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Data Storage for Our Digital Era

Feng, Yan & Liu, Adv. Electron. Mater. 5, 1800466 (2019)



Current-Driven Information Writing

Write-head: coil with current

Read-head: GMR sensor
NiFe
MgO

Co
MnFe

MRAM
Area：60 x 60 nm2

0        1

MRAM：100 pJ/bit (10-10)

STT-MRAM: 1 pJ/bit (10-12)

Joule heating: I2Rt



Electricity for Data Storage



Alternative Approach – Electric-Field
Control via FM/FE Heterostructures



Challenges of Epitaxy of Metal
Films on Ferroelectric Oxides

• 1. Epitaxy – high temperature

• 2. Chemical reaction 

• 3. Wetting issue

• 4. Lattice mismatch



Epitaxial Growth of MnPt

RHEED & AFM



Epitaxial Growth of Intermetallic
Films on Oxides – MnPt on MgAl2O4

Liu et al. Adv. Mater. 28, 118 (2016)



Capable of  
Integrating 
Intermetallic 
Alloys on Oxides 
with In-Situ
Monitoring



FeRh

Electrical Magnetic Structural

~1% Volume Change!

M. Fallot & R. Hocart, Rev. Sci. 77, 498 (1939)

J. S. Kouvel & C. C. Hartelius, J. Appl. Phys. 33, 1343 (1962)

L. Zsodos, Phys. Stat. Sol. 20, K25 (1967)



Structural Characterization
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Epitaxy of FeRh on BaTiO3



BaTiO3

FeRh

Cross-Section TEM



MFM Imaging of Magnetic Phase 
Transition

Liu et al., Phys. Rev. Lett. 116, 097203 (2016)



Giant Electroresistance in a Metal
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Polarization Switching Energy for 1 Bit

ESwitching = 1/2PsVS = 12.5 µC/cm2

× 0.83 kV/cm × 100 nm × 100 

nm × 100 nm ≈ 10-17 J/bit

5 orders of magnitude lower than STT-

MRAM (10-12 J/bit)!

7 orders of magnitude lower than MRAM

(100 pJ/bit)!

Saturation polarization

Switching voltage

Cell area



Antiferromagnetic

Spintronics



Advantages of Antiferromagnets

• 1. Zero stray field

– Insensitive to external magnetic fields

– Higher packing density for memory devices

• 2. Due to the canting of AFM spins, the intrinsic

spin dynamics is very fast

– Zero field AFM resonance frequency: THz



Pioneering Theory



Pioneering Experiments



AFM Memory Assisted by Heating



AFM Memory via Spin-Orbit Torque



Anomalous Hall 

Effect (AHE) in

Antiferromagnets



Mechanisms of the AHE



Breakthrough in the AHE

Mn3Ir



Breakthrough in the AHE

Mn3Sn



AHE in Non-Ferromagnetic Systems

• Non-collinear antiferromagnets (Mn3Ir, Mn3Sn, Mn3Ge, etc) 

– Spin-structure-induced non-vanishing Berry Curvature

• Non-magnetic two-dimensional materials (WTe2, MoTe2, etc)

– Berry-curvature dipole induced by inversion symmetry 
breaking

– Second-order nonlinear AHE

• Non-magnetic two-dimensional electron gas (MgZnO/ZnO
heterostructure, etc)

– Skew scattering of electrons from paramagnetic centers

Chen et al., Phys. Rev. Lett. 112, 017205 (2014); Nakatsuji et al., Nature 527, 212 (2015) 

Sodemann & Fu, Phys. Rev. Lett. 115, 216806 (2015); Zhang et al., 2D Mater. 5, 044001 

(2018); Kang et al., Nat. Mater. 18, 324 (2019); Ma et al., Nature 565, 337 (2019)

Maryyenko et al., Nat. Commun. 8, 14777 (2017)



First-Order AFM Magnetic Transition

~360 K



Growth - Mn3Pt



Characterization



Electrical Switching



Theory – Anomalous Hall
Conductivity of Strained Mn3Pt

Calculated:

Liu et al., Nat. Electron. 1, 172 (2018)



Towards Low Energy-Consuming 

AFM Spintronic Devices  

KIT, Germany



Highlighted by 

Nature Physics



Highlighted by Science  



AFM MnPt (TN ~ 975 K )



Responses to B & E

0.03%

0.01%



Asymmetric Strain

Strain



Asymmetric Strain in (001)-
Oriented PMN-PT

Strain



Electrostatic Doping?

λTF ~ n-1/6~ 2 Å

Liu et al., Phys. Rev. Lett. 116, 097203 (2016)



Carrier Density



Exchange Bias Modulation

Delta HEB ~ 60 Oe

Delta Hc ~ 14 Oe



FM Layer Insensitive to Strain



Mechanism – Rotation of AFM Spins
in (101)-Oriented Grains



Information Writing under Strong B



Data Retention under Ultrahigh B



Piezoelectric Strain-Controlled AFM 
Tunnel Junction 

~11.2% resistance 
modulation at 300 K

Yan et al., Nat. Nanotechnol. 14, 131 (2019)



Highlighted by Science





Strain-Controlled Anisotropy in 
Antiferromagnets



Strain-Controlled Anisotropy in 
Antiferromagnets



Strain-Controlled Anisotropy in 
Antiferromagnets



Strain-Controlled Anisotropy in 
Antiferromagnets



Strain-Controlled Anisotropy in 
Antiferromagnets



Magnetoelastic Energy induced by 
Strain 

EStrain ~ 3/2λsσ

Magnetostriction

Strain

Origins: Long-range magnetic order & Spin-orbit coupling

Although antiferromagnets cannot sense magnetic 

fields, they can feel strain well like ferromagnets!





Epitaxial VS Piezoelectric Strain

Comparison between Two Types of Strain

Epitaxial 

Strain

Static & 

Irreversible

Quick relaxation from 

interfaces

Short range

(1-30 nm)

Piezoelectric 

Strain

Dynamic & 

Reversible

100% in-plane strain 

mediation via interfaces

Long range

(Up to ~um)

Liu et al., Adv. Electron. Mater. 5, 1900176 (2019)

Biegalski et al., Appl. Phys. Lett. 96, 151905 (2010)

Dekker et al., Phys. Rev. B 84, 054463 (2011)



attention!


