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A highly conducting Iayer forms at the interface between
thin films of the insulators LaAlO, and SrTiO..
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“Have you ever

Sir, | want to grown a thin filmin
grow oxide

heterostructures!

your life?"
— Horst Stormer

Harold Y. Hwang v

‘Nobel Prize (1998)
with Daniel Tsui and Robert
‘ Laughlin "for their discovery
% of anew form of guantum
fluid with fractionally
charged excitations"

B
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1996-2004: 8 years!!!!

-
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v 3

Story from: Nature 459, 28 (2009) ©
By: Joerg Heber

and Devices,Minis



http://en.wikipedia.org/wiki/Daniel_Tsui
http://en.wikipedia.org/wiki/Robert_Laughlin
http://en.wikipedia.org/wiki/Robert_Laughlin
http://en.wikipedia.org/wiki/Quantum_fluid
http://en.wikipedia.org/wiki/Quantum_fluid

Why choose Oxides?
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Why oxides so interesting?->power of Oxygen

Oxygen (**0) Strong negativity
—>strong Internal electric field
l —>correlation effect

Li Me
1.0

inner outer Fs Mg I
electron shell electron shell - -
2 electons 6 electrons D_g 1 _2
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History of oxides study

YBCO (late 80s)
high-temperature
superconductivity
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LSMO (early 90s)
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Oxides interface/surface

Insulating
BaTiO,
PbTIO,
Qg 9 q
QU

Orbital order

P
= HOks
Superconducting\—— Mn3* — 02 —ﬁ

Sry_xLa,TiO; Ferromagnetic

Conducting

/,-"/ y . ~ Strain

Symmetry
r/"‘ breaking //
Electrostatic \ //
coupling
,/'/V//

P. Zubko, et al. Interface Physics in Complex Oxide Heterostructures. Annual Review of Condensed Matter Physics 2, 141-165 (2010).
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file:///C:/dcg/PAPER/Pdf-files/2011-4-1/AnnuRev-Interface-Physics-in-Oxides-062910-140445.pdf

How to control?

“You can imagine
controlling the states
at phase boundaries
by making small

Stuart Rarkm exated by

Compressiveq g21

. modifications.”
o
g 1.01
é ® Electron Electronic phases
= E (charge/spin/orbital) 4
5 : ".“":":"’:" AL =
® owmm o MY S T ¢
'K_*I-'l,-*f-'l) M T
: . "; /|‘ i ’I‘ " N // x :.{,4 ' '\\
Tensile A GM 0D 3
/ ; e I )
Solid (crystal) Liquid Gas
| 4
0.00 0.05 010 . 000 Aj  ferd
Electrostatic carrier doping dote . RN \ R :"\
P D i\J M M Yy "‘~ B A
Ce content, x 4 9P 00000 iud Wfeed
Band-filling Superfluid Liquid crystal Spin liquid Otbital liquid
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The Interface Is the device

With
forward
bias

(c)

Herbert Kroemer (8/25, 1928-)
Nobel Prize in Physics (2000)
along with Zhores |. Alferov, for
-1+ developing semiconductor

i I heterostructures used in high-
speed- and opto-electronics

AlGaAs GaAs AlGaAs

double semiconductor heterostructures

e
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http://en.wikipedia.org/wiki/Zhores_I._Alferov

The interface iIs still the device

a b
..... - La 5d —V 3d UHB La 5d For a thick cap (decoupled) For a thinner cap
A A
~\-3d LHB 12¢eV
5.6eV LaVO,
40V | 7T —1 well —
02p 02p 02p Holes in the o
----- vanadium
AP A e
/ A
""" / J J J J/ J
o 1oL 9T e T8 970 Ie o g
,gl %J K‘F f‘? QJ f‘?"} f§>7 of the surface
""" (.; f—; g»: J‘: g-; -; q. B unit cell _,
\g} e r\’ TN 1N [P [ d
_____ SEES S -
----- =2 2 Y ' LaAIO, LaAIO b Surface Charge transfer
LaAlO, LaVO, aAI0;cap Substrate cap 3 reconstruction
substrate quantum well charge

Ola @Al @V 0

Hwang, H Y. et al. Nature Mater. 11, 103-113 (2012).




Oxide Electronics Emerge

Oxide Electronics: Oxidetronics

Oxygen face DO e . S

[0001]

Relaxed Mg,Zn4,_,0

R .
.

Tsukazaki et al., Science 315, 1388 (2007)
Introduced by Ramirez, Science 315, 1377-1378 (2007)




Emergent Phenomenon

Emergent phenomena:
new properties arise from the interactions of many particles in a complex system

ZHMRRLE 1+1£2%

BeAip] ™ R
(I ARG SR AREREARRE ki 200241)
@ kA (R THREREAREE JX 100084)

(b) 1—3

DUAN Chun-Gang™' ZHAO Yong-Gang*"

(1 Key Laboratory of Polar Materials and Devices, Ministry of Education, East China Normal

University, Shanghai 200241,China)

(2 Department of Physics and State Key Laboratory of Low-Dimensional Quantum Physics,

Tsinghua University, Beijing 100084, China)

()22 (d)3—3
Physics 43, 99 (2014), invited paper in Chinese.
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€ Mott insulators
& various charge

@ spin and orbital orderings
€ metal-insulator transitions
ain € multiferroics
‘ * @ superconductivity

\ symmetry /

Orbital

Hwang, H. Y. et al. Nature Mater. 11, 103-113 (2012).
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- (7922, a b s s s aas FFT
ninterface = ======m=sm=oaan. p interface () (b) -:::::'...'..‘.
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sSrO O 0 O e | 3 = N s s
- &l oocécéOOIAQ\\:OOOl
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n interface --(---) ----------- p interface E (eV)
TiO; o 0
a) Iﬂ: Majority spin b) Majority spin c] m: Majoricy spin
= sf = = of
£ 2D gas
% b p superlattice 3 p superlattice | 3 | p superlattice
2 HSEsol § GGA é’ 4 GGA+U +
= 2f /\f ° Jf/\J 2 af Uj=2 eV f
| L f (e} E-Ef (W)
= [ = = 2 T ¥Y b
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/s, Rev. Lett. 109, 127207 (2012)
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Bert,.. Hwang, Moler Nature Phy5|cs7 767 771 (2011)
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Improper ferroelectricity

a polar ferroelectric instability, and non-polar
Instabilities related to rotations and tilts of the
oXygen octahedra
et ©)
: m? ddsenpe
. Ti, Mn, Nb ) [001]
SrBi;Nb,0q
@ o Aurrivillius
et [100]
Ghosez, & Triscone, "MULTIFERROICS: Coupling of three Phys Rev | ett. 106 107204 (2011)

_lattice instabilities".Nat. Mater. 10, 269-270 2011 .
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PRL 112, 086802 (2014) PHYSICAL REVIEW LETTERS 28 FEBRUARY 2014

Electric Field Tuning of the Rashba Effect in Perovskite Structures

Electric Field Tuning of the Rashba Effect in the Polar Perovskite Structures

K. V. Shanavas and S. Satpathy
Department of Physics, University of Missouri, Columbia, Missouri 65211, USA

aS]

(Received 27 June 2013; published 25 February 2014) Xz z Xz
We show that the Rashba effect at the polar perovskite surfaces and interfaces can be tuned by 3 I — .

: : : : : : . i 14
manipulating the two-dimensional electron gas by an applied electric field, using it to draw the two- L (d) i — I
dimensional electron gas out to the surface or push it deeper into the bulk, thereby controlling the surface- %, °§

" . . . . . o~ 2 B r n (0] 10 —
sensitive phenomenon. These ideas are illustrated by a comprehensive density-functional study of the 5 6 ~ I
recently discovered polar KTaO; surface. Analytical results obtained with a tight-binding model unravel = | | o 6
the interplay between the various factors affecting the Rashba effect such as the strengths of the spin-orbit <°]¢ 1r . 50: I
interaction and the surface-induced asymmetry. Our work helps interpret the recent experiments on the - A S oL
KTaO; surface as well as the SrTiO; /LaAlO; interface. 0 | | A T

0 2 4 8 -02 0 02 04
kj (102 ATy Electric Field (V/A)
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week endin

PRL 104, 037202 (2010) PHYSICAL REVIEW LETTERS 22 JANUARY 2010

Magnetostructural Effect in the Multiferroic BiFeO;-BiMnO; Checkerboard
from First Principles

L. Palova, P. Chandra, and K. M. Rabe

QO Bi ® Fe O Mn « O Fe Fe Feldm
z y
0|0 Fe Fe FeflIMm
(i) y oo G-AFM O C-FIM O FM A
» X
A
. vl @ O @ Fe Fe Feq+M
Ol e|0O
(i) L AN N | Fe Fe Fel{M
> X FeAFMMnFM @ FeFMMnAFM W FeAFMMnAFM ©

s

; ( : A8 LA A S 2% £ 35 5 AR s D g
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Powerful tools to study oxides interface

P A= (RE*, AE?")

First
principles
calculation

r

Cutting
edge film
growth

technology

Atomic scale
Observation
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1. Imaging of structure evolution of core-shell particles 2. Structure & chemical mapping of Al alloy annealing

AN TEATY
nyh‘gs

In situ HREM imaging of FexO/CoFe,O, core shell particles at ~ STEM Imaging and chemical mapping of In-situ temperature
elevated temperatures. ‘initially’ core shell NC arrays at RT, shown  annealing of Al alloys. It shows the structure and composition
in the Inset, start reconfiguration at 330 °C. FexO left the shell of  evolution during the growth and dissolve of lath-like S-type of
I\/Iorphological transformations of a Au nanopartic le at 450 °C CoFe,O,, ?egregated at the exterior of the shells, forming "snow-  precipitates at varies of temperatures.

man-type" particles. Salram K. Malladi Nano Lett., 2014, 14 (1), pp 384-389

N.P. Young et al., Ultramicroscopy, 2010, 110/5 Anil O Yalcin et al. 2014 Nanotechnology 25 055601

- JE&‘FL’.*Z'*—L*'% s 1HEFEL s SR E = 55%%

ey. Laboratory of Pdlar Matenals and Devices Mlnls(ry FE!:Iuv ”f on




Advanced Experimental Technique

Courtesy of Y.-H. Chu
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SrRuO; + CoFe, 0O,

CESERAT) (Smf1)
\ )
Y

CFO nanopillars
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EE, BH$ B§1EE~40%@O el SRO matrix
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« s s 7 s Ady, Mater. 25, 4753-4759 (2013)
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(111) BFMO superstructure

For G-type AFM of BFO:
(111) plane is ferromagnetic plane!!!
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BFMO of different thickness

_ .. & BFMO~ 40 nm = &l e BFMO~ 200 nm
S - AN =) - o = o | o S
e S 8, 8, % S % S g— % S _ ~
Sls 28 @ S E|2 E£|b 2 = ——40 nm BFMO N 3
3 o |5 & | _ % 3 o o @ =S ——200nm BFMO e o
s g 5 £ g8 g | = 2 |/\&
> % S 2 o|» S = = @
B s o ‘n = o . ) TH
[ c L s ] om
g o & ] | o iy -
£ o E | “ 2
(2]
c
)
whd
; £
i S
20 40 60 80 100 i =
20 40 60 80 100
2 theta ( °) 2 theta ( °)
= . _ BFMO~40 nm _ BFMO~ 200 nm i‘
e é by = J T D T J T T T ’
3 g ol % 2 21.0 .5 22.0 22.5 23.0 23.5 24.0
[T = =
- o [|@ = . = Omega ( °)
= © [ (%)
o ~
- 2
2 £
g c
@ 3
£ - 40 nm BFMO/STO (001)
] : — ]
20 21 22 23 24 25 7 . P A e

2 theta ( °) 2 theta (°)

‘ #&ﬂi*:r*_wﬁ 55 PR E AR EE ST

oratory of Pglarhatenals and Devices , Minis




200 nm
BFMO

. . 2
-0.10 -0.05 0.00 0.05 0.10

8238338 288K48253828e8

BoEhiEioEkkEakRRtE

a=3.905A
c=4.000A

PEEE R R N PR

(1/2 112 1/2)

a=3.905A
c=4.015A

BRIRUXEBIGEO Ny R0
33 3
8

-0.04 -003 -0.02 -001 000 001 0.02 003

Shanghai Synchrotron Radiation aC|I|ty —X- ry Remrocal SpaceMapplng

_ IR R S SFAEFC S FRE SIS =

Key Laboratory of Pdiar Matenals and Devices,M inistry oFEHucat

s-'§="-) sEast Cﬁ&ﬁasbl éé@%ﬁdﬁ L\Lﬁj&ﬁg s ‘;



TEM support
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SQUID measurement

at 5K b — BFMO
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XMCD on Mn and Fe L edges for Bi,FeMnO,

XAS intensity (a.u.)

normalized XMCD intensity (%)
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These are NO measurable XMCD from either Mn or Fe L edges.
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X-Ray Magnetic Circular Dichroism
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Origin of weak magnetism of BFMO
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Spin Glass???

Possible spin frustration in (111) Fe or Mn ion plane
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