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What are quantum materials ?

Quantum materials (QM )are solids with exotic physical properties, arising from the

quantum mechanical properties of their constituent electrons; such materials have great
scientific and/or technological potential.

Themes of modern quantum Materials: Brief history of the research on physics of QM
d
Order and Symmetry; Topology; Quantum Hall physics High-T_superconductivity 1980s
Entanglement; Correlations; Dynamics ! !
Quantum topology Strong correlation
Topological current Mew particles Mano- 1990s
Berry phase fractionalization physics
| | | | | |
¥ ¥ ¥ ¥ ¥ ¥
AHE, SHE Multiferroics Coldatom 0 YaNced
spectroscopy
l J’ l l l l Present
REVIEW ARTICLES nature, Topological i . Quantum  MNano-
PUBLISHED ONLINE: 25 SEPTEMBER 2017 | DOI: 10.1038/NPHYS4274 phySICS insulator >pintronics simulator  devices

,l, l l l Future

Topological  Quantum Above-RT
electronics computation superconductivity

Emergent functions of quantum materials

Mottronics
Yoshinori Tokura?*, Masashi Kawasaki"? and Naoto Nagaosa'?
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editorial

The rise of quantum materials

Nature Physics. 12, 105, 2016

Emergent phenomena are common in condensed matter. Their study now extends beyond strongly
correlated electron systems, giving rise to the broader concept of quantum materials.

d Magnetism

O High temperature superconductors
 Topological Insulators

O Oxide heterostructures

O Van der Waals heterostructures

1 Monolayer "transition-metal dichalcogenides”
a ...
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The trend: on-demand properties
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“Artificial” Quantum Materials
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 Conducting Oxide Interfaces for Electronics

 Conducting Oxide Interfaces for lonics and Electrocatalysts
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1. Material limit of Si is going to be meet
What will happen when continued scaling is no longer possible with silicon because quantum effects have come

into play. ,?

Faster,
Cheaper,
Smarter...
® f=)
X e
Clock :ﬂ (MHzZ)
ock speeds
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Beyond CMOS : Emergent Research Device Materials

Marked in 2007 edition of The International Technology Roadmap for Semiconductors

EMERGING
NANOELECTRONIC
DEVICES

Ealited by
AN CHEM = JAMES HUTCHBY + VICTOR ZHIRMOY « GEQORGE BOURAMNGFF

WILEY

2015

To develop a new generation of devices based on new physical principles ...
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1.1 Why Oxides, ?

a. Rich Physics due to correlated electrons;

Si'iCOl‘l Mosltly 3s, 3p

antibonding

(T T PR
' ||

Bandigap

I

Mostly 3s, 3p
bonding

Electrons - i}

Orbitals ,,‘ s ¢ z_,y¢ .

2s 2p, sp hybrids
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b. Multi-functions in compatible structures; P
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Build up your own superlattice

Lego version of an oxide superlattice structure

08 July 2016
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1.2 Conducting Interface is the device

Gate Metal

REVIEW

Oxide Interfaces—An

Opportunity for Electronics
J. Mannhart™ and D. G. Schlom™ Sgjence, 327, 1607, 2010

2DEGs in Si-based MOSFET

and GaAs/AlGaAs
08 July 2016
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1.3 Oxide Interface remains in its infancy

a . Novel physical properties and phenomena
Ferromagnetism, Superconductivity, metal-insulator transitions, large spin-orbital coupling...

IE

500: T T T = 107 E-P=52 mvw
A4oo ::1{7 = g i -
Q:f200 105 r
I_ = Bg = — } | !. ] +—
¢ o T T 00 2000 m000 2000
. L. o . Time (s) .
Magnetism Superconductivity Visible light enhanced field effect
A. Brinkman et a/, Nature Mater. 2007  N. Reyren et al. Science, 2007 Y. Lei et al. Nature Commun, 2014
b. Demonstration of field effect transistors c. lntegration with Si
et
SrTiO, i
Sl2
Si

Photograph of an array of LAO/STO FET
and a chip carrying 700 000 FETs.

R. Jany et al. Adv. Mater. Interfaces 1, 1300031 (2014)
15 DTU Energy, Technical University of Denmark 08 July 2016

LAQO/STO heterointerface on Si.
J.W. Park et al. Nature Commun. 1:94 ,1096 (2010)
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History of improvements in the mobility of 2DEG in GaAs- Mobility History of 2DEG in LAO/STO heterostructure
AlGaAs heterostructure.
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Quantum devices at oxide interfaces . Oxide interfaces for Energy
(Detection of QHE at complex oxide interface) (Oxide interfaces for catalysts)

n
n
n
n
n
n
n
n
n
n

| |

.............................. 5‘...............................'

o’ ’0

The realization of modulation-doping at oxide mterfaces }
(chrage transfer principle )

A A

2DEG at W The first creation of 2DEG at a spinel/perovskite # Creating 2DEGs by strain- }

amorphous interface Interface with record mability. induced polarization
[ I I

Exploration of new systems and Optimization

<+

The origin of 2DEG at oxide interfaces }

(Discovery of a new way to create 2DEGs at oxide interface by redox reaction,)
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Experimental

Oxide Thin Film growth with atomical control at DTU Energy

a. Atomically flat substrates

[3582nm]397 nm

ha
=]
=

oos0 0 5 o7 sz ooe [w]

[pm] 200

3.0 (nm)

15

1(b)

DTU
Al
>
— .fr
| f"""j Regular flat terrace
i ol surface with terrace
= height of one unit cell
(0.39 nm).
1.0 2.0 (um)

b. Atomically In-situ control during film growth (PLD-RHEED)

Pulsed laser deposition

18 DTU Energy, Technical University of Denmark

In-situ RHEED
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OSSOt (TI0,)
{Sr()"
L
{SrQ)°
T (TiD,)"
(SrO)°

Intrinsic

doping

xtrinsic
doping

Charge density Electric potential
A A

-]

-

-]

Oxygen
Vacancies

Conduction
Band

Valence
Band

. Cation intermixing

(Interdiffusion of La

into STO)
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‘The key is to identify the rightorigin of the defects.

e

i

a. Oxide heterostructures are often grown at high temperatures, where
ions exchange introduces the complexity

Heated SrT|O3 . ! !ﬁ . .

in vaccum

'_ LAO/STO

02 2
Po2

b. Our finding: Room temperature redox reaction at oxide interfaces

/LAO or STO amorphous films \

-7 SS
- ~
- ~
- ~
- ~,
- ~,
- ~.
- ~.
- ~.
- ~
- ~
e SS
e ~

J——— — & A
— sto | [TisAT | (G
Conductive Insulating Insulating

\_ 32380/  >1090/1  >10°Q/

(No polarity, no thermal-induced oxygen conduction, no intermixing)
Y. Z. Chen et al. Nano letters 11, 3774 (2011)
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19 20 32 33 34 35 36
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2. Materials of oxide 2DEGs

1. Polar oxide interfaces;

o |
o =] _ .-:b r"\
Chen et al. Nature Commun.
Ohtomo & Hwang 4, 1371 (2013)
e Nature, 427,423 (2004) ’
LaAIO3/SrTiO3 Gamma-AI203/SrTiO3

3. Disordered structure

Complex oxide film

0% diffusion

Chen et al. Nano letters
11, 3774 (2011)

Chen et al. Nano letters
11, 3774 (2015)

CazrO3/SrTiO3 Amorphous-LaAlO3/SrTiO3

DTU Energy, Technical University of Denmark




2DEG at GAO/STO interfaces (a system outperform any others) DTU

I

2.1 Why Alumina (Al,O3)?
* Al-based oxides satisfy the criteria for interface redox reaction
 For Al-based oxides, gamma-Al,O; matchs perfectly with STO.

o.
LK - : s T %:
®ee? _Compressive | Tensile 2% 9 g o
@ o o = T T e e e O 9“
e o e ocaobvam >
2oL B e = YIS
P 2 3 <I_:'§ l
@ @ o l = l
D - S
' vy
| —vvvv] ~ 0 A
3.7 4.1 (A)

o)
&
D
o

DTU Energy, Technical University of Denmark



A heretofore unexplored heterointerface between two oxide insulators of
Spinel y-Al,O; and Perovskite SrTiO,

HE

e
-.a-, - Star‘t 1 uc "f'AI;_:'Da Stt}[}
.E : []
=
-tu—bJ —
£ =S
0O @
m e L
L
o
I 2 1 1 L
(0] 200 400 600
Deposition time (s)
Oxygen f EaL v .
. , sublattice .:.:' ..
-
-Al;O5 (001) face :"f": e
e » - -
d o @ o QP o '-‘-: - .
g o g = T - .
o k] T T T
@
& =

TiO,-STO (001) face

ADF signal @

@ O° o Ti¢+ o AR+ @ Srat

Distance (nm)

Y. Z. Chen et al. Nature Communications, 4:1371, 2394 (2013)
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A short note:

Our y-Al,0,/SrTiO,

1. New system with perfect lattice match;
Perovskite/spinel rather than perovskite-type i

2. Clear 2D character;
not quasi-2DEG any more.

3. Highest mobilities;

4. Common and cheap materials (without La)

OXIDE INTERFACES

Mismatched lattices patched up

MATURE CHEMISTRY | WOL 8 | APRIL 2006 | www.nature.comy/naturechemistny
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Example 2: 2DEG by Strain-induced Polarization in nonpolar oxide interfaces

Use proven principle to create 2DEGs at oxide interfaces.

P=0 Interface P
DO DD > e > e 0
° t ot o+ o@ @ o
Y. Z. Chen et al. Nano Lett. 15, 1849 (2015) w1 XK1 » t &a® =B W
D S DI D e 2 0
sro Tio, Zro,

Polarization near the interface.

26 DTU Energy, Technical University of Denmark
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a. Semiconductor interface (AIGaN/GaN)

- DI
2DEG S % AIGaN +8 -
e '\\ +S  2DEG
‘lt:ltl‘! S i
Cal = —
Pol: t
“Iﬁ.ﬁ'_f“" J. P. Ibbetson et al. APL 77, 250 (2000).

b. ZnOIManO interface

O-face

Energy (eV)

A. Tsukazaki et al. Science 315, 1388
(2007)

c. Complex oxide interface: CZO/STO

27 DTU Energy, Technical University of Denmark

08 July 2016


http://www.sciencemag.org/content/315/5817/1388/F1.large.jpg
http://www.sciencemag.org/content/315/5817/1388/F1.large.jpg

Polarization effect dominates the interface conduction of CaZrO,/STO

t<t &{r{15uc

(em™)
3 3
O

= @ Experimental (series 1)
a O Experimental (series 2) |
10 Anticipation from strain !
induced polarization 1

107" — - ] ; ] ; ] ; ] ; 1 ; 1

6 8 10 12 14 16 18

Fiuc)
DIU |:nergy, lechnical UnlverS|ty OoT benmark

TiK)

0 100 200 300 10 100

T(K) T (k)
CZO ESTO
+ [ — (Ecgm — Ecem)]0sczo
. ePrzg

€ng = PCZO/(l —t:/t)

Pe70=2.3 x 1013 e/cm?=3.5 uCcm??,
£.=6.5 uc

Y. Z. Chen et al. Nano Lett. 15, 1849 (2015)



A common problem for STO 2DEL

SrTi - ‘
L e E
- Fat
dxz.yz electrons extend y 4 p . I
£ P -
Fd
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f'é&
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conduction
band
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deeper into SrTiO, . 7 b
|
|
|
|
|
l
|
|
|
|
|
|
l
4

1
"\ _dxz,yz (_%_8@_8%) :
q:JuLMm«J‘_FJ\JmJ«_.% fga | | |
- _Lq\_m_ﬂu"\_)“’\,_ﬁ'ux_b_ﬁ_m_fuﬂ_m_.__ [E., i :
. | )
3 : N W L | : 5.6 eV
= 5 aEA ; 3.2
. | |
IE W : : “ 2 7 eV ‘
T [ I 4
N . v W, | /| ’ > 4 8 .c/ / / /
AU S rTi
) 70 60 50 40 30 20! 10 = 3 LaAIO,
Wavevector Distance from interface (A) ! -
Tea Lowest energy d,, ¥

electrons are confined at the interface

M. Gabay & J-M Triscone. Nature Phys. 9, 610 (2013).
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How to further increase the electron mobility of complex oxide interface?2.

Modulation doping in semiconductors

Metal contact

e Wi e r-band - g a p —— | i | e M arrower-band-ga p =—
semiconductor semiconductor

Undoped

spacer layer

No mobility gains at oxide interfaces!
S. Stemmer, S. J. Allen, Ann. Rev. Mater. Res. 44, 151 (2014)

DTU Energy, Technical University of Denmark



e re) “ )
—-ﬁ The empty subband is
filled bv transferred
electrons.
-—=— Spacer -=—Spacer
Modulation -doped Modulation —doped
Semiconductor 2DEG Oxide ZDEG

DTU Energy, Technical University of Denmark



A single unit cell buffered oxide interface: DTU
The first effective modulationg doping at complex oxide interfaces. -
(a)
8 Polar 1 uc
A"OEG o LaMnO,
© w0[@ (MOG=0) d @ LMO&x=0) ¢ mgt
E M LSMO (x=1/8) —— LSMO (x=1/8) -
[ €@ LSMO&x=1/3) 104 - —op— LSMO (x=1/3) LN
md?.‘ Unbuffered E—.‘— Unbuffered R 104 _ .
Sﬁ; 103;_ E : . E; |.|:|:-|;_‘L
1(}2; ‘j‘+ B "0 = 102 _—-— LMO (x = 0)
i 108 L 1 Lsmouiwaj
o' o ®® oo oL A s
e 00 oy ?mﬂ T e

Engineered a-LAO/STO samples exhibit a strongly suppressed n, and Mobility typically'is higher than 10 000 cm?V-s-1
at 2 K (current record, y=73000 cm?V-1s1),

DTU Energy, Technical University of Denmark
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3.2 e\ 32 eV

SrTiO5 LaMnO4 d-LaAlOg

SrTiO5 LaMinOy

Y. Z. Chen et al. Nature Mater. 14(8), 801-806 (2015).
33 DTU Energy, Technical University of Denmark 08 July 2016


Presenter
Presentation Notes
1) The sharp metal-insulator transition: 1~2 uc buffer layer



Impact: The observation of Quantum Hall effect at complex oxide interfaces

Insulating 3
. - interface '
disordered-LaAlO, @ 4 : —0.75
Buffer layer @w a}“-’- 0.2+ | : <
Oxide hard mask @w = 5-6 : ' -05 >
SITio, M % o : : a
e Back gate © 7 P I —-0.25
C & 0.1- ! v,=6v|
X . T=30 mK
J|' Conducting T I T I I 0
interface 0 2 4 6 8 10 12
B (T)
Multiple quantum wells nature
c d ;
4001 T | T I e I N 157 TR
Vo) L P90 = N2
; ARy, =20 e?h $ o O\
200 s, = T of-—---H SR
~ / - K e g - g =2k =70 : \
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. 0_,}/“'\ R . T ) ,)' = Qho_-—f‘.""'.— ¢ -._50 Q’}\ 0.1 -0.05
> N\~ 4] X ey .
Er / \_'/ ‘x_;_c_-" “-—-___ — 4 - - -
< ML__—N%’;’_:“T‘;_—_— __1__ y .V‘K-—J' VY- Iv o < a-LAO/LSM/STO cLACISTO
L AN —— U S A phAAA--A-LAl 3 R T e _
M’:____/L___Al_' ’/\_&&&4"' / - AE, »> AE, |
N e e s (N AR =10 e?h T 2 = 7134, *:
N ~—————t———— 10 m-=- Xy ae ]| " ¥
-400—— | T T — T 1 T 1 71 71 110 —8 mev 7 Y .gEQI = Ti ad
0.1 0.15 0.2 0.25 0.3 -4 -2 0 2 4 6 8 10 oy T,
1/B(T VoY) eyl BRI oi;i‘:’.ed ,,

DTU Energy, Technical University of Denmark F. Trier, Y. Z. Chen et al. Phys. Rev. Lett. (2016)
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4.1 Three ways to modulation doping =
d. T b + 44+ C. ++++
2DEG
I E— i
> L— L— In-gap electron sink
Buffer layer Doping in STO Spatially seperated doping

+++
+++

>+ 4
+-++

+ >+

DTU Energy, Technical University of Denmark



Magnetically diluted oxide interface

Transport Properties

Al
=
400
x=0 600 3000 «  x=0.3(S1)
o x=0.2 i ® x=0.3 (83)
Hall Resistance 200 300 1500, - x=0.3 (S5)
G G G
o X\ o i o
-2C" > -300 -1500 |
Two kinds of carrier sool Onecarrier | 00 AHE
-4 - L L 1 L 1 L 1 L 1 L 1 L
510 5 0 5 10 15 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
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Conventional Gate electrode/metal

FET

10° 101 10" 1015
Ny (cm?)

Moving from liquid electrolyte to solid electrolyte

W. Niu et al. Nano Lett. 17, 6878-6885 (2017)
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Merlin V. Soosten et al.
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INn 20-30 years
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How to cope with the intermittency of renewable

energy sources?

08 July 2016
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Key benefits of Ferroelectric light absorber

1. Internal fields in ferroelectric materials
reduce recombination.

The effective electric field in a ferroelectric material is
/") around one order of magnitude higher than in a p-n junction.

2. Ferroelectric materials can achieve extremely high
open circuit voltags (V,.).
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5.2 Artificial oxide interfaces as electrocatalysts

IE

The search for highly active and abundant transition-metal-oxide catalysts

to replace platinum.

AEST

Reaction
Hy + 02" — H,0 + 2e” COz, H20
«— ANORE— MiZrO2 cermet =
Useful ‘02' YSZ electrolyte 1000°C
power
-
> CATHODE LaMnOg3 (H)

1/20, + 2e” — 0%

D)) ) >

Solid oxide fuel/electrolysis cells
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PROGRESS REPORT ﬁ)ﬁ@lﬂ AELDS

INTERFACES

www.advmatinterfaces.de

Progress and Perspectives of Atomically Engineered
Perovskite Oxide Interfaces for Electronics
and Electrocatalysts

Perovskite Oxide Interfaces

Yunzhong Chen* and Robert J. Green™

scientists working on a variety of problems at the
frontiers of physics, materials science and
engineering. The properties of these systems are
uniquely defined by quantum mechanical effects that
remain manifest at high temperatures and
macroscopic length scales.

https://www.nature.com/collections/ydsxkf
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Thank you.

DTU Energy, Technical University of Denmark
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