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Computing Magnetic Noise With Micro-Magneto-Mechanical
Simulations

Christian Dorn and Stephan Wulfinghoff

Institute for Materials Science—Computational Materials Science, Kiel University, 24143 Kiel, Germany

We study magnetic noise caused by the interaction of domain walls with defects. In the first step, we formulate a micro-magneto-
mechanical material model using the generalized standard materials framework. We use this model in the subsequent step, in which
we devise a scheme to compute magnetic noise based on ensemble averaging. We demonstrate our approach with numerical examples
using the finite element method.

Index Terms— Coupled problem, ensemble averaging, finite element method, magnetic noise.

I. INTRODUCTION

H IGH performance magnetic field sensors are required
for detecting biomagnetic fields of the heart and brain.

Superconducting quantum interference devices are the cur-
rent standard for magneto-encephalography and -cardiography.
However, high technical complexity and operating expenses
limit access to these diagnostic facilities. Hence, it is desir-
able to develop easy-to-use and inexpensive alternative sensor
concepts, see [1]. Further improvement of sensor performance
requires noise reduction (especially magnetic noise). To this
end, we want to model, simulate, and understand magnetic
noise in magnetostrictive thin-film composites. Different noise
origins can be subsumed as magnetic noise and there are dif-
ferent approaches to study magnetic noise. Thermal magneti-
zation fluctuations have been investigated by experimental [2],
analytical [3] and computational [4] approaches. Furthermore,
noise due to magnetic domain wall jumps at pinning sites [5],
[6], [7] (Barkhausen noise) has been studied in the past. Here
we are interested in the latter. We set up a micro-magneto-
mechanical material model and apply it to compute magnetic
noise.

II. MODELING AND SIMULATION OF

MICRO-MAGNETO-MECHANICAL MATERIAL

We consider a micro-magneto-mechanical film Vmag on a
mechanical substrate Vmech embedded in a free space box �,
such that Vmag∪Vmech = V ⊃ �, see Fig.1. For the time range,
we write [0, τ ]. The coupled problem is characterized by the
following fields: displacement u : V × [0, τ ] → R3, scalar
magnetic potential ϕ : � × [0, τ ] → R and magnetization
m : Vmag × [0, τ ] → S2. Here we denote by S2 the unit
sphere in R3. The material behavior is determined by potential
optimization. We include the following contributions.

1) Exchange energy �ex(∇m) = ∫
V A �∇m�2dV .

2) Anisotropy energy �a(m) = ∫
V K1

(
1 − (m · ea)

2
)
dV .
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Fig. 1. Magneto-mechanical film Vmag on mechanical substrate Vmech
embedded in free space box �.

3) Demagnetizing energy �d(m,∇ϕ) = ∫
V μ0∇ϕ ·

Ms mdV − (1/2)
∫
� μ0�∇ϕ�2dV with demagnetizing

field Hd = −∇ϕ.
4) Zeeman energy �z(m) = ∫

V −μ0 Ms m · H �dV with
externally applied field H �.

5) Elastic energy �el(ε, m) = ∫
V (1/2) εe : C : εedV with

small strain setting and additive strain decomposition
ε = sym(grad(u)) = εe+εm and magnetostrictive strain
εm = (3/2)λs(m ⊗ m − (1/3)I).

6) Dissipation potential �(ṁ) = ∫
V (η/2)ṁ · ṁdV .

C denotes the stiffness tensor (here isotropic) and εe denotes
the elastic part of the strain tensor ε. This formulation of the
elastic energy implies linear elasticity. Besides the (conserva-
tive) energy contributions, we also incorporate the potential �
to reflect the dissipative nature of magnetization changes. For
details on dissipation potential and the associated generalized
standard material approach see [8], [9]. The material parame-
ters for the magneto-mechanical film (FeCoSiB) and substrate
are summarized in Table I. All energies and the dissipation
potential contribute to the rate potential

	 = �̇ex + �̇el + �̇a + �̇d + �̇z + � (1)

which we intend to optimize (constrained optimization, �m� =
1). To account for this constraint we use exponential map-
ping [9], [10]. To optimize the time-discrete rate potential 	,
we compute the stationary points with respect to the degrees
of freedom u, m and ϕ. The stationary points subsequently
serve as residuals for the global Newton–Raphson scheme.

To obtain results without boundary effects (e.g., without
closure domains) we use periodic boundary conditions (pbc).
Our implementation relies on the idea to adapt the mesh
files such that the periodic nodes have the same node num-
bers, see [11]. With pbc, we represent an infinitely extended
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TABLE I

MATERIAL PARAMETERS (ESTIMATED)

Fig. 2. Stack of free space—film—substrate—free space with pbc in e1- and
e2-direction (central column) embedded in surrounding free space, continuous
coil with normal n to pick up demagnetizing field Hd .

Fig. 3. (a) Sketch of initialization of magnetization m(x, 0) in magneto-
mechanical film. (b) Loading function H �(t) for applied field H � = H �(t)e1
with t0 = 10−9 s, T = 3 · 10−7 s and H �

max = 10−2 A/μm.

material. However, we still intend to have the material embed-
ded in free space (for reasons explained below). To marry
the two approaches we devise the following workflow. In a
precursory simulation we solve the fully coupled problem for
the stack of free space—film—substrate—free space with pbc
in e1- and e2-direction (central column in Fig. 2). During
this simulation we record the time history of magnetization
m(x, t). In a subsequent simulation on the full computational
domain (central column embedded in surrounding free space)
we use the recorded magnetization history m(x, t) and only
solve for magnetic potential ϕ. The result is the material
behavior of an infinitely extended material, which is still
embedded in free space and still creates the corresponding
demagnetizing field. The idea of this approach is to approx-
imately model a small fraction of a huge composite (much
too large for numerical resolution) and its contribution to the
overall magnetic noise.

For the investigation of magnetic noise, we are interested
in the interaction of domain walls with defects. To this
end, we require well-defined and controllable domain walls.

Fig. 4. (a) Induced coil voltage over time with and without defects
(mesh sizes 5 and 10 nm). (b) Relaxed state at t ≈ t0 for corresponding
microstructure with three cylindrical holes, displayed: ϕ and m (at three
significant locations).

The initialization of magnetization m(x, 0) in Fig. 3(a) is
compatible with the pbc at hand and yields two domain walls
which can be controlled by the applied field H �(t) in e1-
direction. To decrease the time to reach initial equilibrium
(relaxation time), we prescribe the transition of magnetization
between neighboring domains in a continuous fashion (similar
to Néel wall). After relaxation we apply a sinusoidal external
magnetic field H � = H �(t)e1, see Fig. 3(b). This results in
a reciprocating domain wall motion and repeated interaction
with defects.

To study noise, we have to specify a signal. The signal
is motivated by the working principle of the magnetoelectric
thin-film sensor in [1]. The demagnetizing field Hd emitted
by the magnetic material is picked up by a coil, see Fig. 2.
The coil voltage (average-induced electromotive force) serves
as the signal. For a discrete coil, consisting of N loops at
positions xi , each with area A(xi), the coil voltage U reads

U = 1

N

N∑
i=1

[
−

∫
A(xi )

d B
dt

· nd A

]
. (2)

In the limit N → ∞ we obtain an integral over the (continu-
ous) coil volume

U = − 1

L

∫ x1e

x1s

∫
A

d B
dt

· nd Adx1 = − 1

L

∫
Vcoil

d B
dt

· ndV (3)

see Fig. 2. The quantity in (3) serves as signal for the noise
investigation in Sections III and IV.

We solve the micro-magneto-mechanical problem using the
finite element method. We rely on ParFEAP 8.6.1j (MPI par-
allel version of FEAP [12]) together with PETSc 3.13.2 [13].
We discretize space with tetrahedral elements and use linear
shape functions for the fields of interest. Time derivatives are
discretized by a finite difference scheme.

III. NOISE COMPUTATION BY ENSEMBLE AVERAGING

The magnetic noise that we investigate is caused by the
interaction of domain walls with defects. To study this noise,
we need to introduce prototypical defects. For simplicity,
we consider three cylindrical holes with identical radii that
penetrate the entire thickness of the magneto-mechanical film.

The interaction of domain wall and defect arises as follows.
It is energetically favorable for domain walls to attach to
defects (reduces e.g.exchange energy). Upon application of the
applied field, the energy landscape changes, domain walls are
forced away from defects and detach (given a sufficiently large
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Fig. 5. Coil voltages over time for ensemble of eight realizations, ensemble
average (ens. avg.).

applied field). An example of a coil voltage is displayed in
Fig. 4(a) together with the voltage for a microstructure without
defect (at mesh sizes 5 and 10 nm). The defect microstructure
and corresponding local fields are shown in Fig. 4(b). The two
large voltage peaks in Fig. 4(a) can correspond to events where
a domain wall attaches, respectively, detaches from a defect
(here: wall attaches). For the microstructure without defects we
observe non-smooth behavior as well, which illustrates mesh
influence. By comparison, however, the non-smoothness due
to defect interactions dominates (see Section IV-B). The result
in Fig. 4(a) applies to one realization of the microstructure
i.e. to one specific geometrical placement of defects. For many
different realizations with varying defect positions, the coil
voltages are unique every time: coil voltage peaks take place
at different times and exhibit various peak heights, see Fig. 5.
We call this an ensemble of microstructures. The positions
of the three cylindrical holes are chosen randomly and all
positions within the magneto-mechanical film are equally
likely. By introducing the ensemble we have transitioned
from one tangible microstructure with three fixed defects to
an abstract microstructure with a statistical distribution of
three defects. For one realization we obtain a signal, see
Fig. 4(a). For an ensemble of realizations, we obtain an
average signal superposed by noise, see Fig. 5. We can view
the magneto-mechanical problem as a system: the input is a
microstructure; the output is a coil voltage. If we input a distri-
bution of microstructures (ensemble) we obtain a distribution
of coil voltages (average voltage and noise).

We consider M realizations. For each realization i we obtain
coil voltage array ui over time array ti . Computation of noise
voltage power spectral density Sδu is based on

Sδu( f ) = lim
T →∞

〈 |�δuT ( f )|2
T

〉
(4)

where f is the frequency, T is the size of time range, �•�
denotes the ensemble average, δu is the fluctuation of coil
voltage around the mean value, index T denotes truncated
quantities and (̂•) denotes a Fourier transform, see [14]. For
computational evaluation, we consider a finite time range only
(omit limit, drop index T ). We compute noise as follows.

1) Compute mean coil voltage (ensemble average) �u� =
(1/M)

∑M
i=1 ui .

2) Compute coil voltage fluctuation for each realization
δui = ui − �u�, i = 1, . . . , M .

3) Compute Fourier transform of fluctuations
δ̂ui = FFT (δui ).

Fig. 6. Noise voltage spectral density for ensembles of different sizes.

4) Compute two-sided noise voltage power spectral density
Sδu = �t2((1/M)

∑M
i=1(|δ̂ui |2/T )) where we need �t2

for consistency with the time continuous case.
5) Compute one-sided noise voltage spectral density (nvsd)

nvsd = √
2Sδu .

IV. NUMERICAL EXAMPLES

A. Required Ensemble Size

In this first example, we study the required number of
realizations in an ensemble to obtain a converged nvsd.
To this end, we consider an ensemble with 1024 realizations.
Each realization contains three cylindrical defects with radius
10 nm. Dimensions of the film are 0.5 × 0.5 × 0.01 μm and
dimensions of the substrate are 0.5 × 0.5 × 0.05 μm. The free
space box measures 2.5 × 2.5 × 2.06 μm. We place defects
in the film at least one defect radius away from the boundary
to avoid conflict with pbc. For the random placement, we rely
on the python function random.uniform. To compute noise
we consider coil voltages over one sine-period of the applied
field. The time range contains approximately 300 · 103 points
which yields a time resolution of �t ≈ 1 ps. The one-sided
nvsd for different ensemble sizes is displayed in Fig. 6. The
smaller ensembles are subsets of the full 1024 ensemble.
In Fig. 6 we observe that ensemble sizes 2 and 4 are too
small since the noise spectra differ significantly from the 1024
ensemble. Remarkably, the noise spectrum of the ensemble
with size 8 is very close to the full 1024 ensemble already.
For the ensembles with more than or equal to 256 realizations
the spectra (almost) coincide.

B. Influence of Mesh on Noise Spectrum

Next, we investigate the influence of spatial discretization.
The mesh must be sufficiently fine to resolve domain walls,
the width of which is determined by the exchange length [15].
In case of the soft-magnetic thin-films at hand the exchange
length reads lex = (2A/(μ0 M2

s ))1/2 ≈ 3.26 nm. We consider
an ensemble of 8 realizations at three different resolutions
(element size 9, 6 and 3 nm), see Fig. 7. The ensemble size of
8 offers a good compromise between computation effort and
ensemble convergence, see Section IV-A. The rest of the setup
for the numerical experiment is the same as in Section IV-A,
except that the time resolution in this case is �t ≈ 4 ps.
The nvsd for the three mesh resolutions is shown in Fig. 8.
We observe that the spectra (almost) coincide. Hence it is not
required to resolve the exchange length to obtain a physically
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Fig. 7. Same realization with mesh sizes. (a) 9 nm. (b) 6 nm. (c) 3 nm.

Fig. 8. Noise voltage spectral density for three different mesh sizes.

Fig. 9. Noise voltage spectral density for two different defect radii.

plausible noise spectrum. In the present case, mesh size ≈ 3lex

appears to be sufficient.

C. Influence of Defect Radius on Noise Spectrum

In this last example, we study how defect variation affects
noise. We compare the noise spectra of two ensembles
(size 64) with different defect radii (10 and 15 nm). The
specification of the ensembles is the same as in Section IV-A.
With 190 · 103 time points we obtain a time resolution of
�t ≈ 1.6 ps. In Fig. 9 the resulting nvsd for both defect radii
is displayed. We observe that the larger defects cause greater
noise at all frequencies. The following explanation appears
plausible. Domain walls are more attracted to larger defects
(greater energy gain). The larger attraction causes build-up of
higher magnetic field to overcome the attraction which in turn
leads to a higher energy release upon detaching. This results in
higher coil voltage peaks and greater noise. In this explanation
we assume that the field is sufficiently large for domain walls
to overcome defects. If not, larger defects could even decrease
noise by preventing domain walls detaching from defects.

This example illustrates that the presented noise compu-
tation scheme is sensitive to anticipated influence factors of
magnetic noise. Thus this example gives a strong indication
that the computed noise spectra are physically plausible.

V. CONCLUSION

In the present work, we have introduced a scheme to
compute magnetic noise based on micro-magneto-mechanical
simulations. The scheme exhibits desirable properties such as
ensemble convergence, apparent mesh independence (within
certain limits), and physical plausibility. In the future, we want
to consider numerical examples where mechanics plays a more
pronounced role. Furthermore, studying more realistic defects
and investigating the influence of the frequency of applied field
could yield interesting results.

While the presented scheme yields encouraging results and
invites us to study further applications, we concede that
the process is computationally expensive and cumbersome at
times. Hence we intend to explore alternative ways to compute
magnetic noise as well.
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