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Background and motivation...

Linear optics:
noninteracting photons subject to ”linear optical elements” 

beam splitters

mirrors

phase shifters

bilinear Hamiltonian (in photon 
creation and annihilation operators),
conserves photon number

Boost in 2001: ”Linear optics quantum computing”
                         Knill, Laflamme & Milburn, Nature (2001)   



Background and motivation...

Linear optics:
noninteracting photons subject to ”linear optical elements” 

Analogue in the solid state:

Integer quantum Hall system

photons ––> ballistic edge electronsbeam splitter ––> quantum point contact
optical wave guide ––> quantum Hall edge 
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Background and motivation...

But... crucial differences:

Electrons carry charge and interact!

Statistics: photons bunch, electrons antibunch,...

Hong, Ou & Mandel, PRL (1987)
[experiment]



”Is there an electronic analogue to 
linear optics quantum computing?” 

Background and motivation...



Quantum computing using linear optics (LOQC)
Knill, Laflamme & Milburn, Nature (2001)
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But photons do bunch!
”Probabilistic” 2-qubit gates are possible!
Knill, Laflamme & Milburn, Nature (2001)
Koashi, Yamamoto & Imoto, PRA (2001) 

quantum gatesuniversal set of 



Probabilistic CNOT gate

Linear optics quantum computing

Pittman et al., PRA (2001) [design]
Gasparoni et al., PRL (2004)  [experiment]
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Probabilistic CNOT gate

Linear optics quantum computing

1/4 success rate with maximally entangled
ancilla photons. Pittman et al., PRA (2001)

Need good supply of photons!
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Probabilistic CNOT gate

Spontaneous parametric down conversion:
rate of Bell pairs 
Steinlechner et al., Opt. Exp. (2012)
[experiment]
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Probabilistic CNOT gate

...

Silicon wave guide pair production:
rate of Bell pairs 
Matsuda et al., Opt. Exp. (2014)
[experiment]
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DiVincenzo’s criteria for quantum computation
DiVincenzo, Fortschr. Phys. (2000)



A scalable physical system 
with well-defined qubits

The ability to initialize 
to a pure state 

A universal set of 
quantum gates

Qubit-specific
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Long coherence times

DiVincenzo’s criteria for quantum computation
DiVincenzo, Fortschr. Phys. (2000)

?
Low efficiency
of ”on-demand” 
photon sources



Electron quantum optics computing?

What about using electrons instead of photons?

Highly efficient ~ 1 THz single-electron sources are readily available!
Bocquillon et al., Science (2013) 

Spin-entanglement from 2-particle interferometry! 
Bose & Home, PRL (2002)



Electron quantum optics computing?

What about using electrons instead of photons?

Exponential speed-up of quantum over classical
algorithms cannot be reached with single-electron 
Hamiltonians assisted by spin measurements.

Terhal & DiVincenzo, PRA (2002)



Electron quantum optics computing?

What about using electrons instead of photons?

Terhal & DiVincenzo, PRA (2002)

Proof: The probability of the outcome of any 
set of local spin measurements ~ 
Thus, computable in polynomial time!
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JK = J1 = J2 = Kondo coupling
n = number of sites in A incl. the impurity site
N = total number of sites in A+B

Exponential speed-up of quantum over classical
algorithms cannot be reached with single-electron 
Hamiltonians assisted by spin measurements.
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Getting around the No-go theorem of Terhal & DiVincenzo:

Add charge measurements!
Beenakker et al., PRL (2004) 

Proof: The charge operator                        is the sum of two local spin 
projection operators ––> the probability that M sites are, say, singly 
occupied consists of 2M determinants ––> not computable in 
polynomial time!
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Electron quantum optics computing?

Implementations?

IQHE edge states?

no spin!

Quantum wires??
fragile electron transport ...



Electron quantum optics computing?

Quantum spin Hall edge states

from M. König et al., Science 318, 766 (2007)



Quantum spin Hall physics: some basics

”Proof-of-concept”: Kane & Mele, two papers in PRL (2005) 
                               Bernevig & Zhang, PRL (2006)
                Prediction: Bernevig, Hughes & Zhang, Science (2006)
              Experiment: König et al., Science (2007)
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                               Bernevig & Zhang, PRL (2006)
                Prediction: Bernevig, Hughes & Zhang, Science (2006)
              Experiment: König et al., Science (2007)

Strong atomic spin-orbit interactions

topologically nontrivial band structure

insulating bulk, conducting edge states
perfectly spin-filtered
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To develop some intuition, consider a Gedanken experiment... 
Bernevig & Zhang, PRL (2006)
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W. Häusler, L. Kecke, and A. H. MacDonald, Phys.

Rev. B 65, 085104 (2002)

�α0 � 2× 10
−11

eV m

Λ � 0.5 eV

vF � 1× 10
6

m/s

Kc + Ks � 1.8

HR

H =

�
dx [Hc +Hs]

Hi =
vi

2
[(∂xϕi)

2
+(∂xϑi)

2
]−

mi

πa
cos(

�
2πKiϕi), (1)

∆R = γ1 sin(q0a)

with vi and Ki functions of g1τ , g̃2τ and g4τ

Λ ∼ bandwidth (2)

ϕc ≡ (ϕ+ + ϕ−)/

√
2 (3)

ϕs ≡ (ϕ+ − ϕ−)/

√
2 (4)

R
†
τ and L

†
τ create excitations at the Fermi points of the

right- and left-moving branches with spin projection τ

(5)

L+

vF = 2a

�
t2 + γ

2
0 and ∆R = γ1 sin(q0a)

Hτ =−ivF

�
:R

†
τ (x)∂xRτ (x) ::L

†
τ (x)∂xLτ (x) :

�

−2∆R cos(Qx)
�
e
−2ik0

F (x+a/2)
R

†
τ (x)Lτ (x)+H.c.

�
,(6)

τ = ±

q0

HR =−i

�

n,µ,ν

(γ0 + γ1 cos (Qna))

�
c
†
n,µσ

y
µνcn+1,ν−H.c.

�

γj = αja
−1

(j = 0, 1)

ϕc ≡ (ϕ+ + ϕ−)/

√
2 (7)

ϕs ≡ (ϕ+ − ϕ−)/

√
2 (8)

Hint = g1− :R
†
τLτL

†
−τR−τ : + g̃2τ :R

†
+R+L

†
τLτ :

+
g4τ

2
(:R

†
+R+R

†
τRτ : +R↔ L) (9)

g̃2τ ≡g2τ − δτ+g1τ (10)

with vi and K functions of g1τ , g2τ , g3τ (11)

1

B = ∇×A

E = E(x, y, 0)

(E × k) · σ = Eσ
z
(kyx− kxy)

A =
B

2
(y,−x, 0)

A · k ∼ eB(kyx− kxy)

G = ν
e
2

h

Mc ≈ 100 meV

D. Grundler, Phys. Rev. Lett. 84, 6074 (2000)
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Quantum spin Hall physics: some basics

To develop some intuition, consider a Gedanken experiment... 
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Two copies of a quantum Hall system, bulk insulator with helical edge states 

Quantum spin Hall (QSH) insulator

single Kramers pair

Quantum spin Hall physics: some basics
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+|  > |  >– new Kramers pair
(”pseudospin”)

2D topological insulator

|  >+



edge states

HgTe quantum well |  >–
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Experimental observation by König et al., Science, 2007
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The helical edge states are stable against 
time-reversal invariant perturbations,
no disorder backscattering

edge states

|  >–

+|  >

ballistic edge electrons
carrying ”pseudospin”

HgTe quantum well

Experimental observation by König et al., Science, 2007
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”BHZ” model for HgTe quantum wells
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How to take advantage of the 
spin-filtered edge electrons?

Add a superconductor 
and a magnetic field

Electron quantum optics computing?Majorana fermions!
Fu & Kane, PRL (2008) 

Topological quantum computing?
Das Sarma, Freedman & Nayak, NJP (2015)
[review]
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Majorana entangler: Sodano & Bose NJP (2011)
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   A. Ström, H. J. & P.  Recher, PRB 91, 245406 (2015)

Experiments on rings in HgTe quantum wells:
König et al., PRL (2005)
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QSH spin entangler

Bocquillon et al., Science (2013)
[experiment]

Hofer & Büttiker, PRB (2013)
Inhofer & Bercioux, PRB (2013)
[theory] 

alternative



QSH spin entangler
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Elzerman et al., Nature (2004)
[experiment]
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Other cool stuff one can do...

”Solid-state” Bell test:
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QSH spin entangler

But what about... 

• materials and design?

• effects from interaction and disorder?

• ... 



Questions...

• materials and design?
Bad news: The best experimental realization of a 2D  
topological insulator – the HgTe/CdTe quantum well –
is extremely tricky to handle!



Alternative realizations of 1D helical electrons in high demand!

• materials and design?

Start with a quantum wire, spin split by a 
Rashba interaction, and add a magnetic field
 

B
x

y

1

SA(n,N)− SA(n− 1, N − 1) = Simp

where
JK = J1 = J2 = Kondo coupling
n = number of sites in A incl. the impurity site
N = total number of sites in A+B

HRashba = αkxσ
y

EF

HZeeman = (µBgB/2)σx

SA(JK , n,NL, NR)− SA(1, n− 1, NL, NR) = Simp

where
NL and NR are the number of sites in the left and right blue block, respectively

1

2π

�

M
FdS = C

K = κmin · κmax

radius =
1

κ

g = 0 g = 1 g = 2 g = 3

⊂ M

Berry curvature

Chern number

un,k(r) = � r |un,k �

Streda & Seba, PRL (2003)
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Alternative realizations of 1D helical electrons in high demand!

• materials and design?

A novel proposal:
Mariana Malard’s talk
today 4:40 pm

Questions...
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Scattering channels for 1D helical electrons  

no umklapp
away from half-filled band

dispersiveforward

backscattering
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• e-e interaction effects?

Scattering channels for 1D helical electrons  

no umklapp
away from half-filled band

dispersiveforward

no backscattering
due to time-reversal invariance
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no umklapp
away from half-filled band

no backscattering
due to time-reversal invariance

−k + q, σ
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−
−k� − q,−σ

”Luttinger liquid parameter”
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Questions...

Estimates of K 
for the Würzburg experiments on HgTe/CdTe quantum wells
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More work needed to assess the viability of  

electron quantum optics for QSH edge states!
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