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Abstract 

The magnetic dipolar interactions among multiple FINEMET ribbons have been 

studied by longitudinally driven magneto-impedance effect (LDMI) and hysteresis 

loops in this paper. The effect of dipolar fields on LDMI apparently expands the “bell” 

magneto-impedance profiles and raises its characteristic frequency. This is essentially 

correlated with the domain nucleation process under the combined effect of ac driving 

field and dc external field. A theoretical model was utilized to explicate the LDMI 

variation with the number of ribbons N. Basically, the nucleation field varied linearly 

with N. The influence of the frequency of ac current causes the increase of the 

nucleation field by adding a term  before 4 MHz, but the dipolar field 

barely decreases with ac current. At frequency of 10 kHz, the dipolar field is fitted to 

be about 0.69 Oe, and the geometric factor can be estimated to be 5.60×10-5. 

Additionally the nucleation field reduces slightly due to the compensation of the 

alternating field, while the LDMI ratio changes obviously. The results indicate that 

LDMI can be employed as a sensitive tool to reveal the dipolar interaction in 

FINEMET ribbons and facilitate the design of the materials for magnetic devices. 

0.38
e ~ H f
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1. Introduction 

In multi-entities magnetic system, the coupling is dominated by dipolar interaction 

when the distance between two magnetic entities is generally greater than the 

exchange interference length [1-3]. It plays a fundamental role in the formation of 

magnetic domains and effectively modulates their macroscopic magnetic properties, 

which always accompanies with a change of both the remnant magnetization and 

coercive/anisotropy field. This can be utilized to tune the switching fields and the 

sensitivity of magnetic sensors or to develop a new type of multilayer magnets [4-8]. 

Hence, dipolar interaction is of practical interest in the design and optimization of 

magnetic devices. 

Generally, the dipolar interaction is studied experimentally by several conventional 

methods such as hysteresis loops, ferromagnetic resonance (FMR) and Mössbauer 

spectroscopy [9-12]. It could be theoretically calculated by utilizing the dipolar 

magnetization model and micromagnetism simulation [13-15]. For example, stair-like 

and kink-plateau-like hysteresis loops were used to calculate the dipolar fields among 

bistable microwires and non-bistable ribbons [9, 10], FMR frequency shift and 

Mössbauer spectroscopy split revealed the dipolar interaction affected deeply by the 

porosity of nanowires [11, 12]. In addition, MOKE and MFM were also used in the 

analysis of dipolar interaction among Co-rich glass-coated microwires with circular 

bistability and nanowires embedded in an array [16, 17]. It gave insight into the 

dipolar interaction influencing the magnetization behavior of multi-wires and  
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simultaneously turned into an evaluation method of the dipolar field. These methods 

have been proven to be very useful tools in the investigation of dipolar interaction. 

Apart from the aforementioned methods, the giant magneto-impedance (GMI) 

effect, defined as large variations in the impedance response of ferromagnetic 

conductors upon a dc magnetic field, has been widely exploited as a magnetic sensing 

technology because of its extremely high sensitivity [18-20] and also as an effective 

research tool for magnetic materials [21, 22]. GMI is commonly driven in transverse 

direction (TDMI) with ac driving current directly passing through the sensing material 

[23], or driven in longitudinal direction (LDMI) by means of involving a coil for 

sample holding and ac driving current flowing through [24]. Comparatively, the latter 

can conveniently avoid the welding or heat problems of the sensing materials, which 

is beneficial to the practical application. In a wide range of frequency, from several 

kHz up to GHz range, GMI can be obviously observed. At lower frequency, it is 

observed essentially magneto-inductance phenomenon because of negligible skin 

effect [25, 26]. After increasing frequency, the skin effect or energy loss caused by 

eddy current is the main cause of GMI [27, 28]. In addition, this effect is deeply 

relative to the magnetic domain structure and magnetic properties of the material itself 

[29]. As a research tool for magnetic materials, it could distinguish the magnetization 

processes in terms of domain wall displacement or domain magnetization rotation. 

Thus the parameters indicating the dispersion of each process, such as characteristic 

frequency, relaxation frequency and anisotropy field can be studied by GMI response. 

Moreover, these parameters are correlated with material size effect and geometrical 
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structure change [30-32], which could lead to a more physical insight for 

understanding the dipolar interactions in multi-entities magnetic system. 

In this paper, we use LDMI to measure the magnetic dipolar interactions among 

multiple Fe73.5Cu1Nb3Si13.5B9 ribbons. In order to obtain the optimum measurement 

sensitivity, the amorphous ribbons are properly annealed to be FINEMET alloy for 

better magnetic softness. Through the analysis of the hysteresis loops and LDMI 

curves, we can obtain the variation of dipolar interactions with the ribbons number. 

2. Experimental details 

Amorphous alloy ribbons Fe73.5Cu1Nb3Si13.5B9 of 0.6 mm in width, 33 µm in 

thickness were prepared by rapid quenching technique. The amorphous ribbons were 

cut to 30 mm in length and annealed at 540 °C for 20 minutes to obtain FINEMET 

alloys [33]. Sample specimens denoted as (F)N were composed of 1~4 overlapped 

FINEMET ribbons. In addition, the hysteresis loops of these specimens were tested 

independently by the MATS-2010SD Hysteresisgraph (HuNan Linkjoin Technology 

CO., LTD).  

The solenoid was formed of 383-turns enameled Cu wire (φ=0.11 mm) wound 

around a ceramic tube (L=50 mm). It generated a driving field parallel to the solenoid 

axis. Before measuring, the specimen was freely placed in the solenoid to form an 

equivalent component. Then it was positioned at the center of Helmholtz Coils which 

produced a dc magnetic field parallel to the solenoid axis and perpendicular to the 

earth field direction. Its magneto-impedance was measured by using an impedance 

analyzer (HP4294A). The RMS value and the frequency of the ac current were varied 
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from 0.3 mA~3 mA and 100 Hz~12 MHz, respectively. The relative change of 

magneto-impedance, i.e. the MI ratio, was defined as, 

                   (1) 

where Z(Hex) and Z(Hmax) are the impedance values of the equivalent component 

under an arbitrary and maximum external dc magnetic field (Hmax=10 Oe), 

respectively. 

3. Results and discussions 

Fig. 1 shows the field dependence of LDMI curves for different number of 

FINEMET ribbons at selected frequencies (10 kHz, 120 kHz, 1 MHz and 10 MHz). 

The MI curves show strong dependence on the number of ribbons and the applied 

magnetic field. It can be observed that the ∆Ζ/Z spectra is a “plateau” response in low 

field and appears “bell” shape as a whole, which reflects a typical transverse magnetic 

domain structure with an easy magnetization direction perpendicular to the ribbon 

axis in the plane [27]. In LDMI measurement, the alternating field  produced by 

the ac driving current was perpendicular to the easy axis, so the magnetization process 

was dominated by magnetic moment rotation. The half field width at half maximum 

of MI ratio in Fig. 1, N
nucH , was assumed to be the nucleation field of the sample (F)N. 

The relation between the nucleation field and the anisotropy field satisfies N
nuc k~H H  

[34]. After applying dc field Hex, the rotation of the magnetic moment contributes 

slightly to the effective permeability when the field is less than the nucleation field. 

Then, the effective permeability effµ  keeps almost constant when N
ex nuc<H H . 
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According to the skin depth m eff2δ ωµ σ= , where ω  and σ  is the frequency 

and the electrical conductivity respectively, the skin depth was invariant and no 

significant variations of magneto-impedance effect was observed as well. Thus, the 

∆Ζ/Z profile was a “plateau” response in this field range. When Hex is close to N
nucH , 

the magnetic moments have almost rotated to the axis direction and the moment 

rotation process will be impeded, resulting in the decrease of the dynamic 

permeability and ∆Ζ/Z. With further increase of Hex, the remnant regions with 

transverse moment component are gradually diminished by Hex. Hence, it leads to a 

monotonic decrease of effµ  and LDMI ratio. Therefore, the ∆Ζ/Z spectra for the 

samples all exhibited a “bell” shape as a whole. 

Fig. 2 further shows the influence of the number of ribbons and the ac driving 

frequency on the nucleation field. The solid symbol represents the experimental data, 

and the solid line is the linear fitting curves of the corresponding data. Comparatively, 

one can see that the value of N
nucH  increased linearly with the number of ribbons and 

closely related to the driving frequency. N
nucH  increased linearly from 0.88 Oe to 2.94 

Oe at testing frequency of 10 kHz, but varied from 2.00 Oe to 3.40 Oe at 10 MHz 

when the number of ribbons increased from 1 to 4. Moreover, the slope S of N
nuc ( )H N  

fitting line decreases from 0.69 to 0.46 as the frequency increased from 10 kHz to 10 

MHz. This means that the slope is also influenced by the ac driving frequency. 

Fig. 3 shows the maximum MI spectrum for different number of FINEMET ribbons 

at driving current of 2 mA. It can be seen that (∆Ζ/Z)max went up then down when the 

frequency swept from 100 Hz to 12 MHz. All the specimens (F)N have the similar 
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variation. It is because the effective permeability effµ  of the specimens initially 

increased to the maximum and then decreased with the increase of the excitation 

frequency [23]. From the inset of Fig. 3, it also can be seen that the characteristic 

frequency fc, i.e. the frequency corresponding to the peak of (∆Ζ/Z)max, gradually 

shifts to higher frequency with increasing the number of ribbons N. As for the peak of 

(∆Ζ/Z)max for multiple ribbons, its value is always higher than that of single ribbon. It 

could be ascribed to the increasing of inductive voltage on the equivalent component 

due to larger cross-section of inserted ferromagnetic material [19]. 

Fig. 4 shows the longitudinal hysteresis loops of different number of FINEMET 

ribbons. It can be seen that the hysteresis loop approximately shows a zero crossing 

oblique line. It demonstrated that the ribbons actually hold a preferential transverse 

magnetic domain structure and the static magnetization process was dominated by the 

reversible magnetic moment rotation. Simultaneously, the hysteresis loops obviously 

became more flattened with increasing the number of ribbons. The anisotropy field 

 had been obtained from the maxima of the second derivative of the hysteresis 

loops [35], linearly increasing from 0.75 Oe to 2.56 Oe as shown in the inset of figure 

4. Comparing with Fig. 2,  was less than N
nucH  and followed the relation of 

N N
k nuc~H H . The above discussion enables us to believe that the hysteresis loops of the 

specimens (F)N and its technical magnetization process should also be like as shown 

in Fig.4. The LDMI curve in Fig. 1 just reveals the ribbon remagnetized likewise and 

then the dynamic magnetization changed by the dc external field. 

The reason that N
nucH  increased with N in Fig. 2 should be subject to the dipolar 

N
kH

N
kH
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interactions among multiple ribbons. In order to understand the mechanism, the 

dipolar magnetization model is used in the following discussion. For the sample (F)N, 

we can analyze any one of the ribbons to represent all of them. Fig. 5 describes three 

different magnetization states in an arbitrary FINEMET ribbon. The alternating field 

hϕ  and the dc field Hex are all parallel to the ribbon axis. In the unsaturated state of 

N
ex nuc<H H , including the natural state of ex =0H  Oe, the magnetic moments will turn 

to a certain direction, which varies with the dc field in the range. So each ribbon 

cannot be simply seen as a magnetic dipole. In the saturated sate of N
ex nucH H> , each 

ribbon can be treated as a magnetic dipole because the magnetic moments almost 

arranged in axial direction. In this state it is convenient to obtain the dipolar fields 

created by the neighboring ribbons. As a ribbon was magnetized by the external dc 

field, several superimposed dipolar fields induced by other ribbons put side by side 

had to be conquered. In other words, a larger dc field was needed to magnetize the 

moments to saturation, i.e. the nucleation field N
nucH  became increasingly larger. The 

dipolar field of the ribbon i over the ribbon j will be [13],  

                          (2) 

Where K is a geometric factor depending upon the size of material itself and the 

distance between two elements, and M is magnetization. Since the geometric factor 

 is independent on the distance between two ribbons in a certain distance range 

[10, 13], the nucleation field N
nucH  can be expressed as, 

1
N 1 1
nuc nuc , nuc ,

1

( 1)
N

i j i j

i

H H H H N H
−

=

= + = + − ⋅∑                (3) 

Consequently, N
nucH  is directly proportional to N, which agrees well with Fig. 2. In 

, ,i j i j i
H K M= −

,i jK
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addition, as for the case of ac magnetization, an excess field e ( )H f  related to the 

eddy-current loss has to be taken into account. So the equation (3) can be modified as 

follows, 

N 1
nuc nuc , e( 1) ( )i jH H N H H f== + − ⋅ +                (4) 

Fig. 6 shows the excess field e ( )H f  and the dipolar field ,i j
H  (denoted by ) 

vary with frequency at driving current of 2 mA. The e ( )H f  can be obtained by 

curve fitting, basically following 0.38
e ~ H f  in our measurement range. The index 

closed to 0.5 indicates that the eddy-current loss mainly results from domain wall 

dynamics [28]. The non-linear trend after 4 MHz could be the consequence of higher 

frequency inhibiting domain wall dynamics. According to equation (4), the value of 

N
nucH  becomes larger with increasing the number of ribbons and the driving frequency, 

giving rise to the decrease of the effective permeability effµ  of the sample. Therefore, 

the characteristic frequency in Fig. 3 then shifts to higher frequency according to the 

relationship 2
c eff1f tπµ σ∝  [36], where  is the ribbon thickness. 

Moreover, it can be seen from Fig. 6 that the frequency has slight influence on the 

dipolar interaction. The variation of dipolar field with frequency follows -0.06
, ~

i j
H f . 

The slight decrease of the dipolar field ,i j
H  with increasing frequency could be 

observed as the result of sweeping rate d dh tϕ  affecting the formation of dipolar 

field. When the rise time of the driving field is close to the formation time of dipolar 

field, the influence of the dipolar field decreases [37] and  reduced accordingly. 

At driving frequency of 10 kHz,  is fitted to be about 0.69 Oe. Furthermore, 

,i jK  of 5.60×10-5 can be estimated by using iM  value of 1.24 T [38]. 

S

t

,i jH

,i jH
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  Finally, Fig. 7 shows the influence of ac driving current on the nucleation field. The 

nucleation field decreased with the increasing of the value of driving current, which is 

related to the principle of minimum energy. It varied only about 0.08 Oe as the current 

change from 0.3 mA to 3 mA, as shown in Fig. 7b. Although the nucleation field 

didn’t change obviously, the variation of (∆Ζ/Z)max was significant in Fig. 7a because 

effµ  increased due to the reduced effective anisotropy. In other words, it also shows 

that the magneto-impedance effect is a sensitive tool for magnetism research. 

4. Conclusion 

In summary, we have investigated the dipolar interaction in the system of multiple 

FINEMET ribbons. The dipolar fields superimposed on the nucleation field of an 

arbitrary ribbon was measured and linearly increased with increasing the surrounding 

ribbons. It essentially changes the domain nucleation process, or the effective 

permeability under the combination of ac field and dc field. Besides, it apparently 

expands the “bell” magneto impedance spectra and raises its characteristic frequency. 

When the external field approaches or exceeds the nucleation field, each ribbon is 

simply treated as a dipole and the dipolar field is estimated accordingly. The influence 

of the ac current frequency on the nucleation field causes the increase of the 

nucleation field by eddy-current effect, whereas it has little effect on the dipolar field. 

The effect of the alternating field produced by the ac current reduces the nucleation 

field insignificantly, while the magneto-impedance ratio changes obviously. The 

results show that the magneto impedance effect is a very sensitive tool for 

investigation of magnetic materials and facilitate the design of the materials for 
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magnetic devices. 
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Figure caption 

Fig. 1 LDMI ratio in variation with the external magnetic field for N pieces of 

FINEMET ribbons at various frequencies, i=2 mA.  

Fig. 2 The dependence of field N
nucH  on the number of FINEMET ribbons at various 

frequencies, i=2mA. 

Fig. 3 Frequency dependence of the maximum of LDMI ratio (∆Ζ/Z)max for (F)N at 

driven current i=2 mA. The inset shows the case at 35~550 kHz. 

Fig. 4 The longitudinal hysteresis loops of different number of FINEMET ribbons. 

The inset shows that the anisotropy field  varies with N. 

Fig. 5 Schematic description of magnetization in a FINEMET ribbon. Magnetization

, in the natural state of ex =0H Oe (a), the unsaturated sate of N
ex nuc<H H  (b), 

and the saturated sate of N
ex nucH H≥  (c).  

Fig. 6 eH  and S  vary with frequency, i=2 mA. S  and eH  represent for the 

slope of N
nuc ( )H N  fitting line and the excess term related to the eddy-current 

loss. 

Fig. 7 (a) LDMI ratio in variation with the external magnetic field for a FINEMET 

ribbon at various driven current, f=10 kHz. The inset shows the case at ±1.25 Oe. 

(b) The field 1
nucH  dependence of the driven currents at frequency of 10 kHz. 

  

N
kH

i
M



  

18 

 

Figure 1 

 

 

 

 

-10 -5 0 5 10

0

100

200

-10 -5 0 5 10

0

200

400

600

800

-10 -5 0 5 10

0

100

200

300

400

500

-10 -5 0 5 10

0

100

200

N max
nuc.

( / )
( , )

2

Z Z
H

∆

(c) (d)

(b)(a)
 

 

10 kHz

∆
Z

/Z
(%

)

H
ex

 (Oe)

 (F)1

 (F)2

 (F)3

 (F)4

 

 

120 kHz

∆
Z

/Z
(%

)

H
ex

 (Oe)

 (F)1

 (F)2

 (F)3

 (F)4

 (F)1

 (F)2

 (F)3

 (F)4

 

 

1 MHz

∆
Z

/Z
(%

)

H
ex

 (Oe)

 (F)1

 (F)2

 (F)3

 (F)4

 

 

∆
Z

/Z
(%

)

H
ex

 (Oe)

10 MHz

 



  

19 

 

Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Highlights 

GMI effect is a sensitive tool to study the magnetic properties of the multi ribbons. 

The dipole-dipole interaction will modify the magnetic properties of the FINEMET 

ribbons. 

To design a magnetic device, the influence of the dipole-dipole interaction has to be 

thought about. 

 


