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Outline

• Using ARPES to demonstrate that certain materials are 
3D Tis
• Surface states
• Spin-momentum locking
• Breaking TRS

• Fun with surface states
• Surface/bulk coupling
• 2-photon photoemission
• Floquet-Bloch states

• Announcements
• Next lecture: ARPES experiments on other topological 

materials and Dirac materials including graphene, 
topological crystalline insulators, Dirac semimetals, 
Weyl semimetals



Materials

• Bi2Te3

• Bi2Se3

• Sb2Te3

• Bi2-xSbxTe3-ySey

Bianchi et al. Semicond. Sci. 
Technol. 27 124001 (2012) 



Materials history



Review: Quantum Hall “insulator” at B=0?
Look for large spin orbit coupling

• In a semi-classical approach we can consider electrons orbiting the nucleus.
• In the rest frame of the electron, the electric field turns into a magnetic field.

𝑩 = −
𝒗 × 𝑬

𝑐2
∝ 𝒓 × 𝒑 = 𝑳

• And the SOC term is simply 𝝁𝒔 ∙ 𝑩 . Momentum and the spin are perpendicular to one another.

This internal B-field from the spin-orbit coupling leads to the topological surface states. 
Because of the strong SOC, the spin S and the momentum k are locked perpendicularly.

• Originally proposed in 2D by Mele and 
Kane, 2005.

• The spin texture prevents back 
scattering.



Review: 3D Topological Insulator

• First generation of 3D topological insulators include: Bi1-xSbx, Bi2Se3, Bi2Te3, Sb2Te3, Sb, 
etc…

• The “edge” of a 3D material is a 2D surface.
• Due to the spin texture, back scattering is still forbidden.



Disclaimer

Theory:
• This material is expected 

to be a topological 
insulator

• This will manifest in a 
certain electronic 
structure
• Insulator in bulk
• Dirac cone surface 

state
• Spin texture

ARPES experiment:
• This material is a TI 

because theory says it is 
and we measure a 
consistent band 
structure

• Can measure
• Band structure
• Distinguish surface 

from bulk states
• Spin texture



Expectations for ARPES spectra of 
3D topological insulators
• Insulator in bulk

• Surface state
• Odd number of them

• Dirac-like dispersion

• Spin-momentum locking

• Difficult to destroy except by breaking time reversal 
symmetry



0th 3D Topological insulator: Bi1-xSbx

Problem: too many surface states

Hsieh et al. Nature 452 (2008)



1st 3D Topological insulator: Bi2Se3

Xia et al. Nat. Phys. 5 May 2009

• Is this an insulator?
(No, but we don’t care; Se 
vacancies in Bi2Se3 make it 
naturally n-type, but surface 
states still have expected 
properties)

• Concept: momentum 
distribution curve (MDC) 
analysis
(Intensity vs momentum at 
fixed energy)

• Correspondence with theory

Bulk 
gap



Distinguishing surface from bulk states

Xia et al. Nat. Phys. 5 May 2009

Vary photon energy
• Surface bands do not disperse because they are strictly 2D
• Bulk bands do disperse because they have some 3D character
• Complication: matrix element effects can make surface state look brighter 

or dimmer at different photon energies



Fermi surface

Xia et al. Nat. Phys. 5 May 2009



2nd 3D topological insulator: Bi2Te3

Chen et al. Science 325 July 2009



Distinguishing surface from bulk 
in Bi2Te3

Similarities to Bi2Se3
• One dirac cone 

surface state per 
BZ

• Naturally n-type
Differences
• Star-shaped FS for 

surface state
• More pronounced 

dispersion for bulk 
state

Chen et al. Science 325 July 2009



Tuning doping: (Bi1-dSnd)2Te3

Chen et al. Science 325 July 2009

Same surface state, 
whether bulk is 
really insulating or 
not



Spin texture via spin ARPES

How can we measure electron spin in photoemission experiments?

A. Takayama, High-resolution spin-resolved photoemission 
spectrometer and the Rashba effect in Bismuth thin films (2015)



Mott Detectors
• Spin-orbit coupling (SOC): positively charged nucleus 

provides effective B-field in rest frame of electron: 

𝑩 = −
1

𝑐
𝒗 × 𝑬= −

1

𝑐

𝑍𝑒

𝑟3
𝒗 × 𝒓 =

𝑍𝑒

𝑚𝑐𝑟3
𝑳

• Magnetic moment of electron:

𝜇𝑒 = −
𝑔𝑠𝑒

2𝑚𝑐
𝑺

• Interaction between electron and effective B field of 
nucleus:

𝑣𝐿𝑆 = −𝜇𝑒 ∙ 𝑩 =
Ze2

2m2c2r3
𝐋 ∙ 𝑺

• Scattering cross section has angular asymmetry

A. Takayama, High-
resolution spin-resolved 
photoemission spectrometer 
and the Rashba effect in 
Bismuth thin films (2015)



Spin texture via spin ARPES

Hsieh et al. Nature 460 (2009)

What is the expected ‘spin texture’ for an ordinary metal?
• Without spin-orbit coupling?
• With spin-orbit coupling?

PRB 87, 075113 (2013)



Spin texture via circular dichroism
1. Measure ARPES spectrum with left-circularly polarized (LCP) light
2. Measure ARPES spectrum with right-circularly polarized (RCP) light
3. Δ𝐼(𝐸, 𝑘𝑥, 𝑘𝑦) = 𝐼𝐿𝐶𝑃 − 𝐼𝑅𝐶𝑃

Wang et al. PRL 107, 
207602 (2011)



Destroying the surface state

Chen et al. Science 329 (2010)

• Surface state is topologically protected: should be impervious to impurities
• Surface state is protected by time reversal symmetry: should be vulnerable to 

magnetic field or magnetic impurities



Summary part 1

• Bi2Se3, Bi2Te3, and related materials are the 
‘hydrogen atoms’ of topological insulators

• Lots of circumstantial evidence that these materials 
are likely 3D Tis
• Dirac-like surface state at TRIM

• Surface state has spin texture (spin-momentum locking)

• Surface states are robust, except when they are 
subjected to magnetic impurities

• Next: fun with Tis
• Creative experiments which exploit surface states to 

demonstrate new physics or experimental technology, 
without necessarily caring about their topological nature



Vocabulary

ARPESable: 
materials which 
easily yield good 
ARPES spectra

Why is Bi2Se3 so 
ARPESable?



One class of experiment with ultrafast 
lasers: pump-probe experiments

time

In
te

n
si

ty

100 fs
1 nJ



Pump-probe experiments

The pump
• Purpose (depends on 

specific experiment)
• Create specific excitation
• Whack the electronic 

system on a timescale 
faster than lattice 
response

• Cause destruction

• Frequency (depends on 
specific experiment)
• 1.5 eV (straight out of the 

Ti-Sapph laser)
• Mid-IR (70-500 meV—

relevant to excitations in 
solids)

The probe
• Ascertains system’s 

response as a function of 
time delay from pump

• Defines what experiment 
you are doing
• Optics (probe measures 

change in reflectivity or 
absorption)

• THz (measures changes in 
optical conductivity at low 
frequencies)

• ARPES (measures changes 
in band structure)

• Many others



2 photon photoemission (2PPE) as a 
substitute for inverse photoemission

Photoemission Photon in, 
electron out

Measure occupied
electronic states

Sub-meV resolution 
common

Inverse
photoemission

Electron in, 
photon out

Measure unoccupied
electronic states

~500 meV resolution

Use time-resolved ARPES to measure unoccupied states
• Pulse 1 (pump): make excitation into unoccupied state
• Pulse 2 (probe): perform photoemission out of pump-

populated unoccupied state
• Time resolution is not very important, but light intensity

is because this is 2nd order process



2 PPE experiments in Bi2Se3

• 1.5 eV pump, 5.98 eV 
probe, Δ𝑡~100𝑓𝑠

• 2nd surface state 
observed above EF!

• Applicable to many 
different materials

Sobota et al. PRL 111, 136802 (2013)



Surface-bulk coupling in Bi2Se3

• 1.5 eV pump, 6 eV probe
• Pump deposits energy into electrons, effectively 

giving them higher temperature than surrounding 
lattice

• In ordinary metals: electron thermalization with 
lattice set by e-ph coupling

• In metallic surface state: hot electrons in surface 
state can cool down faster by thermalizing with 
bulk bands first

Wang et al. PRL 109, 127401 (2012)



Floquet-Bloch states

• Spatially periodic: • Temporally periodic

If you have both spatially and temporally periodic Hamiltonian, 
Eigenvalues are periodic both in k and  E! -> Floquet-Bloch states!

Slide courtesy of N. Gedik



Creating new states of matter with light

• Use mid-IR pump with energy smaller than band gap of Bi2Se3
• Use oscillating electric field of pump to create floquet-bloch state
• Photoinduced gaps at band crossings
• Circularly polarized light can open gap at Dirac point!

Wang et al. Science 342 514 (2013)
Mahmood et al. Nat. Phys. 12 453 (2016)



Opening gaps with light!

Wang et al. Science 342 514 (2013)



Conclusions part 2

• Bi2Se3 and related compounds are the type 1a 
supernova of time-resolved ARPES
• Measurement of unoccupied band structure

• Surface-bulk coupling

• Floquet-Bloch states



Additional (light) reading

• H. Zhang et al. Nat. Phys. 5 438 (2009)

• J. E. Moore et al. Nature 464 (2010)

• Qi and Zhang Phys. Today, “The quantum spin hall 
effect and topological insulators” Jan (2010)


