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Demagnetizing factors in patterned CoNiFe
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CoNiFe patterned films with rectangular elements, all 600-nm wide but of different lengths, were fabricated and inves-
tigated by ferromagnetic resonance experiment and micromagnetic simulation. An in-plane magnetic uniaxial anisotropy
was exhibited, and its value increases with the increase of the aspect ratio of the elements, which was fitted by the model,
including a quasi-ellipsoid demagnetizing field and a non-uniform demagnetizing field. The relative importance of the non-
uniform demagnetizing field decreased from 0.26 to 0.16 with the increase of the length–width aspect ratio of the patterned
element from 1.5 to 10. The demagnetizing factors in the three principal axes were determined from the experimental data
of ferromagnetic resonance, which agreed reasonably well with the values calculated by micromagnetic simulation. The
calculation also indicated that the interaction between elements could be neglected when the edge-to-edge spacing between
neighboring elements was larger than 3 µm in our patterned films.
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1. Introduction
Magnetic arrays with micron and submicron elements

have attracted a lot of attention recently due to their poten-
tial applications in magnetic random access memory (MRAM)
and ultrahigh-density data storage,[1–4] as well as their unique
behaviors. For continuous magnetic polycrystalline thin films,
the magnetic anisotropy in the film plane is often negligible,
but it becomes significant in patterned films as the lateral size
of the elements in it decreases, which influences other proper-
ties such as hysteresis loop, coercivity, remanence, and sat-
uration field.[5] The influence of shape on the properties of
nanomagnets in the size range of 35 nm–500 nm with el-
liptical, triangular, square, pentagonal, and circular geome-
tries was reviewed in 2000 by Cowburn.[6] He found that the
competition between exchange energy and magnetostatic en-
ergy determined whether the nanomagnets exhibited single do-
main or incoherent magnetization and also controlled the non-
uniformities in magnetization which lead to configurational
anisotropy. Hillebrands’ group also investigated magneto–
dipole coupling in arrays of micron-size rectangular magnetic
elements by magneto-optic Kerr-effect magnetometry, mag-
netic force microscopy, and Brillouin light scattering.[7,8] The
theoretical and experimental studies of spin wave quantization
in laterally confined magnetic structures also achieved excel-
lent results.[9–11] Still, many new reports on shape anisotropy

of magnetic nanodots and antidots have continued to appear
very recently.[12–14] However, studies of the non-uniform part
of shape anisotropy of the elements and the interaction be-
tween them by FMR are scarce. We have investigated the non-
uniformity of demagnetizing field and magnetization in the
patterned NiFe arrays by using FMR and proposed an FMR fit-
ting expression in which the anisotropy can be approximately
separated into quasi-uniform and non-uniform contributions.
The quasi-uniform contribution is described by conventional
demagnetizing factors and the non-uniform contribution is de-
scribed by a higher order term.[15,16] In this paper, we fur-
ther present the demagnetizing factors of CoNiFe patterned
films with micron and submicron rectangular elements us-
ing the model with the quasi-uniform and non-uniform shape
anisotropies by FMR experiment and micromagnetic simula-
tion with LLG software. The agreement between the experi-
mental and simulated results shows that our model is suitable
in our cases.

2. Experiment and result
Magnetic single-layer films of Ta (5 nm)/CoNiFe

(5 nm)/Ta (5 nm) were deposited on silicon substrates us-
ing ion-beam sputtering. The arrays of patterned elements
were fabricated by electron-beam lithography and ion-milling.
Each array consists of approximately 106 nominally identical,
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evenly spaced elements, with the inter-element edge-to-edge
separation ranging from 1.25 µm to 6 µm. The width of all the
elements is 0.6 µm, and the length is 0.9 µm (Fig. 1(a)) and
6 µm (Fig. 1(b)), respectively, as shown in Fig. 1. The length-
to-width aspect ratio values are 1.5 and 10. The FMR exper-
iment was performed at room temperature by using Brucker
ER-200D-SRC ESR equipment with a TE102 rectangular res-
onant cavity at a microwave frequency of 9.78 GHz.

(a) (b)

Fig. 1. SEM images of patterned CoNiFe films. The width of
the patterned elements is 0.6 µm, and the length is (a) 0.9 µm
and (b) 6 µm, respectively.

The experimental dots of resonance field (Hres) of the pat-
terned films as a function of the in-plane magnetic field orien-
tation (φ𝐻), as shown in Fig. 2, exhibit well-defined in-plane
uniaxial symmetry. Here, 𝐻 is the applied field. The reso-
nance field along the short edges of the rectangular element
(Hresy) is larger than that along the long edges (Hresx), and the
value of (Hresy−Hresx) becomes larger with the aspect ratio
increasing from 1.5 to 10.
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Fig. 2. FMR resonance field as a function of in-plane field orientation
of CoNiFe patterned films with element aspect ratios of 1.5 (curve a)
and 10 (curve b).

The demagnetizing field in a rectangular element is not
uniform and thus cannot be expressed exactly by demagne-
tizing factors as in an ellipsoidal specimen. We propose an
approximate way to express the demagnetizing field of the
rectangular element by two terms containing uniform and non-
uniform parts. The free energy of the rectangular elements can
be expressed approximately as follows:[16]

F = −MH[cosθ cosθ𝐻 + sinθ sinθ𝐻 cos(φ −φ𝐻)]

+ K⊥u sin2
θ +

1
2
(Nz−Nx)M2 cos2

θ

+
1
2
(Ny−Nx)M2 sin2

θ sin2
φ

+
1
4

c(Ny−Nx)M2 sin4
θ sin4

φ . (1)

Here, M and K⊥u are the magnetization and perpendicular
anisotropy constants of CoNiFe, (θ ,φ) and (θ𝐻 ,φ𝐻) are the
angles for the magnetization and applied field, respectively, in
spherical coordinates. The first three terms are respectively the
Zeeman energy, the surface perpendicular anisotropy energy,
and the demagnetizing energy normal to the film. The last two
terms are the approximate in-plane demagnetizing energy. Nx,
Ny, and Nz are the demagnetizing factors in the long edges,
short edges, and normal directions, respectively. The c term
describes the effect of the non-uniform magnetization mostly
near the edge, and the constant c varies with the length of the
element.

The resonance fields Hres were calculated by using the
following general equation derived from the Landau–Lifshitz
equation without damping and the total free energy density
minimization with respect to the magnetization orientation
(θ ,φ)[17] (

ω

γ

)2

=
1

M2 sin2
θ
[Fθθ Fφφ −F2

φθ ]. (2)

Here, γ is the gyromagnetic ratio (γ = ge/2mc, g is the Lande
factor, e is electron charge, m is the mass of electron, and c
is the speed of light), Fi j is the second-order derivative of the
free energy of Eq. (1) with respect to θ and φ . Substituting
Eq. (1) into Eq. (2), we can obtain the theoretical FMR fre-
quency or the resonance field as a function of field orientation
based on different expressions for free energy.[18] The theoret-
ical curves are lines in Fig. 2, and they fit the experimental
data well, which indicates that the in-plane magnetic uniaxial
anisotropy refers to shape anisotropy of the element. From the
fitting, the various shape anisotropy fields are obtained for the
patterned films with different aspect ratios and are shown in
Table 1. The absolute value of c is 0.26 and 0.16 for the ele-
ments with the aspect ratios of 1.5 and 10, respectively, which
indicates that the longer elements are magnetized more uni-
formly. The difference of the quasi-demagnetizing factors be-
tween the x and y directions, (Ny−Nx), as well as that between
the x and z directions, (Nz−Nx), increases with increasing the
aspect ratio. For a uniformly magnetized ellipsoid, the sum-
mation of three demagnetizing factors in the three principal
axes is exactly 1. Assuming that the summation of demagne-
tizing factors is still approximately 1 for the patterned rectan-
gular element, we determined the mean values of Nx, Ny, and
Nz from the demagnetizing field fitted by FMR, and the data
are shown in Table 1, where we see that non-zero in-plane de-
magnetizing factors are exhibited in the patterned film. On
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the other hand, the demagnetizing factor along the film nor-
mal direction is less than that of continuous film (which is 1)
because of the decrease of the lateral sizes in the patterned
film. The demagnetizing factor in the film normal direction is

7 times higher than that in the long edge direction (easy axis)
because the thickness is much smaller than the lateral sizes,
and it becomes 8 times when the length–width aspect ratio of
rectangular elements increases from 1.5 to 10.

Table 1. The various parameters of CoNiFe patterned films determined from FMR experimental data.

Aspect ratio c g (Nz−Nx)Ms/103 A ·m−1 (Ny−Nx)Ms/103 A ·m−1 Nx Ny Nz

1.5 –0.26 2.14 823 5.97 0.116 0.120 0.764

10 –0.16 2.15 879 14.22 0.099 0.110 0.791

In order to confirm the validity of FMR fitted results, we
simulated the shape anisotropy of a single rectangular element
in a 3× 3 array with the elements by using the LLG Micro-
magnetic Simulator.[19] The calculated demagnetizing factors
in the three principal axes are obtained and shown in Table 2
with initial parameters as follows: saturation magnetization
Ms = 1.273×106 A/m, exchange constant A= 10×10−12 J/m,
damping constant α = 0.08, and cell size 5 nm× 5 nm× 5 nm.
The magnetic anisotropy K = 0 due to the polycrystalline ele-
ments.

From Table 2, we see that the values of calculated de-
magnetizing values of both single element and 3×3 arrays are
basically consistent with those from the FMR experiment and
fitting. The demagnetizing factors calculated with 3× 3 ar-
rays model approximate the experimental data better than the
single element model though their difference is tiny, implying
that interaction between elements indeed exists but can be ig-
nored. The spin configurations for the single element and cen-
tral element in 3× 3 arrays are shown in Fig. 3, respectively.
The major area of spin configuration in the element shows uni-
form magnetization for both the single element and the array,
and the uniform rotation is shown with the orientation of the
magnetic field. The non-uniform magnetization at the edge in
the single element is similar to that in the 3×3 arrays, but it is
noted that the spin at the edge in 3×3 arrays (Fig. 3(b)) is more
uniform than that in the single element (Fig. 3(a)), indicating
that the interaction among elements reduces the demagnetiz-
ing field due to the effect of the compensation of the adjacent
positive and negative poles.

Table 2. Demagnetizing values calculated by LLG Micromagnetic Sim-
ulator.

Aspect Single element 3×3 elements

ratio Nx Ny Nz Nx Ny Nz

1.5 0.123 0.129 0.748 0.120 0.122 0.758

10 0.103 0.112 0.785 0.102 0.112 0.786

3. Conclusion
In conclusion, the magnetic in-plane shape anisotropy of

CoNiFe patterned films with rectangular elements with differ-
ent length–width aspect ratios were investigated by using FMR
experiment and LLG micromagnetic simulation. The demag-

netizing factors in the three principal axes determined by the
theoretical calculation and ferromagnetic resonance measure-
ments agree well with each other. The shape anisotropy can be
approximately separated into quasi-uniform and non-uniform
contributions. The relative importance of the non-uniform de-
magnetizing field decreases with the increase of the length–
width aspect ratio of the patterned elements. In addition, the
results of micromagnetic simulation indicate that the demag-
netizing factors show only tiny changes due to element inter-
actions, which can be ignored when the edge–edge spacing
between neighboring elements increases to 3 µm.

(a) (b)

(c)

(d)

Fig. 3. (color online) The spin distributions in the elements with differ-
ent aspect ratios obtained by micromagnetic simulation. The magnetic
fields are along the long edge. (a) and (c) are for the single element; (b)
and (d) are for the central element in 3×3 arrays with 1.5 and 10 aspect
ratios, respectively.
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[7] Jorzick J, Krämer C, Demokritov S O, Hillebrands B, Sondergard E,

Bailleul M, Fermon C, Memmert U, Müller A N, Kounga A, Hartmann
U and Tsymbal E 2001 J. Magn. Magn. Mater. 226 1835

[8] Jorzick J, Demokritov S O, Mathieu C, Hillebrands B, Bartenlian B and
Chappert C 1999 Phys. Rev. B 60 15194

[9] Wismayer M P, Southern B W, Fan X L, Gui Y S, Hu C M and Camley
R E 2012 Phys. Rev. B 85 064411

056801-3

http://dx.doi.org/10.1126/science.282.5394.1660
http://dx.doi.org/10.1063/1.3679602
http://dx.doi.org/10.1063/1.3679602
http://dx.doi.org/10.1063/1.3675152
http://link.aps.org/doi/10.1103/PhysRevB.86.064426
http://link.aps.org/doi/10.1103/PhysRevB.86.064426
http://dx.doi.org/10.1109/20.908653
 http://iopscience.iop.org/0022-3727/33/1/201
http://dx.doi.org/10.1016/S0304-8853(00)00618-1
http://link.aps.org/doi/10.1103/PhysRevB.60.15194
http://dx.doi.org/10.1103/PhysRevB.85.064411


Chin. Phys. B Vol. 22, No. 5 (2013) 056801

[10] Chipara M, Skomski R, Kirby R and Sellmyer D J 2011 J. Mater. Res.
26 2169

[11] Boucher V, Lacroix C, Carignan L P, Yelon A and Ménard D 2011
Appl. Phys. Lett. 98 112502

[12] Bhat V, Woods J, Long L E, Hastings J T, Metlushko V V, Rivkin K,
Heinonen O, Sklenar J and Ketterson J B 2012 Physica C 479 83

[13] Krivoruchko V N and Marchenko A I 2012 J. Magn. Magn. Mater. 324
3087

[14] Neb R, Sebastian T, Pirro P, Hillebrands B, Pofahl S, Schäfer R and
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