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Oxide magnetoelectrics

Background

Strain-control of local magnetism in manganite films
Lag 6750 33MNO,/BaTiO,
La, ,Ca, sMnO,/BaTiO,

Strain-control of local magnetism in Ni films
Ni/BaTiO,
NI/PB(MQ1,3NDb,/3)0 65 Tlo 3203

An electrocaloric diversion



Multiferroic and magnetoelectric (ME) materials
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== Ferromagnetic
Electrically polarizable

== Ferroelectric

 Multiferroic

7, Magnetoelectric

W. Eerenstein et al. Nature 442, 759 (2006)

Direct ME effect: H control of polarisation P

Converse ME effect: E control of magnetisation M



Direct ME heterostructures

Useful for energy efficient magnetic field sensors

Strain coupling —

ME coefficient a = AP/AH

0-3 composites

2-2 composites

1-3 composites

C. W. Nan et al., JAP 103, 031101 (2008)



Direct ME effects in CoFe,O,/PVDF composites

polyvinylidene fluoride
(PVDF)

0-3 ME composite

; a3
10 <
CFO (wt. %)
100 |- Py -
"r; o B~ - P. Martins et al., JPhysD 44, 482001 (2011)
Q
f P. Martins et al., J. Nanopart . Res.15, 1825 (2013)
-100 | -
1 | 1 !
-2 -1 0 1 2

Electric field (MV/cm) A. J. Lovinger, Science 220, 1115 (1983)



Direct ME effects in CoFe,O,/PVDF composites

e CFO/PVDF
e CFO/P(VDF-TrFE)
~NZFO/P(VDF-TrFE)

H (kOe)

Large ME coefficients
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Converse ME heterostructures

Useful for energy efficient data storage

Ferromagnetic film —[

Exchange coupling ferrornasnee

material

b

Ferromagnetic film —

Strain coupling

Ferroelectric and
ferroelastic material

Electric Electric Electric
> dipole  © dipole (towards) X dipole (away)

~ Magnetic  Magnetic - Magnetic
dipole - dipole (towards)  dipole (away)

N. D. Mathur, Nature 591, 454 (2008)
ME coefficient a = y,AM/AE



Exchange-coupling-mediated
converse ME effects in Py

Exchange bias in Py/LUuMnO,

D w-AF-DW: Unclamped antiferromagnetic
domain-wall magnetization

-
¢-AF-DW : Clamped antiferromagnetic
domain wall magnetization
Loop shift, resulting from the combined

0 . exchange bias introduced by both

antiferromagnetic domain walls

moment (107 emu)

-300 -150 0 150 300 -300 -150 0 150 300

magnetic field (Oe) magnetic field (Oe)

V. Skumryev et al., Phys. Rev. Lett., 106, 057206 (2011)



Strain-mediated converse ME effects In oxides
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Sharp and persistent ME Continuous and reversible ME



Strain-mediated converse ME effects in Ni

Strain in Ni/BTO

T A -

300 [(P) . (c) AL
- ) 300 ﬁ _
i —— i .
R 200 ‘ {.., j R 200 P18
= 100t | . 1 & 100 = -
—— L & L ] ]
2 o | IR | HE
S -100f ¢ I o]
[0 6kV/om 1 < -100 £
200 ] 0 g oo J 200f . E=4kV/em 27
-300 F...—L+ - 1 300l -— ]
4kV/em 300 p—e—n—u B, ]
10 5 5 10 80 40 0

uH (mT) o H (mT)

S. Geprags et al., Appl. Phys. Lett. 96,142509 (2010)



Direct and converse ME coefficients are equivalent

Feg,Ga,g/Pb(Zn;5Nby35)g 93Tl 0703
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J. Lou et al., APL 100, 102907 (2012)

Ap/AH = y,Am/AE




Measuring ME effects

Direct ME measurements Converse ME measurements
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Access to macroscopic behaviour



Imaging: PEEM-XMCD
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Imaging: MFM

Co tip

amplitude l
O

Amplitude [nm]

—> frequency

Phase (°)

phase

-90

[

Phase difference [deg]

N
co
o

f...f... Drive freque



Oxide magnetoelectrics

Background
Strain-control of local magnetism in manganite films
LSMO/BTO
LCMO/BTO
Strain-control of local magnetism in Ni films
Ni/BTO
NI/PMN-PT

An electrocaloric diversion



Strain-mediated converse ME effects in oxides

Ferromagnetic film

Mainly studied using bulk magnetometry
Ferroelectric substrate
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Role of substrate microstructure



Ferromagnetic films on BaTiO; substrates
Structural transitions BTO  Magnetic changes LSMO/BTO
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LSMO/BTO

Samples grown by PLD
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Structural properties tetragonal phase

Microstructure
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Magnetic anisotropy tetragonal phase

Strain — Local magnetic anisotropy

PEEM-XMCD
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Temperature control of local magnetic anisotropy

pH=0T



Electric-field control of local magnetic anisotropy
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Electric-field control of magnetization

VSM T =294 K (T) Schematics
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Electric-field control of magnetization

VSM T =294 K (T) PEEM-XMCD T = 294 K (T)
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Giant magnetocaloric effects

First-order magnetostructural transition: large (dM/dT),
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Giant magnetocaloric materials

Material Ty AS/upAH Reference
(K) | QK1kgtTY)

Gd5$izGe2 276 -3.8 Pecharsky et al. PRL 78, 4494 (1997)
Gd:Si;,Ge, 136 -13.6 Pecharsky et al. APL 70, 3299 (1997)

MnAS 318 -6.4 Wada et al. APL 79, 3302 (2001)
Mn; 5.F€071Po.46Sip 54 | 320 -3.6 Tegus et al. Nature 415, 150 (2002)
MnCoGeB, ;, 277 -05 Trung et al. APL 96, 172504 (2010)
LaFeq; =-Si; 45H; 5 291 5.6 Fuijita et al. PRB 67, 104416 (2003)

CoM nSi0.95Geo.05 215 1.8 Sandeman et al. PRB 74, 224436 (2006)

Niz;Mn,;Ga,, 295 -3.6 Hu et al. PRB 64, 132412 (2001)
Niz,Mn;,Sn,, 299 3.8 Krenke et al. Nat. Mat. 4, 450 (2005)
NisoMn34|n16 219 24 Moya et al. PRB 75, 184412 (2007)

LCMO 259 -0.87 Zhang et al. APL 69, 3596 (1996)

Few materials, suffer hysteresis



Magnetocaloric effects in manganites
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LCMO/BTO

Samples grown by PLD
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Macroscopic magnetic properties
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~150 K

~210 K

Temperature-driven phase interconversion

LCMO/BTO PEEM-XMCD
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Magnetic-field-driven phase interconversion

T (K)
185 190 195 200
e | uH=05T |

Detail of transition in M(T)

Drive transition directly
Reversible

Schematics
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T (K)

Quantifying the MC effect (1)

Detail of transition in M(T)
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Quantifying the MC effect (2)
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Glant magnetocaloric materials

Material Ty AS/upAH Reference
(K) | QK1kgtTY)

Gd5$izGe2 276 -3.8 Pecharsky et al. PRL 78, 4494 (1997)
Gd:Si;,Ge, 136 -13.6 Pecharsky et al. APL 70, 3299 (1997)

MnAS 318 -6.4 Wada et al. APL 79, 3302 (2001)
Mn; 5.F€071Po.46Sip 54 | 320 -3.6 Tegus et al. Nature 415, 150 (2002)
MnCoGeB, ;, 277 -05 Trung et al. APL 96, 172504 (2010)
LaFeq; =-Si; 45H; 5 291 5.6 Fuijita et al. PRB 67, 104416 (2003)

CoM nSi0.95Geo.05 215 1.8 Sandeman et al. PRB 74, 224436 (2006)

Niz;Mn,;Ga,, 295 -3.6 Hu et al. PRB 64, 132412 (2001)
Niz,Mn;,Sn,, 299 3.8 Krenke et al. Nat. Mat. 4, 450 (2005)
NisoMn34|n16 219 24 Moya et al. PRB 75, 184412 (2007)

LCMO 259 -0.87 Zhang et al. APL 69, 3596 (1996)




Glant magnetocaloric materials

Material (Lt) 0 ﬁsl/E;Alljlr 1 Reference
Gd5$izGe2 276 -3.8 Pecharsky et al. PRL 78, 4494 (1997)
Gd:Si;,Ge, 136 -13.6 Pecharsky et al. APL 70, 3299 (1997)

MnAS 318 -6.4 Wada et al. APL 79, 3302 (2001)
Mn; 5.F€071Po.46Sip 54 | 320 -3.6 Tegus et al. Nature 415, 150 (2002)
MnCoGeB, ,, 277 -05 Trung et al. APL 96, 172504 (2010)
LaFeq; =-Si; 45H; 5 291 5.6 Fuijita et al. PRB 67, 104416 (2003)
CoM nSi0.95Geo.05 215 1.8 Sandeman et al. PRB 74, 224436 (2006)
Niz;Mn,;Ga,, 295 -3.6 Hu et al. PRB 64, 132412 (2001)
Niz,Mn;,Sn,, 299 3.8 Krenke et al. Nat. Mat. 4, 450 (2005)
NisoMn34|n16 219 24 Moya et al. PRB 75, 184412 (2007)
LCMO/BTO 186 -9 Extrinsic

X. Moya et al., Nature Materials 12, 52 (2013)
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NI/BTO multilayer capacitors

Fabrication

Ceramic Powder

L) ¢ Electrode Metal
92049090,9,9,0,.9.90.9
00200002020
\\\ \‘\ L 3¢ \‘\ ® Powder
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Ni inner electrode : .
ape Casting

Screen Printing

~ Stacking

BTO-based ceramic
outer electrode

X. Moya et al., MRS Bulletin 43, 291 (2018)



NI/BTO multilayer capacitors

300

Direct effect
Nature Materials 7 (2008) 93

Strain coupling via:

Piezoelectricity in doped BTO dielectric
Magnetostriction in Ni electrodes
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MLC characterization
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Non-volatile M reversal with no applied H
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H, from strain -

(@)]
e 3
— o
(@]
- <
) 5
= =
< <
> >
o o
o o
N N
! +
5 -
£ £
< <

' ' -0.3
4 6 . 8 10 M. Ghidini et al.,
Position (“m) Nature Communications 4, 1453 (2013)



Model

e end of 1 nsramp to K,

end of 1 ns ramp to K;;

T~ H.=100 Oe

AK|/K - =96%

IM,|/M¢ ~ 99.9% switched in 41.8 ns

M. Ghidini et al.,
Nature Communications 4, 1453 (2013)
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Sample preparation

RT Ni deposition by e-beam assisted
thermal evaporation
on ferroelectric single-crystal substrates

_ NiBT1=NiBT2
Ni/BTO

Cu(4 nm)/Ni(100 nm)/BTO (0.5 mm) UHV-MBE chamber

Ppase = 1.5 x10-1% mbar

N.-J. Steinke, R. Mansell,
C. H. W. Barnes
(Cavendish Lab.)



Polycrystalline Ni on single-crystal BTO

M(T) from VSM

R0 T
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H =10 Oe in-plane
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Polycrystalline Ni on single-crystal BTO

M(H) from VSM on changing T
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Polycrystalline Ni on single-crystal BTO

Magnetic maps using XMCD-PEEM and MFM

Room-temperature stripe width = K, = 22 kI m=3 = ¢ ~ 0.5 GPa



Magnetic maps on changing T




VSM and MFM on changing E
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Repeatable volatile switching of stripes

PEEM XMCD and XLD at different E
Stripe domains switch on and off

(@) 0V (b) 300 V

XMCD asymmetry
O M 0.1 oMM
XLD asymmetry

M. Ghidini et al.,
Advanced Materials 27, 1460 (2015)



Repeatable non-volatile switching of stripes

MFM at different E
Stripe domains switch on and off at 0 V

0.4

Phase (°)

M. Ghidini et al.,
Advanced Materials 27, 1460 (2015)
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Ni/PMN-PT (011),,,

RT Ni deposition by e-beam assisted
thermal evaporation
on ferroelectric single-crystal substrates

Cu(3 nm)/Ni(10 nm)/PMN-PT (0.3 mm)

P

UHV-MBE chamber
Ps Ppase = 1.5 x1010 mbar
N.-J. Steinke, R. Mansell,

C. H. W. Barnes
(Cavendish Lab.)




Macroscopic ME effects in NI/PMN-PT
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Global and local magnetization
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Changes in local magnetization
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M. Ghidini et al., Nature Materials 2019,
doi.org/10.1038/s41563-019-0374-8



Shear-strain-mediated ME effects
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Oxide magnetoelectrics

Extremely fertile playground for direct and converse ME effects

Structural




The Times They Are A-Changin’
Bob Dylan, 1964

| used to be so hot




