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We report our experimental investigation on the temperature-dependent hysteresis loops and magnetic domain

behaviors of CoFeB (0.4 nm)/Pd (1 nm) multilayer on polyimide substrate with a perpendicular magnetic

anisotropy, by means of magneto-optical Kerr microscopy. Hysteresis characteristics such as saturation magne-

tization, coercivity, and hysteresis loop area with respect to the temperature have been analyzed, where power-

law scaling behaviors are observed with microscopic magnetic domain patterns mediated by numerous nucle-

ation sites.
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1. Introduction

Ferromagnetic multilayer films with a perpendicular

magnetic anisotropy (PMA) have been of immense

interest thanks to many promising properties as well as

applicability in spintronics. For instance, CoFeB/Pd films

are known to exhibit high spin polarization [1],

amorphous ferromagnetic film structure [2], and strong

perpendicular magnetic anisotropy [3]. Recently, numerous

studies on modification and control of magnetic properties

for the multilayer films have been conducted on flexible

substrates [4-12]. For magnetic films on flexible

substrates, thermal and structural stability of flexible

substrates are required, since magnetic films on flexible

substrates may be subject to thermal and, particularly,

structural stresses. Considering the above factors,

polyimide (PI) is widely used for flexible substrates for

magnetic films [13-15].

On the other hand, magnetic hysteresis behavior is

considered to be one of most important and urgent

magnetic properties when every magnetic sample is

prepared. The ferromagnetic hysteresis curve is known to

be intrinsically dependent on the temperature due to the

competition between thermal agitation and magnetic

ordering [16]. Numerous studies have been devoted to

hysteresis loops and the magnetic domain structure of thin

film fabricated on conventional rigid substrates [17, 18].

However, relatively very few studies have been devoted

to the temperature-dependent hysteresis behavior for the

film prepared on non-rigid substrate such as PI.

Considering that the elastic deformation of the sample

[19-21] arising from the thermal expansion mismatch

between the film and the substrate, magnetic properties

could be complicated under temperature variation due to

the different thermal expansion properties. Compared to

films grown on conventional rigid substrates, magnetic

thin films grown on flexible substrates exhibit distinctive

magnetic properties such as magnetoelastic coupling,

magnetoresistance [22], and spin reorientation behavior

[23]. Thus, temperature-dependent magnetic properties

such as hysteresis loop behavior for the films fabricated

on flexible substrate could provide meaningful information

for better understanding of temperature-dependent feature

of ferromagnetic samples.

In this work, we report our experimental investigation

on the temperature-dependent hysteresis behavior of

CoFeB/Pd multilayer film with perpendicular magnetic

anisotropy prepared on PI substrate with direct observation

of magnetic domain patterns by means of magneto-optical

Kerr microscopy, where power-law scaling behaviors are

observed for the saturation magnetization, the coercivity,

©The Korean Magnetics Society. All rights reserved.

*Corresponding author: Tel: +82-43-261-2268

Fax: +82-43-274-7811, e-mail: donghyun@chungbuk.ac.kr

ISSN (Print) 1226-1750
ISSN (Online) 2233-6656



 342  Temperature-dependent Scaling Behavior of Magnetic Hysteresis Loop of CoFeB/Pd Multilayer Film  Nguyen Le Thi et al.

and the area of   the hysteresis loops. 

2. Experimental

The ferromagnetic thin film of Ta (3 nm)/Pt (3 nm)/

Co40Fe40B20 (0.4 nm)/Pd (1 nm)/Ta (2 nm) multilayer with

a perpendicular magnetic anisotropy was deposited on 50

m thick PI substrate by a DC magnetron sputtering.

Commercially available PI (Kapton from Dupont) was

used for substrates. The nominal composition of the

CoFeB was selected to be 40:40:20, as this composition

exhibits a substantial spin polarization as reported in Ref.

[1]. The buffer layer Ta (3 nm)/Pt (3 nm) was used for

better adhesion and good surface morphology. A 2-nm

thick Ta layer was deposited on the sample as a capping

layer to prevent oxidation. Before deposition, PI substrate

was cleaned in ethanol for 5 minutes by ultrasonic

washing machine. During the sputtering procedure, Ar

pressure within the chamber was maintained at 2.0 mTorr.

The saturation magnetization MS = 458 ± 12 emu/cc at

room temperature, which was measured by vibrating

sample magnetometer. The hysteresis behaviour and

domain pattern of CoFeB/Pd multilayer film was

observed at temperature range of 210 K to 330 K with

step of 10 K by using polar magneto-optical Kerr effect

(MOKE) microscopy with a cryostat for a sample area of

256 × 192 m2.

3. Results and Discussion

Hysteresis loops of CoFeB/Pd multilayer film grown on

PI substrate were measured in the polar MOKE geometry

at different temperatures. The selected MOKE hysteresis

loops have been plotted in Fig. 1. Hysteresis loops along

perpendicular direction are clearly observed at low

temperatures, whereas the loop becomes narrower and

slanted with increasing temperature. Note that the hysteresis

loops are normalized by the saturation magnetization at

210 K. Squareness of the hysteresis loop (Mr/MS) is close

to 1 below 260 K and decreases from ~0.8 at 260 K to

~0.1 at 320 K, where Mr is the remanent magnetization

and MS is the saturation magnetization. As the

temperature increases and approaches near the Curie

temperature, the slopes of the hysteresis loops gradually

become flatten, as in the case of 330 K, implying that the

film becomes paramagnetic.

The saturation magnetization normalized by the

saturation magnetization at 210 K with respect to the

temperature is shown in Fig. 2. The saturation

magnetization decreases with respect to the temperature,

where the measured data is fitted by the power law:

 [24-27].  is fitted to

be 1.48 and TC to be about 320.8 K. The power-law

exponent is found to be about 0.33. Inset figure is a log-

log plot of the figure with the exponent  = 0.33. The 

value is close to the prediction from the 3D Heisenberg

model ( = 0.37) [24] and also consistent with the

MS T 
MS 210 K 

------------------- = 
MS 0 
MS 210 K 

------------------- 1
T

TC

------– 
 

 MS 0 
MS 210 K 
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Fig. 1. Selected hysteresis loops of CoFeB/Pd multilayer film

deposited on PI substrate at various temperatures with the

direction of magnetic field perpendicular to the film plane. 

Fig. 2. (Color online) The saturation magnetization normalized

by the saturation magnetization at 210 K with respect to the

temperature. The solid line is the fitting curve of power law

for the saturation magnetization. Inset is a log-log plot of the

magnetization as a function of temperature for TC = 320.8 K.

The slope of the straight line gives the power-law exponent 

= 0.33.
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reported values in [26, 27]. Observed  value is far from

the prediction based on the 2D Ising model (0.125) and

2D XY (0.23) model [24], implying the continuous

variation of magnetization around the Curie temperature

rather than behavior with Ising-like discreteness. The

Curie temperature (TC = 320.8 K) observed in the present

film sample prepared on PI is closer to room temperature,

significantly lower than the TC value (~453 K) reported

for films on rigid substrate [28], which could be

originated from the thermal expansion mismatch between

the substrate and the film. Since the thermal expansion

coefficient of the PI (20 × 10-6 K-1) [29] is larger than that

of the silicon (2.56 × 10-6 K-1) [30], the larger lattice

mismatch between the PI substrate and the film,

compared to the case of Si substrates, might result in the

reduced Curie temperature. Moreover, the roughness of PI

substrate (2.8 nm) is larger than that of Si substrates

(0.431 nm) [12], which also might effectively reduce the

Curie temperature. 

The coercivity determined from the hysteresis loop at

different temperatures is shown in Fig. 3. Apparently, the

coercivity decreases monotonically with increasing

temperature. Temperature-dependent coercivities are well

fitted with the power-law model: HC(T) = H0(0)(1-T/TB)


[31, 32]. H0(0) was 125.8 Oe, the blocking temperature

(TB) is 316.6 K, which is close to the Tc value but slightly

less. This might be from the granular film structure on PI

[33, 34]. The inset is the log-log plot of HC versus (1-T/

TB) with the exponent value of  = 1.62. The exponent

value obtained in the current system is much larger than

what is fitted by a simple model such as Kneller’s law

[35]. Since our temperature region is above 210 K, which

is not far away from the critical temperature, the exact

exponent value should be rechecked down to 4 K, which

is not allowed by the present setup. However, at least, we

can state that the coercivity scaling does not follow a

conventional Kneller-type exponent observed so far for

ferromagnetic films on rigid substrate. We consider that

this could be due to the scaling behavior in a cut-off

region near the critical temperature, or the reversal

statistics is quite different from the amorphous nature of

CoFeB film [36]. Moreover, CoFeB is known to have a

positive magnetostriction coefficient [37]. Thus, there

exists a magnetostriction, however, there also exist

substantial number of defects potentially modifying the

magnetic anisotropy [12, 38, 39] and trapping magnetic

domain walls, leading to a different coercivity scaling

exponent.

To further understand the hysteresis behavior of the

ferromagnetic system, the temperature dependent-scaling

behavior of the hysteresis area has been investigated. The

relationship between the dynamic loop area and the

external parameters such as temperature (T), amplitude

(H0), and frequency () is expressed as the Steinmetz

law: A-A0   [40], A0 is the zero-frequency loop

area. In the present study, the field sweep rate (hence

frequency) and the maximum applied field were kept

constant, only observing  from the temperature-

dependent hysteresis loop area. Fig. 4 shows the observed

hysteresis loop area as a function of temperature. The

hysteresis loop area decreases as the temperature

increases due to the decrease in magnetization and

coercivity with increasing temperature. The inset shows

the log-log plot of area vs. temperature. It can be found

H0





T

–

Fig. 3. (Color online) Dependence of coercivity on tempera-

ture for CoFeB/Pd multilayer film. The solid line displays the

fitted curve according to the power-law model (HC(T) =

H0(0)(1-T/TB)
). The inset is log-log of HC vs 1-T/TB. The

slope of the straight line corresponds to the exponent value 

= 1.62. 

Fig. 4. (Color online) The typical hysteresis loop area with

respect to the temperature. The inset is a log-log plot of hys-

teresis loop area to the temperature. The loop area follows the

straight line, providing a scaling exponent of  = 3.8. 
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that the value of Log(A-A0) decreases linearly with the

increase of Log(T), which exhibits a scaling behavior of

area (A-A0)  T
. From the fitting of the slope, the value

of the loop area scaling exponent = 3.8. The measured

value in the present study is considerably higher

compared to the a few reports available till date [40, 41].

As in the case of coercivity scaling, discussed above, the

discrepancy is considered to probably arise from different

magnetization reversal processes observed in magnetic

film on PI [41, 42], possibly having more defects and

intrinsic magnetostriction effect [43-47].

In order to examine the magnetization reversal behavior

of CoFeB/Pd films on PI, magnetic domain behavior is

observed simultaneously with hysteresis loop measurements

using polar MOKE with a cryostat. Fig. 5 displays the

domain patterns of the film at the selected temperature of

210 K. Fig. 5(a) is the initial magnetic domain without

state switching at a positive saturation magnetic field of

80 Oe. The reversal process starts with nucleation at a

negative field of -8 Oe (Fig. 5(b)). The black (white)

domains correspond to the down (up) magnetization. The

magnetic domains rapidly increase in size due to the

propagation speed of the domain wall, as shown in Figs.

5(c)-(e), when the black regions dominate the entire thin

film, the magnetization reversal is almost complete (Fig.

5(f)). The process of reversing the magnetization from a

negative field direction to a positive field direction is also

performed similarly, as indicated by the contrasting

evolution of the white domains, as shown in Figs. 5(g)-

(j). The overall domain patterns are observed to be

statistically symmetric.

The evolution of the domain pattern in the same area

was observed at various temperatures as shown in Fig. 6,

these domains were recorded at a magnetic field close to

the coercivity. The contrast of magnetic domains become

more vacant as the temperature increases, approaching the

Curie temperature. At relatively higher temperatures, the

domains are observed to be quite mobile and faster, as the

magnetization can be more easily reversed with the help

of thermal agitation. Overall, the domain patterns are

quite complex, unlike the sample prepared on rigid

substrates. 

4. Conclusions

We have fabricated CoFeB/Pd multilayer films with

PMA on flexible PI substrate. Magnetic domain patterns

and corresponding hysteresis loops are systematically

measured with variation of temperatures using the MOKE

microscopy. The temperature-dependent magnetization

exhibits a scaling behavior with the exponent matching

with 3D Heisenberg model, while the scaling exponents

Fig. 5. (Color online) Magnetization-reversal process in sample CoFeB/Pd observed by polar Kerr microscopy at 210 K. All

domain images have scale bars corresponding to 500 m.
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of the coercivity and the loop area scaling are quite

different from the reports observed for magnetic film on

the rigid substrate. The corresponding magnetic domain is

also observed to be nucleation-dominant with complex

patterns, implying the different scaling behavior could

exist for films in the present study. We believe that our

work, temperature-dependent hysteresis scaling behavior

for magnetic films on flexible substrate, may open up

meaningful perspectives for the development of flexible

electronic devices. 
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