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It is common knowledge in physics that noise breaks the order and hides essential properties of physical systems. On 
the other hand, noise plays surprising roles in nonlinear nonequilibrium systems. In some cases, it reveals essential 
properties and produces order, especially in living systems where functional roles of noise are found.

Noise is despised in physics. Experimental physicists 
have taken great pains in eliminating noise from data. Also in 
engineering systems, it has been recognized that noise decreases 
function and quality. Therefore, efforts to reproduce an original 
signal from an observed one buried in noise were made.

However, it has been clarified over the last three decades that 
there are cases in which noise enhances functions in nonlinear 
nonequilibrium systems. The representative example that 
has attracted the most attention in physics and engineering is 
stochastic resonance [1]. Stochastic resonance is a phenomenon 
in which a signal below a threshold of detection can be detected  
by adding noise. There is a maximum signal-to-noise-ratio 
because a noise that is too strong hides the signal again. It is  
also known that synchronization between spatially-coupled 
oscillators can be enhanced by adding noise [2]. This phenomenon 
is called stochastic synchronization. Thus, the fact that noise can 
boost a signal and make order has had a big impact on science.

Influence of noise for self-organized ordered structures 
in spatially extended systems, which is called dissipative 
structures, are also studied. In particular, noise effect research 
on ac-driven electroconvection (EC) of nematic liquid crystals 
(NLC) have been performed for many years. When a voltage 
beyond a threshold Vc is applied to an NLC system, a transition 
from the electric conduction to EC where convective flow 
transports impurity ions occurs. EC ordered structures can be 
easily observed using the optical properties of NLC, as shown 
in Fig.  1(a). Various types of self-organized structures appear 
owing to the nonlinear interaction between convective flow 
and molecular orientation of NLC, as shown in Figs.  1(b) 
and 1(c). These properties provide benefits for the research of 
dissipative structures. Furthermore, the most important benefit 
for the research of noise effects is that the control parameter is 
voltage applied to the NLC. One can superimpose noise on the 
ac-voltage of which the characteristics are controllable.

In the research of noise effects for EC, the shift dependence of 
the threshold voltage Vc on noise intensity has been investigated. 
Vc can be easily measured in experiments, and the theory for 
the transition to EC around Vc has already been established. 
Therefore, the shift of Vc is suitable for investigating noise effects 
in EC. Past research has revealed that Vc under white noises with 
an intensity VN can be described as

 

reduced, consistent with the result in Fig. 1(b). As noted, the
magnetization of RFe2O4 originates from the ferrimagnetism
along the c-axis. Together with Fig. 1, this behavior suggests
a weakening of the ferrimagnetic correlation along the c-axis.

The enhancement of anisotropy becomes clearer for larger
Hcool values. Figure 2(b) shows the M–H curves at T ¼ 50K
for H within �50 kOe. The value of Hcool was 50 kOe. For
the current cooling process (J ¼ 0:05), we show both the 1st
and 10th curves obtained in a repeated measurement.
Immediately after cooling to 50K, the magnetization value
is almost identical in both with or without the current (red
arrow), as speculated from Fig. 1(b). However, we can see a
considerable increase both the left and right coercivities.
Thus, the system conveys the memory of the cooling process
at high temperatures.

This result means that the magnetization is stabilized by
cooling with an electrical current. The left coercivity is
particularly enhanced by ³6–7 kOe. Hence, the curve is more
asymmetric than for J ¼ 0. The EB field, tentatively defined
as HEB ¼ ðH1 þ H2Þ=2, was ��4:9 kOe (H1 and H2 are the
left and right coercivities, respectively). This is shown by a
vertical dotted line in Fig. 2(b). The obtained HEB is
comparable to that reported for polycrystalline YbFe2O4.10,11)

The value of jHEBj was ³2–3 kOe larger than that obtained
for J ¼ 0, as shown later. The figure also shows that the
negative remanent magnetization is increased by
³1000 emu/mol for J ¼ 0:05; the M–H curve is compressed
along the M axis, similarly to in Fig. 2(a).

The 10th curve is shifted from the 1st curve, and is almost
symmetric about the origin. This shift was explained with the
model for the training effect.17) Figure 2(c) shows the value
of �HEB plotted against the loop index (n), i.e., �HEB at the
nth cycle. The gradual decrease in �HEB was fitted with the
following formula modeled on the basis of the existence of
the FM and AFM domains for EB systems:17)

V2
c ¼ V2

c0 þ bV2
N; ð1Þ

bmod ¼ b½1� hð�N=�m� Þ�; ð2Þ
where, Hn

EB is the EB field for loop index n. Af and Pf are
parameters for the pinned FM spins at the FM–AFM
interface. Ai and Pi are parameters for the interfacial magnetic
frustration caused by the FM–AFM competition. We
obtained the parameters as Af � 41 kOe, Pf � 0:4,
Ai � 1:6 kOe, and Pi � 6:2. H1

EB was ³0.5 kOe. Large
differences between Af and Ai as well as between Pf and
Pi (i.e., Af � Ai and Pf � Pi) are similar to those of a few
other systems including YbFe2O4.10,17,18) Thus, the asymme-
try observed in Fig. 2(b) may originate from EB rather than
the minor-loop effect.19)

Figure 2(d) shows �HEB plotted against the measurement
temperature (T) with Hcool ¼ 50 kOe [Fig. 2(b)]. A nonzero
value of �HEB is clearly found below ³100K, attributed to
the emergence of the collective freezing of magnetic
domains.4) Note that �HEB is ³10–20% larger for J ¼ 0:05
than for J ¼ 0, as demonstrated in Fig. 2(b). The �HEB value
becomes larger as the temperature is lowered because of the
increase in magnetic freezing. This value was drastically
reduced below ³30K because of the shrinkage of the M–H
curve observed from the coercivity (HC),10) defined as
HC ¼ �ðH1 � H2Þ=2. The reason for this is that the

coercivity overcomes the largest applied field of the
apparatus (50 kOe).

It is interesting that the anisotropy is also enhanced in the
absence of a cooling magnetic field. The M–H curves
observed at 60K are shown in Fig. 3(a). Because of the zero-
field-cooling process, the curves are symmetric about the
origin. At a glance, both the left and right coercivities for
J ¼ 0:05 are ³3 kOe larger than those for J ¼ 0. The
shrinkage of the curve along the M-axis is analogous
behavior to that in Figs. 1 and 2(a). The plot of HC against
temperature is shown in Fig. 3(b), in which the data are
plotted only above 30K because of the shrinkage of the M–H
curves noted above.

Although the origin of these phenomena is unclear at
present, the results suggest a complicated situation in
RFe2O4.6,8–10,20,21) That is, the interactions on a triangular
Fe lattice are dominantly AFM-type, while both FM and
AFM interactions coexist between two adjacent lattices.6)

The coexistence of the FM and AFM interactions brings
about FM and AFM domains. The FM phase appears at
TN � 250K while the AFM phase emerges below ³200K.20)

Their structures are drawn in Fig. 4, assuming coupling
between the magnetism and CO. The FM (a) and AFM (b)
phases have almost an identical volume fraction (³50%).20)

Thus, the two phases are energetically degenerate, and are
plausibly converted under a small perturbation, similarly to in
Fe-doped (La0.7Pr0.3)0.65Ca0.35MnO3.22) Figures 1–3 suggest
that the application of electrical current enhances the fraction
of the AFM phase. During the change in H in MH-curve
measurements (Figs. 2 and 3), six Fe spins in the AFM phase
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Fig. 3. (Color online) (a) M–H curves at 60K measured for J ¼ 0:05 and
0. The cooling magnetic field (Hcool) was zero. (b) Coercivity (HC) plotted
against temperature (T), obtained from (a). For J ¼ 0:05 at T & 200K, the
electrical current was reduced to zero at T � 230K during the cooling.
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where Vc0 is a threshold voltage for no noise and b is a positive 
constant. The fact that Vc increases by adding noise could be 
theoretically explained. This result, which means that the noise 
impedes feedback for the self-organization, can also be intuitively 
understood. In contrast to the past research in which white noises 
with a correlation time τN ~ 0 were used, Huh et  al. recently 

investigated the threshold shifts for colored noises of which τN is 
finite and controllable [3]. There are two characteristic times in 
EC: the charge relaxation time τσ, and relaxation time τd of the 
nematic director. Huh et al. took notice of the case in which τN is 
comparable to τσ. Their new result revealed that the constant b in 
Eq. (1) can be modified as

 

reduced, consistent with the result in Fig. 1(b). As noted, the
magnetization of RFe2O4 originates from the ferrimagnetism
along the c-axis. Together with Fig. 1, this behavior suggests
a weakening of the ferrimagnetic correlation along the c-axis.

The enhancement of anisotropy becomes clearer for larger
Hcool values. Figure 2(b) shows the M–H curves at T ¼ 50K
for H within �50 kOe. The value of Hcool was 50 kOe. For
the current cooling process (J ¼ 0:05), we show both the 1st
and 10th curves obtained in a repeated measurement.
Immediately after cooling to 50K, the magnetization value
is almost identical in both with or without the current (red
arrow), as speculated from Fig. 1(b). However, we can see a
considerable increase both the left and right coercivities.
Thus, the system conveys the memory of the cooling process
at high temperatures.

This result means that the magnetization is stabilized by
cooling with an electrical current. The left coercivity is
particularly enhanced by ³6–7 kOe. Hence, the curve is more
asymmetric than for J ¼ 0. The EB field, tentatively defined
as HEB ¼ ðH1 þ H2Þ=2, was ��4:9 kOe (H1 and H2 are the
left and right coercivities, respectively). This is shown by a
vertical dotted line in Fig. 2(b). The obtained HEB is
comparable to that reported for polycrystalline YbFe2O4.10,11)

The value of jHEBj was ³2–3 kOe larger than that obtained
for J ¼ 0, as shown later. The figure also shows that the
negative remanent magnetization is increased by
³1000 emu/mol for J ¼ 0:05; the M–H curve is compressed
along the M axis, similarly to in Fig. 2(a).

The 10th curve is shifted from the 1st curve, and is almost
symmetric about the origin. This shift was explained with the
model for the training effect.17) Figure 2(c) shows the value
of �HEB plotted against the loop index (n), i.e., �HEB at the
nth cycle. The gradual decrease in �HEB was fitted with the
following formula modeled on the basis of the existence of
the FM and AFM domains for EB systems:17)

V2
c ¼ V2

c0 þ bV2
N; ð1Þ

bmod ¼ b½1� hð�N=�m� Þ�; ð2Þ
where, Hn

EB is the EB field for loop index n. Af and Pf are
parameters for the pinned FM spins at the FM–AFM
interface. Ai and Pi are parameters for the interfacial magnetic
frustration caused by the FM–AFM competition. We
obtained the parameters as Af � 41 kOe, Pf � 0:4,
Ai � 1:6 kOe, and Pi � 6:2. H1

EB was ³0.5 kOe. Large
differences between Af and Ai as well as between Pf and
Pi (i.e., Af � Ai and Pf � Pi) are similar to those of a few
other systems including YbFe2O4.10,17,18) Thus, the asymme-
try observed in Fig. 2(b) may originate from EB rather than
the minor-loop effect.19)

Figure 2(d) shows �HEB plotted against the measurement
temperature (T) with Hcool ¼ 50 kOe [Fig. 2(b)]. A nonzero
value of �HEB is clearly found below ³100K, attributed to
the emergence of the collective freezing of magnetic
domains.4) Note that �HEB is ³10–20% larger for J ¼ 0:05
than for J ¼ 0, as demonstrated in Fig. 2(b). The �HEB value
becomes larger as the temperature is lowered because of the
increase in magnetic freezing. This value was drastically
reduced below ³30K because of the shrinkage of the M–H
curve observed from the coercivity (HC),10) defined as
HC ¼ �ðH1 � H2Þ=2. The reason for this is that the

coercivity overcomes the largest applied field of the
apparatus (50 kOe).

It is interesting that the anisotropy is also enhanced in the
absence of a cooling magnetic field. The M–H curves
observed at 60K are shown in Fig. 3(a). Because of the zero-
field-cooling process, the curves are symmetric about the
origin. At a glance, both the left and right coercivities for
J ¼ 0:05 are ³3 kOe larger than those for J ¼ 0. The
shrinkage of the curve along the M-axis is analogous
behavior to that in Figs. 1 and 2(a). The plot of HC against
temperature is shown in Fig. 3(b), in which the data are
plotted only above 30K because of the shrinkage of the M–H
curves noted above.

Although the origin of these phenomena is unclear at
present, the results suggest a complicated situation in
RFe2O4.6,8–10,20,21) That is, the interactions on a triangular
Fe lattice are dominantly AFM-type, while both FM and
AFM interactions coexist between two adjacent lattices.6)

The coexistence of the FM and AFM interactions brings
about FM and AFM domains. The FM phase appears at
TN � 250K while the AFM phase emerges below ³200K.20)

Their structures are drawn in Fig. 4, assuming coupling
between the magnetism and CO. The FM (a) and AFM (b)
phases have almost an identical volume fraction (³50%).20)

Thus, the two phases are energetically degenerate, and are
plausibly converted under a small perturbation, similarly to in
Fe-doped (La0.7Pr0.3)0.65Ca0.35MnO3.22) Figures 1–3 suggest
that the application of electrical current enhances the fraction
of the AFM phase. During the change in H in MH-curve
measurements (Figs. 2 and 3), six Fe spins in the AFM phase
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Fig. 3. (Color online) (a) M–H curves at 60K measured for J ¼ 0:05 and
0. The cooling magnetic field (Hcool) was zero. (b) Coercivity (HC) plotted
against temperature (T), obtained from (a). For J ¼ 0:05 at T & 200K, the
electrical current was reduced to zero at T � 230K during the cooling.
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where b, h, and m are positive constants. This result is remarkable 
because for τN > τσm/h, bmod can become negative, i.e., Vc 
decreases by adding colored noise. It was also found that 
transition voltages to chaotic and higher-order patterns such as 
fluctuating the Williams domain [Fig.  1(b)] and grid pattern 
[Fig. 1(c)] decrease by adding colored noise. These phenomena 
can be regarded as noise-induced order in convective systems.

Spontaneous oscillation and self-organization play important 
roles in living systems. Mechanism for extracting essential 
information from a signal is more important than a perfect 
reproduction of the signal for living systems. It was clarified 
by Kai et al. and others that stochastic resonance and stochastic 
synchronization are utilized for that mechanism [4,5]. For that 
purpose, living systems may use tunable noise generated within 
themselves as well as the noise from their surroundings (e.g., 
thermal noise). In other words, the generated noise is chaos. The 
most important property of chaos as a noise source is that it has 
a finite correlation time that corresponds to the inverse of the 
Lyapunov exponent. The study by Huh et al. provides significant 
suggestion to us also in this viewpoint.
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