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(== Large scale facilities at PSI: the unique toolset!
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BE Outline

*The general introduction of Transition Metal Oxides (TMOs)

*Band structure: basic concept

Angle-resolved photoemission spectroscopy —ARPES:
overview

*Example: Depicting the electronic structure of Low
Dimensional Electronic Structure at ATiO;
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(5 Creating novel PHASES and Tuning of ELECTRONIC states of
artificial and hybrid materials based on TMOs
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TMO show extraordinary electronic and magnetic properties: CMR, HTc, MIT, etc.
Transition Metal Oxides: Surface Chemistry and Catalysis H.H. Kung, Elsevier Science, NY, 1989.
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~= What are Transition metal Oxides (TMQ)?

» Partly filled d-shell: electron-electron interactions, thus spin and orbital
degrees of freedom play role.

» Multiple valence states: many electronic configurations.

» Easy charge exchange with Oxygen.

Many structures possible, very different properties.

» BO Rocksalt structure: NiO, ZnO, TiO, CoO...

> ABO; Perovskite: cubic SrTiO;, Orthorombic: ReNiO;, SrirO,, Tetragonal:TiO,,
BaTiO;

» A,BO, Perovskite (e.g La,Cu0,): Layered structure (weak interplane coupling),

» Ruddlesden-Popper series A,,,;B,03,., (Interpolates between 2 and 3
dimensional coordination: LaSr;FeO,,, La;Ni,0, ...

» Double perovskite AA’'BB’O, (Sr,FeMoO )

> ...
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Distortion of
the BOE octahedron

L‘v

4

Energy splitting of the
d,, &d,, &d,, bands

https://news.vanderbilt.edu

Creation and Control of the electronic properties of

ABO; Perovskite

Octahrdral rotations
Binding angles

L"

¢

Hopping probability,
Effective mass
Band width

Proximity effects

How to turn the knobs?

v' Temperature (phase transition);
v Defects;
v’ Cristal structure;
v’ lattice strain, proximty...
v’ Stacking (artificial VdW materials)
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Number of atoms

A

Energy gap Fermi lavel

insulator semiconductor conductor
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Energy gap Fermi lavel

Insulator semiconductor conductor

A

Energy gap | J-———=====mmmmmmmmmm o -

Insulator semiconductor conductor



Band structure of quantum materials
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H|¥)=E )

Microscopic interactions
[}
‘ He-ph > He-e Hsoc

5 = f
|l
(]
C
1N]
free . renormalized spin-
electrons kink bands splitting
= Momentum e
Quantum Materials
examples
topological materials superconductors charge density waves Mott insulators
3
Ase A NV
Ccow
5 Amott
[0}
s v
Momentum >

Jonathan A. Sobota, Yu He, and Zhi-Xun Shen, Rev. Mod. Phys. 93, 025006 (2021)



e Angle-resolved photoelectron spectroscopy:
the microscope for the electronic structure

Two important papameters of electrons in a solid

Bound to the lattice Movement with velocity 17
9 binr{ino energy - momentum
UV-light electrons

Energy - Eiin

Emission angle - 9




Energy

PAUL SCHERR

o Angle-resolved photoelectron spectroscopy:

BE : .
the microscope for the electronic structure
free-electron surface
appr& / g analyeeh Electron energy = binding energy in the
crystal:
photoelectron
g Epin = hv = Ejin — 4

Emission angle = in-plane momentum:

Ekin
[2m ,
k= FEE/”‘” sind

hv
Ekin

¢ ¢»  Changing photon energy - out-of-plane
1 IE:| momentum:
1
occupied ki = —\/Zme(E/cmCOSzﬁJrVOJr(DA)
states h
k. (in solid) k. (in vacuum)
Emission angle - 9

Jonathan A. Sobota, Yu He, and Zhi-Xun Shen, Rev. Mod. Phys. 93, 025006 (2021)



p—

PAUL S(_HERRERINSTITUT A bit more
B

ARPES intensity:

I (k,w) : I, (k, hl/,A)éA (k,w)f (w)

Iy~ Mé‘l = (¢f|A . p|&k). proportional to the square of the dipole matrix element

the single-particle spectral function:
1 > (k, w) electronic band structures and lifetimes

Akw) = —— . .
(ko) T [w— &0 (k) — X (k, w)]Z + 2 (K, w)]Z € (K): the non-interacting (bare)
energy-band dispersion
f(kw)=1/ (e“’/ kpT 4 1), Fermi—Dirac function

Hideaki lwasawa, Electron. Struct. 2) 043001 (2020)



o Angle-resolved photoelectron spectroscopy:
the microscope for the electronic structure.

BE

Scienta
hemispherical
analyzer Plane |
mirror Undulator

Entrance slit

, 4-jaw
Ox ’; aperture
_ pherical
Ei Electrostatic lens mirror
Detector
Plane
< :
gratings
Toroidal 3
Sample mirror Exit slit Scan

A. Damascelli,, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, .473, 2003
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LF— N PLD + ARPES at MESTRO bemline, Advanced Ligh Sourece (USA)

microARPES maestro
10 um

2 mev (future)
COSMIC Scattering

o
10 K (futyre)
/ COSMIC Imaging
‘l
‘\
lI

K-B focusing optics

(future)
STM PLD
0.1 nNm oxide film growth

Bt
> ’

()

nanoARPES
50 NM
10 meV /
20°K MBE-
film growth
sample characterization

—=%
Glovebox
sample prep
MBE-2
film growth
sample characterization
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BS PLD + ARPES at APE bemline, Elettra (Italy)

XAS/XPS Q‘i i KERR/STM

Za R
.';..% )

Page 16



The modular system at the SIS beamline: PLD+STM+MBE

PAUL SCHERRER INSTITUT

=]

Designing novel functional materials with novel electrical,
magnetic, thermal, chemical or electrochemical properties.

\\\\\\\\\\




musama s The modular system at the SIS beamline:
IJT_E] ARPES+ PLD+STM+MBE
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(1) Two ARPES stations at SIS beamline:

’ULTRA




PAULLS;_H_ERRENSHTUT The FUTURE beamline
— QUEST (QUantum matter Electron Spectroscopy Tool)

2 end stations — each utilizing both
sources
- ULTRA end station: low
temperature, high resolution +
spin detection.
— OPERA end station: complex

systems, operando, micro-focus.
Advanced sample preparation.
methods: PLD, MBE.
Complementary instrumentation
STS, STM, AFM.

Page 20
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Distortion of
the TiOg octahedron

Control of the electronic properties of ATiO;

r‘ ‘N
ke

Energy splitting and,
the ordering of the

d,y & d,, & d,, bands
(from one to

®
C
Doping Octahrdral rotations,
(trough A or O vacansies) Binding angles

ol ol
kl l.
l U
Hopping probability
(effective mass,

band width,
transport)

Filling of the bands
(Career density,
electron-phonon coupling..)

multiple bands conductivity)
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SIS beamline @ SLS: ADRESS beamline @ SLS

Nick.Plumb Hugo Dil (EPFL) F.Baumberger Thorsten Schmitt V.Strocov
(PSI&U. Geneva)

1 .
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International
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Band structure of SrTiO;

LJ__ E/au. E Heifets, et al.,PRB (2001), E Heifets, et al., Surf. Sc. (2002).
» cubic above105 K, 0.36
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N. C. Plumb & M. Radovic, Review J. Phys.: Condensed Matter (2017).



")~ Orbital ordering of titanates

Tuning Orbital energies:
Splitting of the Ti 3d in t, and e, determined by octahedra crystal field

b)

a) Rhombic Tetragonal Octahedral Tetragonal Rhombic
Symmetry Symmetry Symmetry Symmetry Symmetry
’ z z
Ti 4s ‘__,—-“' il X Z Z Z
y y y y y
\\ ”/, \\“ % X X X X X %
Ny l‘\ E% L T —— — L - - - - ——
R ~ P
I dx2 y2 dxz-y2 S e — d22 d12
. -~
O 2p = = = == - - e - dxz-yz d 72 S - - - I
dzz dzz x2-y2 dxz_yz
P = = - - - - — AA—
d .»7 d
Xy Xy ‘\ — — Xz
N ! dyz dxz s
\
\‘ y— — —l\ .
\ d ~ ~ ’ d d d AN d
! , .. ’ yz xz SN vz
\‘ y ‘N— _ A Y
\ . - d d AY
\I\ 02s ———— yz Xz AT I
—— d d d
Xz Xy

(1) 2) 3) 2) (1) Y

R. Asahi et al. PRB, 61, 7459 (2000), S. Muff, Phd Thesis, EPFL, Lausanne (2017)



PAUL SCHERRER INSTITUT Study of Metallic surface on STO:

L;'——_ Surface-driven state with 3D dispersion
N.C. Plumb et al. PRL, 2014.
—1
;
bl’&
5.5} | ! k20
: : » All FS components differ
—1 ) . .
R | O v f‘ drastically from bulk: From 3
g Sd{z | /3D bulk  prolate spheroids to:
~ — - outer / o
250 fing o (2.5% Nb)
—Inner .
ring Y 1 % dy, = 2D cylinder(s)
1—1
. % d, d,, > 3D oblate
=3 kg ellipsoids
1
-1
| [/
2.5 |/ 2D +3D
1Y surface

A. Santander-Syro et al., Nature 469 189-193, 2011; W. Meevasana et al., Nat. Mater. 10 114-118, 2011.
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L,‘—— Surface-driven state with 3D dispersion

N.C. Plumb et al. PRL, 2014.

Ky (m/a)
1.6 2.0 2.4
—

| |
(.
\ ..
06l hv =85eV hv =51eV|
N 0
q) 5
£ -1001-
Wi -200-
w -300+ |




Terrace width controls the band splitting!

=]

----------- 44 A steps T ~ - 23 Avsteps
— 0 S e misscu
hV 85eV T i 5" misscut |HH|||||110 ~~~~~ '
HEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN| T TTTTd
a) . . _ c) 1.2 16 20 € 1.2 16 2.0 a) g4l b) |4
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- - ||§ A
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0.4 - -0.4 4 2.0 0.3 =
b) d) E,(eV)
L e ol - -~ 1 d) .
1
0.1 01 [
s s e ] :
~ _ - = | e
o 0.2 = : uf 0.2 i _E : :
o~ — ey
03" %] 034" yiil n:
4 w - F A\l
U e
12 16 20 03 E,
k (A E, (eV)
Terrace size directly controls the two dimensional states:
Flat SrTiO; m* =0.65m, Epandbot. = 235 meV d d d
4 Xy xz

5" misscut m*=0.7 m, E,, gpor = 110 meV
10° misscut m*=0.7 m, Ep, qpor = 90 meV

Y
— altered octahedral distortion due to surface relaxation\w/

- altered band filling due to changed electron affinity

S. Muff, Phd Thesis, EPFL, Lausanne (2017); E. Bonini, Advanced Science 8 (19), 2101516, (2021).
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An under layer controls the doping!
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5u.c SrTiO3 on BaTiO3 hv=82eV

SrTiO; Wafer —~
<
Ky (TUa) X
16 20 24
06— ——r——— . . o.% 16 2.4
(A1)
0.4 outer ring . %
- 02 3
E 00 >
& 2
-0.2F , S
04 _inner ring ﬁdm 3d,, cg»
©
06" .
S 0
[0) —
£ -100+ 3
u?L-zoo- =
W -300 2
L )
2
©
£
o) IR NN B D B BN SR N R I S R B RN R R R |
SrTiO; 0.8 0.0 0.8 16 2.4
- d,, and degenereted d,,, d, k (A7)
Epandbotiom = 240 meV 5 u.c. SrTiO3 on BaTiO;
- 3d/heavy states formed

- Band splitong = 150 meV

- Ebandbottom = 150 meV
N.C. Plumb et al. PRL, 2014.

5u.c SrTiO3 on SrTi03

hv=85eV

-0.8 0.0 0.8 1.6 2.4
K. (A

5 u.c. SrTiO; on Nb:SrTiO;
No 3d/heavy bands, only d,,

- Ebandbottom = 60 meV

S. Muff, Phd Thesis, EPFL, Lausanne (2017); E. Bonini, Physical Review Research 2 (3) (2020).



Distortion and a rotation of the TiO6 octahedron control the
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== band spliting and filing
| | a) b) k, (A1)
20 u.c. CaTiO; on Nb:SrTiO, 08 12 16 20 24
90 04 "I I A I O I I I
1E.=E. lg/=0/3c1 ;’(* JE.=E.
80- - 007 .
Em_: | | c) -0.44 '
3 s g fo0A
0 . i = F
S 60 l ’ ‘ 5 -
c - L))
8 7 | | 5
2 50+ “ l | o)
Q -4 | ¥ £
: ©
40- 5
] | I | I 1 l 1
-08 00 0.8 16 24 08 12 16 20 24

K, (A7) K, (A)

Purely 2D electronic state

Only d,, character (no d,, d,,)
E,,=400 meV, m*=0.4 m,

(SrTiOs: Ep =230 meV, m*=0.7 m, )

S. Muff, Applied Surface Science, 2018
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From cubic to tetragonal TiO, octaedron...

Cubic ( e.g. STO)

0.26
on
0.16
0.1
0.06
o.01
-0.04
—0.09
~0.14

7

Lok o Aol

-024
-0.29

-0.19 >§
AN

-0.34

MG X ™

E Heifets, et al.,PRB (200

1),
E Heifets, et al. Surf. Sc. (2002).

Energy (eV)

dy ,orbital

dxy orbital

Z. Wang, et al., Nano Letters, (2017).



ARPES on TiO, anatase film (20 u.c.)

ARPES: 85 eV of the photon energy.

b 5o

-0.25
0.0

kg (t1/a) 0.25

Z. Wang et al., Nano Letters, 2017

1.0 1

-1.0 -

2.0

175  kg(m/a) k. (r/a)

25

S. Moser et al.,

High

PRL 2013

C 104
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-1.0 0.0 1.0 2.0 -1.0 -0.5 0.0 0.5 1.0
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e /,/0\?\\7\
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Irradiaiton (doping with the light)

E-E (eV)

1.75 2.00 2.25 250 2.75 1.75 2.00 225 250 =275 175 2.00 kz(-2/5) 2.50  2.75
TT/a

1.75 2.00 2.25 2.50 2.75
k (Ti/a)

k (Ti/a) k (Tt/a)

doping with the K

 /

Depositing K

1.75 2.00 2.25 2.50 2.75 1.75 2.00 2.25 2.50 2.75
k (/a) k (/a) Z. Wang et al., Nano Letters, 2017
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Take Home massage :

Growth +ARPES is the powerful method for Engineering the electronic structure!

SrTiO; with different vicinality:

500

of octrahdrons

by temperature.

— Surface energy and distortion

v reduced orbital splitting;

v reduced band filling;
v both also affected

CaTiO; films:

— Orthorhombic distortion
of octrahdrons

v’ increased orbital splitting
v' increased band filling

- Phys. Rev. B. 86, 155425 (2012).

- Phys. Rev. Lett. 113, 086801 (2014).
- Nature Mat. 13, 1085-1090 (2014).
- Nature Mat. 15, 835-839 (2016).

- Nano Letters, 17 (4), pp 2561-2567

(2017).

- Applied Surface Science, 432A, (2018).
- Phys. Rev. B 98 (2018).

- Physical Review Research 2 (3) (2020).
- Advanced Science 8 (19), 21015156,

(2021).

band bottom (meV)

N

o

o
|

w

o

o
|

STO

-—A -
|
|
|
|

0

SrTiO; films:

- defects

v reduced band filling

v’ altered band bending
Single spin polarized band?

| | | | | | I | [
100 200 300 400 500
orbital splitting (meV)

TiO, films:

tetragonal distortion

of octrahdrons

v' large band filling

— altered band bending
Spin polarized band?
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