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IN. A EHtHETREE (ARPES)
Why ARPES?

Angle-Resolved Photoemission Spectroscopy
CRYSTAL STRUCTURE ELECTRONIC STRUCTURE

X-ray diffraction <=sssfp  Photoemission




History of Photoemission

The Photoelectric Effect

.
- .
-

« First experimental work performed by H. Hertz
& (1886), W. Hallwachs (1888), von Lenard (1900)

» Theoretical explanation by Einstein (1905)

FIRST EXPERIMENTAL EVIDENCE
FOR QUANTIZATION OF LIGHT!

Is there anything else we can learn from the photoelectric effect?

Insights Iinto the solid-state!



Angle- resolved

_— = { Copper-based Iron-based
L PAMORINIZSINSRECRSCORY B superconductors superconductors
2
A . % —
2 e
Low-dimensional systems Topological materials Heavy fermion materials

Jonathan A. Sobota, Yu He, and Zhi-Xun Shen REVIEWS OF MODERN PHYSICS (2021)



Angle-Resolved Photoemission Spectroscopy

Electron
analyzer

Sz
¥ X

Photoemission geometry
Energy Conservation

E.. 0.4 Egz=hv-E_ -
Momentum Conservation
F. k K =k+G
B. | |

Desired Quantities




Energy

free-electron surface

approx. -
~ analyzer

photoelectron

hv

EVEC

occupied
states

y

— > .
k, (in solid) k, (in vacuum)

REVIEWS OF MODERN PHYSICS (2021)



Interaction Effects between Electrons : “Many-body Physics”

Many-body effects are due to the interactions between the electrons
and each other, or with other excitations inside the crystal :

1) A “many-body” problem : intrinsically hard to calculate and understand

2) Responsible for many surprising phenomena :
Superconductivity, Magnetism, Density Waves, ....

Non-Interacting Interacting

/ :\ o



ARPES : A Probe of Interactions

Independent Electrons Interacting Electrons
(ARPES) (ARPES)

X

N-l  Er Nl E N-1 Er N+l E
Photoemission intensity : Ik, @) = I, |M(k, &) |*f(®) A(k,®)

Single-particle spectral function
Im2(k,w)
[w — &, —ReX(k,w)) +[ImZ(Kk,w)]’

Ak, w) o

2(k.o) : Self-Energy - Captures the effects of interactions




Energy

H ¥)=E [¥)

Microscopic interactions

free — renormalized spin=
electrons Kink bands splitting
g Momentum >
Quantum Materials
examples
topological materials superconductors charge density waves Mott insulators
A
\ /2 A VY
CDW
§ Arnott:
(]
5 v

Momentum

REVIEWS OF MODERN PHYSICS (2021)
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1500
micro/nano-
gﬁ multiplexing ARPES
= 1000+ 3rd gen detector
a synchrotron deep UV
Tju angle- laser-ARPES
= S00T resolved
& photo-
emission m% m
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o
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3 10
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-% 10 [ e soft X-ray . 1 10°
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Optical laser

10°
Optical laser + SFG

20

- driver for nonlinear
processes or
trARPES pump
(CW or ultrafast)

Optical laser + HHG

- gas-based conversion
(ultrafast)

101

- crystal or gas-based
conversion
(CW or ultrafast)

Synchrotron radiation

10?

.| - stand-alone lab-
based source
(Cw)

10°

- facility-based
- continuously tunable
(quasi-CW)

104

Free-electron laser

hv

- facility-based

fif> |- continuously tunable

(ultrafast)

REVIEWS OF MODERN PHYSICS (2021)



Ti:Sapphire Oscillator I,v"'-l ‘ N .
A~ 840nm l_ — — ﬁ
E =6nJ] @ 100 MHz \/ \

SHG

UHV Chamber SHG

Sample
4o N

\}- B

Wave plate 20

Hemispherical
electron analyzer

Binding energy (meV)

50

100

150

200 - .
-0.08 0.00 -0.08 0.00 -0.08 0.00

k-Kg (7,1) k-Kg (7,7) k-kg (7,7)

Rev. Sci. Instrum. 78, 053905 (2007)



GPM A2e
N

Optical Vacuum Chamber

To Sample

i|‘177.3nm

A—0—1
c R U J (6.994eV)
0.0 —6-6.994eV Laser, Opt90K = /
—8—6.994eV Laser, UD75K <
—6eV Laser, Opt90K -
——33V, ALS, Opt%0K 2 \SW
§ y
= KBBF-PCT
Q
0.1 E a
- ol | O Wavelength 354.7nm (3.496eV)
% G E o O Repetition Rate : 80MHz
-~ P P o F i % 3.496eV QO Pulsewidth: 10 ps
m“' s E-E. (V) O Output Power: 4W
Al o O Pulse Energy : 50nJ
€3 d =
-
i)
. 2z
-0.3 High 5
. — - P §
0.0071 A g
Q -
N 2 Rev. Sci. Instrum. 79, 023105 (2008)
-04 : . ’ o Laad b ol
1510 5 0 -5 -1003 04 05 0.6 0.7 0.46 0.48 0.5 0.52 0.54 0.56

Angle (Degree) Momentum (n/a) Momentum (n/a)



Photos Courtesy of SLAC National
Accelerator Laboratary




®® | ALS /UC Berkeley: Beamline 10.0.1

Froeersr ’m

Ernxt

High-temperature sample preparation:
LEED, ion gun,
- evaporator, gas doser

+— SES R4000 analyzer:

Sample preparation: Rotates 120

Cleavers, ion gun,
evaporator, LEED

P fhea >on
0‘— Photon beam

Load-lock
sample transfer




Geballe Laboratory for Advanced materials
Stanford University (on-campus) \

ARPES at Stanford




ARPES at USTC

B T REE
(Laser ARPES)

MXME, ZEED
Vb B Cl=IAEESE
W ML, &F k.

!
AT




ARPES: Advantages and Limitations

Advantages Limitations
S o

* Direct information about

the electronic states!
» Straightforward comparison with RRRERY  surface Electrons
theory - little or no modeling.

Bulk Electrons

« High-resolution information about
BOTH energy and momentum

e * Not bulk sensitive
« Surface-sensitive probe

. * Requires clean, atomically flat
+ Sensitive to “many-body” effects surfaces in ultra-high vacuum

« Can be applied to small samples » Cannot be studied as a function of
(100 pm x 100 um x 10 nm) pressure or magnetic field



