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General overview

➢ Fabrication of Gr/FM/HM ①, FE/Gr/FM/HM ② & SAF ③
➢ Electric polarization effectsO

1

➢ Effects of electric field on PMA

➢ Effects of electric field on DMIO
2

➢ Interfacial exchange interactions

➢ SHE, SOT-STT, spin-charge conversion, spin-filteringO
3

➢ Magnetic/ferroelectric switching for low consumptive, 

fast, stable & programmable spin-orbitronics 

technology 
O

4
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Realize voltage-controlled resistive and magnetic switching RT 
devices by exploiting Gr, FM, HM and FE 

Structural perfection 
→ Epitaxial Gr/FM/HM and Gr-SAF /Co/HM grown on insulating 

oxides 
→ FCC structure of Co, pseudomorphic with HM

Tunable SOC-induced interactions
→ Large PMA, extended up to 20MLs Co
→ DMI @ Gr/Co OPPOSITE to DMI @ Co/Pt 
→ Chiral Spin texture stable at RT and protected by Gr

Enabling Electric Field control of:
- Orbital magnetic moments (MAE)
- Interfacial DMI

Device fabrication
→ magnetic and electric switching 
→ Spin-charge conversion and spin-filtering

F. Ajejas, PP et al. Nano Lett. 2018, 18, 5364
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A multidisciplinary Consortium 

Consortium Agreement (v 23/02/2021)
Data Management Plan (v1.7 submitted)

7 partners, 4 EU countries

5 experimental (2 large scale facilities)
2 theoretical

https://nanociencia.imdea.org/sographmem/

Synergy and Complementary to Spintronics WP2 Core 
program 
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Overview WPs and techniques
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SOgraphMEM prototypes                                     

Task 1.1 Fabrication of Gr/FM/HM                                     

Task 1.2 Fabrication of FE/Gr/FM/HM                                     

Task 1.3 Fabrication of SAF                                     

Task 1.4 Fabrication of FE-SAF                                     

 

W
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Tuning SOC by electric field                                     

Task 2.1 Characterization of prototypes                                     

Task 2.2 Imaging magnetic textures                                     

Task 2.3 Rashba-DMI at Gr/FM interface                                     

Task 2.4 Electric field tuning of PMA                                     
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Multiscale modelling                                     

Task 3.1 Modelling SOC-induced parameters                                     

Task 3.2 Modelling FE and SAF                                     

Task 3.3 Micromagnetism                                     

 

W
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Magnetic and Ferroelectric switches                                     

Task 4.1 Ferroelectric switching                                     

Task 4.2 Magnetic switching                                     

Task 4.3 Memory / Logic                                     

 

Timeline

IMDEA: Gr/FM/HM
NamLab: FE
ALBA: Gr-SAF
UMPHY: Gr-MTJ

IMDEA, UMPHY: Magnetic switching
NamLab, all: FE switching, Memory/Logic Operation

IMDEA, UMPHY: magnetic/current charact. 
SOLEIL, ALBA, UMPHY : imaging
SOLEIL, IMDEA: Rashba
ALBA, IMDEA: PMA tuning by electric field

JUELICH, UCL: DFT SOC-parameters
UMPHY, IMDEA: micromagnetism
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SOgraphMEM kick-off, Dec. 2020

+ 9 months extension

FLAGERA kick-off, Mar. 2021

new:
UMPHY: Spin-filtering
IMDEA: Spin conversion

~ Monthly meetings

FLAGERA workshop, Mar. 2022
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WP1: Fabrication of Gr/FM/HM

Oxide substrate

HM

FM

graphene
FE

• Epitaxial growth of Gr/FM/HM on insulating oxides
• Epitaxial growth FE capped Gr/FM/HM on insulating oxides
• Epitaxial growth of RE based Gr-SAF 
• Analysis in-situ of the structural, electronic and chemical surface properties
• Analysis ex-situ of the structural and magneto-transport properties
• Analysis ex-situ of electric-polarization properties  

Ajejas et al., Nano Lett. 18, 5364 (2018)
Ajejas et al., ACS Appl. Mater. Interfaces 12, 4088 (2020)
Blanco-Rey et al., ACS Appl. Nano Mater. 4, 4398 (2021)
Anadon et al., APL Mater. 9, 061113 (2021)
Lancaster et al., submitted (2022) arxiv



L. De Melo Costa, PhD thesis UAM 2021, IMDEA+ALBA

FM coupling
Gr-mediated 

Super-exchange

AFM coupling
Co-Eu RKKY

WP1: Fabrication of Gr-SAF

G. Bihlmayer, S. Blugel, DFT



Pt (3 nm):

▪ Ec reduced

▪ Strong ferroelectricity with good endurance

▪ Very thin layers needed for E-field control of
graphene interface

P

U

N

D

TaOx (2 nm):

▪ Ec reduced despite interlayer

▪ Allows E-field control of graphene interface

▪ FE behaviour quenched with cycling, due to an 
accumulation of charges at the bottom interface

S. Lancaster et al., submitted, available on arXiv

Ferroelectric Hf0.5Zr0.5O2 on Gr/FM stacks

Optimizing interlayer for improved FE properties

WP1: Fabrication of FE on Graphene

Nucleation on ALD Al2O3:
▪ Low endurance
▪ High coercive field due to

drop on dielectric



WP2: Imaging Spin textures

Spin textures in Gr/FM

MFM at ZF after in-plane demagnetization

Hybrid DWs and chirality by XRMS

E. Burgos-Parra, et al, submitted  PRB (2022)

Appearance of the SOP is a signature of a change of the chirality in the z-direction

XRMS also allows to determine chirality in SAFs

Multilayer: Ta 10 |Pt 8 |(CoFeB 0.9|Ru 0.75|Pt 0.6)x10|Pt 3 

CCW Néel, as 
expected

C. Leveillé et al, Phys. Rev. B 104, L060402 (2021)

Q/2

Q

3Q/2

In-house Gr/FM @ SOLEIL-SEXTANTS (2020)
Exp. SAF @ SOLEIL-SEXTANTS (2021)
Exp. SAF @ ALBA-BOREAS (2021)
In-house Gr/FM  @ SOLEIL-SEXTANTS (2022)



Splitting OOP → intrinsic SOCSplitting IP: Rashba

SO ~ 20 ± 40 meVR ~ 100 ± 40 meV

𝑘𝑅 =
2𝑚𝑒

ℏ2
𝛼𝑅

𝛼𝑅 =
∆𝑅
2𝑘ǁ

≈ 33 𝑚𝑒𝑉 Å

DMI energy: 

According to Kim et al. PRL 111, 

216601 (2013)

𝒅 = 𝟐𝒌𝑹𝑨𝒆𝒙

R > SO

↑ ↓

↑
↓

𝐻𝑒𝑓𝑓 ≈ 𝜆𝑆𝑂𝜎𝑧 + 𝜆𝑅 𝜎𝑦 − 𝜎𝑥

𝜆𝑆𝑂 =
𝑠

18 𝑠𝑝𝜎 2
𝜉2

𝜆𝑅 =
𝑒𝐸𝑧0
3 𝑠𝑝𝜎

𝜉

Spin-splitting at Gr/Co interface

Samples grown at IMDEA and 
transferred in UHV to Soleil

M. Valbuena, PP et al. In preparation (2022)

WP2: DMI at Gr/Co

Exp. Gr/Co @ CASSIOPHEE (2021)
In-house Gr/Co @ BESSY II (2021)
Exp. Gr-SAF @ ELETTRA (2021)
Exp. Gr-Fe @ ALBA (2021)
Exp. Gr-Fe @ ESRF (2021)



WP2: E-field tuning of PMA

Exp. No. 2019023333 @ ALBA-BOREAS
Exp. No. 2020094733 @ ALBA-BOREAS
Exp. No. 2021024903 @ ALBA-CIRCE
In-house planned in 2022 @ ALBA-BOREAS

A. Gudin, PP et al. In preparation (2022)

Small changes of Co-holes, mL and mS

Agreement with modelling



Electric field manipulation of SOC parameters

M. Blanco-Rey, et al. ACS Appl. Nano Mater. 4, 4398 (2021)

Nature of PMA: 
Strong (interfacial) orbital moment anisotropy

Nature of interfacial DMI at the Gr/Co

➢ Anatomy of the DMI at
(1) Co/Pt interface (b,d)
(2) gr/Co interface (a,b)

➢ No physical reason to distinguish 
different DMI mechanisms at (1) 
and (2)

Blanco-Rey et al., submitted to PRB,  
arXiv:2111.08556

WP3: Multiscale Modelling (ab-initio, DFT, first principle)

Non equilibrium Green’s function formalism

DFT

Charlier, et al. in preparation (2022)



VCMA nucleation of skyrmions in nanodots Modelled anisotropic response:

෩𝐾𝑈 ሻ𝐸(𝑡 =
𝛽𝑃𝑀𝐴
𝑒𝑓𝑓

𝑡𝐶𝑜
⋅ 𝐸(𝑡ሻ + ෩𝐾𝑈 0

Gr enables 
control of 
interfacial 
interactions

18 ML

Micromagnetism: XRMS
E. Burgos-Parra, VC et al, submitted  PRB (2022)

C. Leveillé et al, Phys. Rev. B 104, L060402 (2021)

P. Olleros, PP et al. ACS Appl. Mater. Int. 2020, 12, 25419
P. Olleros, PP et al. In preparation (2022)
P. Olleros-Rodriguez, PhD thesis IMDEA 2021

WP3: Multiscale Modelling (micromagnetism)



Spin memory loss

IREE

Engineering Spin-Conversion in Graphene / FM epitaxial stacks

Anadon, et al. APL Mater. 9, 061113 (2021)

Anadon, et al. ACS Appl. Nano Mat. 4, 487 (2021)

WP 4: Magnetic and Ferroelectric switching

▪ Inert metal (Pt) blocks the 
scavenging of oxygen at 
bottom interface

▪ Ti/Pt top electrode can be
used to remove any
internal bias field

Ferroelectric and magnetic switches

   

  

   

     
    

  
    

   

S. Lancaster et al., IEEE ISAF 2022, 
accepted



WP 4: Spin filtering

2D-MTJs with hybridized graphene
Very high MR >80% in single layer graphene nano-MTJs

Graphene Flagship WP2 Spintronics
UMPhy CNRS-Thales, Univ. Cath. Louvain, Univ. of Cambridge 
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M. Piquemal-Banci et al.  Nat Com (2020)

Spin filtering

Zatko et al.  ACS Nano (2021)

Towards large scale 2D heterostructures
band engineering 

interfacial 
hybridization  
(spinterface)
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16 publications [2020-2021]
6 submitted
>4 in preparation

13 experiments at synchrotrons

2 PhD theses defended in 2021



RRI dimension Activities to carry out at SOgraphMEM Metrics/Target

Public engagement - Science events-Initiatives:
• Madrid Science Week
• Madrid Science and Innovation Fair
• International Day of Women and Girls in Science
• Events and conferences organized by FLAGERA
• Graphene2020 - conference online (October 19-23), https://www.grapheneconfvirtual.com

- Stakeholders relevant to the Project: Policy makers, Companies (Samsung, ANTAIOS, Tower
Semiconductor Ltd, NVIDIA).

- Number of attendees per event
- Number of meetings with companies and policy makers:

1 with Samsung Oct. 2020

Open Access/Open
Science

- Data repositories: IMDEA Nano´s Open Access Repository linked to the OpenAire portal & other
public repository (arXiv.org), UCLouvain Open Access Repository DIAL.pr, repository at SOLEIL
and ALBA.

- Data Management Plan (research & laboratory data, scientific texts, dissemination material and
exploitation documents), DMPonline.be is a platform that hosts several DMP’s template and is
available for every researcher of the UCLouvain.

- Total Number of publications, reviews, open access
- Number of datasets stored /published
- Number of plans created / published

Science education - Master programme at univerties: Nanotechnology and Condensed Matter at UAM, Specialized
Master in Nanotechnoloy at UCLouvain, (etc., UAM, UPS, TU, ..)

- “Nanociencia to-go” is an initiative of IMDEA Nanociencia to bring Nanoscience &
Nanotechnoology to an older generation of students.

- Number of students registered per training
course/programme

- Number of sessions developed

Gender equality The consortium supports its commitment regarding the Factsheet of 9/12/2013 published by the EU
Commission about Gender Equality in Horizon 2020.
IMDEA Nanociencia established a Gender Plan including conciliatory measures and formalised a
Working Group on Gender Equality in 2018.
These past years, the UCLouvain gradually tied the issue of men and women equality in its
institutional development by taking very concrete measures (Louvain 2020 project for gender policy).
Gender equality is a continuous guiding principle in all fields of action of Forschungszentrum Jülich. It
will
continue to place a strong emphasis on the recruitment of excellent female scientists, in
particular at the professor level. The establishment of structures and key instruments, such as
flexible childcare services, specific programs and networks
for female researchers and dual career opportunities are obligatory Forschungszentrum Jülich.

The consortium strongly encourages the equal participation
of all gender for the new recruitment staff, and promotes
gender balance at decision-making level.

Responsible Research Innovation (RRI) at SOgraphMEM

16 publications [2020-2021]
6 submitted
>4 in preparation
13 experiments at synchrotrons
2 PhD theses defended in 2021

https://nanociencia.imdea.org/sographmem/

Consortium Agreement (v 23/02/2021)
Data Management Plan (v1.6, submitted)
Data Management Plan (v1.7, submitted Dec 21)


