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Outline

1. SRO/LAMO superlattice: Antiferromagnetic coupling. 


2. SRO/LAMO bilayer: Oscillatory magnetic coupling. 


3. SRO ultra-thin layer: Oscillatory magnetic anisotropy. 

Magnetic properties due to spin-polarized carriers:
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Magnetic properties due to spin-polarized carriers:

Search for new materials for developing spintronics !



Magnetic properties 
of SRO/LAMO superlattice 

=> Each layer orders ferromagnetically


=> Layers couple antiferromagnetically 

Review: Ziese and Vrejoiu, Phys. Status Solidi (2013). 



Typical characteristics  
of SRO/LAMO superlattice 

Review: Ziese and Vrejoiu, Phys. Status Solidi (2013). 

• Strong easy plane anisotropy 


• Three regimes in M-H curve 







Magnetism in both materials are mediated by the carriers !







Carrier-driven magnetic coupling ?

• When T = Tc    , moments of LAMO layers are align to the 
applied field direction. 


• Carriers in SRO are spin-polarized by the aligned LAMO 
moments. 


• When T < Tc  , the carrier-spin polarization decides the 
moment direction of SRO layers. 
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LAMO/SRO superlattice
Tc < T < Tc

SRO LAMO

3D system

2D system with  
QWSs along z axis

Carrier-spin polarization decides SRO  
antiferromagneitcally couples to LAMO !



Microscopic Model:

Degrees of Freedom:    (i) Localized Spins, (ii) Itinerant Fermions
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I. INTRODUCTION

Frustrated magnetism is a widely studied topic in condensed matter physics.

II. MODEL AND METHOD
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III. RESULTS AND DISCUSSION

A. Phase diagram: one electron case

We present a phase diagram for one electron moving on frustrated triangular lattice with

localized spins at each site. The antiferromagnetic (AFM) nearest neigbour (NN) coupling

between these classical spins gives 120
�
Ya↵et-Kittel (YK) spin configuration (each spin

makes 120
�
with each other). The YK phase is minimum energy configuration for any value

of AFM coupling JAF . But the itinerant electrons interacting with these localized spins can

give rise to exotic magnetic configurations depending on electronic density, even with one

and two electrons.

Fig. 1 shows di↵erent phases for one electron case. The empty circles represent the

energies obtained by hybrid Monte Carlo (MC) calculations for di↵erent values of JAF where

as the straight lines are the energies for di↵erent spin configurations putting by hand to fit

with the MC energies. At very low JAF , we have FM spin configuration as expected in

double-exchange model. The straight line (magenta) represents energy for FM phase and

increases rapidly as a function of JAF . For large JAF , system goes to YK phase slowly

which is compatible with AFM coupled spins on frustrated triangular lattice. Getting the

hints from MC results (energies and real space spin configuration), we find two almost

degenerate but structurally distinct phases (discussed below): (a) coplaner FM cluster and

(b) non-coplaner skyrmion like structure as the ground states for intermediate values of JAF .

Interestingly, these two very di↵erent configurations have almost same energies (matching

2

No direct exchange coupling in the model !



Solved M-T curve 

• Simulations on 2D lattice indicate AFM coupled ground states. 

• The shape of M-T curve is consistent well with experimental results.
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Low-temperature hysteresis loops
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• Variety of hysteresis loops are found in simulations, depending on n/m ratio, 
temperature and JRu 

• Can be understood as h-h

Experiment: Phys. Status Solidi (2013)



Discussions:

• Based the picture of carrier-driven magnetic coupling, 
AFM coupling, M-T curve, M-H curve can be addressed. 


• Can we propose an experiment that confirms this 
mechanism and rules out the interfacial coupling ??



C. H. Chang, et al., Phys. Rev. B 96, 184408 (2017).



C. H. Chang, et al., Phys. Rev. B 96, 184408 (2017).



Oscillatory magnetic coupling !

C. H. Chang, et al., Phys. Rev. B 96, 184408 (2017).



Oscillatory magnetic coupling !

C. H. Chang, et al., Phys. Rev. B 96, 184408 (2017).

Confirmed in ab-initio calculation !



Summary

• Antiferromagnetic coupling in the LSMO/SRO superlattice due to 
carrier.


• The measured M-T and M-H curves can be explained. 


• Prediction of oscillatory magnetic coupling in the LAMO/SRO 
bilayer. 

C. H. Chang, et al., Phys. Rev. B 96, 184408 (2017).



Magnetic-nonmagnetic heterostructure ?
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• Carriers leads to antiferromagnetic 
alignment 

• Explains observed M-H and M-T curves

Phys. Rev. B 96, 184408 (2017)

Magnetic ordering due to spin-polarized carriers
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carrier in CRO ! 

• Consequences for magnetic moment 
and exchange bias
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Magnetic ordering due to spin-polarized carriers



Magnetic anisotropy in a 
SrRuO3 layer 









QWS and magnetization direction
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QWS and magnetization direction

M k z
<latexit sha1_base64="EP3eru3Bkhgo+FZ+gWB5DEzIL6k="></latexit><latexit sha1_base64="EP3eru3Bkhgo+FZ+gWB5DEzIL6k="></latexit><latexit sha1_base64="EP3eru3Bkhgo+FZ+gWB5DEzIL6k="></latexit><latexit sha1_base64="EP3eru3Bkhgo+FZ+gWB5DEzIL6k="></latexit>

M ? z
<latexit sha1_base64="g44aTUxMBKd10pZmm73SUKVOM8w="></latexit><latexit sha1_base64="g44aTUxMBKd10pZmm73SUKVOM8w="></latexit><latexit sha1_base64="g44aTUxMBKd10pZmm73SUKVOM8w="></latexit><latexit sha1_base64="g44aTUxMBKd10pZmm73SUKVOM8w="></latexit>

Z

Solved band structures

Large gap due to 1st order perturbation
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Magnetic anisotropy vs QWSs



Magnetic anisotropy vs QWSs



Electric-tunable easy axis

• The easy axis is 
controllable by injecting 
carriers or applying a 
gate voltage to tune Ef.



Summary

• Oscillatory magnetic anisotropy due to quantum well 
resonances in SRO layer. 


• Electric control of easy axis in SRO layer is possible 
(screen effect is much small in SRO comparing to Fe 
and Cr). 
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Exchange bias

ferromagnet

antiferromagnet

M

H
usual FM

FM adjacent 
to an AFM

M-H curve shifts opposite 
to the direction of the 

cooling field 

‘negative’ exchange bias




