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Motivation
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Read our COVID-19 research and news.
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properties of the electron spin,
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wide. In one extreme, researchers explore
the control of single localized spins, realized
on single atomic sites in crystals — such as
nitrogen-vacancy centres in diamond — or
in semiconductor quantum dots. These are
regarded as spin qubits, ideal for quantum

one expect less scattering
and higher frequency
operation.
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Motivation

Electrical spin
Generation
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The CISS Effect

What about the electron
spin?

— Chiral Induced =pin “electivity

o ¢ E xXP
;:—? Berr = 2
@
L , H50=HB<EXP> o
o 4 ' mc?
= v,

Chiral molecules as spin filters.
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The CISS Effect

What about the electron

spin?
— Chiral 'nduced “pin “electivity éw
b 8
=) w -

Z. Xie, et al., Nano Lett., 2011, 11
O. Ben Dor, et al. Nat. Commun. 2013, 4
O. Ben Dor, et al. Nano Lett. 2014, 14; P. C. Mondal, et al. Nano Lett. 2016, 16; J. M. Abendoth, et al. ACS Nano 2017, 11
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Electrical CISS Nano Memory

alpha helix

\A
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>
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L or D PAL (polyalanine), thiolated a-helix -
CAAAAKAAAAKAAAAKAAAAKAAAAKAAAAKAAAAK-SH

C, A, and K represent cysteine, alanine, and lysine
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cal Memristor Device
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Single nanoparticle magnetic spin memristor
H. Al Bustami, G. Koplovitz, D. Primc, S.Yochelis,
E. Capua, D. Porath, R. Naaman, and Y. Paltiel
Small 1801249 (2018).
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Single FMNP device

Results - 2 states logic device
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Magnetic impurities

« Skyrmions chiral impurities....

Hybrid chiral domain walls and skyrmions in magnetic multilayers

I ,«5‘;,{ &8 William Legrand , Jean-Yves Chauleau*, Davide Maccariello , Nicolas
- s ..t(\ e Reyren, Sophie Collin, Karim Bouzehouane, Nicolas Jaouen , Vincent
', v :',f’f, T a8 Cros, Albert Fert
, ~ Nt A
o \\ L
: - ~ v \ \ ‘ . -

Sketch of chiral “Bloch skyrmion”
Scientific Reports 10, 8657 (2020) .
Nature communication 11, 1115 (2020) .

Chiral spintronics S Can the CISS be utilized P. Parkin; Nature
Reviews Physics , 3 Tg control, and manipulate

@@ magnetic impurities?
Quantum Nano Engineering Lab 9/2/2021
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Exchange Interactions
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The Role of Exchange Interactions in the Magnetic Response and Inter-Molecular
Recognition of Chiral Molecules, Nano Letters, 10, 70777086 (2020).
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Selective adsorption -> Selective magnetization

Selective adsorption of a helix polyalanine

results in selective magnetization of a ferromagnet

O. Ben Dor, et al. Nat. Commun. 2017, 8.
4
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Magnetization with no
current

The current density required for the spin-transfer torque (STT) is of the order
of 106 A/lcm?

STT — current density equals10?® electrons/ s cm?
Adsorption of molecules 102 molecules/cm?

Here if 1 electron is transfer per molecule10'2 molecules/cm?

a b
2 H (Ce) Chiral - Au | Co
i
o
o Bare Ep ré____m
5 AHPA-L @1\0 / A
e A%
g R :
s
$0
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Magnetize substrate enantio-
selectivity

V.
D H-
t
& )
o
-
X L/DH+ L/DH-
~N
£
9
»
Q.
| Z
FM Au

Magnetization of a ferromagnet
results in selective adsorption of a helix polyalanine

Banerjee-Ghosh et al. Science. 2018, 360.
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Does this brake time reversal?!
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NV centres

« NV centers- Local highly sensitive
magnetic sensor

e Can measure both direction and
magnitude

« Consists of a substitutional nitrogen
atom and a vacancy on adjacent
lattice sites

: Quantum Nano Engineering Lab 9/2/2021
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NV centres manipulation

« Optical absorption (532 nm) NV~
°E
|+ )—F
* Fluorescence 600-800 nm 007 5
NV centres I =
» Spin manipulation with ol k| |E A |«
microwave ~3GHz 3 3
EX
10) —
A

.-, . . . sl Laser excitation Radiative deca — Non-radiative deca
Initialization in O state L =P Radistivedecoy == =P diative decay

@/nE
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NV centres magnetization measurement

A decrease in fluorescence in the resonance MW

frequency
|V Naad
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Microwave Frequency (GHz)

Zeeman Splitting- proportional to external magnetic field

Quantum Nano Engineering Lab 9/2/2021
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NV centres magnetization measurement
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Using NV centers can give us the magnitude & direction of

magnetization
QN IE

N
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Time evolution of the
magnhetization reorientation
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I. Meirzada’, N. Sukenik" et al. ‘Long-Timescale Magnetization Ordering Induced by an Adsorbed Chiral

m Monolayer o,n l—;erromagnets’ ACS Nano. 2021, 15.
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Time evolution of the
magnhetization reorientation

~ Measurement Simulation

30 0

Magnetization

20 20

o - angles:
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I. MeirzadaV, N. SukenikV et al. ‘Long-Timescale Magnetization Ordering Induced by an Adsorbed Chiral
Monolayer on Ferromagnets’ ACS Nano. 2021, 15.

Quantum Nano Engineering Lab 9/2/2021
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Magnetization time evolution

- » Magnetization weakens over
i time

« Magnetization angle increases
over time

I. Meirzada’, N. Sukenik" et al. ‘Long-Timescale Magnetization Ordering Induced by an Adsorbed Chiral
Monolayer on Ferromagnets’ ACS Nano. 2021, 15.

Quantum Nano Engineering Lab 9/2/2021
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Time evolution of the
magnhetization reorientation

a Dipole angle vs Time b Molecules angle vs Time
90 = 1 - ' - . . : '
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Both tilt angle and magnetization angle increase over time

I. Meirzada’, N. SukenikV et al. ‘Long-Timescale Magnetization Ordering Induced by an Adsorbed Chiral Monolayer on Ferromagnets’ ACS Nano.

2021, 15.
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The magnetization Is
metastable and
seems to break T due
to thermal
fluctuations !!!

But we are on a magnet - does

break T in any case and we
have dissipation

Artem G. Volosniev, Hen Alpern, Yossi Paltiel, Oded Millo, Mikhail Lemeshko, and Areg

Ghazaryan, Interplay between friction and spin-orbit coupling as a source of spin
@@ polarization; Phys. Rev. B 104, 024430 (2021).
9/2/2021
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AFM-Based Spin-Exchange
Microscopy Using Chiral Molecules

By adsorbing a chiral molecule on an AFM
tip, magnetic sensing is possible.

Measure directly the
exchange force

Amir Ziv, Abhijit Saha, Hen Alpern, Nir Sukenik, Lech Tomasz Baczewski, Shira Yochelis,
Meital Reches,* and Yossi Paltiel*; AFM-Based Spin Exchange Microscopy Using Chiral
G Molecules, Advanced Materials (2019).

Quantum Nano Engineering Lab 9/2/2021
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Chiral spin AFM

Measure directly the exchange force

Magnetic imaging is achieved due to
exchange interaction and not by
magnetic dipole interaction

) £\
N LK 3 L
[ | 1 G 2 |
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2
Anti-bonding

Bonding

433084 oo

Magnetization Down Magnetization Up

II . Atomic resolution of magnetic mapping!!!!
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CISS on Tip

In order to isolate the specific interface-molecule
interaction:

« A spacer molecule is placed between the tip and
the molecule of interest, to reduce VDW and
electrostatic interaction.

« The measurement if perform in a liquid
environment to avoid capillary forces

« The measured sample is an MBE grown sample to
avoid discrepancies between the composition and

topography.

Quantum Nano Engineering Lab 9/2/2021
28 L ab



Mean Pulling Force [pN]
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Counts Counts

Counts

10

20

10

(a)

(AHPA)

H

(Control)

GHEHHHEY (tHHtttett)

) (Y (teteteteettt) (

)

Down Up Non- Down Up Non-
Magnetization Magnetization Magnetic Magnetization Magnetization Magnetic
(b) TEFREATANAY) (e) [EEERREANAY)
Down 250 Down
Magnetization 5 Magnetization
S 25
e 00 (£
mrr | 4|, | TN RARAR)
Up C 5o Up
Magnetization O 8 Magnetization
o,
— 50 9 —
2
Non- 5 Non-
Magnetic 8 2.5 Magnetic
Thm 0.0
0 50 100 150 200 0 50 100 150 200
Pulling Force [pN] [____ Suggested FitJ Pulling Force [pN]

Quantum Nano Engineering Lab

Results

Control experiments were made with
gold alone and with an achiral
molecule with the same linkers.

A force difference of 13.98
+ 6.67 [pN] was measured.

9/2/2021



Suggested Mechanism

2 »
=

|ﬁ=.
CISS Effect
ect ,H='

Spin polarization

VdHY

) b

Force Spectroscopy é ) B

T > - 5]
Different Pulling Forces

Exchange Interaction

b Quantum Nano Engineering Lab
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Interaction

( 650 A

N Energy
S 0 152 + 52 [meV]

150 3

100 i Calculating the energy difference
= between the down and up
Z 50 magnetization yielded a difference of
(b} HHHHHHH fHHTH_ t_1 .
g \_ Down Magnetization ~ Up Magnetization ) 152 i 52[meV] Wthh Corresponds to
T first principle calculations.

-50

e FOrce
® Breaking Point
~100 | mm Energy

-20 0 20 40 60 80
Height [nm]

Amir Ziv, Abhijit Saha, Hen Alpern, Nir Sukenik, Lech Tomasz Baczewski, Shira Yochelis,
Meital Reches,* and Yossi Paltiel*; AFM-Based Spin Exchange Microscopy Using Chiral

@@ Molecules, Advanced Materials (2019).

Quantum Nano Engineering Lab 9/2/2021
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Using Chiral molecules to achieve
nano scale magnetic mapping

Molecular Spin Exchange Imaging

(a) No Extended Delay (b) arﬂy S (C) 1 sec Extended Delay
E zExtended Delay S T AT .
g }"’ x N
S .:-.w,-gf« -§§?.'u
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Cross Section Position [um
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Magnetlc Force Imaging
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-4000 2000 2000 4000
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Work function results

A) | )
4 ¥
Ni or Co // // //
Ferromagnetic <A
substrate
Au coating Au Coating
Ferromagnetic Substrate Ferromagnetic Substrate
D-SAM Achiral-SAM L-SAM
2z 2 = A %
2 i 2 N
g 8 8 N\
O
AN U W W\ )
40  -20 0 20 40 40  -20 0 20 40 40  -20 0 20 40
Relative Potential(mV) Relative Potential(mV) Relative Potential(mV)

Effect of Chiral Molecules on the Electron’s Spin Wavefunction at Interfaces,
@ J. Phys. Chem. Lett., 11, (4), 1550 (2020).

Quantum Nano Engineering Lab 9/2/2021
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Spin
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Bio recognition forces

Protein folding and bio recognition

Evident for New Enantiospecific Interaction Force in Chiral Biomolecules Yael Kapon,* Abhijit Saha,* Thijs Stuyver,
Amir Ziv, Shira Yochelis, Sason Shaik, Ron Naaman,* Meital Reches,* and Yossi Paltiel*

=
[4)]
o

s
o
o

Mean Pulling
Force [pN]
g

same enantiomers  opposite enantiomers

suggested fit
s same enantiomers

50 100 150 200 250 300
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Quantum Nano Engineering Lab
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Relation to spin
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Protein folding and bio
recognition
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The calculated potential energies from the toy model for
Interaction of two molecules with spin polarized either antiparallel
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Can chiral molecules alter an s-

wave superconductor
Not a magnetic systeml!l

STM tip

Sy olyalanine alpha-
e po'y P molecule-covered area  molecule-free area

height (nm)

Quantum Nano Engineering Lab 9/2/2021
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D wave and P wave spectra

d-wave p-wave
(cuprate HTSCs) (tr/p[et superconductors)
STM ti '
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Fits to the three types of spectra

Combination of s-wave, d-wave and chiral p-wave pairing potentials.

chiral p-wave : ATT = Ao sin Q(COS¢+ isin ¢) (Py + ipy , triplet)

d-wave ( dxz)i:y2 A=A, cos(26) (singlet or odd-frequency triplet)

After Adsorption -
P Pristine Sample
1 . . .
108t ===p-wave+s-wave - T T T
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B A 106} 1
= 105 S
£ L 1041 -
s | s .
2 5 102t g
3 s 3
T el it
0% 5 098 s
® w 098F =
£ £ =
[*] L
2 09 S 0%
=== p-wave+s-wave 0.94
085 ' . ’ | dwaveds-wave | .
Sample Bias (mV) - -4 -2 0 2 4 6 _
Sample Bias (mV) Sample Bias (mV)

@ Alpern, et al., New J. Phys. 18, 113048 (2016)
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Normalized dl/dV (a.u.)

Non Splitting ZBCP

dl/dV vs. Voltage - Temperature Dependence
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The induced component decreases with

temperature.
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Yu - Shiba - Rusinov (YSR) States

magnetic impurities form discrete low energy spin-polarized bound states
within the superconducting gap

§B . =0 ’; ]S
i, Inl"."'/”] N'ﬁ'ﬁ& = ]
§o "J\ﬂ'rL_.Jw g 10/
z S )
=
i {1 In-gap states =) -,
i S
4 ':{—2 -’—Il [
I=1 _ﬂfﬁ: 0.0 ) i —
; ___JL s - ll|£ 03 0 3 >
$4323 012345 Bias voltage (mV)
as (m

Ménard, G. C. et al. Coherent long-range magnetic bound states in a superconductor. Nat. Phys. 11, 1013-1016 (2015).

Ji, S.-H. et al. High-Resolution Scanning Tunneling Spectroscopy of Magnetic Impurity Induced Bound States in the Superconducting Gap of
Pb Thin Films. Phys. Rev. Lett. 100, 226801 (2008).

000
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Sub gap states (YSR-like) which diverge with
applied magnetic field

Before adsorption

di/dV vs. Voltage

Normalized dl/dV

Al

-3 -2 4 0 1 2 3 4

Voltage (mV)

after adsorption

.
- -
-~ -
‘‘‘‘‘
~ -

dl/dV (Simens)
Voltage (mV)

0 n s " .
0.8 0.6 0.4 0.2 0 02 04 06 08

Voltage (mV)

Magnetic Field (T)

Qoe Figure 3: high junction resistance
9/2/2021
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Voltage (mV)

Comparison between measurement and
simulation of an array of YSR states

Simulated ....

a b Quantum Nano Engineering Lab
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Possible Scenario

discrete YSR states Low density adsorption

Voltage (mV)

T2 -1.5 -1 0.5 0 05 1 15 2

chiral p-wave High density adsorption

Ferromagnetic
island

S~

Voltage (mV) S-wave superconductor (Pb)

Li, J. et al. Two-dimensional chiral topological superconductivity in Shiba lattices. Nat.
Commun. 7, 12297 (2016).

000
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SC order parameter change by
chiral molecules

peak intensity as a function of magnetic field bellow Hc1

1.37

1.36-
i

=t 132000 -1500 -1000 -500 0 500 1000 1500 2000
Voltage [ImV] magnetic field [G]

the junction measured consists of a Nb substrate, chiral polyalanine molecules, conductive graphene flakes and a
top gold electrode. The measurement is done between the gold electrodes.

Proximity Effect through Chiral Molecules in Nb—Graphene-Based Devices
Nir Sukenik, Hen Alpern, Eran Katzir, Shira Yochelis, Oded Millo, and Yossi Paltiel

@QG Adv. Mater. Technol. 2018, 1700300

Quantum Nano Engineering Lab 9/2/2021
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uSR Muon Spin Rotation/Relaxation
Paul Scherrer Institute

47 L a b Quantum Nano Engineering Lab 9/2/2021



Principle of a uSR experiment

A
P(t=0) 7 f-umms
@ pu ﬁ B
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Depth dependent SR measurements

- Magnetic field profile B(z) over nm scale

B(z)

Superconductor
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Muon Spin Polarisation

Muon Spin Polarisation
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Paul Scherrer Institut « 5232 Villigen PSI



30nm Nb sample under 3006

30nm Nb+Mol with applied B = 300Gauss
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Inducing magnetic impurities

New Journal of Physics 2016 JPC letters 2019

Nature Communication 2017
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Pt (3) / Au (5)

Manipulation of Ta 2)
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In collaboration with
Mathias Klaui
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Future ideas

FAB734 comparison
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Long Range Spin exchange
interactions in chiral
molecules can be used to
control measure and
manipulate quantum
magnetic impurities.

Ron Naaman, Yossi Paltiel, David H. Waldeck;
Chiral molecules and the electron spin;

Nature Review Chemistry

DOI: 10.1038/s41570-019-0087-1 (2019).
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