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The Transistor - 1947

Germanium semiconductor crystal

Bill Shockley

Walter BrattainJohn Bardeen

“Solid State Physics Group”



Bell Labs, Murray Hill New Jersey

Bell Laboratories
(circa 2008)

Mike’s Lab
transistor

https://www.youtube.com/watch?v=IFfdnFOiXUU

The Idea Factory: Bell Labs and the Great Age of American Innovation
Jon Gertner (2013)

https://www.youtube.com/watch?v=IFfdnFOiXUU


Karl Lark-Horowitz 
Purdue Department of Physics, 
1928-1958
• Transformed the Physics Department into a 
research powerhouse.
• Best known for work on Germanium 
rectifiers during WWII (needed for radar).
• Collaborated/competed with Bell Labs on 
creating high quality germanium crystals that 
led to first transistors at Bell Labs in 1946.

Crystal Fire,  Michael Riordan and Lillian Hoddeson



Clinton Davisson, Nobel Prize 1937

Electrons behave as “matter waves”



Horst Stormer Dan Tsui

Semiconductor Physics Department
early “aughts” 



Dan Tsui’s Contribution to Purdue Physics and Astronomy



quasiparticles in 
the fractional 

quantum Hall state 
at ν=1/3

Elementary particles
FERMIONS BOSONS

gluonsphotons

Anderson-Higgs boson

gravitons

electrons
quarks

protons
neutrons

muons

Emergent particles in 2D 

Pauli Exclusion Principle
Fermions switch places:

(-1) * Wavefunction

Flock Together
Bosons switch places:

(1) * Wavefunction

ANYONS
Unprecedented Quantum Effects
- Fractional charge
- Anyonic braiding statistics

(ei𝜽𝜽) * Wavefunction

𝜽𝜽=2π/3

Slide adapted from Erica Carlson’s



• Quasiparticles carry fractional charge:
𝑒𝑒∗ = 𝑒𝑒

3
for ν=1/3

Δ𝜃𝜃 = 2𝜋𝜋
𝑒𝑒∗

𝑒𝑒

R. B. Laughlin, PRL 50, 1395 (1983)

R. de-Piccioto et al. Nature 389, 162 (1997)
L. Saminadayar et al. PRL 79, 2526 (1997)

B. I. Halperin, PRL 52, 1583 (1984)
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Excitations of the FQHE are anyons: fractional charge and statistics 
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• Anyonic braiding statistics: 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝜋𝜋 𝑒𝑒∗

𝑒𝑒

ν=2

ν=4/3



Early analysis of fractional statistics and the FQHE
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The key to low dimensional electron systems is the insulator-semiconductor 
heterointerface

An electron microscope image of 
the Si and O atoms at the most 
technologically important 
interface of the 20th century.  

Single crystal Silicon meets 
amorphous SiO2.  The chemical 
mismatch induces dangling bonds, 
and 109 to 1011 interface states/cm2.

GaAs

AlAs

This AlAs/GaAs interface is among the most 
perfect in all of nature. MBE: painting with atoms



Electronic Fabry-Perot interferometry in the Quantum Hall regime 
• Surface gates define electron interference path
• Quantum point contacts (QPCs) act as beam        
splitters

𝜃𝜃 = 2𝜋𝜋
𝐴𝐴𝐴𝐴
Φ0

Aharonov-Bohm phase

𝑒𝑒∗

𝑒𝑒
+ 𝑁𝑁𝐿𝐿𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Braiding phase

• Can measure interference by measuring 
electrical conductance across device

• Operate device by changing area (via gate 
voltage) or magnetic field

• Expect negative slope of constant phase lines in 
B-VG plane

S D

B

Φ0 ≡
ℎ
𝑒𝑒

B.I. Halperin, A. Stern, I. Neder, and B. Rosenow PRB 83, 155440 (2011)

C. de C. Chamon, D. Freed, S. Kivelson, S. Sondhi, X. Wen Phys. Rev. B 55, 2331 (1997)

𝐼𝐼~ 𝑡𝑡1 2 + 𝑡𝑡2 2 + 𝑡𝑡1 |𝑡𝑡2|cos(𝜃𝜃)



Early Experiments: Challenges and Clues



AB vs. CD in early experiments: a valuable lesson

• Many early experiments observed 
Coulomb dominated behavior

• C. Marcus group observed AB 
behavior (negative slope) in devices 
with large area which included metal 
screening gates
• Coherence was poor due to large 
path length 

• Need better way to screen to 
observe AB interference in smaller 
devices

16

18𝜇𝜇𝑚𝑚2

Device

2𝜇𝜇𝑚𝑚2

Device

Zhang et al. PRB 79, 241304 (2009)



Aharonov-Bohm vs. Coulomb-Dominated regimes
Aharonov-Bohm Coulomb-dominated

• Regime of operation depends on the ratio of KIL/KI, where KIL parameterizes bulk-edge interaction and KI parameterizes 
the energy cost to add charge to the edge

• Critically, 𝜽𝜽𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 is unobservable in the Coulomb-dominated regime: phase change is multiple of 2π.

B. I. Halperin, A. Stern, I. Neder, and B. Rosenow. PRB 83, 155440 (2011)
C. W. von Keyserlingk, S. H. Simon, B. Rosenow, PRL 115, 126807 (2015)
D. Feldman and B. Halperin, Rep. Prog. Phys. 84 (2021) 076501
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Our contribution: new heterostructure and device design



Top and back-gated interferometer operation

19

• Need to eliminate parallel conduction through  
screening wells

• Adapt technique used in bilayer systems – use gates 
around Ohmics to disconnect SWs from contacts 

Quantum Well

Screening Well

Screening Well

Ni/Au/Ge
Ohmic 
Contact

-0.29V

110nm

50μm

-150V

J. P. Eisenstein, L. N. Pfeiffer, & K. W. West. APL 57, 2324 (1990)

Mesa
Contacts
Surface Gates Gate
Back gate









In-situ screening wells enable  Aharonov-Bohm oscillations

23

• reduces bulk-edge coupling 
and increases sharpness of 
confining potential

• Enables high edge mode 
velocity and small 
interferometers 

• High amplitude, robust 
interference in the FQHE

ν=1



Aharonov-Bohm interference at ν = 1/3  FQHE  state
𝑒𝑒∗

𝑒𝑒 =
Φ0

𝐴𝐴Δ𝑉𝑉𝑔𝑔
𝜕𝜕𝐴𝐴
𝜕𝜕𝑉𝑉𝑔𝑔



Theoretical analysis: transition from incompressible to compressible droplet

• Competition between energy cost to 
create quasiparticles Δ and electrostatic 
energy cost to keep 𝜈𝜈 fixed 

• Predicted transition from AB 
(incompressible) with 3Φ0 period to 
AB+qp creation with Φ0 period 
(compressible bulk)

25

B. Rosenow and A. Stern. PRL 124, 106805(2020)

Δ = Energy gap of quantum Hall state
C = capacitance to screening layers (per unit area)

Δ𝐴𝐴𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒
quasiparticles quasi-holes

width in B with fixed 𝜈𝜈 where bulk is 
incompressible and 3Φ0 oscillations:

Δ𝐴𝐴𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒 =
Δ × Φ0

𝜈𝜈𝑒𝑒∗ × 𝑒𝑒2
𝐶𝐶





Observation of  discrete phase slips at  𝝂𝝂 = 𝟏𝟏/𝟑𝟑
• Primarily negative sloped constant-phase 

lines, but few discrete jumps in interference 
pattern

𝜃𝜃 = 2𝜋𝜋
𝐴𝐴𝐴𝐴
Φ0

𝑒𝑒∗

𝑒𝑒
+ 𝑁𝑁𝐿𝐿𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

• Both Δ𝐴𝐴 and Δ𝑉𝑉𝑔𝑔 indicate 𝑒𝑒∗ = 1
3

Δ𝜃𝜃
2𝜋𝜋

= −0.32Δ𝜃𝜃
2𝜋𝜋

= −0.38Δ𝜃𝜃
2𝜋𝜋

= −0.28
Δ𝜃𝜃
2𝜋𝜋

= −0.29

Theory: 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝜋𝜋
3

• Negative sign consistent with removing QPs 
(or creating quasi-holes) with increasing B

• Discrete jumps in phase: Δ𝜃𝜃 = −2𝜋𝜋 × (0.31 ± 0.04)

27



Enhance bulk-edge interaction to understand couplings and probe anyon response

800nm x 800nm interferometer
2DEG density ~6x1010cm-2



Interference at 𝝂𝝂 = 𝟏𝟏
𝟑𝟑

in 800nm x 800nm Fabry-Perot interferometer

• Interferometer with ~2x smaller 
area

• Negatively sloped AB near center 
of 𝜈𝜈 = 1/3 plateau with 3 Φ0
periodicity: plus a few discrete 
jumps

• Modulations in the interference 
pattern in high and low field 
regions with ~Φ0 period, 
consistent with anyonic braiding 
with a compressible bulk

Extremely sharp phase slips &
Clear transition to compressible regime



REACTION OF RESEARCH COMMUNITY

• “To me as a condensed matter physicist, they 
are at least as interesting as the Higgs particle,” 
says Bernd Rosenow theoretical physicist at 
University of Leipzig 

• “It is absolutely convincing. Theoretical 
physicists have long thought that anyons exist but 
to see it in reality takes it to a whole another 
level,” says Nobel Laurate Frank Wilzcek of MIT 
who coined the term “anyon” in the 1980s.





Opportunities at Purdue –Birck Nanotechnology Center

32



Summary and Outlook
• At ν=1/3, anyonic braiding phase of 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝜋𝜋

3
has been 

measured 

• Heterostructure + device design was critical to observation of 
new physics

• Physics discovery and technology development are not linear, 
nor sequential

What’s Next?       Non-Abelian braiding…



Purdue Team
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award DE-SC0020138
Microsoft Quantum 

Thanks to everyone in the group !
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