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Determining the Effective Permeability of a Laminated CoZrTaB 

(CZTB) film, through Consideration of Demagnetisation Effects 

and Eddy-Displacement Currents 
Ruaidhrí Murphy1, Guannan Wei1, Ansar Masood1, Cian O’Mathúna1, Zoran Pavlovic1, Paul McCloskey1, and 

Séamus O’Driscoll1 
1Tyndall National Institute, University College Cork, Ireland 

 
Multi-laminated thin film inductors are a key emerging technology to enable highly integrated, on-chip, voltage regulators. The 

permeability of a magnetic core at high frequency is a key determiner of inductance density.  In this paper, a multi-lamination magnetic 

core made up of alternate CZTB amorphous, uniaxially anisotropic magnetic films and AlN dielectric layers is investigated. The 

individual films are approximately 200 nm thick, appropriate for operation at over 100 MHz, but the laminated structure and overall 

thickness of several micrometres mean that analytical methods are impractical for computing demagnetisation. Magnetostatic Finite 

Element Analysis (FEA) is used to model the magnetic core demagnetisation, accounting for various length/width dimensions, magnetic 

film thicknesses and dielectric thicknesses. At higher frequencies, the dielectric layers, which are included in the structure to suppress 

induced eddy-currents allow displacement currents to flow through the dielectric layers and lead to increased eddy currents circulating 

around the overall core structure and thus further increasing loss and reducing permeability. Eddy-current FEA simulations which 

include the displacement currents, and an analytically derived Equivalent Circuit Model (ECM) are used to model the real and imaginary 

(loss) components of permeability spectra. The work, therefore determines the combined contributions of both demagnetisation effects 

and eddy-displacement currents to the reductions in real permeability and the increase in loss components for thicker multi-laminated 

magnetic cores. Permeameter measurements on fabricated cores, having ten laminations, and with various AlN thicknesses (10, 20, 40 

and 60 nm) gave excellent agreement with the predicted effective permeability through the approach of combining the FEA and ECM 

models, over the 10 MHz to 1 GHz frequency range. It was shown, that at 100 MHz, for multi-laminated cores with thin or higher k 

dielectric layers, that displacement-eddy currents are dominant, giving a power loss an order of magnitude higher than would be for 

magnetically induced eddy currents alone. 

 
Index Terms—Thin-film magnetic, CZTB, multi-laminated, AlN, dielectric layer, displacement-eddy, demagnetisation, effective 

permeability, inductor-on-silicon, magnetic skin effect, integrated voltage regulator. 

 

I. INTRODUCTION 

Advanced high frequency voltage regulators are emerging 

which use inductor devices having magnetic cores consisting of 

multiple laminations of thin film magnetic material with 

alternating insulating (dielectric) layers to increase the 

magnetic device density, for high frequency application, by 

allowing increased cross-sectional area of magnetic material 

while preventing excess eddy currents in the magnetic core [1], 

[2], [3], [4]. However, at very high switching frequencies, the 

dielectric layers’ (capacitive) impedance reduces, so that the 

lamination effectiveness reduces as displacement currents flow 

through the insulating layers. These displacement-eddy 

currents both increase the power loss and reduce the effective 

permeability of the laminated core. The effective permeability, 

𝜇𝑒𝑓𝑓, is the permeability of a sample after demagnetisation and 

displacement-eddy current effects have been accounted for. By 

increasing the number of laminations and dielectric thickness, 

an inductor with a high inductance density, capable of operating 

at higher frequencies, can be fabricated.  

The drive towards higher inductance density makes having a 

thicker cross-sectional area of core desirable. For very thin 

films where the film thickness is very small compared to the 

width and the length, the thin film approximation is usually 

made, whereby the demagnetisation factor can be assumed to 

equal zero, along the in-plane axes [5]. However, this 

assumption is not correct if the thickness of the thin film is 

sufficiently high or if there are multiple laminations of thin 

films that are sufficiently close together. 

The demagnetisation factor of a magnetic core is dependent 

on its geometry and permeability. For an elliptical core the 

demagnetisation factor can be calculated accurately, as the 

fields inside the core are uniform, and there is no dependence 

on permeability [6], [7]. For non-elliptical shapes, the 

demagnetisation factor may be calculated numerically but 

certain approximations must be made, such as averaging of 

field intensities, in the material. Examples of analytical 

methods are presented by Aharoni [8], calculating the 

demagnetisation factor of a general rectangular prism, and by 

Parker [9]. These methods are dimension dependent and are 

subject to errors [10]. Similarly, these methods do not work 

when the case of a multi-laminated structure, in which the 

layers are close together, is considered. A method is developed 

in [10], whereby the demagnetisation factor is determined 

numerically using electromagnetic field simulation. The paper 

shows a good matchup between simulated and experimental 

demagnetisation factors. This simulation method can be applied 

to magnetic material with an arbitrary shape, with various 

values of material susceptibility (permeability) and with 

multiple laminations.   

Recognizing the difficulty of analytically calculating the 

demagnetisation for multi-domain and laminated magnetic 

films, [11] presents a post-processing methodology for use with 

an FEA simulator to separately compute the demagnetisation 

factors, in each axis, for multi-laminated thin film cores.  The 

post-processing method is developed to calculate the 

demagnetisation factor along the easy-axis, taking into account 

the edge-curling wall of laminated magnetic films, to compute 

the FMR using the Kittel equation. We use equations (2) – (4) 

from [11], in similar fashion, to compute the demagnetisation 
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factor along the hard-axis by using averaged volume integrals 

of applied field, internal magnetic field and magnetization 

fields as simulated by a 3-D magnetostatic solver. There is no 

net reduction in demagnetisation along the hard-axis due to 

edge-curling [11]. 

Charles Sullivan et al., [12], performs a 2-D simulation of both 

eddy and displacement currents to compute high frequency loss 

in a multi-laminated film. Our paper similarly uses a 2-D model 

of a multi-laminated film to compute loss, but additionally 

includes the reduction in real permeability, and incorporates the 

shape demagnetisation effects from the magnetostatic 

simulations. We separate out the impacts of eddy, 

displacement-eddy and demagnetisation on the permeability 

spectra. We are therefore able to independently assess all of the 

mechanisms which contribute to the effective permeability and 

loss spectra on the multi-laminated thin-film core, excepting the 

ferromagnetic resonance (FMR) effects. Treatment of FMR 

effects are outside the scope of this work and are explained in 

works such as [13]. 

A magnetic core system consisting of multiple thin layers of 

CZTB and AlN is modelled. The AlN layers act as insulators 

between the layers of CZTB to suppress eddy currents. But at 

high frequencies displacement currents flow through the AlN 

and the system begins to behave as a single equivalently thick 

core with circulating eddy currents. The effect of the thickness 
of the AlN is investigated to assess the effectiveness of thicker 

dielectric layers in suppressing displacement-eddy currents. A 

discrete ECM using coupled Maxwell equations in integral 

form was developed by [14] to model the magnetic response of 

thin laminae including the effects of displacement currents. The 

ECM is further used by Geri et al. [15] and improved with the 

addition of the resistance parameter along the z-axis, as per 

Figure 1, of the laminates. 

We use this ECM to compute displacement-eddy currents and 

their effects on system quality factor, Q, for various AlN 

dielectric thicknesses. Finally, simulation and ECM results are 

compared to experimental measurements of laminations of 

uniaxial anisotropic CZTB and AlN films, which were 

sputtered on a silicon substrate. Experimental data from 

Permeameter measurements, on samples comprising of 10 

laminations of 200 nm CZTB alternating with 10 laminations 

of AlN at various thicknesses (10,20,40 and 60 nm) and to 1 

GHz.  

II. DEMAGNETISATION FACTOR FOR A SINGLE THIN FILM 

The demagnetisation factor of a magnetic material core is 

dependent on the shape of the core. The demagnetisation field 

of the core is the magnetization of core multiplied by the 

demagnetisation factor [16]. 

The demagnetisation factor of a single thin film of CZTB has 

been calculated using the FEM tool Ansys Maxwell, a 3-D 

model of the film and the simulation method of [11]. An applied 

external magnetic field was imposed, and the internal magnetic 

field and magnetic flux density were simulated. The simulation 

was conducted magnetostatically to avoid eddy or displacement 

currents, so that the demagnetisation factor could be isolated. 

Table 1 shows the difference in the computed demagnetisation 

factor for the method, versus other calculation methods for the 

same sample. This trial with equal length and width would be 

expected to have high demagnetisation. 

Along the applied field (x-axis) the following formula was 

used to calculate the demagnetisation factor and the apparent 

real part of permeability: 

 

The magnetization, 

𝑀𝑥 = χ𝐻𝑖𝑛𝑥
 

(1) 

 

where 𝑀𝑥 is the magnetization, χ is the susceptibility of the bulk 

material and 𝐻𝑖𝑛𝑥
 is the internal magnetic field strength. The 

bulk material relative permeability of CZTB is set equal to 550, 

based on our typical sputtering process run. 

The average magnetisation may be determined as follows: 

 

𝑀𝑥𝑎𝑣𝑔
=  

1

𝑉𝑐𝑜𝑟𝑒
∫ 𝑀𝑥𝑑𝑉𝑐𝑜𝑟𝑒 

(2) 

where 𝑉𝑐𝑜𝑟𝑒 is the volume of the magnetic core. The internal 

magnetic field strength, 

 

𝐻𝑖𝑛𝑥𝑎𝑣𝑔
=  

1

𝑉𝑐𝑜𝑟𝑒
∫ 𝐻𝑖𝑛𝑥

𝑑𝑉𝑐𝑜𝑟𝑒 

(3) 

𝑁𝑥 =
𝐻𝑎𝑝𝑙 − 𝐻𝑖𝑛𝑥𝑎𝑣𝑔

𝑀𝑥𝑎𝑣𝑔

 

(4) 

where 𝑁𝑥 is the demagnetisation factor and 𝐻𝑎𝑝𝑙 is the 

external applied magnetic field strength. The apparent 

permeability is permeability the core would exhibit in an 

inductor device and is calculated as follows: 

 

𝜇app =  〈𝜇𝑎𝑝𝑝𝑥
〉 =  

〈𝐵𝑥 〉

𝜇0𝐻𝑎𝑝𝑙
 

(5) 

Where 𝜇app (〈𝜇𝑎𝑝𝑝𝑥
〉) is the apparent permeability (averaged 

magnetostatic) as determined by simulation and 𝐵𝑥  is the 

magnetic flux density in the core [17]. The DC relative 

permeability of the core, 

 

𝜇𝑟 =
〈𝜇𝑎𝑝𝑝𝑥

〉 − 𝑁𝑥〈𝜇𝑎𝑝𝑝𝑥
〉

1 − 𝑁𝑥〈𝜇𝑎𝑝𝑝𝑥
〉

 

(6) 

where 𝜇𝑟 is the DC relative permeability of the core. 
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Table 1. Static demagnetisation methods and calculations for a 500 

μm × 500 μm & 1 μm thick CZTB core. 

Ref [8] [18] This work 

Method Analytical 

equation 

for a 

rectangular 

general 

prism 

Thin film 

assumption 

based on 

the aspect 

ratio 

Extraction of 

demagnetisation 

factor from an 

FEM simulation 

𝑁𝑥 0.0044 0.002 4.17E-04 

 
Figure 1. 3D simulation of demagnetisation of a thin film, 2000 nm 

thick, with magnetic field strength plotted. 

Figure 1 and Figure 2 show the magnetic field strength inside 

the core and the expected demagnetisation profile. As can be 

seen, the magnetic field strength is greatest at the center of the 

laminated core and weaker at the edges normal to the direction 

of the applied field.  

 

 
Figure 2. Magnetic field strength along the direction of magnetization 

inside a single thin film of CZTB at 0 Hz.  

 
Figure 3. Nx for various Length/Width ratios. CZTB film of Width 500 

µm and thickness 1 µm.  

The ratio of the length of the lamination to the width is 

important in determining the demagnetisation factor. For a 

fixed width, see Figure 3, increasing the length of a CZTB 

lamination will decrease the demagnetisation factor resulting in 

a magnetic core with an apparent permeability closer to the 

intrinsic permeability of the material. In contrast, increasing the 

core thickness increases the demagnetisation factor. Figure 4 

shows that for a very thin lamination the demagnetisation factor 

is negligibly small. A sample with a very small demagnetisation 

factor will result in a measured apparent permeability very close 

to the material’s intrinsic permeability. As the thickness is 

increased apparent permeability drops.
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Figure 4. μx' and Nx (demagnetisation) for a single CZTB core (500 μm × 500 μm) versus thickness. 

 

III. DEMAGNETISATION FACTOR FOR A LAMINATED CORE 

WITH MULTIPLE LAYERS OF THIN FILMS 

 

 
Multiple laminations of CZTB and AlN are stacked to increase 

the overall cross-sectional area of magnetic material, while 

suppressing high frequency eddy currents, see Figure 5. The 

magnetostatic FEA solver simulates the laminated structure, in 

a similar manner to that in Section II, to determine the overall 

demagnetisation factor. Separating the CZTB laminations, with 

AlN dielectric laminations, results in a lower demagnetisation 

factor when compared to a single thick lamination of equivalent 

thickness to the sum of, in this case, eight laminations of CZTB 

and AlN. Increasing the spacing between CZTB films, 

equivalent to increasing the thickness of the AlN films, 

increases the demagnetisation factor, because adjacent films 

perform less mutual counteraction of each other’s 

demagnetisation fields. This effect is similar to increasing the 

thickness of a single equivalently thick lamination. Eventually 

a point is reached whereby permeability begins to increase. This 

occurs when the distance between laminations is large enough 

for them to become isolated magnetically and be equivalent to 

single thin films. Increasing the total thickness of the magnetic 

core alters the demagnetisation factor as seen in Figure 7. 

 

 
Figure 5. Cross-sectional view of a multi-laminated CZTB and AlN 

core. Experimental work was done using 10 laminations of 200 nm 

thick CZTB. Analysis of demagnetisation in multi-lamination CZTB 

was done for 8 laminations of CZTB films of 250 nm thickness. 
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Figure 6. μx' & Nx vs lamination spacing distance for 8 CZTB laminations with 500μm width and 500μm length at an applied magnetic field 

strength of 100 A/m. 

 

 
Figure 7. μx' & Nx vs core thickness for a single CZTB lamination and a core with 8 laminations of constant 250 nm thick CZTB with various 

AlN thicknesses (0 to 60 nm) at an applied magnetic field strength of 100 A/m. 

IV. EDDY AND DISPLACEMENT CURRENT EFFECTS IN 

MULTIPLE THIN FILM LAMINATIONS 

At high frequencies, eddy current density increases in a 

magnetic core. The eddy currents circulate creating a magnetic 

field that opposes the external field and causes increased flux 

densities in outer regions, as a magnetic skin effect. The 

increased eddy currents and lower internal fluxes generate more 

power loss and a decrease in the effective real permeability. 

Higher resistivity magnetic material and multiple thinner 

laminations, separated by dielectric layers are used to suppress 

the eddy currents.  

Displacement currents arise at higher frequencies when charges 

begin to flow through the dielectric laminations due to 

alternating voltage differentials induced in the magnetic 

lamination. At sufficiently high frequencies, the dielectric 

impedances reduce, so that loop current paths for induced 

displacement-eddy currents enlarge to cover the full cross-

sectional area, with the laminations combining to behave as a 

single thick lamination [12]. The displacement-eddy current 

flows greatly increase loss. 

The COMSOL eddy current simulator allows a choice to 

optionally include/exclude displacement currents in the 

simulation and this feature was used to isolate the eddy current 

and displacement-eddy current effects.  
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A. Eddy Currents Analytical Modeling 

A commonly used analytical model for eddy current loss is 

presented in [19], and reproduced here as equation 6. 

𝑃𝐿 =
(2𝜋𝑓)2𝐵𝑝𝑒𝑎𝑘

2𝐴𝑡2

24𝜌
 

(7) 

Where 𝑓 is frequency, 𝐵𝑝𝑒𝑎𝑘  is the peak magnetic flux density, 

𝐴 is the cross-sectional area, 𝑡 is the thickness and 𝜌 is the 

resistivity of CZTB. The formula is modified to give power loss 

per meter, to equate with the units given by the 2-D simulation. 

This represents the resistive losses in the material due to an 

alternating magnetic flux and can be seen in Figure 8. 

 

B. Eddy Currents; Finite Element Analysis Modeling 

Using a 2-D COMSOL FEA model, with only eddy currents 

enabled, it was possible to simulate the effects of eddy currents 

in the multi-lamination core. Due to the large width compared 

to the thickness of the magnetic laminations, a 2-D simulation 

and the independent meshing control on each axis reduces the 

computational demands on the computer hardware. The FEA 

mesh is concentrated along the x-axis with fewer mesh elements 

along the y-axis to improve the simulation of current paths. 

Demagnetisation was taken into account by setting the intrinsic 

real permeability of the CZTB to the apparent permeability 

determined from the static simulation for each AlN thickness as 

described in Section III. A 2-D model solves the eddy currents 

in the x and y axes. As can be seen in Figure 8, there is an 

excellent match between the simulator and the analytical model 

for the eddy current cross-sectional area resistive losses per unit 

length. When displacement currents are enabled in the 

simulator the loss due to eddy-displacement currents can be 

computed. At lower frequencies, displacement currents are 

insignificant, and eddy-currents are restricted to their individual 

laminations. 

 

 
Figure 8. A comparison of cross-sectional area resistive losses per unit 

length, in W/m, for the analytical eddy current losses, the simulated 

eddy current only, losses and the simulated eddy-displacement 

currents for the core comprising 10 laminations of 200 nm CZTB and 

60 nm AlN films of 3 mm width and 3 mm length. Also shown are the 

analytical eddy current losses for a single thick lamination of 2000 nm 

CZTB.    

 
As the frequency increases, the displacement-eddy currents 

begin to dominate and the loss per unit length increases 

eventually approaching the eddy current only loss of an 

equivalently thick single lamination of the same thickness of 

the ten individual 200 nm CZTB laminations combined. At 100 

MHz, where such cores are considered, there is an order of 

magnitude increase in loss per unit length when the 

displacement-eddy current model is compared to the eddy 

current models, and this applies even with relatively large AlN 

thickness of 60 nm. Displacement-eddy losses are the dominant 

loss mechanism at 100 MHz. 

C. Displacement-Eddy Currents - Analytical Modeling 

1) The Displacement Current Equivalent Circuit  

The multi-lamination magnetic core can be represented as an 

equivalent electrical circuit, by using Maxwell’s coupled 

equations in integral form [15], to model displacement-eddy 

currents. The equations for mesh inductance, capacitance and 

resistance from [14] are reproduced and have parameters 

defined in Table 2.  

𝐿 = 𝜇0𝜇𝑎𝑝𝑝

𝑡

𝑡 + 𝑑
.
𝑒. 𝑡

ℎ
, 𝑅 = 𝜌

𝑒

ℎ. 𝑡
,

𝐶 = 𝜖0𝜖𝑟

𝑒. ℎ

𝑑
 

(8) 

Each lamination pair is represented by a mesh voltage, 𝑉i, equal 

to the induced electromotive force created by the time varying 

magnetic field. Mesh currents are associated with mesh 

voltages obeying Faraday’s and Ohm’s law. 

 
Table 2. Material properties and parameter values.  

Parameter Value 

t, CZTB lamination thickness 200 nm 

d, AlN lamination thickness 10-60 nm 

e, core length perpendicular to applied field 3000 nm 

h, core length parallel to applied field 3000 nm 

ρ, resistivity (assumed) 150 µΩ.cm 

𝜖𝑟 , AlN relative permittivity 8.8 

𝜇𝑎𝑝𝑝, CZTB apparent relative permeability 

(frequency independent)  

355-425 

N, number of Laminations 10 

 

Table 2 contains the parameters values used for our multi-

lamination magnetic core and with the relative permeability of 

the CZTB laminations after the demagnetisation factor of 

Section III has been taken into account. The paths of conduction 

and displacement currents is depicted in Figure 9 and the 

equivalent circuit model (ECM) of the system is depicted in 

Figure 10. Loop mesh analysis can be used to generate a matrix 

relating the induced voltage to the mesh voltages and currents. 

The matrix of linear equations are solved using the Gauss-
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Jordan method [20]. The applied current, 𝐼𝑂, is proportional to 

the applied field, 𝐻𝑎𝑝𝑝.  

 

 
Figure 9. Cross section of the ith film pair with conduction currents 𝐽𝐶 

and displacement currents 𝐽𝐷. The conduction currents are coupled to 

the (i±1)th cell. 

 
 
Figure 10. Equivalent circuit model for a multi-lamination magnetic 

core ith film pair with displacement-eddy currents [14]. 

The effective real and imaginary permeabilities are found by 

relating the average magnetic field in each laminate to the 

average circuit current as in the equivalent circuit. 

 

𝑍𝑖 = 𝑗𝜔𝐿, 𝑍1 = 2𝑅, 𝑍2 =  
4

𝑗𝜔𝐶 
 

(9) 
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⋮
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) (

2𝑍1 + 𝑍2 + 𝑍𝑖 −𝑍1 ⋯ 0
−𝑍1 2𝑍1 + 𝑍2 + 𝑍𝑖 −𝑍1 ⋯

⋮ ⋮ ⋱ −𝑍1

0 0 −𝑍1 2𝑍1 + 𝑍2 + 𝑍𝑖

) 

(10) 

〈𝜇𝑒𝑓𝑓〉

𝜇𝑎𝑝𝑝
=  

𝐼𝑙𝑎𝑚

𝐼𝑂
=  

𝑍∗

𝑍
 

(11) 

 

where Z is the system of impedances in the absence of 

displacement currents and Z* is found by solving for N 

independent loop currents between laminate pairs as 

represented by the matrices in eq. 10. Z* includes the effects of 

the displacement currents. 

Figure 8 shows that the analytical loss of an equivalent 

thick lamination of CZTB converges on the simulated loss per 

meter of the multi-lamination core, at higher frequencies.  

Calculating µ’ and µ’’ , where µ’ and µ’’ are the real and 

imaginary parts of 𝜇𝑒𝑓𝑓, for magnetic cores with various AlN 

thicknesses allows Q to be plotted versus frequency as shown 

in Figure 11. As can be seen the cores with thicker AlN 

laminations result in higher Q-factors. Additionally, any current 

circulating along the z-axis is not accounted for.  

 

 

 
Figure 11. Analytical model plots of multi-lamination core Q vs 

frequency for 10, 20, 40 & 60 nm thick AlN laminations with 10 

laminations of 200 nm CZTB films of 3 mm width and 3 mm length.    

The analytic model is used to determine the real permeabilities 

for various multi-lamination core widths and a constant AlN 

thickness of 60 nm – shown in Figure 12 and Figure 13. The 

width of the core changes the inter-lamination capacitance and 

lamination inductance. A narrower core results in a higher 

resonance peak frequency due to lower inductance and 

capacitance values. Additionally, the resistance is highly 

dependent on the width of the lamination with damping 

depending on the resistance. A narrower core results in lower 

damping.  

For a practical inductor, which has excitation by a winding 

around the core, this large outer magnetic field produced by the 

eddy current and displacement currents will shield the magnetic 

flux from the inner portion of the core cross-section. This 

results in a flux skin effect analogous to the skin effect in the 

conductors of winding [21]. This effect is not captured here, 

because our model applies for the case of uniform applied 

magnetic field along each of the laminations. 
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Figure 12. Analytical model plots for real permeability, μ' vs frequency 

for 10 laminations of 200 nm CZTB films, with 60 nm AlN dielectrics 

for various widths and with constant length = 3 mm.  

 
Figure 13. Analytical model plots for imaginary permeability, μ’' vs 

frequency for 60 nm thick AlN laminations with 10 limitations of 200 

nm CZTB films for varying widths and with constant length equal to 3 

mm. 

. 

D. Eddy Current Including Displacement Current Finite 

Element Modeling 

 
The 2D COMSOL model was used with the displacement 

currents enabled. The dielectric layers allow the displacement-

eddy currents to flow. The relative permittivity value for the 

magnetic material is the same as in the previous subsection.  

Figure 14 shows that the current densities in the lower and 

upper laminations are greater than the middle laminations for 

the 1 GHz simulation. The current densities are more equal 

through the laminations at 1 MHz. The flow of displacement 

currents redistributes the current density to be more similar to a 

single thick bulk magnetic lamination. Figure 8 shows the 

simulated loss for the multi-lamination with 60 nm thick AlN 

layers, approaching the analytically modeled loss for a 2000 nm 

thick single film of CZTB at higher frequencies.  

 

 

 

 

 

 
Figure 14. 2D COMSOL simulations of current distribution at 1 GHz 

& 1 MHz for the CZTB/AlN lamination stack with eddy and 

displacement currents enabled. This snapshot is at the mid-point of the 

lamination’s width. 

A consequence of these displacement currents is increased 

power loss and a decrease in the effective permeability due to 

the outer shielding field caused by the eddy currents.  

In Figure 15, we studied, by varying the relative permittivity of 

the 60 nm AlN, the effect of displacement-eddy currents on 

0

100

200

300

400

500

600

10 100 1000

μ'

Frequency (MHz)

0.5 mm 1 mm 2 mm

3 mm 4 mm

0

50

100

150

200

250

300

350

400

450

500

10 100 1000

μ''

Frequency (MHz)

0.5 mm 1 mm 2 mm

3 mm 4 mm

This article has been accepted for publication in IEEE Transactions on Magnetics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TMAG.2024.3494675

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY COLLEGE CORK. Downloaded on November 27,2024 at 12:11:42 UTC from IEEE Xplore.  Restrictions apply. 



For Review IEEE Transactions on Magnetics 

 

power loss in the metallic resistivity of the CZTB laminations. 

It confirmed that, at 100 MHz, the displacement-eddy currents 

were an order of magnitude higher than eddy current only 

losses, for a relative permittivity of 8.8. 
 

 
Figure 15. Simulated power loss (capturing both eddy and 

displacement-eddy) for various permittivity values in 60 nm dielectric 

laminations at an external peak magnetic field strength of 100 A/m. 

V. EXPERIMENTAL DATA FOR MULTI-LAMINATION CZTB 

CORES 

Experimental samples were fabricated on silicon using a 

Nordiko Advanced Energy NDX 2500-W DC-magnetron 

sputtering machine. A sputtering power of 500 W was used to 

deposit both CZTB and AlN laminations.  Samples consisted of 

ten laminations of CZTB separated by AlN dielectric insulating 

layers. The samples had varying AlN lamination thickness (10, 

20, 40 & 60 nm) but the same CZTB lamination thickness (200 

nm), as seen in Figure 16. The samples were 3000 µm in both 

width and length. An uniaxial in-plane (x-axis) anisotropy with 

an anisotropy field value of 34 Oe was induced into the samples 

during sputtering through the presence of an aligning 

homogeneous magnetic field. Permeability was measured using 

a Ryowa permeameter. The real part of permeability and the 

quality factor are plotted versus frequency in Figure 17. A 

resistivity of 150 µΩ.cm was assumed for the CZTB film. 

The initial (small-signal, low frequency) permeability of the 

samples reduces as the AlN lamination thickness increases due 

to demagnetisation. The permeability spectrum remains flat up 

to 100 MHz for each of the four different AlN thicknesses. The 

roll-off in permeability begins at a lower frequency for smaller 

AlN thickness due to the increased effect of eddy-displacement 

currents. The quality factor increases with the increase in the 

thickness of the AlN laminations. There are two distinctive 

changes in the slope of the quality factor versus frequency. The 

first change in slope is related to the onset of displacement 

currents flowing between laminated pairs and the second 

change occurs at the frequency where the displacement eddy 

currents are concentrated entirely in the two outermost 

laminations. Below 20 MHz the accuracy of the permeameter 

measurements is reduced due to the low resistance of the 

samples at lower frequencies, because of the low impedance 

versus the 50 Ω calibration point. 

 

 
Figure 16 FIB-SEM image of the multi-lamination CZTB with AlN 

dielectric (40 nm) core structure, used for experimental measurements. 

 

Non-uniformity in the AlN lamination thickness was found in 

some of the experimental samples after inspection with FIB-

SEM imaging. Such non-uniformity can explain differences 

between the simulation and modeling results and the 

experimental data. For the case of the 60 nm AlN sample, at one 

cross section the AlN thickness varied from 37.7 nm to 80.3 nm 

with an average thickness of ~50 nm. 
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Figure 17. Analytical, measured (permeameter) & simulated μ’ & Q for a multi-lamination magnetic core with 10,20,40 & 60 nm thick AlN 

laminations and with 10 limitations of 200 nm CZTB of 3 mm width and 3 mm length.    
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VI. CONCLUSION 

For multi-laminated thin film magnetic cores the 

experimental and simulated results show that demagnetisation 

is significant and the thin-film assumption is not applicable. 

Static FEA modelling shows that as the thickness of the 

dielectric layers between the magnetic laminations is increased, 

the core demagnetisation factor increases.  

An equivalent circuit model ECM was adopted to 

analytically compute μ’ & μ’’ across frequency and agrees well 

with simulated results when a low frequency μ’, corrected for 

the effect of demagnetisation, is used as the input intrinsic 

material permeability. At higher frequencies, μ’ begins to 

decrease due to increased displacement-eddy currents flowing 

through the laminations. Increasing the dielectric thickness 

reduces displacement-eddy currents, leading to a higher Q-

factor but at the cost of a higher demagnetisation factor leading 

to a lower μ’. Reducing the width/ length ratio, was also shown 

to reduce the drop in μ’ and increase Q due to a lower 

demagnetisation factor and reduced displacement-eddy current 

losses, because of the smaller displacement eddy current path 

lengths. 

Multi-laminated CZTB cores with various thicknesses of 

AlN dielectric were fabricated and the μ’ & μ’’ spectra were 

measured using a permeameter. A good match between the 

analytical, experimental, and simulated results was observed. 

At 100 MHz, a 250% increase in the Q-factor was observed by 

increasing the AlN laminations from 10 nm to 60 nm. It was 

shown that the most significant contributor to power loss at 100 

MHz and higher were displacement-eddy currents. At 100 MHz 

the loss from displacement-eddy currents were an order of 

magnitude higher than those through considering magnetically 

induced eddy currents alone. This result suggests that an 

improvement to multi-lamination CZTB magnetic cores as used 

in this paper would be to either increase the dielectric thickness 

or use a dielectric with a lower relative permittivity. The low 

induced eddy current loss suggests that CZTB film thickness 

could be substantially increased, with the production cost 

reducing benefit of a smaller number of laminations.   

This work demonstrates the experimental validation of an 

efficient methodology for determining μ’ & Q spectra for multi-

laminated thin film magnetic cores, that incorporates static FEA 

modelling to determine the demagnetisation factor and the use 

of an ECM to determine displacement-eddy current frequency 

effects.  
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