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Outline

Ultrafast Adiabatic Rapid Passage in a Single 

Semiconductor Quantum Dot

- Semiconductor Qubits in InAs quantum dots

Kimberley C. Hall
Dalhousie University, Nova Scotia, Canada

Introduction

Adiabatic Rapid Passage on Excitons

- Ultrafast optical quantum gates

- InAs/GaAs, MicroPL, Exciton Qubits

QD1
QD2

Adiabatic Rapid Passage on Excitons

- Linear pulse chirp leads to a robust single qubit π gate

Infrared Quantum Control Experiments

Results: New regime of strong, rapidly varying Rabi energy

- 20 x reduction in gate time

- Chirp sign dependence: phonon-mediated dephasing
suppressed for positive chirp at 10 K
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Imamoglu et al. Shaped Pulse

Excitation

Shaped Pulse

Excitation
Clark et al. PRL 

Ultrafast Quantum Computing in Quantum Dots

Semiconductor solid state qubits:

- Processing, Photonic technology    

- Interfacing with classical computers

Solid State Qubits: Semiconductor Quantum Dots

Short optical pulses:

- Fast gates relative to T2 

(Dynamical decoupling, Quant. Error Corr.)

- Pulse shaping, Parallel processing (CIQC)

Imamoglu et al. 

PRL 83, 4204 (1999).

Entanglement
Beam

Excitation Excitation

Single SAQD

Microcavity

Mode coupled

to Waveguide

Clark et al. PRL 

99, 040501 (2007).

Clark et al. PRL 99, 

040501 (2007).

Troiani et al. 

PRB 62, R2263 (2000). 
1 µµµµm

InAs/GaAs
Self-assembled QDs



Single Qubit π Gate via

Adiabatic Rapid Passage

Rabi Rotations: Adiabatic Rapid Passage:

,

Dressed states

in Light Field:

Rabi Rabi 
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In Rabi rotations, the pulse is resonant with exciton transition at all 

times (constant phase, ∆=0), and the Bloch vector undergoes a 

pure rotation about a single axis. 

In ARP, a chirped laser pulse is used for qubit control: ω(t) = ωX + αt

- “QD+Light” system evolves through an anti-crossing, resulting in   
inversion of the qubit

- System remains in eigenstate of “QD+Light” system

- The Bloch vector follows the Light torque vector adiabatically



Parallel Single Qubit Gate on Distant Quantum Dots

• Excitons in different quantum dots can have different dipole moments and 
transition energies: Distinguishable Qubits

QD3

E1

E

E3

0

1
Proof of Principle demonstration of

simultaneous deterministic control:

QD1: 2π gate; QD2: π gate

QD1

QD2

QD3E2
0

Could encode problem-specific, complex

Sanders, PRA 59, 1098 (1999).
Amitay Chem. Phys. Lett. 359, 8 (2002).

instruction sets in pulse shape 

Parallel quantum processing



Application of Optimal Quantum Control to

Simultaneous π, 2π Gates in Two Different QDs

Unshaped (TL) Pulse Optimum Shaped Pulse
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Application of Optimal Quantum Control to

Simultaneous π, 2π Gates in Two Different QDs

Unshaped (TL) Pulse Optimum Shaped Pulse
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Nanolett. 13, 4666 (2013).
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Single Qubit π Gate via

Adiabatic Rapid Passage

Adiabatic Rapid Passage: The advantage of ARP is that, unlike Rabi 

rotations, it is robust against variations in the 

experimental parameters:

- Uncertainties in QD Parameters:        ,

- Fluctuations in Laser Power, Wavelength

This robustness makes ARP attractive for a
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This robustness makes ARP attractive for a

variety of applications:

Single and  
entangled photon 

sources

Quantum
Computing

All-optical
switching

Bose-Einstein 
Condensate in
semiconductor

A robust π gate is especially 

attractive for reducing decoherence

via dynamical decoupling:

- Viola and Lloyd, 
PRA 58, 2733 (1998).

- Axt et al., PRB 71, 155305 (2005).

- Hodgson et al., PRB 78, 165311 (2008).



Single Qubit π Gate via

Adiabatic Rapid Passage

ARP in a single semiconductor 

QD was recently demonstrated 

experimentally, with 

long control pulses:15-40 ps

Simon et al. 

PRL 106, 166801 (2011).

Grating stretcher:

- constant Φ”(ω)

Wu et al.

PRL 106, 067401 (2011).

Shorter gate pulses would permit more operations within the decoherence time 

AND may enable one to engineer the strength of coupling to phonons

K: Response function 

electron-phonon coupling 



Single Qubit π Gate via

Adiabatic Rapid Passage

ARP in a single semiconductor 

QD was recently demonstrated 

experimentally, with 

long control pulses:15-40 ps

Simon et al. 

PRL 106, 166801 (2011).

Grating stretcher:

- constant Φ”(ω)

Wu et al.

PRL 106, 067401 (2011).

Shorter gate pulses would permit more operations within the decoherence time 

AND may enable one to engineer the strength of coupling to phonons

Hodgson et al. 

PRB 78, 165311 (2008).

Mathew et al. 

in progress (2014).



Self-Assembled Quantum Dot Samples for 

Infrared Quantum Control

2.5 mm

Metallic mask deposited 
using e-beam lithography

0.4 µµµµm Apertures

• Quantum dots are characterized using µ-PL and PLE and have a bimodal

Avg. Height: 9 nm; Diameter: 20 nm

• Quantum dots are characterized using µ-PL and PLE and have a bimodal
size distribution.  Select QDs with transition energies near 1.3µm for OQC

1 x 1010 cm-2 (1220 nm); ∆∆∆∆EGS-ES = 75 meV
6 x 109 cm-2 (1290 nm); ∆∆∆∆EGS-ES = 95 meV

10 K



Infrared Quantum Control Experiments on

InAs Quantum Dots

Fiber for PL Detection 

Infrared laser source and pulse shaping
system (OPO, 130 fs, 1.1-1.6 µm)

Sample mounted on nanopositioner at 10 K
in liquid helium flow-through cryostat

Quantum state readout (PL) using 0.75 m 
monochromator and InGaAs array

p-shell control, s-shell quantum state readout

Dipole moments and transition energies of 
QDs determined using PL and PLE for OQC

Quantum Dot

Sample

Alignment Camera

Spot Size Measurement

Shaping System Feedback

InGaAs Array

Detector



Infrared Quantum Control Experiments on

InAs Quantum Dots
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p-shell control, s-shell quantum state readout

Dipole moments and transition energies of 
QDs determined using PL and PLE for OQC



Subpicosecond Adiabatic Rapid Passage

Insensitivity to pulse area is a signature of ARP and robust state inversion



Subpicosecond Adiabatic Rapid Passage



Role of Phonons in Strong-Driving Regime

The use of subpicosecond control pulses

puts our experiments into a new regime of

strong and rapidly-varying Rabi energy

If phonon processes are contributing, the

efficiency of ARP should depend on the

- Importance of phonons in this

new regime is not known

efficiency of ARP should depend on the

sign of pulse chirp. Chirp sign can be 

controlled using femtosecond pulse shaping 

techniques.

Such a chirp sign dependence has been predicted theoretically but had 

not been demonstrated experimentally prior to this work.

Debnath et al. PRB 86, 161304 (2012).

Luker et al. PRB 85, 121302 (2012). Reiter et al.

Acta Phys. Pol. A 122, 1065 (2012). 



Role of Phonons in Strong-Driving Regime

Exciton occupation for negative chirp is lower than that for positive chirp by an 

amount that increases with increasing pulse area

Results indicate that coupling to phonons is primary mechanism limiting inversion via ARP

and that dephasing may be suppressed for positive chirp at low temperatures

Experimental confirmation of predicted chirp sign dependence

Results are independent of the polarization of control pulse



Role of Phonons in Strong-Driving Regime

New insight into the transition between past ARP 

experiments and the new regime of strong and 

rapidly varying Rabi energy considered here

We carry out numerical simulations of state evolution 

taking into account deformation potential coupling to 

longitudinal acoustic phonons

Ramsay et al., J. Appl. Phys., 109, 102415 (2011).

Nazir, PRB 78, 153309 (2008)Nazir, PRB 78, 153309 (2008)



Role of Phonons in Strong-Driving Regime

Study transition between past ARP 

Suggests that other physical processes not included in this model may play a role.  

E.g. multi-phonon processes, piezoelectric coupling, non-Markovian effects

Study transition between past ARP 

expts and the regime of strong and 

rapidly varying Rabi energy



Role of Phonons in Strong-Driving Regime

• Exciton inversion efficiency was • Exciton inversion efficiency was 

calculated using a density matrix 

approach

Suggests that other physical processes not included in this model may play a role.  

E.g. multi-phonon processes, piezoelectric coupling, non-Markovian effects



We demonstrated ARP using subpicosecond control pulses: 

20 x reduction in gate time relative to previous work.

Conclusions

Our experiments explore a new regime of strong (and 

rapidly varying) Rabi energies, providing new insight into

the role of phonons in dephasing. 

Phonon-mediated EID may be suppressed for positive 

pulse chirp at low tempertures by maintaining the 

quantum system in the lower-energy adiabatic branch 

during the control process.

Supported by:

R. Mathew, E. Dilcher, A. Gamouras, A. Ramachandran, S. Freisem, 

D. G. Deppe, and K. C. Hall, Phys. Rev. B 90, 035316 (2014). 

A. Gamouras, R. Mathew, S. Freisem, D. G. Deppe, and K. C. Hall, 

Nano Letters 13, 4666 (2013). 

R. Mathew, C. E. Pryor, M. E. Flatté, and K. C. Hall, 

Phys. Rev. B 84, 205322 (2011).

A. Gamouras, R. Mathew, and K. C. Hall 

J. Appl. Phys. 112, 014313 (2012). 

during the control process.
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