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X-ray absorption spectroscospy: correlation between experiments and theory

There is not direct correlation between the value of magnetic contrast and direction of magnetization since the
absorption of x-rays follows an exponential behavior based on Beer-Lambert law:

I (x) = I0 exp [−µt (x)] (1)

where I (x) is the intensity of the transmitted x-rays through a material, t (x) the thickness of the material and µ the
absorptivity coefficient. Moreover, the experiments have a finite resolution or spot size that needs to be considered.
It can be modeled by a Gaussian:

Ispot (x) = exp
(
−x2/2σ2

)
(2)

where σ is the standard deviation of the Gaussian, which is a measurement of the spot size. To extract quantitative
information of the experimental data we have developed a post-processing code. Several approaches were followed
to determine the absorptivity coefficient at the modulation µFe80Ni20 related to this particular experiment. The main
issue to face is the fact that magnetization is not uniform across the modulation and thus the component of the

magnetization along the x-ray beam (k̂ ·m) is unknown. To solve this, we decided to consider the theoretical value
µth,Fe80Ni20 and extract the background signal associated to experimental limitations. For this, we calculate the
background signal, Ib,XAS, by subtracting the minimum value of the experimental profile of the transmitted intensity
from the minimum calculated theoretically (black and red curve in Fig. 1a). Then we add Ib,XAS value to the
theoretical intensity (Fig. 1b). To extract the spot size, a convolution of the theoretical profile with a Gaussian of
unknown width was done followed by a fit with the experimental data (Fig. 1c). In this specific case, σ = 12 nm was
obtained.

The calculation of the curling angle θ(R) from the magnetic contrast of the images was done using the post processing
code describe in [1] where the input parameters were the wire diameter (130 nm), µ, σ, the sample rotation (α = β =
10°) and the background signal. In this case the background signal was determined by Ib,XMCD = Ib,XAS× IXMCD,out

where IXMCD,out is the XMCD intensity out of the wire. The theoretical absorptivity coefficients used were µFe65Ni35

= 0.045 nm−1 and ∆µFe65Ni35 = 0.026 nm−1. In this case, a curling angle of θ(R) = 32° for 50 mT of axial magnetic
field was extracted. Furthermore, the r2 for this fit is 0.94.
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FIG. 1. Analysis of XAS and XMCD reconstructed ptychographic image to extract the spot size and curling angle. a) XAS
normalized intensity profile across the cross-section of the modulation for a nanowire with d = 130 nm and ` = 60 nm obtained
experimentally (black curve). Yellow line in the inset shows the location of the line profile. The theoretical transmitted intensity
is plotted by the red curve. b) Theoretical transmitted intensity after subtracting the background signal (blue) vs experimental
data (black). c) Theoretical data in b) convoluted with a Gaussian whose width (σ = 12 nm) results from the fit with the
experimental data.

Calculation of the current density switching threshold

A method based on the scaling of a parameter was used to determine the minimum current density to switch the
circulation at the modulation from micromagnetic simulations. We have used the critical time τc to switch above
the threshold as parameter . Before this, a criterion to define τc needs to be set. In Fig. 2a, the time evolution of
the the maximum and minimum values of a line profile at the surface of the wire of mz, mρ and mφ are plotted. In
this specific case, the system was a nanowire with d = 90 nm and ` = 60 nm and j = 3× 1012 A/m2. We decided to
determine τc as the time when the azimuthal component changes its sign which is at max(mφ) = 0 (orange circle in
Fig. 2a). The extraction of τc was done by doing a linear fit between the values before and after max(mφ) = 0 (Fig.
2b). This procedure was applied for several values of jc to obtain several values of τc. The threshold current density
corresponds to the j value for τ−1

c =0 and can be obtained by plotting τ−1
c as a function of jc (see Fig. 2c).
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FIG. 2. Method to extract threshold current density of switching. a) Maximum and minimum value of mz, mρ and mφ plotted
over time of a line profile at the surface of the wire before and after the switching of the circulation. The nanowire diameter is
d = 90 nm and ` = 60 nm and the current density j = 3 × 1012 A/m2. The switching time τc is determined by max(mφ) = 0.
b) Linear interpolation between the values before and after max(mφ) = 0 to extract exact value of τc. c) Linear interpolation
of the values of τ−1

c as a function of jc. Interception with the horizontal axis gives the threshold current density.

Identification of two switching regimes

The switching of circulation driven by the Œrsted field associated to a current pulse can occur at two different
regimes, in the first regime the reversal is a coherent process throughout the modulation and in the second regime it
is not coherent since the switching starts at the center of the modulation. The identification of the value of ` limiting
both regimes was set by the maximum threshold current density, jc,th, needed for reversal. This occurred at ` = 40 nm
for d = 90 nm wire and at ` = 30 nm for d = 130 nm wire. However, since jc,th values for these modulation lengths
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FIG. 3. Axial magnetization evolution during the switching mechanism. a) First regime: mz vs z profiles over time at the
surface of a nanowire of d = 90 nm and ` = 40 nm under the application of a current pulse j = −2.10 × 1012 A/m2. The grey
dashed lines set the location of the modulation. The profile in pink shows mz after the reversal to a circulation parallel to the
Œrsted field. b) Second regime: same as in a) for nanowire of d = 90 nm and ` = 50 nm under the application of a current
pulse j = −1.9 × 1012 A/m2.

are quite similar we decided to look in more detail the switching mechanism. For this, we analyzed over time the
mz profiles along the axial direction at the periphery of the wire. For the case of the first regime (short modulation
lengths), the peak of the profile decreases homogeneously. This is shown in Fig. 3a for a nanowire of d = 90 nm
and ` = 40 nm. The black curve corresponds to the mz profile at rest, then the red and blue curve are the profiles
while injecting a pulse of j = −2.10× 1012 A/m2 and the pink curve refers to the profile under the same pulse but
after the reversal of the circulation. The tilt of the Permalloy domains by the Œrsted field can be observed. Also the
location of the modulation is set by the grey dashed lines. The same situation is explored in Fig. 3b for a nanowire
of d = 90 nm and ` = 50 nm under the application of a pulse of amplitude j = −1.9× 1012 A/m2. In this case, the mz

profile before switching (blue curve) reaches its minimum at the center of the modulation. We observed this shape of
the profile for ` ≥ 50 nm, which sets a criteria to correlate a switching mechanism within the second regime.

Current density calculation from oscilloscope

Calculating the current density that flows trough the wire is a crucial step in the analysis of the experiments. To
do so, the transmission, t, and attenuation, β, coefficients need to be calculated from the output voltage from the
pulse generator Voutput, the reflected voltage from the sample Vreflected and the transmitted voltage trough the sample
Vtransmitted. The voltage, both output and reflected/transmitted, measured through 50 Ohm (either tranmission cable
or end load), are directly proportional to the current. These coefficients are described as:

t =
Vtransmitted

Vtransmitted + Vreflected
(3)

β =
Vtransmitted + Vreflected

Voutput
(4)

As an example, Fig. 4 shows the voltage evolution over time for a 10 ns pulse show Voutput = 8.5 V, Vreflected =
6.25 V and Vtransmitted = 1.25 V, which results in t = 0.17 and β = 0.88. The decrease and increase over time in
the transmitted and reflected signal is due to the increase of temperature due to Joule heating that changes the
electrical resistance of the wire. We consider that the dynamics of our events happens within the first nanoseconds
and we always consider the maximum transmitted signal accordingly. This nanowire had the following properties
d = 135 nm, length = 17 um, resistance R = 282Ω and resistivity ρ = 23 µΩ · cm. The associated current density is
j = Vtransmitted/(

√
β × A × Rosciloscope) = 1.25 V/(0.94×14314 nm2 × 50Ω) = 1.86× 1012 A/m2. It is important to

take into account that the value of β strongly depends on the setup used for each experiment (β = 0.30 for the PEEM
setup used in this work) and it is crucial to consider the appropriate value for the calculation of the real current
density.
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FIG. 4. Characterization of a 10 ns current pulse trough a nanowire of d = 135 nm, length = 17 um, resistance R = 282Ω and
resistivity ρ = 23 µΩ · cm. The black curve shows an output voltage of Voutput = 8.5 V and reflected voltage Vreflected = 6.25 V.
The blue curve shows a transmitted voltage of Vtransmitted = 1.25 V.

Case of lower magnetization at the chemical modulation

In this manuscript we have not considered the case of a chemical insertion of lower magnetization since, for this
situation the physics is significantly different. However, we would like to address in this section the magnetic charges
distribution for the case where M2 < M1. In this situation, a nanowire with positive axial magnetization as represented
by the red arrows in Fig. 5 a) have positive surface charges (σ = ±(M2−M1)) and positive volume charge distribution

(ρ = −∂Mz(z)
∂z ) at the first interface. At the second interface both magnetic charges have negative sign. The equality

in sign of the magnetic charges implies that no screening mechanism can occur in this system and thus no curling
magnetization driven by it. This situation resembles the one at the termination of a wire where part of the surface
charges are converted in volume charges of the same sign that extend to a certain axial distance instead of just at the
interface, leading to a curling state and a decrease of the dipolar energy [2].

For the case of a finite lower magnetization chemical modulation, the repulsion between magnetic charges would
extend the cloud of magnetic volume charges outwards of the chemical modulation. In Fig. 5 a) the schematics of
charges can be observed. In this case axial magnetization would appear at the modulation and curling magnetization
next to the interfaces. Axial magnetization at the modulation is allowed due to the apperance of volume charges of
opposite sign that screen the surface charges. Fig. 5 b) shows micromagnetic simulations of the micromagnetic state
at rest of a 90 nm diameter Fe80Ni20 nanowire with a 100 nm long Fe20Ni80 chemical modulation. The color code
represents the value of axial magnetization and the arrows the direction of magnetization. Axial magnetization at the
Fe20Ni80 modulation and curling magnetization at the interfaces is confirmed.

M2 M1

M2 M1<
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FIG. 5. a) Scheme of magnetic charges distribution for a chemical modulation of lower magnetization (M2 < M1). Surface and
volume charges are represented in blue and yellow respectively. Red arrows represent magnetization direction. b) Micromagnetic
simulations of a 90 nm diameter Fe80Ni20 nanowire with a 100 nm long Fe20Ni80 chemical modulation. White arrows represent
magnetization direction and colorcode axial magnetization.
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