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Electric polarization

Bi3+

Fe3+
O2-

Paraelectric phase (T>1100 K)

~P[111]

Ferroelectric phase (T<1100 K)

Magnetism
G-typeantiferromagnet

Cycloidal modulation
~k ⊥ ~P

~P[111]

~k

~u

λbulk = 64 nm

G. Catalan et al. Advanced Materials 21 (2009), 2463–2485
3



BiFeO3, a room temperature multiferroic
Electric polarization

Bi3+

Fe3+
O2-

Paraelectric phase (T>1100 K)

~P[111]

Ferroelectric phase (T<1100 K)

Magnetism
G-typeantiferromagnet

Cycloidal modulation
~k ⊥ ~P

~P[111]

~k

~u

λbulk = 64 nm

G. Catalan et al. Advanced Materials 21 (2009), 2463–2485
3



BiFeO3, a room temperature multiferroic
Electric polarization

Bi3+

Fe3+
O2-

Paraelectric phase (T>1100 K)

~P[111]

Ferroelectric phase (T<1100 K)

Magnetism
G-typeantiferromagnet

Cycloidal modulation
~k ⊥ ~P

~P[111]

~k

~u

λbulk = 64 nm

G. Catalan et al. Advanced Materials 21 (2009), 2463–2485
3



BiFeO3, a room temperature multiferroic
Electric polarization

Bi3+

Fe3+
O2-

Paraelectric phase (T>1100 K)

~P[111]

Ferroelectric phase (T<1100 K)

Magnetism
G-typeantiferromagnet

Cycloidal modulation
~k ⊥ ~P

~P[111]

~k

~u

λbulk = 64 nm
G. Catalan et al. Advanced Materials 21 (2009), 2463–2485

3



Known effect of epitaxial strain on the cycloid Epitaxial strain tunedby changing the substrate

Large compressive strainantiferromagnetic order

Large tensile strainantiferromagnetic order

Small compressive straincycloid type I Small tensile straincycloid type II

Phase diagram obtainedfrom spectroscopicmeasurements

D. Sando et al. Nature Materials 12 (2013), 641–646
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Tuning of epitaxial strain
BiFeO3 thin film samples grown on various substrates Samples from UM CNRS/ThalesJ. Fischer, V. Garcia, S. Fusil

SrTiO3 DyScO3 TbScO3 GdScO3 SmScO3

straincompressive tensile
-1.35% -0.35% -0.10% +0.05% +0.50%
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NV imaging of the cycloid, iso-B mode

1

-1

0

iso-Bsignalnorm.

500 nm

DyScO3, strain -0.35%

PFM imageferroelectric domains

NV imagecycloid

~P ~P ~P ~P

~k ~k~k~k

Reference spectrumresonance shifted bya permanent magnet
Spectrum for
BsampleNV > 0
Spectrum for
BsampleNV < 0

2.75 2.76 2.77 2.78 2.79MW freq. (GHz)

Pho
tolu

min
esc

enc
e

∆PL = PL(f2)− PL(f1)
∆PL > 0∆PL < 0

I. Gross et al. Nature 549 (2017), 252–256
7



NV imaging of the cycloid, iso-B mode

1

-1

0

iso-Bsignalnorm.

500 nm

DyScO3, strain -0.35%

PFM imageferroelectric domains

NV imagecycloid

~P ~P ~P ~P

~k ~k~k~k

Reference spectrumresonance shifted bya permanent magnet

Spectrum for
BsampleNV > 0
Spectrum for
BsampleNV < 0

2.75 2.76 2.77 2.78 2.79

f1 f2

MW freq. (GHz)

Pho
tolu

min
esc

enc
e

∆PL = PL(f2)− PL(f1)

∆PL > 0∆PL < 0

I. Gross et al. Nature 549 (2017), 252–256
7



NV imaging of the cycloid, iso-B mode

1

-1

0

iso-Bsignalnorm.

500 nm

DyScO3, strain -0.35%

PFM imageferroelectric domains

NV imagecycloid

~P ~P ~P ~P

~k ~k~k~k

Reference spectrumresonance shifted bya permanent magnet

Spectrum for
BsampleNV > 0

Spectrum for
BsampleNV < 0

2.75 2.76 2.77 2.78 2.79MW freq. (GHz)

Pho
tolu

min
esc

enc
e

∆PL = PL(f2)− PL(f1)
∆PL > 0

∆PL < 0

I. Gross et al. Nature 549 (2017), 252–256
7



NV imaging of the cycloid, iso-B mode

1

-1

0

iso-Bsignalnorm.

500 nm

DyScO3, strain -0.35%

PFM imageferroelectric domains

NV imagecycloid

~P ~P ~P ~P

~k ~k~k~k

Reference spectrumresonance shifted bya permanent magnet
Spectrum for
BsampleNV > 0

Spectrum for
BsampleNV < 0

2.75 2.76 2.77 2.78 2.79MW freq. (GHz)

Pho
tolu

min
esc

enc
e

∆PL = PL(f2)− PL(f1)

∆PL > 0

∆PL < 0
I. Gross et al. Nature 549 (2017), 252–256

7



NV imaging of the cycloid, iso-B mode

1

-1

0

iso-Bsignalnorm.

500 nm

DyScO3, strain -0.35%

PFM imageferroelectric domains NV imagecycloid
~P ~P ~P ~P

~k ~k~k~k

Reference spectrumresonance shifted bya permanent magnet
Spectrum for
BsampleNV > 0

Spectrum for
BsampleNV < 0

2.75 2.76 2.77 2.78 2.79MW freq. (GHz)

Pho
tolu

min
esc

enc
e

∆PL = PL(f2)− PL(f1)

∆PL > 0

∆PL < 0
I. Gross et al. Nature 549 (2017), 252–256

7



NV imaging of the cycloid, iso-B mode

1

-1

0

iso-Bsignalnorm.

500 nm

DyScO3, strain -0.35%

PFM imageferroelectric domains NV imagecycloid
~P ~P ~P ~P

~k ~k~k~k

Reference spectrumresonance shifted bya permanent magnet
Spectrum for
BsampleNV > 0

Spectrum for
BsampleNV < 0

2.75 2.76 2.77 2.78 2.79MW freq. (GHz)

Pho
tolu

min
esc

enc
e

∆PL = PL(f2)− PL(f1)

∆PL > 0

∆PL < 0
I. Gross et al. Nature 549 (2017), 252–256

7



The type I cycloid
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Stripy ferroelectric domains
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The type II cycloid
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X-ray diffraction
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Known effect of epitaxial strain on the cycloid

Epitaxial strain tunedby changing the substrate

Large compressive strainantiferromagnetic order
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Manipulation via magnetoelectric coupling
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Summary

I New exploration of the phase diagram of BiFeO3 thin filmsusing real-space imaging
I Demonstration of the ability to manipulate electricallythe magnetic cycloid
I Next step: use a piezoelectric substrate to vary the straininside the NV magnetometer
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