a quantitative
indicator of the influence of disorder strength on the hys-
teresis loop dynamics. These spectra are also asymmetrical,
in analogy to the ones of the signal’s trends. Moreover, the
spectra are gradually shrinking with the increasing disorder,
which suggests a reduced difference between the scales of
avalanches. These findings will be more precisely demon-
strated in the following section.

B. Scale-invariance of antiferromagentic avalanches
at weak disorder

The characteristic structure of magnetization bursts with
a sharp rise and gradual decay, organized into groups with
cyclical trends, also manifests in the structure and statistics of
the avalanches determined from the AF-BHN signal. For an
increased (weak) disorder, triggered spin activity may prop-
agate beyond its local cluster through a maze of connected
clusters, leading to a large avalanche with multiple jumps and
decays; cf. inset to Fig. 3(a). These avalanches contribute to
the specific form of the cutoff in the avalanche size distribu-
tion, as shown in Fig. 4. Moreover, the restricted number of
magnetization bursts in each peak (for a given disorder) and
the peaks’ mutual overlaps imply strong restrictions on the
distributions of the avalanche sizes and durations. In particu-
lar, the differential distribution (normalized by the number of

avalanches) of avalanche size P(S) determined from the AF-
BHN signal collected along the entire hysteresis loop is shown
in Fig. 4(a) for varied disorder strengths. These distributions
exhibit a break point that separates two regions with different
slopes, and a cutoff with a shoulder preceding a stretched
exponential decay.

Note that this form of the avalanche-size distribution cutoff
was derived in the renormalization group theory [50,51] for
depinning of an elastic line or interface in a random-field land-
scape. In the present study, we have the two-slope avalanche
size S distributions that are fitted by the function

g(S) = (1 − tanh(S/h))a1S−1

+ tanh(S/h)a2S−0.8 exp [(S/d )κ − (S/c)σ ]. (5)

A similar expression is known for the distributions of
avalanches propagating in thin samples of the ferromagnetic
RFIM [15], where the first and the second slope, in general,
τ1 and τ2, take the values known for the avalanches of the
3D and 2D case, respectively. In [15], two slopes and these
cutoffs are explained by the motion of domain walls in the
restricted space of thin samples and the enhanced role of
the open boundary. In the present case, we deal with the
compartmental separation of the sample into FM-like clusters
within an antiferromagnetic environment, leading to different
exponents, in particular, τ1 = 1 and τ2 < 1 in Eq. (5), which
are confirmed (within numerical error bars) by respective fits.

Another marked feature of these distributions is that they
obey scale invariance as disorder is changed, as shown in
the inset of Fig. 4(a). In contrast to the critical scaling of
avalanches known in ferromagnetic RFIM [12], we have en-
tirely different scaling form, i.e.,

P(S, f ) = R

〈S〉P
(

S

〈S〉
)

, (6)

104201-6



ANTIFERROMAGNETIC BARKHAUSEN NOISE INDUCED … PHYSICAL REVIEW B 113, 104201 (2026)

FIG. 4. (a) Main panel shows the differential distributions P(S) of the avalanche sizes S obtained from magnetization bursts along the entire
hysteresis loop for different disorder strength f , indicated in the legend; each line is fitted by the function (5) with appropriate parameters.
Inset: the scaling collapse of these distributions according to the expression (6), with the corresponding average value 〈S〉 of the avalanche
size. Fit line by the expression (5) with parameters a1 = 12, a2 = 10, h = 0.2, d = 0.9, c = 1.8, κ = 0.65, σ = 1.3. (b) Sample-averaged
cumulative distribution of the avalanche size (longer lines) and duration (shorter lines with the same symbol) collected along the ascending
hysteresis branch for varied disorder f , indicated in the legend. The whole curve fit, shown by thick full line for P(S) at weak disorder, gives
the exponent τs − 1 = 0.09 and approximately the same slopes indicated by dashed lines apply for the straight segments of the curves at larger
disorder, but their cutoffs are no longer exponential. Similarly, for the duration distribution we have τT − 1 = 0.15. Inset: average avalanche
size of a given duration 〈S〉T vs duration T for all recorded avalanches; the scaling with the exponent γsT ≈ 1.9 applies only in the intermediate
durations.

where 〈S〉 is the average avalanche size for a given disorder
f , and the numerical factor R � f / f0 is related to the rela-
tive shift of the distributions along the vertical axis (roughly,
the number of detected smallest avalanches) compared to the
weakest considered disorder f0. This type of scaling is more
often found in social dynamics [52,53], where it is directly
related to the group-activity levels rather than any finite size
scale, and to the fact that the scaling exponent is close to one.
See more in the Discussion section.

The sample averaged cumulative distributions Pc(X >

S) ∼ S1−τsC(S) of the avalanche size and the correspond-
ing distribution of duration are shown in the right panel
of Fig. 4(b). Note that, because of the cutoff’s shoulder,
no smaller exponent τ2 < 1 can be detected in this type of
statistics. Furthermore, for very low disorder and excluding
excessive avalanches, one can fit the distribution by the fa-
miliar power-law and the exponential cutoff, which gives
the numerical values of the (τ1) exponent, in particular τs =
1.09 ± 0.06, for the size, and τT = 1.15 ± 0.06 for the dura-
tion distribution. In this limit, predominant avalanche shapes
consist of a single jump and gradual decay. Interestingly, these
types of avalanches are recently reported in experiments [54],
analyzing the avalanches in the acoustic emission signal of
martensites exposed to quasistatic elastic deformation, also
leading to the exponent τs = 1. (Note that a different behavior
of avalanches was observed in temperature-driven martensitic
transformation, see the recent experimental study in [55]).
A similar exponent τs = 1 was reported in SOC automata
models [56] and the avalanches associated with SOC on the
hysteresis loop of the infinite-range spin-glass model [57]. We
also note that the exponent does not change with the increased
disorder, in contrast to the cutoffs that change dramatically,
in agreement with the above studied differential distributions.
Moreover, the shapes of avalanches deviate from the expected
scaling law 〈S〉T ∼ T γST , both for small and excessive sizes,
as demonstrated in the inset of Fig. 4(b). In the intermediate

range, the exponent is found close to the mean-field value
γST = 2.

V. SUMMARY AND DISCUSSION

We have numerically investigated the stochastic processes
of field-driven magnetization reversal of antiferromagneti-
cally interacting Ising spins in the presence of weak random
fields on a three-dimensional cubic lattice with periodic
boundary conditions. The weak quenched random-field dis-
order is varied by changing the width f ∈ [0.01, 0.5] of its
Gaussian distribution with zero mean. Our results reveal new
emergent phenomena with the Barkhausen-type noise, ren-
dering the hysteretic behavior fundamentally different from
that of a pure antiferromagnetic system, even at the weakest
disorder. At the same time, these phenomena differ signifi-
cantly from the well-known hysteresis-loop criticality and the
Barkhausen noise in random-field ferromagnets. Specifically,
we find:

(1) The Hysteresis loop exhibits six magnetization plateaus
along each hysteresis branch between the external field
values H = −6,−4,−2, 0, 2, 4, 6. They are related to the
occurrence of sets of spins with k = 1, 2, 3, 4, 5 random-field-
assisted flipped neighbors, thus reducing their contributions to
the local field such that it can be counteracted by these exter-
nal field values along the ascending branch, respectively. At
vanishing disorder, k = 0 defect neighbors require H = −6 to
flip one sublattice, which makes k = 6 flipped neighbors and
H = +6 for the spins in the other sublattice. Moreover, the set
of spins with a similar neighborhood is not a connected area;
instead, they are scattered at different locations in the system.
By increasing disorder, the transition between consecutive
plateaus is smeared. For vanishing temperature and geometric
frustration (the spin alignment probability p → 1), the rever-
sal is complete, and the loop shape is ideally thin in the center
(M = 0, H = 0). However, with a finite percentage 1 − p of
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unreversed spins, the loop is broadening and receives nonzero
magnetization at H = 0, as often seen in the experiments with
weakly disordered antiferromagnets.

(2) The Antiferromagnetic Barkhausen-type noise emerges
with the magnetization bursts that are associated with the
transitions between the consecutive hysteresis-loop plateaus;
hence, they are organized in seven well-resolved peaks con-
taining groups of the magnetization bursts of different sizes.
By increasing disorder from extremely weak f = 0.01 to
relatively strong f = 0.5 in these systems, the structure of
the AF- BHN signal changes considerably. In particular, the
peaks overlap and the number of elementary bursts per peak
increases, while their heights decrease, and the overall rever-
sal time is prolonged.

(3) The irregular cyclical trends appear as a prominent
characteristic of the temporal evolution of the AF-BHN signal
and the associated sequence of avalanches. Modulation of
these cycles by the appearance of higher modes corroborates
the increased disorder strength; the multifractal singularity
spectra appropriately quantify these modulations. Thus, the
presented multifractal methodology of the AF-BHN signal
processing can be used to identify the level of disorder that
impacts the hysteresis dynamics in weakly disordered antifer-
romagnetic systems.

(4) The magnetization avalanches indicate SOC behavior
without any critical disorder point. The avalanches determined
from the AF-BHN exhibit the scale-invariant distributions
with two slopes, where the dominant slope has the scaling ex-
ponent close to τs = 1 independent of disorder; characteristic
cutoffs with a shoulder preceding the stretched-exponential
decay systematically change with the disorder, and satisfy a
different type of scaling collapse, which is formally similar to
the one associated with the group-activity dynamics in social
systems.

Mechanisms underlying these phenomena can be linked to
the appearance of local FM-like clusters, containing equally
oriented spins due to the impact of a local random field en-
abling the spin flip at the boundary of two sublattices. The
cluster size, see Table I, can vary depending on the number
k > 0 of such neighbors, where k = 0 corresponds to the case
of an ideal (pure antiferromagnetic) two-sublattices structure.
The clusters represent additional compartments occurring at
different locations in the system; the clusters with a given k
reverse simultaneously when the external field reaches a value
sufficient to counteract the local field due to spin neighbors
slightly shifted up or down by local random fields. By in-
creasing disorder, these local FM-like clusters may merge into
a complex maze embedded in the antiferromagnetic environ-
ment, enabling the propagation of spin activity and leading to
larger avalanches. These collective behaviors, mutually sep-
arated by a stable surrounding, lead to the above-mentioned
specific shape of magnetization bursts in the AF-BHN signal
and avalanches derived from it. Regarding their geometry
and statistics, these avalanches significantly differ from the
critical avalanches in the random-field ferromagnetic samples;
see a comprehensive review of different cases in [12]. At the
global level, these mechanisms lead to a characteristic shape
of the AF-BHN signal and sequence of avalanches endowed
with modulated cyclical trends. On the other hand, we note
that the scale invariance with characteristic scaling exponent

τs = 1 of the avalanches in weakly disordered antiferromag-
netic systems shows remarkable similarity with the ones
recently observed in experiments in disordered ferrimagnetic
materials [25] where antiferromagnetic coupled clusters of
spins play a decisive role, and in quantum magnetic sys-
tems [34], where quantum BHN is attributed to cotunneling
of segments of domain walls. Furthermore, the shapes of
the AF-BHN bursts are similar to those recently studied in
inertia-driven martensites, where a similar value of the scaling
exponent is also found [33]. In these materials, avalanche
criticality is studied at thermal-driven phase transitions; see
recent work [55] and references there. In these materials, it is
known that segments of the high-temperature phase order to-
gether due to fast quenching. Concerning the hysteresis-loop
criticality in weakly disordered antiferromagnets, the scaling
behavior of the avalanche distributions for varied disorder
indicates a different type of scaling function and the absence
of any critical disorder, suggesting the SOC-type criticality,
in analogy to the infinite-range spin-glass model [57] and
Ising-spin networks [9]. It is also worth noting that determin-
istic Abelian sandpile automata driven by the open boundary,
which serves as a paradigm of SOC, have the avalanche size
exponent τs = 1 after the finite-size effects are properly taken
into account [56].

Note that, in this work, we considered fully periodic
boundary conditions to emphasize the role of internal
disorder-induced structure on the hysteresis shape and the
emergent AF-BHN. Meanwhile, inside the sample, an open
boundary separates the FM-like clusters from the antiferro-
magnetic bulk. The presented analysis opens several questions
that remain for future study. Among these, it is certainly
intriguing to investigate the fractal structure of the mazes
of FM-like clusters for different disorder strengths and how
it affects the universality of avalanches both in two- and
three-dimensional lattices. Exploring the hysteresis loop SOC
behavior in regular (lattice) structures with a weak random
field, in comparison with that observed in complex network
structures where no magnetic disorder is needed [9], could
further reveal the specific role of geometry in the hysteresis
phenomena of antiferromagnetic systems. Furthermore, the
impact of changing driving mode remains to be investigated,
specifically in view of its potential influence on the statistics of
avalanches [58] and crossover from the critical point behavior
to self-organized criticality [59]. More simulations of different
sample shapes and open boundaries, in analogy to random fer-
romagnets [15], and a finite temperature would more closely
mimic the experimental conditions and enable comparisons
with experimental results. We have demonstrated the hystere-
sis loop broadening with the impact of the low temperature
and spin frustration (here captured by a parameter p < 1);
simulations taking thermal fluctuations, in conjunction with
increasing driving rate, as done in ferromagnetic RFIM and
FM-AF bilayers [16,60], are needed to quantify the impact
of finite temperature and driving rates, and differentiate ther-
mal fluctuation effects from geometric frustration in these
systems.

In conclusion, technological demands for weakly disor-
dered antiferromagnetic materials motivate theoretical in-
vestigations aimed at a deeper understanding of hysteresis
phenomena in these systems. Our study of field-driven
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magnetization reversal processes in antiferromagnetic cou-
pled Ising spin systems on a three-dimensional lattice revealed
unique features arising from weak quenched random-field
disorder. Notably, a hysteresis loop exhibits a sequence of
plateaus, and the antiferromagnetic Barkhausen-like noise
appears, whose structure significantly differs from the well-
known BHN in disordered ferromagnets. The AF-BHN and
the accompanying sequence of magnetization avalanches are
characterized by modulated cyclical trends and scale invari-
ance indicating SOC dynamics, in striking contrast to the
hysteresis-loop criticality in disordered ferromagnets. These
hysteresis phenomena in weakly disordered antiferromagnetic
systems can be attributed to the formation of random-field-
assisted clusters of spins that are equally oriented, which
reverse simultaneously at distant locations in the system.
Hence, apart from the technological aspect, the observed hys-
teresis phenomena of weakly disordered antiferromagnets are
of theoretical importance, as they point the way to eluci-
date universal collective dynamics, which is dominated by
active geometric regions rather than individual spins. Such
dynamical phenomena characterize the hysteresis behavior of

a wide class of systems, including disordered ferrimagnets and
martensites, and quantum Barkhausen noise.
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APPENDIX: PROGRAM FLOW

ALGORITHM 1. Program Flow: Field-driven spin dynamics in antiferromagnetic lattice with random-field disorder.

1: INPUT: parameters Nsam, L, f , r, p � 1; Create lattice with L × L × L = V vertices arranged in 3D simple cubic
lattice; vertex index i = (x, y, z) coordinates ∈ V ; assign an Ising spin si = ±1 at each vertex i ∈ V , and interaction
Ji j = −1 to all nearest-neighbor pairs i j;

2: Sampling disorder:
3: for all Ksam < Nsam do
4: put a random field hi ∈ Gauss(0, f ) at each lattice site i ∈ V ;
5: for i ∈ V find max|hi|; set Hmax = 6 + max|hi| + r; set the external field to Ht = −Hmax; reset time t = 1;
6: initialize the starting spin configuration as:
7: for all i ∈ V do
8: set si = −1; the (un-normalized) magnetization Mt = ∑

i si = −V ;
9: end for
10: while Ht < +Hmax do
11: Field ramping Ht = Ht + r to trigger spin flips; Reset avalanche counter;
12: Flips: reset counter of flipped spins nt ;
13: for all i ∈ V do
14: compute local field hloc

i = ∑
j Ji j s j + hi + Ht , the sum is over all nearest neighbors, PBC applied; store

hloc
i for parallel update;

15: check the orientation of the spin si vs the local field hloc
i ; if sihloc

i < 0, with the probability p flip the spin
si → −si to align with the local field;

16: count the number of flipped spins nt ; update Mt ;
17: end for
18: update time t → t + 1; sample temporal variables;
19: if nt > 0 then
20: go to Flips and repeat the process;
21: else
22: increase the activity avalanche counter; determine the avalanche size and duration from nt ;
23: end if
24: end while
25: end for
26: Sample the data of interest;
27: END
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