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MagneticMagnetic MaterialsMaterials
C.E.F., C.E.F., MagnetsMagnets, , 

MagnetocaloricsMagnetocalorics,,……

MetalMetal HydridesHydrides
ReversibleReversible StorageStorage, , 

Structures & Structures & MechanismsMechanisms, , 
HD et HDDR HD et HDDR processesprocesses

Computation &Computation &
NumericalNumerical SimulationSimulation

Phase TransitionsPhase Transitions &&
ElectronicElectronic PropertiesProperties

ThermoelectricsThermoelectrics, Super Cond., Super Cond.
MemoryMemory Shape Shape AlloysAlloys……

Nano et Nano et PorousPorous MaterialsMaterials
Layer Layer depositsdeposits (MOCVD, Plasma)(MOCVD, Plasma)
VeryVery HighHigh HydrogenHydrogen PressuresPressures

ZircaloysZircaloys

Main Main interestsinterests



Hydrogen reversible storage
as  metal hydrides

Production-distribution-storage-use

• Storage of electrical and chemical energies (electrolysis, thermochemistry)

• FC (high efficiency, no polluant)

• ICE (pollution réduite)

• High mass energetic density
kg H2 / m3 % massique

H2 gaz 700b 62 100

H2 Liq. 70 100

LaNi5H6 123 1.4

Ti-V-Cr 205 3.5

AlNaH4 96 7.5

MgH2 106 7.6

Reversible Metal Hydrides

Safe storage, high vol. density,
pure H2 (FC)

HydrogenHydrogen



Metal hydrides - BCC type alloys
TiVTiV0.80.8CrCr1.21.2 xxmaxmax ~ 3.1w%....  up to~ 3.1w%....  up to……
TiTi0.50.5VV1.91.9CrCr0.60.6 xxmaxmax ~ 3.6w%~ 3.6w%
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Mg vs MgH2

Mg Mg isis thethe bestbest ??
Mg Mg isis thethe 77thth mostmost abundantabundant
elementelement on on earthearth
Mg Mg hashas ~ ~ samesame costcost as Alas Al
Mg Mg metallurgymetallurgy isis easyeasy
Mg Mg isis biobio--compatiblecompatible
Mg Mg isis rere--cyclablecyclable
MgHMgH22 isis monometalmonometal hydride hydride 
systemsystem: : nono demixtiondemixtion
MgHMgH22 uptakeuptake isis 7.6 w%7.6 w%

SoSo calledcalled difficultiesdifficulties withwith MgMg
HH--reactionreaction kinetickinetic are are saidsaid lowlow, but, but……
TemperatureTemperature ofof reactionreaction isis highhigh, but, but……

40 l40 l 71 l71 l
160 l160 l

350

47 l47 l

357 kg 5 kg 5 kg66 kgTank : 5 kg HTank : 5 kg H22 = 300 km= 300 km

--MgHMgH22 rutile type      Mg rutile type      Mg metalmetal -- hcphcp



ConnectionConnection ofof a 2 kg MgHa 2 kg MgH22 tank to applicationstank to applications

Connection to the «EPICEA» PEM-
FC of CEA, Grenoble (4 kW, effic. ~ 
50%, 2 kW electric) here powering
for ~ 1 h. a ancillary heater

Direct  H2 gas fuelling a lawn-
mower from the MgH2 tank 
powering as well the PEM-FC

AutonomousAutonomous tank tank underunder developmentdevelopment



Nanostructures Nanostructures builtbuilt underunder highhigh hydrogenhydrogen pressure (5 pressure (5 GPaGPa) ) 
via via demixtiondemixtion ofof a a PdPd (Pt, Rh) + 2% Ce ((Pt, Rh) + 2% Ce (ZrZr, Al) , Al) alloyalloy

Diluted Ce (2%)
clusters

CeO2-x epitaxied
on Pd
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EXAFSEXAFSCreation of oxydes nanocrystals (catalytist) 
In a platinoïd matrix (catalyst)

Before oxidation : SS
After oxidation : CeO2-x

Matrix Pd

Antiphase structure  
Ce-O & PdO

PorousPorous MembranesMembranes
bi bi -- catalytistscatalytists



Also

Hard Magnetics (fundamental and applications)

Magnetocaloric materials

Magnetostrictives

Soft magnetics

Shape memory materials

Thermoelectrics

Thin layers

Zircaloys



European Collaborations

Kyev
Bordeaux

Turin



International Collaborations

Sao Paulo

Novosibirsk

Constantine



Hydrogen in metals, impacts on the structural, mechanical & magnetic properties

Main principles

Structure and mechanical aspects

Electronic (Magnetic) aspects

Experimental analysis

Neutron scattering (and X-rays)

Spectroscopy techniques

Theoretical approaches

Intrinsic effects at microstructure and structural scale

Impacts on fundamental properties

Extrinsic properties







Mn Fe Co

Ru  Rh

MAGNETIC ELEMENTSMAGNETIC ELEMENTS

MULTINARY METAL HYDRIDES ?







compare to relative volume expansion 
at a magnetic transition ! ;            

a few %o to ~1% 

Figures Figures ofof meritmerit

r(mol.) > 1.4 ÅÅ

r(H-) = 2.1 ÅÅ

r(H0) = 0.529 ÅÅ (Bohr)

r(H+) = 0.16–0.38 ÅÅ

r(insert) > 0.4 ÅÅ (Westlake)

d(H-H) > 2.1 ÅÅ (Switendick)

V(H) ~ 2.7–2.9 ÅÅ3

V/V: from few % up to 30 %V/V: from few % up to 30 %



Structural to Structural to mechanicalmechanical microstructure transformationsmicrostructure transformations

CoherentCoherent vs vs incoherentincoherent volume expansionvolume expansion

DisplaciveDisplacive vs vs distortivedistortive transformationstransformations
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Structure changesStructure changes

Microstructural Microstructural effectseffects
boundary grain barrier dislocation catalyst

11-- RE (RE (hcphcp) ) REHREH22 ((fccfcc) ) REHREH33 ((hcphcp))

22-- TiCrTiCr22 –– C15 (C15 (fccfcc) ) TiCrTiCr22HH55 –– C14 (C14 (hcphcp))

3- -NbH0,89 ’-NbH<0,89 -NbH~0,2

Orthorhombic
Superstructure
Non mobile H

Disordered Phase
Mobile H (vacancies)

Can affect all components of a composite alloy
and more particularly its physical intrinsic and
extrinsic characteristics



BCC type BCC type alloysalloys (compound)(compound)
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BCC type BCC type alloysalloys (composite)(composite)

TiVTiV0.80.8CrCr1.21.2 xxmaxmax ~ 3.1w%....  up to~ 3.1w%....  up to……
TiTi0.50.5VV1.91.9CrCr0.60.6 xxmaxmax ~ 3.6w%~ 3.6w%
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MechanicalMechanical andand micromicro--structurestructure modificationsmodifications

DecrepitationDecrepitation::
In principle no change of formula, no transport of elements (HD)(HD)

Intergranular decrepitation

Intragranular decrepitation

DisproportionationDisproportionation::
Hydrogen Disproportionation Dehydrogenation Recombination (HDDR)(HDDR)

(magnet materials, hydrogen electrode materials)

AmorphisationAmorphisation::
Hydrogen Induced Amorphisation (HIA)(HIA)

(shape memory materials, soft nanocrystallized materials)



MagneticMagnetic propertiesproperties: : intrinsicintrinsic//extrinsicextrinsic fundamentalsfundamentals

Atomic scale Valence & conduction Valence & conduction bandsbands…… involvedinvolved in Min M--HH

Spin (self rotation of electron) Si

Orbit (orbital rotation of electron)     Li           Ji = Li±Si

Magnetocrystalline anisotropy (ElectricElectric Field Gradient : EFGField Gradient : EFG)
~ charge density of neighbour atoms coupling with the hyperfine field

Exchange force E ~ Jexch TC ~ Si . Jexch . Sj. 

nm to μm scale

Dipolar field
demagnetizing field / domain walls PinningPinning by by interstitialsinterstitials

Superparamagnetic / domain walls PinningPinning by by interstitialsinterstitials



weak to strong ferromagnetic character
the first one type being more particularly volume (d-d distance) sensitive

Transition Transition metalmetal magnetismmagnetism ((alloysalloys))

+     J
ij

-

NiCo
-Fe

-Fe
Mn

d-2r

E E

weak ferromagnet strong ferromagnet

TTCC ~ ~ JJijij SSii . . SSjj



Rare Rare earthearth metalmetal magnetismmagnetism

Localized magnetism : discrete levels, not bands

J = L ± S     spin and orbit components

exchange interaction via conduction electron density (s,d): metal-insulator trans.

RKKY RKKY mechanismmechanism :  :  EEexchexch ~ M~ Mii . J. JRKKYRKKY . . MMjj

rather to very low TC, very complex magnetic structures
very sensitive to M-H(s) bonds

otherwise magnetic to non magnetic transitions
or metal to insulator transitions

are induced at hydride formation
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E

E
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ExternalExternal
PressurePressure

NegativeNegative
PressurePressure

NegativeNegative PressurePressure

+  Charge +  Charge TransferTransfer

ExternalExternal pressure vs pressure vs negativenegative pressure pressure effectseffects



Control P et T
Press 1500 tons

Monitor
& Record

Press 1500 tons
5 cm

mould
(calcite)

pyrophyllite

steel electric contact

Mo disk

cell
(NaCl)

Insulators (calcite)

furnace
graphite

HighHigh pressure machinespressure machines

Belt 12 mm Belt 17 mm Conac 40 Conac 28

P max 8 GPa 4 GPa 6 GPa 7.5 GPa

F appl. 180 t 230 t 1500 t 1000 t

T max 1500°C 1500°C 1500°C 1500°C

V réaction 0.04 cm3 0.17 cm3 0.80 - 1 cm3 0.17- 0.40 cm3



SuperabundantSuperabundant vacanciesvacancies (SAV) in (SAV) in PdPd, Ni, , Ni, MnMn……
a new a new metalmetal statestate……??



Structure, Structure, propertiesproperties andand DOS DOS calculationscalculations
on SAV on SAV systemssystems
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ExperimentsExperiments atat ESRFESRF
usingusing thethe samesame setset--upup



Structure, Structure, propertiesproperties andand DOS DOS calculationscalculations
on SAV on SAV systemssystems

PdPd -- nearlynearly ferromagnetferromagnet
PdHPdH0.80.8 –– superconductorsuperconductor 11 K11 K
PdPd((VacVac)H)H22 –– AF AF correlationscorrelations



PorousPorous metalmetal membranes membranes -- SAXSSAXS.

VacanciesVacancies coalesce coalesce alongalong thethe defectdefect pathespathes to forme poresto forme pores
BehaviourBehaviour ofof thethe pore pore sizesize andand distribution versus distribution versus annealingannealing temperaturetemperature



ExpitaxialExpitaxial interfaces interfaces ofof mixedmixed catalystscatalysts fromfrom
SAV SAV assistedassisted demixtiondemixtion as as seenseen by HREMby HREM & EXAFS& EXAFS

VeryVery highhigh HH22 pressure pressure demixtiondemixtion ofof alloysalloys thenthen controlledcontrolled oxidizationoxidization:  :  
(Pd(Pd0.80.8RhRh0.20.2))0.970.97CeCe0.030.03, Pd, Pd0.970.97AlAl0.030.03 andand (Pd(Pd0.90.9PtPt0.10.1))0.970.97AlAl0.030.03))

Diluted cluster Ce (2%)

CeO2-x 
épitaxed on 

Pd
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DevelopmentDevelopment ofof oxidesoxides nanonano--crystalscrystals
in a in a platinoidplatinoid matrixmatrix ((bothboth catalystscatalysts))

EXAFS

Before oxidization : S. Sol.
After oxidization : CeO2-x

Antiphase 
structure Ce-O & 

PdO

Pd matrix



AgeingAgeing functionalfunctional steelssteels

Special steels for very deep
off-shore oil diging

C : 0,41 - Cr : 25,5 - Ni : 34,9 - Mn : 1,03
Si : 1,91 - Nb : 0,78 - Ti : 0,04 - Fe : balance

100 to 1000 hours treatment
at ~ 1200 K under 0,1 Pa H2
to simulate 2 years of steel
ageing. Grain boundaries
precipitates of the same ageed
fragile phase were prompted
within 1 h under 5 GPa H2
at T <  900 K



MicrowaveMicrowave assistedassisted plasma plasma depositsdeposits andand implantsimplants

Réactor

Microwave
source

Pulse 
generator

Monitor
pulse source

Magnétron

Linear
Applicator

Sample

Magnets Applicators

Targets

Cooled target
holder



PorousPorous foil foil e.g.e.g. NiNi

HH22 HP SAV 2HP SAV 2

HH22 PlasmaPlasma

SAV H2 HP 1SAV H2 HP 1

0 .0

0 .2

0 .4

0 .6

0 .8

0 0 .2 0 .4 0 .6 0 .8 1
h yd ro g e n  c o n c en tra tio n  (x)

m
ag

ne
tic

 m
om

en
t  

  B

3,6

3,8

4

4,2

4,4

0,00 0,20 0,40 0,60 0,80 1,00

Ni-Hx

ch
ar

ge
 in

 d
 b

an
d

x

Spin up

Spin down



SwitchableSwitchable mirrorsmirrors

Gd (0001)

Mo

Pd

Mo

Al2O3

50 -100 nm

Laser ablationLaser ablation



SwitchableSwitchable mirrorsmirrors
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GdH3 as a quasi-semi conductor

Grazing XRD of HCP-Gd, FCC-GdH2
and HCP GdH3

Magnetization of Gd and GdH~3



Grenoble, France

Thank you very much
for your kind attention




