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1. Introduction
➢ The problem of heat dissipation in magnetic actuation
➢ Converse magneto-electric actuation: mechanisms
➢ Magneto-ionics

2.  Results and discussion 
➢ Magneto-ionic effects in Co3O4 films

✓ Morphology and structural characterization
✓ Magnetic properties vs. applied voltage: ON-OFF magnetism!
✓ Effect of the electric field configuration

➢ Extrapolation to other materials: N-magneto-ionics

3. Conclusions

OUTLINE
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1. INTRODUCTION: POWER DISSIPATION IN MAGNETIC RECORDING

5

V+

R V=IR
P=IV=I2R

I

Joule Effect

➢ Almost 40% of electric power can be
wasted due to heat dissipation!
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1. INTRODUCTION: POWER DISSIPATION IN MAGNETIC RECORDING



What can be done to avoid power dissipation?
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V+

R V=IR
P=IV=I2R

I

V+

C P=IV=V2/R
P=0

I=0
R→ ∞

➢ Try to replace current by DC voltage.

➢Move from resististive to capacitative systems.

Resistive System Capacitive system

1. INTRODUCTION: POWER DISSIPATION IN MAGNETIC RECORDING

➢ But… is it posible to control magnetism with voltage?



1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION
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➢Conventional voltage-driven magnetic actuation approaches

 Strain mediated piezoelectric + magnetostrictive composites (clamping effects,
need of epitaxy, fatigue-induced failure)

 Single phase multiferroics (basically at low T)



1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION
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➢ Magnetism mediated by electrostatic charges (voltage-driven)

❖ Typically proven in:

i)  Low-T magnetic semiconductors 

ii) Metallic ultra-thin films and nanoparticles (electric field only at the surface!). 

In metals lTF = 0.5 nm! Effects within 
the exchange length (lex=20 nm)
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➢ Voltage induces changes in the 
electronic band structure

➢ Coercitivity lowers by 4,5%!

1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION

M. Weisheit, Science  315 (2007) 349.

K. Nakamuira, Phys. Rev. Lett. 102 (2009) 187201.

➢ Some previous works in ultra-thin films (electrostatic charging)

2 nm



1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION
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➢ Magnetism mediated by voltage-driven ion 
migration (magneto-ionics)

❖ Strongest non-volatile effects (permanent changes)
❖ Usually slow at room temperature (ionic conductivity is thermally activated)

Nat. Mater. 14 (2015) 174

ACS Nano 12 (2018) 10291

Adv. Funct. Mater. 30 (2020) 2003704

Nat. Commun. 11 (2020) 5871

APL Mater. 7 (2019) 030701
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1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION

Ways to apply voltage (DV):

Solid electrolytes 
all-solid systems: solid heterostructure/solid 

electrolyte)

Liquid electrolytes
solid/liquid systems: solid heterostructure/liquid 

electrolyte)

Magneto-ionics = modulation of oxidation state by voltage-induced ion motion (O, Li, H, F and N ions)

Electrolyte = ion reservoir to donate/accept (O, Li, H, F and N) ions depending on voltage polarity

Adv. Funct. Mater.27 (2017) 1701904

ACS Nano 12 (2018) 10291

APL Mater. 7 (2019) 030701

Nat. Mater. 14 (2015) 174

Nat. Mater. 18 (2019) 35

Nano Lett. 20 (2020) 3435

System = Layered heterostructure containing a magneto-ionic target



1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION

Oxygen magneto-ionics using all-solid layer heterostructures: thin ferromagnetic layers (Co, Fe…) grown
adjacent to solid electrolytes (GdOx, HfO2…)

Nat. Mater. 14 (2015) 174

Phys. Rev. B 98 (2018) 214441

Nat. Mater. 18 (2019) 35
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Voltage actuation by electrolyte-gating (liquid electrolytes: e.g., non-aqueous propylene carbonate with Na+)
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▪ Electrolytic cell 
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holder

Propylene carbonate can dissolve oxygen (reservoir)   

Why in liquid state?

➢ To ensure proper V actuation 
through the formation of an 
electric double layer (EDL), with no 
pinholes

➢ To obtain high electric field with 
low or moderate voltages 
(thickness of EDL < 1 nm)

1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION



1. INTRODUCTION: MAGNETO-ELECTRIC ACTUATION

Hydrogen (H+) magneto-ionics gives faster and very strong effects!

Nat. Mater. 18 (2019) 35
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Nat. Commun. 11 (2020) 4849

SOLID configuration

LIQUID

configuration-1.2 V

-0.4 V

As grown



2. RESULTS & DISCUSSION

16



Voltage-driven motion of structural oxygen ions: the case of Co3O4

• OFF-ON-OFF… (OFF: paramagnetism & ON: ferromagnetism) ??

• Spinel structure

17

3. RESULTS AND DISCUSSION: ON-OFF magnetism in Co3O4 dense films ?



3. RESULTS AND DISCUSSION: ON-OFF magnetism in Co3O4 dense films ?
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3. RESULTS AND DISCUSSION: Magneto-ionic effects in Co3O4 dense films
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Full reversibility for mild voltages and moderate times Ferromagnetism
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DV = 0 (as-prepared)

DV = -10 V (60 min)

DV = +20 V (120 min)

ACS Nano 12 (2018) 10291

Adv. Funct. Mater. 30 (2020) 2003704



3. RESULTS AND DISCUSSION: Magneto-ionic effects in Co3O4 dense films
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3. RESULTS AND DISCUSSION: Structural characterization 
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➢ What is happening from a compositional viewpoint? (XPS analysis)

▪ Co scales with negative DV.

▪ The process is compositionally
reversible.

▪ Voltage-driven redox processes
(O2- migration) is a plausible
scenario.



3. RESULTS AND DISCUSSION: Structural characterization

22



3. RESULTS AND DISCUSSION: compositional characterization
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3. RESULTS AND DISCUSSION: compositional characterization
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3. RESULTS AND DISCUSSION: in-depth structural characterization
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A. Quintana et al., ACS Nano 12 (2018) 10291.



3. RESULTS AND DISCUSSION: in-depth structural characterization
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A. Quintana et al., ACS Nano 12 (2018) 10291.
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3. RESULTS AND DISCUSSION: Influence of the electric field configuration

Adv. Funct. Mater. 30 (2020) 2003704

ON-OFF oxygen magneto-ionics
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3. RESULTS AND DISCUSSION: Influence of the electric field configuration

Transistor-like configuration

Capacitor configuration
Capacitor configuration

Transistor-like configuration

Ion motion rate ≈ 30 emu cm−3 h−1

MS (t → ∞) ≈ 120 emu cm−3 Ion motion rate ≈ 1200 emu cm−3 h−1

MS (t → ∞) ≈ 700 emu cm−3

Adv. Funct. Mater. 30 (2020) 2003704

DV = -50 V
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3. RESULTS AND DISCUSSION: Influence of the electric field configuration

Adv. Funct. Mater. 30 (2020) 2003704

ONSET DV = -10 V

Cyclable ( 102 cycles)

ONSET DV = -4 V

Cyclable ( 102 cycles)

Transistor-like configuration

Capacitor configuration
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3. RESULTS AND DISCUSSION: What about nitrogen magneto-ionics?

Nat. Commun. 11 (2020) 5871

(working electrolyte: Ti/Cu seed layer)
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3. RESULTS AND DISCUSSION: What about nitrogen magneto-ionics?

DV = -50 V

DV = -50 V

DV = -50 V

31



3. RESULTS AND DISCUSSION: What about nitrogen magneto-ionics?

O transport assisted by channels N transport via a plane-wave-like migration front
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3. CONCLUSIONS
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✓ ON-OFF ferromagnetism by O and N magneto-ionics (stable, tunable 
& reversible). 

✓ The way to apply electric field is crucial to determine ion speed and 
generated magnetization (capacitor configuration better).

✓ N transport via plane-wave-like migration fronts while O transport is 
assisted by diffusion channels. 

✓ N magneto-ionics shows lower ONSET voltages and enhanced ion 
motion.

✓ N magneto-ionics interesting to integrate this effect with other 
nitrides used in microelectronics.

4. CONCLUSIONS
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