Interplay between non-collinear magnetism
and nanoscale structural properties in
epitaxial Fe-based ultrathin films
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Spin-polarized Scanning Tunneling Microscopy (SP-STM)
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Competition between the different magnetic contributions

Exchange coupling

Eoxch = Y Jij M -
i#j

Effective anisotropy

Sani - ZKi (rﬁl . éz)2

Dzyaloshinkii-Moriya interaction (DMI)
Eom = Zﬁu(rﬁ: x )
ij

Higher-order interactions
Biquadratic interaction, four-spin
interaction, ...

Fe/Ir(111)
Nanoskyrmion lattice
period ~ 1nm

D=-1.8 meV
per atom

[3 s. Heinze et al. Nat Phys 7 (2011), 713-718
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Triangular pattern in Ni/Fe/Ir(111)

@ fccsite @ hcpsite @ bridge site

3 D. 1aia et al. Phys. Rev. B 93 (2016), 134409

» Alternating triangular fcc and hcp areas

» Separated by bridge lines
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Triangular pattern in Ni/Fe/Ir(111)

a -

@ fccsite @ hcpsite @ bridge site

3 D. 1aia et al. Phys. Rev. B 93 (2016), 134409

» Alternating triangular fcc and hcp areas
» Separated by bridge lines

» Some of the bridge lines are very long and influence
the magnetic state




Strong pinning of the domain walls to the bridge lines

» Out-of-plane ferromagnetic domains
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Co/Pt(111), measured by M. Perini



Strong pinning of the domain walls to the bridge lines

100mV,1nA, 4K, 0T
» Out-of-plane ferromagnetic domains

» Domain walls pinned at the long bridge lines

» Modification of exchange, DMI or anisotropy at the = . rlhonm-~|
lines, making the walls energetically more favorable Co/Pt(111), measured by M. Perini

.



Overview of the studied systems

Fe/Fe/Ir(111)

Ni/Fe/Ir(111)




The Fe double layer on Ir(111)

Bulk Fe: bcc Bulk Ir: fcc
a ; g q
°<I ) Lattice mismatch! < w
O
ol @--¢ . -
N / s
Y¢ a
bcc(110) nearest neighbor fcc(111) nearest neighbor

distance: a = 2.47 A distance: a = 2.72 A



The Fe double layer on Ir(111)

Bulk Fe: bcc Bulk Ir: fcc
Lattice mismatch! <
«
(s2]
bcc(110) nearest neighbor fcc(111) nearest neighbor
distance: a = 2.47 A distance: a = 2.72 A

200mV, 1nA, 5K,0T

[ P-J. Hsu, A. Finco et al. Phys. Rev. Lett. 116 (2016), 017201



The Fe double layer on Ir(111)
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The Fe double layer on Ir(111)

Bulk Fe: bcc Bulk Ir: fcc

» Spin spirals
» Guided propagation along
the dislocation lines
» Period ~ 1.5nm
bee(110) nearest neighbor fee(111) nearest neighbor » Nochangeupto9T
distance: a = 2.47A distance: a = 2.72A
2.3nm

.oo‘mooooooooooo
O

200mV, 1nA, 5K,0T 1V,2nA, 5K, 4T

O First layer Second layer: O bcc-like @ fcc @ hep
B P-J. Hsu, A. Finco et al. Phys. Rev. Lett. 116 (2016), 017201



The Fe triple layer on Ir(111)

Constant current map

-700mV, 1nA, 8K, OT, Cr bulk tip
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The Fe triple layer on Ir(111)

Constant current map

2 single lines

-700mV, 1nA, 8K, OT, Cr bulk tip

Same appearance at any voltage,
positive or negative

Line spacing: 1.8 to 2.2 nm
Spin spiral period: 5 to 10 nm
Straight but canted spiral
wavefront

+200mvV

Double line feature only at positive
voltage

Line spacing: 2.2 to 2.8 nm
Spin spiral period: 3to 4 nm
Zigzag spiral wavefront

4200mV

A. Finco et al. Phys. Rev. B 94 (2016), 214402



Double lines, atomic structure model
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Double lines, atomic structure model
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Single lines, atomic structure model
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Single lines, atomic structure model

A. Finco et al. Phys. Rev. B 94 (2016), 214402
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Magnetlc perlod
O 7.5nm O 4.9 nm

Dislocation lines spacing:

©185nm O 2.1nm



Correlation between

10 | : the strain relief
and

= E the magnetic period
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Micromagnetic 1D model

B A Bogdanov et al. J. Magn. Magn. Mater. 138 (1994), 255-269
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Micromagnetic 1D model
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Effect of an external magnetic field

Triple layer
single lines

Triple layer

double lines

Quadruple
layer

-500mV, 1nA,4K



Effect of an external magnetic field
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Effect of an external magnetic field

Quadruple layer:

» Ferromagnetic state reached at 0.5T
Triple layer, single lines:

» Dark stripes get thinner, move and

disappear

» Ferromagnetic state reached at 2T

Triple layer, double lines:

» Spirals split up in individual magnetic
objects

» Aligned on the dislocation lines

» lIsolated around 3T

» Ferromagnetic state reached around 4T



Magnetic skyrmions

-700mV, 1nA, 8K, 2.5T
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Magnetic skyrmions
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Magnetic skyrmions
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Manipulation of the skyrmions using a STM tip
Pd/Fe/Ir(111)
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Manipulation of the skyrmions using a STM tip
Pd/Fe/Ir(111)
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Deleting, ramp to -3V

Imaging: 300 mV, 0.5nA, 8K, 2.5T, Cr bulk tip
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Manipulation of the skyrmions using a STM tip

Pd/Fe/Ir(111)
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N. Romming et al. Science 341 (2013), 636-639

"(:;) Deleting, ramp to -3V

Imaging: 300 mV, 0.5nA, 8K, 2.5T, Cr bulk tip




Manipulation of the skyrmions using a STM tip

Pd/Fe/Ir(111)
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Imaging: 300 mV, 0.5nA, 8K, 2.5T, Cr bulk tip




Manipulation of the skyrmions using a STM tip
Pd/Fe/Ir(111)
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\'(:,;‘ Deleting, ramp to -3V
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Imaging: 300 mV, 0.5nA, 8K, 2.5T, Cr bulk tip




Manipulation of the skyrmions using a STM tip
Pd/Fe/Ir(111)
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Manipulation of the skyrmions using a STM tip

Pd/Fe/Ir(111)
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"(:;) Deleting, ramp to -3V

O Writing, ramp to 3V

Imaging: 300 mV, 0.5nA, 8K, 2.5T, Cr bulk tip



Switching with a non-magnetic tip

200mV, 1nA, 8K, -1.85T, W tip
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Switching with a non-magnetic tip
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Switching with a non-magnetic tip
Non-CollinearMagnetoResistance
GMR/TMR TAMR NCMR

== . -
200 0, 8K, 15T, W i =K ERES

[@ c. Hanneken et al. Nat. Nanotechnol. 10 (2015), 1039-1042
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Improved thermal stability

Fe monolayer on Ir(111)

Nanoskyrmion lattice visible
until 28K

[® A. Sonntag et al. Phys. Rev. Lett. 113 (2014), 077202
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Improved thermal stability

Fe monolayer on Ir(111) Fe double layer on Ir(111)

Nanoskyrmion lattice visible
Y ur:tirzs che V! The spin spirals disappear between 150 and 200K

-700 mV, 2nA, OT, Fe coated W tip

B A Finco et al. Phys. Rev. Lett. 119 (2017), 037202

[® A. Sonntag et al. Phys. Rev. Lett. 113 (2014), 077202
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Spin spirals at room temperature

-500 mV, 3nA, 0T, Cr bulk tip

B A.Fincoetal. Phys. Rev. Lett. 119 (2017), 037202
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Temperature dependence of the spiral period

Magnetic period (nm)

80 1

60 |

40 |

20 t

e Experimental data

Large spreading because
of the strain relief effect }

Vanishing of the double
layer spin spirals

0

100 200 300

Temperature (K)

B A.Finco et al. Phys. Rev. Lett. 119 (2017), 037202
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Temperature dependence of the spiral period

Magnetic period (nm)

80 1

60 |

40 |

20 t

e Experimental data

Large spreading because
of the strain relief effect

Vanishing of the double
layer spin spirals

Model (developed by Levente Rézsa)

1 =2 =2 1 = — —
H= 2 Z Ipa,ij Sp.i*Sa,j T ZDpp,ii' <5p,i X 5p,j>
p,a,{i.j) P, i)

The thermal fluctuations
have a stronger effect on
the 1st and 2nd layers

100 200
Temperature (K)

> No effective — the magnetic state is
anisotropy imposed by the third layer

» Different Jand D in at elevated temperatures.
the 3 layers

300 » Interlayer exchange

COUleng B A.Finco et al. Phys. Rev. Lett. 119 (2017), 037202
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Temperature dependence of the spiral period

Magnetic period (nm)

80 1

e Experimental data
— Mean field (rescaled)
a Monte Carlo

100 200 300
Temperature (K)

Model (developed by Levente Rézsa)

1 =2 =2 1 = — —
H= 2 Z Ipa,ij Sp.iSaj + > ZDpp,ii' <Sp,i X 5pJ>
p,a,{i.j) P, i)

The thermal fluctuations
have a stronger effect on
the 1st and 2nd layers

> No effective — the magnetic state is
anisotropy imposed by the third layer

» Different Jand D in at elevated temperatures.
the 3 layers

» Interlayer exchange
COUplmg B A.Finco et al. Phys. Rev. Lett. 119 (2017), 037202
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Summary

Pinning at the bridge lines in Ni/Fe/Ir(111)

» Triangular pattern created by strain relief
» Domain walls following the long bridge lines

El A.Finco, M. Perini et al., in preparation

Tuning non-collinear magnetism in the Fe triple layer on Ir(111)
» Spin spiral period depending on epitaxial strain relief and temperature
» Skyrmions in external magnetic field, manipulated with electric field

ik .
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- 'g C— a
e
[ A. Fincoetal. Phys. Rev. B 94 (2016), 214402
& A. Finco et al. Phys. Rev. Lett. 119 (2017), 037202

[® P-J. Hsu, A. Finco et al. Nat. Nanotechnol. 12 (2017), 123-126
v
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