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Supplementary Information

Room temperature electrical detection of single magnetic

skyrmion in magnetic multilayers

Davide Maccariello, William Legrand, Nicolas Reyren, Karin Garcia, Karim
Bouzehouane, Sophie Collin, Vincent Cros} and Albert Fert

1 Determination of the
skyrmion size from Scan-
ning Transmission X-ray
Microscopy

The purpose here is to explain how we es-
timated the skyrmion diameter from Scanning
Transmission X-ray Microscopy (STXM)
ages obtained on the multilayer with composi-
tion Ta(5)|Pt(10)|[Co(0.8)|Ir(1)|Pt(1)]20|Pt(x) (in
parentheses are given the thicknesses in nanome-
ters), deposited on 200-nm-thick SizN4 membranes.
As described in details hereafter, from the raw im-
ages, we first produce a map of the magnetiza-
tion (convolution of real skyrmion with the x-ray
beam). Then this profile of the magnetization is
compared to several simulated profiles in order to
determine the skyrmion diameters from the best
matching (see Fig.S1b).

STXM performed with circularly polarized light
normal to the sample plane provides a direct mea-
surement of the out-of-plane magnetization m,.
However, because the typical skyrmion size in the
sub-100nm range is hence comparable to the beam
size (e.g., its full width at half maximum, FWHM),
the determination of the actual skyrmion size re-
quires a careful analysis described just after. More-
over, at the PolLux beamline (Swiss Light Source),
the polarization is achieved by a bending magnet
with a polarization level of about 70 %, which fur-
thermore can vary from one polarization to the
other. Here we show how we recover a signal pro-
portional to m, (convoluted by the beam shape).

im-
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We assume that the transmitted intensity is Ipo1 =
1D exp(—fipoit), pol being the effective polariza-
tion p or m corresponding to the light polarization
o4+ and o_, pip01 the absorption coefficient, ¢ the
thickness of the materials, and Igol the intensity
of the beam through the membrane without mag-
netic materials. We hence first normalize the inten-
sity map of each polarization to the mean intensity
through the membrane, and then take the log of the
result to get a map of the local absorption. The dif-
ference of the absorption maps ft, — ftr,, which pro-
portional to m, convoluted with the beam shape,
is plotted in Supplementary Fig.Sla. The values of
Hp — Mm are normalized to —1 at the level corre-
sponding to m, = —1.

The size of the beam is calculated according
to the opening of slits in the optics, as well as
to the quality of the zone plate (the Fresnel lens
focusing the x-rays). It can also be evaluated
experimentally considering focus scans at edges
of patterned structures. We estimate the effective
FWHM of the beam to be about 100 + 10nm
in our experimental conditions, about 25nm
larger than the calculated size. We assume a
Gaussian shape of the beam. It is needed to
make another assumption concerning the shape
of the magnetization in the skyrmion, for which
we used the formula of the main text, m,(r) =

— cos {27r — 2arctan (exp (%)) — 2arctan (exp (%)) },

where A = 10nm is the domain wall width and
ro is the radius of the skyrmion (taken from the
center of the structure to the center of the domain
wall). Following these hypotheses, we simulate
the expected experimental profile for skyrmions of
variable diameters. In Supplementary Fig.S1b, the
experimental profiles (average of three 20 nm-wide



lines crossing the skyrmion core) is compared to
the simulated profiles (averaged over the same
width) for various values of 7o, 20 nm, 30 to 50 nm
by 2nm steps, and 60nm. We note that the
precise value of A does not change appreciably the
simulated profiles.

Finally, comparing the results of the series of sim-
ulations with the experimental data, we conclude
from the best matching simulated curve with the
experimental ones that the skyrmion diameter is
80 £ 8nm.

2 Anomalous Hall effect as a
probe of the out-of-plane
magnetization

The efficiency of the electrical probe of the
local magnetic configuration in the Hall cross
area is shown in Supplementary Fig.S2: The
transverse resistance R;, of a track-shaped
Pt(10)|[Pt(1)|Co(0.6)|AloO3(1)]5Pt(x) sample (a
different one than the main text) is plotted as a
function of H, . Starting from large negative field,
the uniform magnetic state is assessed by both the
MFM image and the saturation of the Hall re-
sistance. The state is preserved when the abso-
lute value of the field is decreased (point (1), still
H, < 0). If the magnetic field is set at the value
of the point (2), the Hall resistance remains con-
stant while the MFM phase map shows the onset
of worm-like magnetic domains in the track, still
about 1.5 um away from the center of Hall cross.
Only modifications of the magnetic configuration
in an effective region of Hall cross with lateral size
of the order of the channel width contribute to the
Hall resistivity changes [1, 2]. As shown in Fig.S
2 (point (3)), the variation of R, can be observed
only when a magnetic domain approaches or is nu-
cleated in the Hall cross area, (point (3)): After a
sudden change of R, associated with the appear-
ance of a first reversed magnetic domain in the Hall
cross area, the transverse resistance then smoothly
evolves with the size of magnetic domains growing
in the Hall cross.
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Supplementary Fig.S 1: Estimation of the skyrmion diameter. a, Map of the absorption difference
Ip — lm, Proportional to the out-of-plane magnetization m.. Inserted in the STXM map, surrounded
by dashed lines, a simulated image of a skyrmion convoluted with a Gaussian beam of 100 nm FWHM
(using A = 10nm). b, Comparison between simulated profiles of skyrmions with various diameters with

the three skyrmions profile in panel a.
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Supplementary Fig.S 2: Hall resistance vs. magnetic configuration in the Hall cross. a, Hall
resistance and nucleation of magnetic domain in a selected region of out-of-plane field hysteresis loop.
In the inset we show the full hysteresis loop of R,, normalized to the value in saturation. The MFM
phase maps in b, shows that the transverse resistance R, is constant (point (1) and (2)) until magnetic
domains enter the Hall cross. In (2) the MFM image evidences the nucleation of worm domains in the
track far from the Hall cross. R, exhibits variations only when the the magnetization evolution interests

the Hall cross area (3).



