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Controlling magnetic anisotropy is essential for obtaining the desired magnetic properties in functional spin-

tronic devices. In patterned structures, the shape of the magnetic units and the fabrication conditions signifi-

cantly influence magnetic switching behavior and the occurrence of ferromagnetic resonance. This study

investigates the magnetic anisotropies in Permalloy (Ni79Fe21) ellipses using ferromagnetic resonance measure-

ments and theoretical analysis. The shift in the ferromagnetic resonance peak is directly linked to variations in

the effective magnetic fields within the patterned ellipses.
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1. Introduction

There is strong interest in developing advanced magnetic

materials and patterning techniques [1-5]. Patterned

magnetic films, in particular, have attracted significant

attention due to their potential in imaging devices [6-8]

and sensor applications [9-11]. The magnetization behavior

of magnetic materials is governed by magnetic anisotropy,

which is influenced by intrinsic factors determined during

deposition and annealing, as well as by the geometry of

the pattern and mechanical stresses such as bending. As a

result, the combined contributions from intrinsic, shape,

and stress anisotropies dictate the overall internal magnetic

properties of the system.

Ferromagnetic resonance (FMR) [12, 13] serves as a

key technique for probing the magnetic properties and

also offers promising utility in applications, such as radar-

absorbing materials, ultrafast magnetic storage, and

magnetic sensing devices. FMR measures the microwave

energy absorbed when a material is exposed to an

effective magnetic field and electromagnetic waves at the

natural precession frequency of its magnetic moments. By

engineering different magnetic anisotropy from crystalline,

shape, or stress in thin films and patterned structures, the

resonance frequency can be precisely tuned for specific

functionalities [14-17].

This study aimed to investigate the net magnetic

anisotropy field in patterned Permalloy (Ni79Fe21) ellipses

using FMR measurements and theoretical analysis. By

altering the pattern shape to modify the magnetic

resonance field or frequency, new opportunities can arise

for developing more efficient, adaptable, and high-

performance devices in flexible applications.

2. Experimental

2.1. Sample preparation

The ellipse arrays were fabricated using conventional

photolithography and DC magnetron sputtering on 12 mm

× 12 mm polyethylene-naphthalate (PEN) substrates.

PEN substrate was selected with a good thermal stability

and flexibility for further studies. During sputtering, an

external magnetic field of approximately 20 mT was

applied along the y-axis using permanent magnets

embedded in the sample holder to induce intrinsic

magnetic anisotropy along that direction. The fabricated

layers included a 27 nm Permalloy layer, with 3.6 nm

tantalum layers on both the top and bottom for adhesion

and protection. Fig. 1(a) illustrates the geometry of the

long and short axes of the patterned ellipses, along with

the external DC and RF magnetic fields during

ferromagnetic resonance. Figs. 1(b) and 1(c) show the

fabricated ellipse arrays with aspect ratios (width along

the x-axis/height along the y-axis) of 0.5 (20 µm/40 µm)

and 1.0 (20 µm/20 µm), respectively.
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2.2. Measurement 

The aspect ratios were chosen to systematically investi-

gate the effect of shape anisotropy on the FMR properties

of the elliptical arrays. To accurately evaluate their RF

microwave absorption capabilities, the substrate was

deliberately placed face down on the signal channel of a

coplanar waveguide (CPW), as shown in Fig. 2(a), to

enhance the interaction between the magnetization and

the microwave field. In this configuration, the working

frequency range was limited to 18 GHz due to the

constraints of the RF cables and connectors. Nevertheless,

this range is sufficient for performing FMR analyses on

Permalloy thin films and patterns with applying an

external magnetic field of up to 500 mT. Additionally, a

vibrating sample magnetometer (VSM) was used to

observe the magnetic moment as a function of the

external magnetic field in specific directions. The axis

coordinates representing the measurement geometry are

depicted in the inset of Fig. 1. The details of the FMR

detection system are illustrated in the Fig. 2(b).

2.3. Theoretical model

LL equation demonstrates the magnetization dynamics

under an external magnetic field with a damping. This

study applied RF magnetic field using coplanar wave-

guide to compensate damping. Therefore, the external DC

magnetic field (HDC) and RF magnetic field were applied

along the x-axis and y-axis, respectively. The results of

LL equation for a ferromagnetic resonance could be

described by, 

(1)

e is the electron gyromagnetic ratio, and M is the

magnetization vector. H corresponds to both an external

constant magnetic field (HDC) and RF magnetic field

(HRF). Heff  is an effective magnetic field including

various anisotropy fields. Under a resonance condition,

the result can describe the relation between the resonance

frequency and the effective magnetic fields. In particular,

the contribution of the demagnetization field (HD)

depending on the pattern shape was defined as NM in

each axis and included in the calculation. The result of LL

equation could be demonstrated as the Kittel's equation

below, 

dM

dt
-------- = eM H Heff+ 

Fig. 1. (Color online) (a) illustrates the coordinates represent-

ing the length and width of the patterned ellipse, along with

the applied DC and RF external magnetic fields. Figs. 1(b) and

1(c) display the patterned ellipse arrays with aspect ratios of

0.5 and 1.0, respectively.

Fig. 2. (Color online) Illustrates the ferromagnetic resonance

detection for elliptical arrays. The external magnetic field con-

sists of a DC component and an AC component, generated by

the pick-up coil and controlled by a reference signal of lock-in

amplifier. The patterned region is located at the center of the

flexible substrate and positioned face-down on the coplanar

waveguide.
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(2)

fres is defined as the resonance frequency. HU is the

induced anisotropy field from the deposition process. MS

is the saturation magnetization of Permalloy. The size of

the ellipses could be considered as the oblate spheroid

model. The demagnetization factors (ND) are defined with

r (= width (or length)/thickness),

(3)

The calculated demagnetization factors are represented

in the Fig. 3(a), when the ratio (r) varied to 100. Finally,

the effective field that including the intrinsic magnetic

and the shape magnetic anisotropy in the ellipse is

defined as, 

(4)

, where KU is induced anisotropy energy from the deposition,

 is the angle between the saturation magnetization and

the deposition field direction (y-axis).

3. Results and Discussion

Figure 3(b) shows the variation in the resonance field of

Permalloy ellipse arrays as a function of aspect ratio, with

an external magnetic field applied along the x-axis at a

constant RF of 5 GHz. The resonance field shifted from

32.9 mT to 32.3 mT, when the aspect ratio changes from

0.5 to 1.0. These consistent resonance field shifts, corre-

sponding to changes in the shape magnetic anisotropy

field, highlight the precise control over the magnetic

behavior by designing pattern shapes.

The normalized magnetization curves of the ellipse

arrays, detected by VSM under an external magnetic

field, are shown in Fig. 4(a) and (b), with the magnetic

field applied along the x-axis and y-axis, respectively.

Due to the 20 mT magnetic field applied along the y-axis

during sputtering (deposition field), the hysteresis loops in

Fig. 4(b) show more squared curves compared to those in

Fig. 4(a). Consequently, the exchange interaction between

the Permalloy arrays likely induced a slightly shift of the

 fres = e HDC HU MS+ + Nx– Ny+   HDC HU MS+ + Nx– Nz+  
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Fig. 3. (Color online) (a) shows the demagnetization factors in

the spheroid oblate model as a function of the ratio between

the pattern's width and thickness. (b) presents the ferromag-

netic resonance curves for ellipse arrays with aspect ratios of

0.5 and 1.0.

Fig. 4. (Color online) (a) and (b) show the magnetization

reversal behaviors of ellipse arrays with aspect ratios of 0.5

and 1.0, in response to the external magnetic field applied

along the x-axis and y-axis, respectively.
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magnetization curves toward the negative field direction

along the y-axis, leading to small asymmetric magneti-

zation reversal behaviors of the Py arrays in the y-axis

compared to the x-axis. Additionally, the magnetization

behavior was influenced by the different aspect ratios.

The squareness (remanence/saturation magnetization) of

the ellipses in the x-direction was 0.25 and 0.5 for the

aspect ratios of 0.5 and 1.0, respectively. In the y-

direction, squareness decreased from 0.9 to 0.75 as the

aspect ratio increased from 0.5 to 1.0. The saturation

magnetization of the Permalloy thin film, measured by

VSM, was 695.2 emu/cm³ in both the x- and y-directions.

Comparing to theoretical Permalloy magnetization of

around 730 emu/cm3, the smaller magnetization was

caused by the interfacial dead layers between the seed (or

capping) layer and Permalloy layer. 

4. Conclusion

The results clearly demonstrate that the magnetic

properties of elliptical arrays can be effectively tailored

through shape anisotropy. The aspect ratio on magnetic

anisotropy is validated by two key observations: vari-

ations in the microwave absorption frequency and in the

magnetization reversal behavior. When the external

magnetic field was applied along the major y-axis of the

ellipses, the squareness increased from 0.25 to 0.5 when

the aspect ratio was raised from 0.5 to 1.0. In contrast, the

ferromagnetic resonance field decreased slightly from

32.9 mT to 32.3 mT with increasing aspect ratio. These

findings highlight the ability to precisely tune magnetic

anisotropy through pattern geometry, presenting a

promising strategy for improving RF-based spintronic

components, such as sensors, absorbers, and antennas, by

enabling enhanced control and optimization of their

performance.
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