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Brief history of quantum materials and functions
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Various degrees of freedom of
strongly correlated electrons in solids
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Topological insulators

* “Topological™: topological properties of the
band structure in the reciprocal space

* “Insulators™ well, not really. They have
gap, but they are conducting (on edges)!

* Time-reversal-invariant topological
insulators (Kane, Mele, Fu, Zhang, Qi,
Bernevig, Molenkamp, Hasan and others,
from 2006 and still on-going)




Spin-orbit coupling
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Stronger effect for heavy elements (Pb, Bi, etc.)
from the bottom of the periodic system



Edge states in 2D Tls

Helical modes: on each edge one pair of 1D modes related by the
TR symmetry. Propagate in opposite directions for opposite spin.



Experimental detection in Bi, Te,

Binding energy (eV)

Chen et al. Science (2009)



Spin-momentum locking
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Control
parameters

Bandwidth (U/W)
Band filling
Dimensionality

Strongly correlated systems
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Fe-Pnictide high temperature
superconductors:

Binary componds of pnictogens. A pnictogen — an
element from the nitrogen group N,P, As,Sb,Bi

RFeAsO (1111)
R =La, Nd, Sm, Pr, Gd
LaOFeP

AFe2As2 (122)
A =Ba, Sr, Ca

LiFeAs (111)

Fe(Se/Te) (11)



Fe-pnictides:
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Resistance

Superconductivity:

Zero-resistance state of interacting electrons

other and form bound states
(bosons) . Bound states condence

"°"“"‘"""m'53"mym Electrons (fermions) attract each

~&= Superconductor (d'la Bose-Einstein condensation)
7 and move fully coherently under the
0K Te Temperature eleCTr'iC f'@ld One needS TO deSTr‘OY

femperaiace (K)

a bound state to stop the current.



BCS theory

e If there is an attractive interaction between fermions, they
always form a bound state and condense below a certain Tc

k p

e

-k -p

e In conventional, low Tc superconductors, an
attractive interaction is provided by exchanging
phonons (lattice vibrations)




Superconductivity: High-T.
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Fig. 1. Evolution of the superconductive transition temperarure subsequent
to the discovery of the phenomenon.
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What is so exciting about

high Tc superconductors?

YBa,Cu,0,,

CuO, —

CuO, —

CuO —




What is so exciting about high Tc superconductors?

d-wave symme’rr'y of the superconducting gap n
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What is so exciting about high Tc superconductors?

rS

300 | Ndz_xCC‘C U04 La_:_xS |'xCuO_‘

200 | “Normal™’

100

Temperature (K)

0.3 0.2 0.1 . 0.1 0.2 0.3
Dopant Concentration x

superconductor

Is antiferromagnetism related to superconductivity?



Cuprates
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The first atom-thick material... graphene

-
NN
o

S

Graphene is a two-dimensional layer of sp?>-bonded carbon atoms with

amazing properties...

4000

3500 '
Number of graphene [

o papers per year /

2500 f

2000
1500 /
1000

SOZW

1990 1995 2000 2005 2010 2015

nanoatlas.ifs.hr

Important investments
all-around the world

Graphene, & ne substance coming Fom the word of atomic el manipulation of RN
matter could be the wonder materal of the st century. Discoverng fust how
important this materel wil be for information and communicaton technologies (1CTs)
5 the main focus of the Seventh Framenerk Programme (7) Coardinaton Action
GRAPHENE:CA, funded under the 'dess' Theme,

MIT-Japan Conference tpalacios@mit.edu

Jan. 25 2013
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Graphene is not the only 2-D Material... ><@3“

| —

___

\% 0‘\\ 0‘\\% 0“\\\\ y 1.95(D),0.3(1) 1.55(D),0.15(1) 1.00(D),Semi-metal
. Z 1.68(D),2.10(I) 1.20(D), 1.61(!
a4 A7 r (D),2.10(1) (D) (1)
Hf 2.7(D),1.93(1)  1.77(D),1.18(1) Semi-metal(-0.4)
,‘;§ ,‘§\ ;‘\\\ /0“ X V Metal Metal Semi-metal
Nb Metal Metal Metal
Ta Metal Metal Semi-metal
Mo 1.8(SL), 1.49(SL), 1.13(SL), semi-metal
1.72(D),1.2(1) 1.38(D), 1.1(1)
W 1.93(SL), 1.60(D),1.1(1) Semi-metal
1.77(D),1.35(1)

D: direct bandgap, l:inderect bandgap, SL: single-laver bandgap

MIT-Japan Conference tpalacios@mit.edu Jan. 251, 2013



Diversity of 2D Atomic Layers

Semi-metal Insulator

Transijtion metfl. ides
oron nifride

Graphene

Semiconductor

Transition metal dichalcogenides (TMD)

e.g. MoS, MoSe, WS, WSe, ... Black phosphorus




Intensity (a.u.)

Direct Bandgap

PL(@)
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Ref: Sam Yang, Y.H. Lee*, VLSI (2016)
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Bandgap Engineering
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FET

Top gate Monolayer MoS,

HfO, ——

$i0) ——

Si substrate

Nature Nanotech. 6, 147150 (2011).

Prominent Properties

Photodetector

Nature Nanotech. 8, 497-501 (2013).

Flexible electronics device

ACS Nano. 2013, 6, 5446-5452



Novel Physics

Optically controlled Many-body interactions
spin-valley states

Strictly 2D system
—> strong Coulomb interactions

-A © 66 (660G
— | G 6 6O
pintronics and valleytronics

exciton trion bi-exciton

E,: >500 meV >20 meV >20 meV
(Bolotin) (Heinz) (Gedik)




Understand the
macroscopic electronic properties
and the role of
competing degrees of freedom

U

Study the low-energy electronic excitations

J

ARPES
Velocity and direction of
the electrons in the solid




Angle-Resolved

Photo-Emission Spectroscopy
(ARPES)



Working of ARPES

An atomically flat sample is illuminated by a
beam of monochromatic light.

Due to the photoelectric effect, the sample emits
electrons.

The kinetic energy and direction of these
electrons are measured by the rotatable
spectrometer.

The obtained data are used to map out the Fermi
surface of the sample material.




ARPES setup

Scienta
hemispherical

nalyzer
Syze Plane
mirror

Undulator

Entrance slit

4-jaw

Ox aperture
S pherical
(= mirror
gratings
Toroidal & -

Sample mirror Exit slit Scan

Parallel multi-angle recording

® |Improved energy resolution AE (meV) AB
* Improved momentum resolution past 20-40 2°
® |Improved data-acquisition efficiency 2-10




Photoelectric Effect

« Explained by Einstein (1905):
Ekmax - hf - ¢ ;

* More generally,

Ek =hf_¢_‘EB‘

where £ is the binding
energy of the electron.



Photoemission Spectra

Eki,,A Spectrum

e The work function is known/ M —
measurable ‘ Valence Band

* The photon energy is
known. i

* We can calculate the E 4 Sample
energy of the electron in the
solid!

i
Core Levels

[!

» N(E)

hv




Basis of ARPES

ARPES is directly measuring the components of electron
momentum that are parallel to the surface

« The flat surface of the sample has translational symmetry.
Therefore, as electrons escape from the solid, linear
momentum is conserved parallel to the surface.

 The photon momentum is small and can be neglected.
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Photoemission intensity: I(k,0)=I,|M(k,0)|*f(®) A(k,®)

Single-particle spectral function
| Y'(K,w)

Ak, 0)=—— [0—e—2 (ko) P +[2" (k)]

2(k,m) : the “self-energy” - captures the effects of interactions



What is ARPES used for?

 ARPES is an almost ideal tool for imaging the Fermi
surface of 1-D and 2-D solids.

« Since many of the high temperature superconductors are
essentially 2-D materials, much of the work in this field is
done using ARPES.



Momentum and Binding Energy
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Fermi Surface Images

-1.0 -0.5 0 0.5 1.0
k(ma) Fermi surface of K,Co0,



Binding Energy (eV)
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4.0

Band Structure Images

Band structure of CeSb



Validation of Predictions

Sr,RuO, : ANRPESid4t Saloaiatoh




Advantages

* Direct information about
electronic states!

« Straightforward comparison with
theory - little or no modelling.

* High-resolution information about
BOTH energy and momentum

» Surface-sensitive probe
* Sensitive to “many-body” effects

» Can be applied to small samples
(100 um x 100 um x 10 nm)

Limitations

~ 10 A { Surface Electrons

(4

Bulk Electrons

* Not bulk sensitive

* Requires clean, atomically flat
surfaces in ultra-high vacuum

» Cannot be studied as a function of
pressure or magnetic field



Further Advances

« Laser ARPES: lower energy means sharper pictures

Synchrotron

(image of 50
B1,Sr,CaCu,O,
in “nodal”
direction)

Binding energy (meV)
O
o]

-150

-200
-0.08 0.00

k-kKg (7r,71)




Why we need synchrotron radiation

i >
i ) o Magnetic
Electrons circulating ‘ Field
in a storage ring , 5 E 2
°- | VR Ve Ry I/g:< 2) Vg,
mecC

Beam

Collimator eB
1/g p—

o 2Tme
Synchrotron Radiation

Synchrotron radiation is electromagnetic radiation
emitted when charged particles are radially
accelerated (move on a curved path).



Synchrotron Radiation

* Radiated power increases at higher velocities

* Radiation becomes more focused at higher velocities

Electron Orbit

— — —

Acceleration

——= o

® > —

\' 1-94
Casel: ey <<1 7589A4

At low electron velocity (non
-relativistic case) the radiation is
emitted in a non-directional pattern

Acceleration

When the electron velocity approaches
the velocity of light, the emission pattern
is folded sharply forward. Also the
radiated power goes up dramatically




How a storage ring light source works

Parts of Synchrotron
(1) Electron gun

(2) LINAC

(3) Booster ring

(4) Storage ring
(5) Beamline

(6) End station




Synchrotron Radiation - Basic Properties

Wavelength (nm)
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(a measure of concentration of the radiation)



Basic Properties of Synchrotron Radiation

1. HIGH FLUX, BRIGHTNESS, STABILITY

2. BROAD SPECTRAL RANGE - Tunability

3. POLARIZATION (linear, elliptical, circular)
4. PULSED TIME STRUCTURE (0.01 - 1 nsec)
5. SMALL SOURCE SIZE (< mm)

6. PARTIAL COHERENCE



The brightness of a light source

Flux = # of photons in given AA/A

sec
Brightness = # of photons in given AAA
sec, mrad 6, mrad ¢, mm?
(a measure of concentration of the radiation)
Source
area, S

Angular
Flux, F
divergence, QO ux

F
SxQ

Brightness = constant x




How Bright Is the Advanced Light Source?

Brightness (photons / sec / mm?2 / mrad2/0.1% BW)

10%°
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ALS Bend Magnet
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— > 60-W Light Bulb

Candle

ALS Undulator

2 B R — s

ALS

Y . . T. 9



Synchrotron Radiation Facilities Around the World

* 54 in operation in 19 countries used by more than 20,000
scientists

(Brazil, China, India, Korea, Taiwan, Thailand)
* 8 in construction
Armenia, Australia, China, France, Jordan, Russia, Spain, UK

* 11 in design/planning

For a list of SR facilities around the world see
http://ssrl.slac.stanford.edu/SR_SOURCES.HTML

www.sesame.org.jo



Logarithm of beam brilliance

Steep growth in brightness
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Future of Synchrotron Radiation

* Higher Brightness

— Free Electron Lasers
« Shorter Pulse Lengths

— Femto (10-1%) and Attosecond (10-1°)
* Terahertz (T-rays)

— Coherent Synchrotron Radiation



Taiwan Photon Source (TPS) — Hsinchu, Taiwan
http://www.nsrrc.orq.tw

‘Taiwan Photon

i
AT




Taiwan Photon Source (TPS) — Hsinchu, Taiwan (continued)

Energy

Current

SR circumference
BR circumference
Lattice

Straight sections

Bending magnets
Emittance
Coupling

RF frequency

RF gap voltage
RF power
Location

Building

Major Parameters of Taiwan Photon Source

3 GeV (maximum 3.3 GeV)

500 mA at 3 GeV (Top-up injection)

518.4 m (h = 864 = 2°-33, dia.= 165.0 m)
496.8 m (h = 828 = 22:32.23, dia.= 158.1 m)
24-cell DBA

12mx 6(0o, =12 uym, g, = 160 pm)
/mx18 (o, =5pum, o, =120 pm)

48

1.6 nm-rad at 3 GeV (Distributed dispersion)
1%

500 MHz

2.8~3.5 MV (3 SRF cavities)

750 kW (3 SRF cavities)

No. 101, Hsin-Ann Road, Hsinchu, Taiwan

Outer diameter 210 m ; Inner diameter 129 m



Taiwan Photon Source (TPS) — Hsinchu, Taiwan (continued)

TPS & TLS Lattice Diagram




Brilliance (Photon/s/O.1%bw/mm2/mr2/0.36A)

Taiwan Photon Source (TPS) — Hsinchu, Taiwan (continued)

Brightness Comparison of TLS and TPS

The X-ray spectrum (photon energy 8 keV~70 keV) :

the brilliance of bending magnet increases by >102.

the brilliance of bending IDs increases by 4~6 orders of mag.
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Taiwan Photon Source (TPS) — Hsinchu, Taiwan (continued)

Phase-l Beamline Plan of TPS

Temporal Coherent Total beamlines:

22 1D (odd #)
24 BM (even #)

XRD

u Protein
Crystallography

3 GeV, 500 mA
24-cell DBA

Sub-u XRD
ID: 12m X 6,7 m X 18

Injection {01 - Aiming for advanced techniques Nano-probe
and cutting-edge science
- FL{II.y taking advantage of high cohereiit
brilliance of the TPS source T
Scattering
p soft X-ray (SAXS)
Soft X-ray

RIXS



Neutron Scattering

Neutrons have No Charge!
* Highly penetrating
* Nondestructive

 Can be used in extremes

Neutrons have a Magnetic Moment!
« Magnetic structure
* Fluctuations

* Magnetic materials

Neutrons have Spin!
* Polarized beams

 Atomic orientation

» Coherent and incoherent scattering

The Energies of neutrons are similar to the
energies of elementary excitations!

* Molecular Vibrations and Lattice modes

* Magnetic excitations

The Wavelengths of neutrons are similar to
atomic spacing!

» Sensitive to structure
« Gathers information from 1019 to 10" m

 Crystal structures and atomic spacings

Neutrons probe Nuclei!
 Light atom sensitive

 Sensitive to isotopic substitution



de Broglie Wavelength

a=l

h h

p my B J2mE

E =81.6 mel’
v=3950 m/s

A=1x10"" m

E =1 meV
v=437 m/s

A=9x10"" m




Incident

Neutrons vs. X-rays

Direction

neutrons

/

Chatterji, Neutron Scattering from Magnetic Materials (2006)
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Neutrons allow easy access to atoms that are usually unseen in X-ray Scattering



How are neutrons useful?
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Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)



Neutrons from Reactor Sources

J neutron

fission
@ product
\ /

neutron

99— -d
neutron \\
target o
nucleus \ ﬁ fission
product

J neutron

Pynn, Neutron Scattering: A Primer (1989)

e Uses nuclear fission to
create neutrons

e Continuous neutron flux

e Flux is dependent on
fission rate

e Limited by heat flow in
from the reaction

e Creates radioactive
nuclear waste



Neutrons from Spallation Sources

Uses a cascade effect @
from the collision of a 4

proton on a heavy
metal.

Pulsed Source
High Intensity

-Heat production is
relatively low
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Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)



Neutron scattering

(a) Elastic Scattering (k"= k) '\\eﬁ@“/

Elastic Neutron Scattering o

* No loss of energy . - \.\:

+ Examines the changein ™= * =
momentum or angle of the
neutrons. S W

E Inelastic Scattering (k'# K)
Inelastic Neutron Scattering /,
. ; e o >

« Examines both momentum /k/\ //

and energy dependencies. < &+~ =
Ncutronl‘l;(cl)je;? Eneray Neutron“((%:iir;(sll Energy

Pynn, Neutron Scattering: A Primer (1989)



Elastic Neutron Scattering
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Pynn, Neutron Scattering: A Primer (1989)
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Neutron Intensity
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Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)

Determine length scales
and differentiate between
nano-, micro-, and macro-
systems.

Utilizes position and
momentum correlation.



Inelastic Neutron Scattering

Uses both change in
momentum and energy
to characterize a
systems vibrational,
magnetic, and lattice
excitations.

S(Q,w)

Electromagnetic spectrum

< gk Vibrational neutron
Elastic line
spectroscopy
<€-Magnetic scattering—>
Y
Intramolecular modes
Lattice modes ¢
N Neutron Compton
scattering
Quasielastic
Ascallen’ng
l | | l | |
0 1 2 3 < 5
logw(energy transfer / cm-1)
microwave infrared visible UV

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)
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Vibrational and Magnetic Excitations
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M. B. Stone et al. Unpublished (2007)

jons
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*Vibrational excitations are
broad, large excitations.

Neutrons observe all
phonon and vibrational
excitations. The intensity is
determined by the phonons
polarization vectors.

*Magnetic excitations are
detailed by spin transitions
of AS=0and £ 1.

Q-dependence of magnetic
excitations help determine
the magnetic structure
within the material.



Inelastic Neutron Scattering from magnetic sample

Tennant et. al, PRL (1997)

The use of neutron scattering on the
material of VODPO, e %2 D,0 clarified the
magnetic structure of the material.
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