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Temperature-dependent Barkhausen volume in two-dimensional Ising-like ferromagnetic films
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We report our systematic investigation of temperature-dependent Barkhausen volume behavior for CoFeB/Pd
with perpendicular magnetic anisotropy by means of magneto-optical Kerr microscopy. In the temperature
range where two-dimensional (2D) Ising-like and single-domain features are sustained, hysteresis parameters
such as coercivity, hysteresis area, and saturation magnetization are quantitatively analyzed with respect to
the temperature. Interestingly it is demonstrated that the Barkhausen length is directly proportional to the
domain-wall width via the magnetic anisotropy in this single-domain and 2D Ising-like model system.
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The thermal stability of physical systems is basically in-
volved with competition between ordering interaction and
disordering thermal agitation. In a ferromagnetic system,
neighboring spins orderly form multiple magnetic domains
divided by magnetic domain wall (DW), which plays a key
role in magnetization reversal. Nowadays, one of the impor-
tant technical issues is to accomplish ultrahigh-density and
ultrafast operational spin devices, which require high thermal
stability of a magnetic system [1–4]. Recently, the thermal sta-
bility of magnetic domains over wide temperature ranges has
attracted fundamental interest since DW, an interface between
differently directed magnetic domains, mimics ubiquitous in-
terface dynamics observed in various physical systems such as
fire front [5], wetting paper [6], superconductor phase fluctu-
ation [7], and financial market fluctuation [8]. It has been well
known that the statistical nature of DW dynamics in various
systems is described by universality-class models such as an
Ising model, depending on dimensionality and symmetry of
systems [9–12].

In a ferromagnetic system, thermal stability is expressed
by the ratio between the uniaxial magnetic anisotropy (Ku)
multiplied by the volume (V ) and the thermal energy (kBT ),
given as KuV/kBT [13]. KuV works as an energy barrier for
magnetization reversal, providing a preferential direction of
magnetization below the energy barrier. In a simple magnetic
system with uniaxial magnetic anisotropy, the energy barrier
is lowered by applying an external magnetic field due to the
Zeeman energy. For magnetization to be aligned along an
energetically preferred direction, the energy barrier should be
overcome by thermal energy. Moreover, it is well known that
thermal effect generally changes the hysteresis loop shape due
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to changes in magnetic anisotropy and saturation magnetiza-
tion in magnetic materials [14–16]. At elevated temperatures,
for instance, a coercivity (Hc) of the hysteresis loop, roughly
related to the magnetic anisotropy of the system, decreases
[17], changing overall magnetization reversal behaviors.

Under external magnetic fields greater than Hc, magne-
tization reversal behavior is mediated by viscous damping
mechanism [18] where thermal effect becomes less important
due to the vanishing energy barrier. However, for external
fields less than Hc, ferromagnetic systems are known to ex-
hibit a thermally activated magnetization reversal behavior,
overcoming an energy barrier [19]. DW velocity becomes
ultraslow under much lower field, exhibiting a creep DW
behavior [18,20–22], dominated by the disorders working as
a pinning potential for magnetic DW. In this thermal regime,
while overall magnetic DW characteristics are determined by
the macroscopic magnetic energies and thermal energy, DW
dynamics exhibits an interesting interface dynamic such as
Barkhausen avalanches [10]. One of the important parameters
in describing the DW dynamics in the thermal regime is a
unit activation volume of magnetic materials, known as the
Barkhausen volume [23]. The Barkhausen volume is believed
to be mostly linked to the exchange-interaction length scale,
while it has been reported that it is modified by magnetic
anisotropy and disorders of systems as well [24]. It has
been suggested that there exists a correlation between the
Barkhausen volume and the temperature of magnetic systems
[25,26], while no systematic explanation has been provided
yet based on a universality class.

In this work, we report our comprehensive study to
understand the temperature-dependent Barkhausen volume
behavior in thermal activation regime of magnetization rever-
sal, by correlating the major macroscopic magnetic properties
such as coercivity, hysteresis loop area, and saturation mag-
netization, as well as DW patterns and universality class of
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FIG. 1. Hysteresis loop measured by (a) MOKE measurement and by (b) VSM at different temperatures from 230 to 300 K with color
codes. Coercivity (Hc) with respect to the temperature by (c) MOKE measurement with δ = 0.57 ± 0.04 and by (d) VSM with δ = 0.57 ± 0.03
with variation of temperature. Other δ values of 1/2 (black), 2/3 (green), and 3/4 (blue) are shown as dashed line. Hysteresis loop area measured
by (e) MOKE with γ = 1.26 ± 0.11 and by (f) VSM resulting γ = 1.25 ± 0.08 (red dashed line). Inset log(A − A0) vs log T with MOKE
γ = 1.26 and VSM γ = 1.25. Hysteresis loop area fitted with various γ exponents from 2D Ising (black dashed), 3D Ising (blue dashed), and
3D Heisenberg (green dashed) models.

magnetization reversal with variation of temperatures. For a
temperature range where a 2D Ising-like universal DW dy-
namics exists, it is observed that the Barkhausen volume is
significantly changed with respect to the temperature, mainly
determined by magnetic anisotropy.

Ta (2 nm) / Pd (2 nm) / [CoFeB (0.4 nm) / Pd (1 nm)]4 / Ta
(1 nm) multilayer with a perpendicular magnetic anisotropy is
deposited on Si(100) wafer substrate with a native oxide layer
by dc magnetron sputtering. The detailed fabrication process
is described elsewhere [16,27]. The thickness of the CoFeB
sublayer was chosen to exhibit a strong perpendicular mag-
netic anisotropy. The multilayer films with repeat number of
6 and 8 were also prepared for comparison, where the domain
patterns of multilayers with n = 6 and 8 are observed to be
quite complex and jagged, not suitable for analysis of domain-
wall velocity based on direct observation. Direct observation
of temperature-dependent magnetic domain patterns and anal-
ysis of microscopic magnetic hysteresis loops were carried
out by magneto-optical Kerr effect (MOKE) microscopy. Af-
ter saturating the sample, a simple circular magnetic domain
pattern is prepared by applying external fields of 58.7 Oe, for
instance, at 270 K. After having circular domain with diameter
of ∼360 µm, the external field was turned off and then the
temperature is changed to examine temperature-dependent
domain patterns. Furthermore, at different temperatures, a
circular domain is initiated by an applied field with proper
strength to have almost the same size of the circular domain,
to explore the DW velocity at each temperature. The domain
images were processed by subtracting the background and

converted with black and white contrast. DW velocity was cal-
culated at different temperatures (230–300 K) under different
applied fields near the coercive field. MOKE hysteresis mea-
surement per field and per temperature is repeated five times
for all cases. Temperature-dependent saturation magnetization
and magnetic anisotropy were measured by electromagnetic
property measurement system developed in Korea Basic Sci-
ence Institute.

MOKE hysteresis loop of the sample along the direction
out of the film plane with variation of temperature in the
range of 230–300 K is depicted in Fig. 1(a), where a per-
pendicular magnetic anisotropy at all temperatures is clearly
confirmed. According to the MOKE microscopy observation,
magnetization reversal is initiated with nucleation, and fol-
lowed by subsequent DW motion. For comparison, we have
further measured the magnetization hysteresis with magnetic
moment directly measured by means of vibrating sample mag-
netometer (VSM), as demonstrated in Fig. 1(b). It should be
mentioned that the shape of the hysteresis loop substantially
changes from a fat to a narrow square as the temperature
increases for both cases. The temperature-dependent coer-
civity from the MOKE microscopy observation is plotted in
Fig. 1(c), where it is fitted by the law expressed in Eq. (1),
known as Kneller’s formula:

HC (T ) = H0

[
1 −

(
T

TB

)δ
]

(1)
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where H0 is the coercivity at 0 K and TB is the blocking
temperature. δ is the exponent, involved with sample prop-
erties such as magnetic anisotropy and magnetic particle size
[17,28,29]. For the present sample, H0 = 600 Oe, matching
well with previously reported values [30,31]. TB is fitted to
be 340 K, while the Curie temperature for the sample is 450
K. Since the sample has polycrystalline structure, TB becomes
more relevant in determination of the coercivity due to the
disconnected granular behavior [32]. The fitting based on
Eq. (1) gives the value of the exponent δ ∼ 0.57 ± 0.04 for
MOKE result. Temperature-dependent coercivity measured
by VSM is found to be similar to δ ∼ 0.57 ± 0.03, as shown
in Fig. 1(d), consistent with the results from the MOKE
microscopy. The MOKE measurement is a microscopic mea-
surement carried out for 640 × 480 µm2, while the VSM
measurement is carried out over the whole sample with 1 cm2

so that there might be difference in the loop slope and HC . For
systems which follow the single-domain model with uniaxial
anisotropy noninteracting particles, it is reported that δ = 1/2
[33]. For particles taking into account intraparticle interaction
between domains, δ = 2/3 [34], whereas for randomly ori-
ented noninteracting particle, δ = 3/4 [35]. The fitted δ value
of the present sample is found to be close to the single-domain
model value (1/2).

The temperature-dependent hysteresis loop area scaling
observed by MOKE microscopy is plotted in Fig. 1(e), to-
gether with the loop-area scaling measured by VSM in
Fig. 1(f). The hysteresis loop area decreases with increasing
temperature, indicating that the energy loss, characterized by
the hysteresis loop area, decreases with respect to the temper-
ature. Since the coercivity as well as saturation magnetization
decreases with respect to the temperature, the area should also
decrease with respect to the temperature. In the inset of the
figure, log (A − A0) versus log T is plotted to confirm the
power-law behavior. It is well known that the hysteresis loop
area exhibits a scaling behavior, described as the Steinmetz
law as (A − A0) ∝ Hα

max f ηT −γ , where A0 is zero-temperature
adiabatic loop area. α, η, and γ are the scaling exponents for
the maximum field, frequency, and temperature, respectively
[36]. There have been some available reports on α and η

values but, for the γ exponent, only a few experimental results
have been reported to date [37–40]. In the present study, the
frequency ( f = 19.5 Oe/s) and the maximum field (Hmax =
200 Oe) were kept constant, only the temperature is varied to
observe γ , focusing on thermal effect on energy loss during
a hysteresis loop cycle, where experimental data have been
simply fitted with the equation (A − A0) ∝ T −γ . The fitted
value of γ is found to be ∼1.26 ± 0.11 for MOKE result,
again consistent with the VSM result of γ = 1.25 ± 0.08.
Interestingly, these values are close to theoretical prediction
of 2D Ising model value (1.18) [41], while the model value
of 3D Ising model and 3D Heisenberg model is 1.98 and
0.7 ∼ 0.8, respectively [37,41]. The γ value in the present
study is significantly larger compared to the experimental
report (∼0.38) available for Permalloy films with in-plane
magnetic anisotropy [38], which, in this case, was rather close
to the theoretical model value (0.25) from the 2D Heisenberg
model. Thus, it is considered that although there might be a
little discrepancy between experimental results and the model,
the CoFeB/Pd multilayer film with perpendicular magnetic

FIG. 2. Typical domain evolution pattern observed by MOKE
microscopy at zero external field state at various temperatures. (a)
Circular-shaped single domain initiated by external field, then ob-
served with variation of temperatures. (b) Circular-shaped single
domain prepared by proper external field at each temperature. (c)
Fractal dimension (Df ) with respect to temperatures. Inset: superpo-
sition image of domain-wall boundary with three times measurement
repetition and perimeter-area relation on log-log scale at 230 and
300 K.

anisotropy in the present study clearly exhibits the nature of
the 2D Ising system for the temperature range of 230–300 K.

Corresponding domain images at various temperatures in
Fig. 2(a) are recorded after positively saturating the sample
and then applying negative fields near the coercivity. During
the domain observation, the field is kept at 0 Oe to avoid any
possible effect of the external field and thus, to visualize the
temperature effect on the domain structure. It should be men-
tioned that as expected from the universality class of the 2D
Ising nature in the temperature range, domain shape remains
almost the same for 230–300 K. We have also checked the
domain patterns, by applying proper external fields to have the
same magnetization at different temperatures as demonstrated
in Fig. 2(b). The external field is turned off when the amount
of magnetization reversal reaches the same level as in Fig. 2(a)
at each temperature. Again, almost the same domain pattern is
observed, only with reduction of the required external-field
strength to have a similar domain at elevated temperature,
consistent with the δ value of the single-domain model, as
observed in Fig. 1(b). The images are recorded by repeating
three times and there exists microscopic fluctuation in the wall
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FIG. 3. (a) Domain displacement (�r) at every 30 ° of circle domain at 270 K where the inset figure is circle domain configuration. (b)
Domain-wall velocity, v(H, T ) vs applied magnetic field (H ) at different temperatures, with fitting by the Arrhenius law (dashed line). (c)
v(H, T ) vs H−1/4 with linear fitting on a log-normal scale.

boundary, while the statistical nature of the DW pattern is
sustained, as in the inset figure of Fig. 2(c). To quantitatively
analyze the jaggedness of DW with change of temperature, the
fractal dimension (D f ) of DW geometry is calculated by the
perimeter (P)–area (S) scaling relation method, as depicted in
Fig. 2(c). The linear relation between P and S on a log-log
scale allows us to deduce the D f from the slope of P ∝ SD f /2,
represented in the inset [42,43]. As expected from the direct
domain-pattern observation, D f is found to be almost 1 for
the whole temperature range as seen in Fig. 2(c), clearly
indicating that a simple linelike interface geometry of DW
is persistently observed for the temperature range of 230–
300 K without interface roughening by distributed random
disorders.

Now, we further analyze the dynamic nature of the mag-
netic domains. DW velocity v is determined by quantitative
analysis of time-dependent DW displacement with variation
of external fields at each temperature, as depicted in Fig. 3.
The v is first determined from angular averaging of circular
domain expansion as seen in Fig. 3(a) and then repeated three
times. Since the microscopic fluctuation and angular disper-
sion are well suppressed by the overall circular domain shape,
it is considered that the averaging provides a representing
value of v.

The v is exponentially increasing with the applied field at
each temperature. The v is fitted with the Arrhenius equation,
described in Eq. (2):

v(H, T ) = v0exp −
(

E − 2HMsVB

kBT

)
. (2)

In Eq. (2), v0 is the prefactor, E is activation energy propor-
tional to the energy to overcome the barrier, H is an applied
field, Ms is a saturation magnetization, VB is a Barkhausen vol-
ume, and kB is the Boltzmann constant [24]. The exponential
behavior as a function of applied field at each temperature
is a signature of thermally activated magnetization-reversal
behavior. In the low-field regime, away from the coercive
field, it has been known that the DW creep behavior is also
observed. To verify the creep behavior for the present sample,
we plot v versus H−1/4 as in Fig. 3(b), where the creep expo-
nent μ = 1/4 is found to be valid for the whole temperature
range of 230–300 K [44]. The universality class of creep
exponent μ = 1/4 is extensively observed for various two-
dimensional ferromagnetic thin films with the perpendicular
magnetic anisotropy [18]. Note that the creep exponent for
the three-dimensional system is 1/2 [45].
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FIG. 4. (a) Barkhausen volume (VB) at various temperatures. (b) Temperature-dependent saturation magnetization (Ms). The best fitting is
with β = 0.18 ± 0.02. Values from 2D Ising (0.125), 2D XY (0.26), 3D Ising (0.325), 3D XY (0.345), and 3D Heisenberg (0.365) models are
shown as well. (c) Magnetic anisotropy (Ku) at different temperatures. Inset: Comparison of hysteresis area between hard axis (in-plane) and
easy axis (out-plane) hysteresis loop at 230 K. (d) Barkhausen length (ξB) and domain-wall width (δw ) with respect to the temperature.

The fitted values of VB from Eq. (2) at each temperature
are plotted in Fig. 4(a). Very interestingly, VB increases signif-
icantly from 1251 to 3719 nm3 for the variation of temperature
from 230 to 300 K. At elevated temperature, the thermal
energy facilitates magnetic moment to overcome the energy
barrier and reverse their magnetization. Therefore, possible
origin of substantial increase of VB in the relatively narrow
temperature range could be linked to the reduction of en-
ergy barrier, as observed by the significant change of HC in
Fig. 1(b). This is because Hc serves as representation of the
strength of the magnetic field (H) needed to overcome the
energy barrier (Eb) and reverse the magnetization. In case of
uniaxial perpendicular anisotropy film, the magnetic energy is
expressed as E = KuV sin2 θ − μ0MsHV cos(ϕ−θ ), where
θ and ϕ are the angle of magnetization and external applied
field (H) from the easy axis, respectively. V is the volume of
magnetic reversal [46]. Then, the energy barrier is

Eb = Emax − Emin = KuV

(
1 + μ2

0M2
s H2

4Ku
2

)
− μ0MsHV. (3)

Thus, temperature-dependent Ms and Ku behaviors should
be examined to explain the temperature-dependent VB behav-
ior.

In Fig. 4(b), temperature-dependent Ms is plotted, with
fitting by Eq. (4):

Ms(T ) = M0

(
1 − T

Tc

)β

, (4)

where M0 represents zero-temperature magnetic moment, Tc

is Curie temperature, and β is the critical exponent related

to the universality class [9]. The best fitting of β exponent
is found to be 0.18 ± 0.04, again close to the theoretical
prediction (β = 0.125) for the 2D Ising model, while β

values for the 2D XY, 3D Ising, 3D XY, and 3D Heisen-
berg models are 0.26, 0.325, 0.345, and 0.365, respectively
[9,47,48], suggesting that the magnetization behavior is 2D
Ising-like. Furthermore, Ku at each temperature is measured,
as in Fig. 4(c), by quantitative comparison of hysteresis loop
area along the easy- and hard axis, as seen in the inset of
the figure for the case of 230 K. It is noteworthy that a rel-
ative degree of reduction of Ku (∼39%) is substantially larger
compared to the case of Ms (∼7%), implying a significant
role of Ku in determination of VB. Considering the present
sample is two-dimensional film, Barkhausen length (ξB) can
be determined by ξB = (VB/tCoFeB)1/2, where tCoFeB is the film
thickness.

On the other hand, it has long been believed that the
ξB is linked to the exchange-length scale, which is approx-
imated as the DW width, δw. Since δw = π

√
Aex/Ku, with

the exchange stiffness constant Aex of CoFeB film (13 pJ/m)
[49], temperature-dependent ξB and δw are compared as
demonstrated in Fig. 4(d). ξB increases with respect to the
temperature from 27.9 to 48.2 nm, as previously observed
[25,26], while δw increases from 18.7 to 24.0 nm. Note that
the ξB is determined from v fitting while δw is determined from
Ku measurement. Interestingly, the temperature-dependent be-
haviors of ξB and δw are directly correlated in the temperature
range, where the 2D Ising-like universality is sustained. Our
investigation based on direct domain observation reveals that
a thermal agitation reducing the Ku effectively reduces the Eb,

and thus, directly controls the Barkhausen length scale in the
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temperature range for the case of single-domain 2D Ising-like
system.

In conclusion, we report our experimental verification
of the proof of principle that the temperature-dependent
Barkhausen volume is directly linked to the temperature-
dependent uniaxial perpendicular magnetic anisotropy, while
the single-domain and the 2D Ising-like features of two-
dimensional ferromagnetic film are persistent. A simplistic
model system of CoFeB film with perpendicular magnetic
anisotropy is carefully maintained, where the scaling be-
haviors of hysteresis area and saturation magnetization are
quantitatively analyzed, together with direct domain pattern
observations. Our work will provide an experimental foun-

dation for further understanding of statistical nature of DW
dynamics based on investigation of microscopic nature of the
interface.
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