O J o U bW

OO UG UTUITUTUTUTUTOTUTE BB DD B DDSEDNWWWWWWWWWWNNNNNNONNNONMNNNR R RR R PR PR
O™ WNFROWOJdNT D WNRPOW®O-IAAUTDRWNR,OW®O®JdNTIBRWNRFROWO®OW-TJNUB®™WNROWOW-10U D WN R O WO

397

Ferromagnetic domain wall manipulation using
optically induced thermal gradients

Umut Parlak®®* Roman Adam®** Daniel E. Biirgler®, Tomas Duchon?,
Slavomir Nemgak®°, Fangzhou Wang®P, Christian Greb®P, Sarah Heidtfeld*P,
Claus M. Schneider®P

@Peter Grinberg Institute (PGI-6), Research Centre Jilich, 52425 Jilich, Germany
bFaculty of Physics, University of Duisburg-Essen, 47057 Duisburg, Germany
¢Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,
United States of America

Supplementary Material

Determination of the Curie temperature. We determined the Curie tem-
perature (T¢) of the [Pt(0.7 nm)/Co(0.4 nm)]; multilayer thin films using vi-
brating sample magnetometry (Quantum Design PPMS DynaCool™). The
measurement was performed under zero applied field after the sample was sat-
urated at a field of >1 Tesla. Fig. 1(a) shows the magnetic moments as a
function of the temperature. The inset depicts the hysteresis loop obtained by
MOKE magnetometry. The loops exhibits 100% remanence magnetization and
a coercive field of 40 kA /m. We imaged the magnetic domains, which were ini-
tially induced by laser illumination, near the critical temperature. The magnetic
contrast vanishes at 595£10 K, as shown in Fig. 1(b).

Magneto-optical images. We present magneto-optical images from a set of
optically-induced domains, see Fig. 2(a). We note these domains are different
from those imaged by XMCD-PEEM technique. The horizontal linear domain
patterns were imprinted across a vertical domain wall. The beam polarization
was set to o, and the beam was swept at different speeds from 1 to 20 pm/s.
We measured the intensity profiles in the direction of the red and black arrows.
The intensity profiles relative to the background domains are shown in Fig. 2(b).
The size of the island domains are beyond the resolution of the microscopy. In
addition to this, the intensity profiles do not show the lateral distribution of the
domains as shown in Fig. 1 in the main text.
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Figure 1: (a) Magnetic moments (emu) in [Pt/Cols multilayer as a function of the temperature.
Te of this sample is at 585.740.4 K. A hysteresis curve obtained by MOKE technique in
perpendicular geometry is given in the inset. (b) XMCD-PEEM imaging near T¢ indicates
the vanishing magnetic contrast at around 5954+10 K. FoV = 43 pym.
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Figure 2: (a) Magneto-optical image of linear domain patterns imprinted at different speeds
from 1 to 20 pum/s across a vertical domain wall. The laser beam polarization was set to
ot. (b) The intensity profile of the corresponding optically-induced domains measured in the
direction of the arrows.

XMCD Contrast. We calculated the XMCD spectra (Fig. 3(b)) by sub-
tracting the XAS of the ‘in’ and ‘out’ domains, instead of subtracting the C-
spectrum from the C+ spectrum. The method is physically equivalent to mea-
suring the XAS in two orientations of an applied magnetic field, owing to the
fact that the magnetization has two stable states (the ‘in’ and ‘out’ domains),
and is corroborated by giving the same results, apart from the sign, for both
polarizations. The reason for calculating the XMCD spectra in such a way is
to mitigate the effect of beam drift (i.e., the uneven illumination of the focused
photon beam mentioned in the Materials and methods section), which is exag-
gerated in the spectra due to large acquisition times necessitated by the need
of sufficient statistics to be obtained through the Pt capping layer.
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Figure 3: (a) Normalized x-ray absorption spectra of [Co/Pt]3 multilayer measured for the
‘in” and ‘out’ domains depicted in the inset image. The XMCD-PEEM images presented in
this work were obtained by at photon energy of Co Lz-edge (779.0 eV). (b) XMCD spectra
calculated for C+ and C- polarizations.

Image processing and binarization. In order to carry out the quantitative
analysis of the XMCD-PEEM images presented in the main manuscript, we
employed image processing tools [1]. First, the effects of uneven illumination
were removed using a flat-field correction technique. This allowed us to ob-
tain thresholdable images. Finally, we applied an adaptive threshold correction
method [2], and binarized the images between the integer values of 0 and 255
stored in 8-bits.

The black-to-white domain ratio was calculated by counting the total number
of O-valued and 255-valued pixels in the illuminated area.

a) -
1 um/s 5 um/s 50 um/s

100 um/s

Figure 4: Binarized XMCD-PEEM images of optically induced magnetic domains on a dark
background domains. Laser fluence and polarization state were constant while the sample was
swept in the direction of arrows at various speeds: (a) 1 pm/s, (b) 5 pm/s, (c¢) 50 pm/s and
(d) 100 pm/s. The white-black domain ratios are determined in the region of interest with
image processing software.
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Figure 5: XMCD-PEEM images of magnetic domains formed due to perpendicularly scanned
laser beams with different polarizations: (a) 0~ —o™1, (b) 0~ —m and (c) 0~ —0o—, (a*), (b¥)
and (c*) show the corresponding images after the above-described binarization procedure.

s [2] Tseng, Q. AdaptiveThreshold - ImageJ plugin, Available from: https://

a7 sites.google.com/site/qingzongtseng/adaptivethreshold, Accessed:
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