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Spin accumulation dynamics in spin valves in the terahertz regime
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The notion of spin accumulation and spin relaxation in the diffusive regime was introduced by Valet and Fert
in 1993 to describe the current-perpendicular-to-plane (CPP) diffusive transport in metallic magnetic multilayers.
This theory has been quite successful in explaining the giant magnetoresistance of magnetic multilayers in CPP
geometry in the frequency range from DC to a few gigahertz. In this paper, we investigate the dynamic aspect
of spin accumulation from the theoretical point of view when reaching the terahertz (THz) frequency range.
The characteristic relaxation time of electron elastic scattering is typically in the femtosecond range. However,
since spin accumulation results from a diffusion process involving a very large number of individual scattering
events, the characteristic time of spin accumulation variation when the current and/or the magnetic configuration
are varied can be significantly longer than that of the input signal, eventually reaching the picosecond range.
In spintronic devices operating in the THz range such as those based on ferrimagnetic or antiferromagnetic
materials, the spin accumulation amplitude and, correlatively, the device magnetoresistance can therefore depend
on the actual device operating frequency. We investigate this question by extending the Valet and Fert theory in
the time domain.
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I. INTRODUCTION

Since the seminal observation of ultrafast demagnetization
in nickel by Beaurepaire and coworkers [1] and, more re-
cently, the possibility of all-optical magnetization switching
by femtosecond lasers [2], interest in ultrafast magnetism
and the related field of terahertz (THz) spintronics has kept
increasing [3–5]. Today, THz technology is used in many
applications encompassing homeland security, global envi-
ronmental monitoring, quality control of agriculture products
and foods, biology and medical sciences, and information and
communication technology [6]. It is also claimed that THz
spintronics may open new avenues in computer technology
by dramatically increasing the computational speeds thanks
to the combination of ultrafast optics, photonics, and spin-
tronics [3]. Ultrafast control of magnetization (picosecond
scale) can be achieved by various means, including fem-
tosecond to picosecond laser pulses, heat, and magnetic or
electrical field pulses. Picosecond pulses of current can be
generated by exciting bunches of hot electrons using laser
pulses. Continuous (DC) current can also be used to drive
steady excitations via spin transfer [7–9] or spin-orbit torques
[10–12]. Various rf devices were conceived by combining
the oscillatory precession of magnetic moments with giant
or tunnel magnetoresistance phenomena. In particular, they
enabled two basic rf functions: DC to rf conversion for rf
signal generation with spin transfer oscillators [13–16] and
rf to DC conversion for rf signal detection with spin diodes
[17–19]. These devices commonly operate in the gigahertz
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(GHz) range mostly addressing the market of the Internet
of Things (IoT) with bands in the 0.3–5.5-GHz range and
public mobile networks (2G–4G) using bands within 0.7–
3 GHz. However, there is an increasing demand to move
towards higher frequency to fulfill the requirements for 5G
technology and beyond (hundreds of GHz towards THz) for
the future IoT [20]. These frequencies can be reached by
using ferromagnetic materials with very low damping and
high anisotropy such as Heusler alloys [21] and antiferromag-
netic or ferrimagnetic materials [22] wherein the excitation
frequency is determined by the exchange interaction between
the sublattices.

With the aim of developing spintronics devices operating
at a THz frequency, it is important to get a thorough under-
standing of spin transport at these frequencies. Transport can
be ballistic or diffusive depending on length scales and spin
scattering rates and superdiffusive between these two regimes
[23–25]. In the present study, we focus on the strong scatter-
ing regime for which the transport is diffusive. In magnetic
metals, the transport is described by the two-current model
proposed by Mott in 1936 [26]. This model assumes that as
long as spin flip can be considered to be negligible (i.e., with
weak spin-orbit scattering and at a temperature much below
the Curie temperature), the two species of electrons with spin
parallel (↑) and antiparallel (↓) to the local magnetization
carry the current in parallel. The DC conductivity is then
the sum of the conductivity of the two spin channels, the
conductivity of each channel following the Drude model [27]:

σDC = σ↑ + σ↓ = e2

m
(N↑τ↑ + N↓τ↓), (1)

where e and m are, respectively, the conduction (sp) electron
charge and effective mass, N↑ and N↓ are the spin-dependent
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densities of conduction electrons at Fermi energy, and τ↑ and
τ↓ are the spin-dependent elastic scattering times. This model
was successfully used to interpret resistivity measurements in
magnetic transition-metal alloys [28–31]. The elastic scatter-
ing time in transition metals is typically in the range of 10
to 100 fs, corresponding to scattering rates �/2π of 10 to
100 THz [32]. Most of the experiments conducted in the spin-
tronics area so far have been carried out in the DC regime or
up to a frequency of a few tens of GHz, which is much below
this elastic relaxation timescale. This was particularly the case
in all studies related to giant magnetoresistance or tunnel mag-
netoresistance which yielded ultrasensitive magnetoresistive
read heads used in hard-disk drives since 1997 [33]. Conse-
quently, treating the electron transport in these experiments
as being in the quasistatic regime was a good approximation.
However, if the operating frequency of spintronic devices is
increased up to the THz range, the characteristic time of the
measurement becomes sub-picosecond and therefore much
closer to the elastic scattering time. The conductivity of the
system then decreases [32] and becomes complex. For each
spin category, the complex frequency-dependent conductivity
is then written as [34–37]

σ ↑(↓)(ω) = σ
↑(↓)
DC

1 − ıωτ↑(↓)
, (2)

where ω is the excitation frequency.
Terahertz spectroscopy has been shown to be a very effi-

cient tool to separately determine the spin-dependent density
of conduction electrons and spin-dependent relaxation rates
[38,39] and thereby access the fundamental parameters of
magnetotransport in metals.

Previously, AC magnetoresistance was theoretically in-
vestigated in Ref. [40]. The authors calculated frequency-
dependent complex magnetoimpedance of a spin valve by ap-
plying harmonically oscillating voltage. Both current and spin
accumulation are harmonic functions with a given frequency.
But we are interested in the time evolution of spin accumula-
tion while injecting the spin current in a spin valve with some
characteristic time, and we will show that evolution of spin ac-
cumulation may be characterized by another time depending
on values of the spin relaxation and spin-diffusion time.

Modern spintronics devices are often based on the current-
perpendicular-to-plane (CPP) geometry [39,41–45] or on lat-
eral geometry [46–55] in which spin accumulation and spin
relaxation phenomena play a very important role [45]. The
concept of spin accumulation when a current flows perpendic-
ular to a ferromagnetic-metal/nonmagnetic-metal interface
was introduced by Van Son et al. [56]. It was then extended to
explain the CPP giant magnetoresistance (GMR) of magnetic
multilayers by Valet and Fert [45]. This theory has been exten-
sively used to interpret CPP GMR measurements in magnetic
metallic multilayers taking into account bulk and interfacial
spin-flip mechanisms. In steady-state CPP transport, the local
spin-dependent chemical potential μ↑(↓) obeys a diffusion
equation given by [56]

μ↑ − μ↓

τsf
= D ∂2(μ↑ − μ↓)

∂x2
, (3)

where the x axis is perpendicular to the interface, D is the
diffusion constant, and τsf is the spin-flip relaxation time.

From Eq. (3), the spin accumulation exponentially relaxes
as a function of the distance from a magnetic/nonmagnetic
interface over a characteristic spin diffusion length given by
�2

sf = Dτsf [45,56].
As mentioned previously, because most of the experiments

in spintronics have so far been performed at frequencies much
lower than the typical diffusion rates, it has been considered
that the vector of spin accumulation instantaneously follows
any change in the magnetic configuration of the considered
system. However, because the evolution of spin accumulation
is a diffusion process, it involves a large number of individ-
ual scattering events. As a result, the timescale of the spin
accumulation dynamics can be significantly longer than the
timescale of elastic scattering. This is particularly true in lat-
eral spin valves, whose dimensions can reach several hundreds
of nanometers [46–55]. This corresponds to much longer
diffusion distances than those usually encountered in CPP
experiments in (F/NM) multilayers (F=ferromagnetic layer,
NM=nonmagnetic spacer) where the diffusion distances are
the thickness of the nonmagnetic spacers, typically a few
nanometers. Nevertheless, in both cases (lateral spin valves
or CPP multilayers), one may expect an influence of the
excitation frequency on the spin accumulation dynamics when
approaching the THz range, this influence making it all the
more important that the length of the device (i.e., the length
over which the electrons have to diffuse) is long.

It is the purpose of this paper to investigate theoretically the
dynamics of spin accumulation in such systems when going
beyond the steady-state approximation, i.e., entering the THz
regime.

II. MODEL

To investigate the dynamic properties of multilayered spin
valves, we extend the one-dimensional Valet and Fert ap-
proach by explicitly introducing a time dependence in the
diffusion equation. The current is assumed to propagate along
the x axis. We rewrite the currents for spin-“up” and spin-
“down” electrons (see Eq. (13) in Ref. [45]) in the following
form:

j↑(↓) = −σ ↑(↓)

(
∂u

∂x
+ 1

eN0

∂n↑(↓)

∂x

)
, (4)

where σ ↑(↓) = σ0(1 ± β ) is the spin-dependent conductance,
β is an asymmetry factor, u is the electrostatic potential, e is
the absolute electron charge, N0 is a density of states at the
Fermi level per volume, and n↑(↓) = n0 ± 
n is the density of
electrons with spin up and down, with n0 being the density
of electrons of each spin category at equilibrium. The first
part of (4) represents the convection current due to the electric
field, while the second part is the current due to diffusion. The
charge current is then given by je = j↑ + j↓, and the spin
current is given by jm = j↑ − j↓. They obey the following
continuity equations [57]:

2e
∂n0

∂t
+ ∇ je = 0,

2e
∂
n

∂t
+ ∇ jm = −2e


n

τsf
− 2e

Jsd

h̄

n sin γ , (5)
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FIG. 1. Toy model consisting of a ferromagnetic layer of thick-
ness L excited by a controlled time-dependent spin current js at the
interface x = 0 which gives rise to a spin accumulation m0(x, t ),
which then diffuses along the x axis, yielding the time-dependent
profiles of spin accumulation m(x, t ) and induced nonequilibrium
chemical potential ϕ(x, t ).

where Jsd and τsf represent the s-d exchange constant and
spin relaxation time, respectively, and γ is an angle between
local magnetization and the x axis. The first equation in (5)
expresses the conservation of the charge current, while the
second one represents the spin current sinking due to spin-flip
processes and precession around the local magnetization. In
the collinear case (γ = 0) the system of Eqs. (5), assuming
definitions (4), can be rewritten as

∂n0

∂t
− σ0

e

∂2

∂x2

(
u + n0

eN0

)
− σ0β

e2N0

∂2
n

∂x2
= 0,

∂
n

∂t
− σ0

e2N0

∂2
n

∂x2
− σ0β

e

∂2

∂x2

(
u + n0

eN0

)
= −
n

τsf
. (6)

To illustrate the dynamic behavior of the spin accumulation,
we consider a toy model consisting of a single ferromagnetic
layer (FM layer) of thickness L in which a rising time-
dependent pure spin current js, related to a spin accumulation
and proportional to ∂
n/∂x, is injected at the interface x = 0
(see Fig. 1). The considered FM layer is similar to the
analyzer in the previously studied T-shaped lateral structure
[58] in which the chemical potential ϕ is induced by the pure
spin current. Since no bias voltage is applied, the electrostatic
potential u is uniform (zero) all along the FM layer. So
substituting the conductance σ0 by a diffusion coefficient D0

using Einstein’s relation D0 = σ0/(e2N0) and introducing the
new functions ϕ(x, t ) = n0(x, t )/(eN0), the nonequilibrium
potential, and m(x, t ) = 
n(x, t )(ν/N0), the dimensionless
nonequilibrium spin accumulation, where ν is the density of
states per atom at the Fermi level, we can rewrite (6) in a new
form:

∂ϕ(x, t )

∂t
− D0

∂2ϕ(x, t )

∂x2
− βD0

eν

∂2m(x, t )

∂x2
= 0,

∂m(x, t )

∂t
− D0

∂2m(x, t )

∂x2
− βD0eν

∂2ϕ(x, t )

∂x2
= − m(x, t )

τsf
.

(7)

On the opposite side (i.e., at x = L), we assume that the spin
accumulation and chemical potential ϕ are kept equal to zero.

The quasistatic time-dependent functions of the spin ac-
cumulation and chemical potential can be expressed using a

characteristic rise time 1/ω:

m0(x, t ) = m̃0(x)(1 − e−ωt ),

ϕ0(x, t ) = ϕ̃0(x)(1 − e−ωt ), (8)

where m̃0(x) and ϕ̃0(x) are the stationary solutions of (7) with
boundary conditions m̃0(0) = mmax, where mmax is defined by
the maximum of injected current js ∝ ∂m̃0/∂x reached at t →
∞, and m̃0(L) = 0:

m̃0(x) = mmax
sinh(L − x)/�sf

sinh L/�sf
,

ϕ̃0(x) = − β

eν
m̃0(x). (9)

Under this condition, the final solution of Eqs. (7) may be
written as

m0(x, t ) = m0(x, t ) + 
m(x, t ),

ϕ0(x, t ) = ϕ0(x, t ) + 
ϕ(x, t ), (10)

where the functions 
m(x, t ) and 
ϕ(x, t ) are solutions of (7)
both equal to zero at x = L to satisfy the boundary conditions
and their spatial derivatives at x = 0 are also equal to zero so
that they have no contribution to the injected current js:


m(x, t ) =
∑

n

∫ t

0
[b1n(τ )e−E1n(t−τ )

+ b2n(τ )e−E2n(t−τ )] sin kn(L − x) dτ,


ϕ(x, t ) =
∑

n

∫ t

0
[a1nb1n(τ )e−E1n (t−τ )

+ a2nb2n(τ )e−E2n(t−τ )] sin kn(L − x) dτ, (11)

where

b1n(τ ) + b2n(τ ) = − ∂

∂τ
(1 − e−ωτ )m0n,

a1nb1n(τ ) + a2nb2n(τ ) = − ∂

∂τ
(1 − e−ωτ )ϕ0n,

m0n = 1

L

∫ L

0
m̃0(x) sin kn(L − x) dx,

ϕ0n = 1

L

∫ L

0
ϕ̃0(x) sin kn(L − x) dx,

a1,2n = βDk2
n

E1,2n − Dk2
neν

,

E1,2n = Dk2
n + 1

2τsf
∓

√(
1

2τsf

)2

+β2D2k4
n,

kn = π

2L
(2n + 1). (12)

In these expressions, E1n and E2n are sets of inverse char-
acteristic time rates associated with the spin accumulation
diffusion process along the ferromagnetic layer thickness for
spin up (E1) and down (E2). As expected from a diffusion
process, the corresponding diffusion times roughly scale as
a square of the layer thickness. Finally, after integration (11)
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FIG. 2. Dependence of quasistatic m0 and total dynamic m0 +

m spin accumulation on time at x = 0. Parameters are (a) L =
500 nm, m0 = 0.009, β = 0.7, τsf = 10−10 s, ν = 0.1 eV−1, σ =
0.001 (ω nm)−1, ω = 1010 s−1. Characteristic times are E−1

1 ≈
1.14 × 10−10 s, E−1

2 ≈ 3 × 10−11 s, (b) ω = 1014 s−1 and (c) τsf =
10−14, ω = 1010 s−1, L = 50 nm, E−1

1 ≈ 6.5 × 10−13 s, E−1
2 ≈ 5.4 ×

10−14 s.

over τ , we have


m(x, t ) =
∑

n

sin kn(L − x)

a1n − a2n
ω

×
[

(−ϕ0n + a2nm0n)
e−ωt − e−E1nt

E1n − ω

+(ϕ0n − a1nm0n)
e−ωt − e−E2nt

E2n − ω

]
. (13)

III. RESULTS AND DISCUSSION

In Figs. 2(a)–2(c), the dependencies of the quasistatic and
total dynamic spin accumulation at x = 0 are plotted versus
time for different values of ω and E1,2. The black curve repre-
sents the time-dependent spin accumulation m0(x, t ) without
taking into account the process of diffusion, while the dashed
line represents the total spin accumulation m0 + 
m. In

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

ω = 1010 s-1

ω = 1014 s-1

x10-3

S
pi
n
ac
cu
m
ul
at
io
n

t (ns)

FIG. 3. Numerical dependence of total dynamic spin accumu-
lation m(x, t ) on time in spin valve F1/P1/F2/P2 at the F2/P2
interface for two different rise rates ω of the injected spin current.

Fig. 2(a), the characteristic time of the switching (1/ω) is of
the same order of magnitude as the characteristic first-order
(n = 0) time of diffusion (E−1

1,2 ). In this case, the diffusion
process influences the stabilization of spin accumulation but
not substantially. In Fig. 2(b), the same curves are presented
but for very fast switching rate ω = 1014 s−1 	 E1 and E2 ≈
1010 s−1. In this case, the slow diffusion process dominates,
and stabilization of the total process occurs at very long
times, longer than E−1

1 ≈ 10−10 s. Finally, the same type of
curves as in Figs. 2(a) and 2(b) are presented in Fig. 2(c),
in a case where the length (thickness) of the ferromagnetic
layer has been reduced to 50 nm instead of 500 nm so that
the characteristic diffusion times are reduced to E−1

1 ≈ 6.5 ×
10−13 s, E−1

2 ≈ 5.4 × 10−14 s. The same rise rate as that used
in Fig. 2(a) now corresponds to a slow switching compared to
the diffusion time (ω−1 = 10−10 s 	 E−1

1 , E−1
2 ≈ 10−13 s).

In this case, the process of diffusion influences the time
dependence of spin accumulation only at the very beginning
of the diffusion process (t ∼ 10−14−10−13 s).

Going beyond the toy model which allowed us to derive
analytical expressions, we now numerically investigate the
evolution in time of spin accumulation in spin valves of the
form F1/P2/F2/P2 using the finite-element method for ω =
1010 and 1014 s−1 (see Fig. 3). We used a periodic condition
for the spin accumulation m at the left F1 and P2 boundary.
The chemical potential ϕ was set equal to zero at the left F1
boundary, and electrical current ∼∂ϕ/∂x remained constant
at the right P2 boundary. Both curves are similar to the
corresponding curves in Figs. 2(a) and 2(b), supporting our
conclusion that if time of switching (1/ω) is longer than the
characteristic diffusion times, the spin accumulation follows
the external signal in a quasistatic manner. However, if this
time is shorter than these characteristic times, the evolution
of spin accumulation is governed by slow diffusion and spin-
relaxation processes.

In Fig. 4, we plot the time t1/2 at which spin accumulation
at point x = 0 reaches half of its maximal value versus the
length L of the paramagnetic layer P for high ω = 1014 s−1

and for two values of τsf in the paramagnetic layer.
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FIG. 4. Time t1/2 at which spin accumulation reaches half of its
maximum value versus length L of paramagnetic layers P1 and P2 in
spin valve F1/P1/F2/P2 at the F2/P2 interface of two values of τsf .
The length of the F layers is 500 nm.

The values of this time are in the interval 10−12−10−10 s,
which are much longer than the assumed switching time
ω−1 ∼ 10−14 s. In addition, they depend on both the length of
the paramagnetic layer and spin-relaxation time in qualitative
agreement with expressions for E1 and E2. This emphasizes
that at high excitation frequencies such as in the THz regime
or in large-size devices, the spin-accumulation dynamics can
be governed by the relatively slow processes of spin relaxation
and spin diffusion.

Last, we investigate the dynamics of the spin accumulation
in spin valves F1/P1/F2/P2 assuming that the magnetization
of F2 rotates with frequency ω while the magnetization of
F1 remains fixed. This is in contrast to the method from
Ref. [40], where periodically varying voltage was applied.
As shown in Fig. 5, the spin accumulation oscillates with
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FIG. 5. Spin accumulation at the F1/P1 interface versus (a) the
angle θ between magnetizations of ferromagnetic layers F1 and F2
and (b)–(d) time at different rotating frequencies ω of magnetization
of ferromagnetic layer F1 in spin valve F1/P1/F2/P2. The length of
the F layers is 50 nm, that of the P layers is 500 nm, and τsf = 10−10 s.
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FIG. 6. Distribution of spin accumulation along the spin valve
F1/P1/F2/P2 for different rotating frequencies ω of magnetization
in ferromagnetic layer F1.

period 2π/ω. However, as the frequency ω increases [see
Figs. 5(b)–5(d)], the amplitude of the oscillations drops due
to the slow processes of spin relaxation and spin diffusion
(τsd ∼ L2/D ≈ 10−11 s, τsf = 10−10 s). At high frequency, the
spin accumulation reaches an average value corresponding
to the average between spin accumulation in parallel and
antiparallel alignment.

In Fig. 6, the gray areas correspond to the superposition
of all profiles of spin accumulation as the magnetization of
F2 rotates for four values of frequency. The dashed and solid
lines represent the limiting static profiles in the parallel (solid
curve) and antiparallel (dashed curve) configurations. The
decrease with frequency of the amplitude of the oscillations of
spin accumulation as the magnetization of F2 rotates is clearly
visible.

The corresponding curves for the spatial distribution of the
electrostatic potential for three frequencies and GMR decay
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FIG. 7. Distribution of the potential along spin valve
F1/P1/F2/P2 for different rotating frequencies ω of magnetization
in ferromagnetic layer F1. GMR decay fit by a Lorentzian
GMR(ω) = GMR0/(1 + τ 2ω2) (dashed line) with GMR0 = 6.79%,
τ = 4.4 × 10−11 s.
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are plotted in Fig. 7. Thin curves show the distribution of
the potential for the static case for parallel (solid curve) and
antiparallel (dashed curve) orientation of magnetizations of
ferromagnetic layers. The width of the inner gray line corre-
sponds to the amplitude of the oscillations of the potential,
e.g., the value of the GMR in the dynamic regime. Under
the assumption of the model, the amplitude of the GMR was
found to decrease with frequency approximately as a func-
tion of the form GMR(ω) ≈ GMR0/(1 + τ 2ω2) (τ = 4.4 ×
10−11 s) similar to the real part of the frequency-dependent
conductivity (2). Actually, recent GMR measurements at THz
frequency were reported in Ref. [39] in multilayers of compo-
sition Ta (5 nm)/NiFeCo (4 nm)/[Cu (1.3 nm)/NiCoFe (2.6
nm)]3/Cu (1.3 nm)/NiFeCo (4 nm)/Cu (1.2 nm)/NiFeCo
(0.8 nm). The GMR measured by the terahertz magnetospec-
troscopy experiment (∼20%) was quite comparable to that
measured in DC mode (22%). This is actually in agreement
with the present model since the thickness of the Cu spacers
over which the electrons have to diffuse to produce the GMR
effect is only 1.2 nm, meaning that the diffusion time is quite
short compared to the THz excitation frequency. It would
be interesting to perform similar experiments in nonlocal
geometry with a much longer spin channel to observe the
reduction of the nonlocal spin signal due to diffusion time
becoming comparable to characteristic excitation times.

IV. CONCLUSION

We have shown that the dynamics of spin accumulation in
metallic spintronic devices can be significantly slower than
typical elastic scattering times in metals. This is due to the fact
that spin accumulation variation results from a spin diffusion
process which itself involves numerous individual scattering
events. This can have important consequences for spintronic
devices operating in the THz regime or more generally in
devices in which the excitation characteristic time would be
comparable to or shorter than the characteristic spin diffusion
time in the device. In spin-valve structures, particularly lateral
spin-valve structures of large dimension (e.g., hundreds of
nanometers), the time evolution of the output signal is con-
trolled by the slowest process (e.g., diffusion), so it leads to the
limitations in read and write speed in spintronic devices, and
the measured amplitude of the magnetosensitive output signal
can consequently depend on the frequency of the excitations.
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