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Main desired features of quantum programmable
electronics

Smooth interface between classical and quantum circuits

High integration and high logical density

Desired operational temperature above 1K

Electrical writting up the qubits states

Electrical reading up of qubits states

Electrical way of entangling two particles

Smooth transition from classical to quantum regime

K.Pomorski (UCD) Q-electronics in Semiconductors CERN 2020 -Dublin UCD Webinar 23-January-2020 3 / 46



Electrostatic qubit by Panagiotis et al [IEEE Open Access, 2019],
Pomorski et al. [Spie 2019], Fujisawa [2004]
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[ ”Analytical view on coupled single electron lines” by K.Pomorski et al. ,2019 ]
K.Pomorski (UCD) Q-electronics in Semiconductors CERN 2020 -Dublin UCD Webinar 23-January-2020 5 / 46



Central idea

Moving charge brings the phase imprint and reconfiguration of the
effective charged confined by local potential.
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Definition of correlation function

[ ”Analytical view on coupled single electron lines” by K.Pomorski et al.
,2019 ]
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Classical correlation function with time
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Position based qubit in tight binding model

The Hamiltonian of this system is given as

Ĥ(t) =

(
Ep1(t) ts12(t)

t†s12(t) Ep2(t)

)
[x=(x1,x2)]

=

= (E1(t) |E1〉t 〈E1|t + E2(t) |E2〉 〈E2|)[E=(E1,E2)]. (1)
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i~
d

dt

(
α(t)
β(t)

)
= E (t)

(
α(t)
β(t)

)
=

=

(
Ep1 + V1δ(t − t1) ts12 + (V3 + iV4)δ(t − t1)

t∗s12 + (V3 − iV4)δ(t − t1) Ep2 + V2δ(t − t1)

)(
α(t)
β(t)

)
(2)

with Ep1 =
∫ +∞
−∞ dxwL(x)(− 1

2m
d2

dx2 + Veff (x))wL(x),

Ep2 =
∫ +∞
−∞ dxwR(x)(− 1

2m
d2

dx2 + Veff (x))wr (x),

ts12 =
∫ +∞
−∞ dxwR(x)(− 1

2m
d2

dx2 + Veff (x))wL(x),

ts21 =
∫ +∞
−∞ dxwL(x)(− 1

2m
d2

dx2 + Veff (x))wR(x), where wL(x) and wR(x)
are maximum localized wavefunctions of electron in system of 2 coupled
quantum dots. wR(x) and wL(x) Wannier wavefunctions are linear
combination of system energy eigenstates.
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(
α(t+

1 )
β(t+

1 )

)
=

=
~

(~ + iV1)(~ + iV2) + V 2
3 + V 2

4

(
(~ + iV2) (−iV3 + V4)

(−iV3 − V4) (~ + iV1)

)(
α(t−1 )
β(t−1 )

)

(
α(t+

1 )
β(t+

1 )

)
=

(
M1,1 M1,2

M2,1 M2,2

)(
α(t−1 )
β(t−1 )

)
=

1

(~4 + (−V1V2 + V 2
3 + V 2

4 )2 + ~2(V 2
1 + V 2

2 + 2(V 2
3 + V 2

4 )))
×

×
(
Mr(1,1) + iMi(1,1) Mr(1,2) + iMi(1,2)

Mr(2,1) + iMi(2,1) Mr(2,2) + iMi(2,2)

)
(3)
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|ψ >m= e iφE1mcE1me
E1
i~ t1 |E1 > +e iφE2mcE2me

E2
i~ t2 |E2 >=

=

(
+e iφE1mcE1me

E1
i~ t1 + e iφE2mcE2me

E2
i~ t1

−e iφE1mcE1me
E1
i~ t1 + e iφE2mcE2me

E2
i~ t1

)
=

(
M1,1 M1,2

M2,1 M2,2

)(
+e iφE1cE1e

E1
i~ t1 + e iφE2cE2e

E2
i~ t1

−e iφE1cE1e
E1
i~ t1 + e iφE2cE2e

E2
i~ t1

)
(4)
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e iφE1mcE1m =
(~(cE1|~(2~2 + V 2

1 + V 2
2 + 2V1V3 + 2V3(V2 + V3) + 2V 2

4 )Cos[φE1]+
cE2(~(−V 2

1 + V 2
2 ) + 2(~2 − V1V2 + V 2

3 )V4 + 2V 3
4 )Cos[φE2 + (E1 −

E2)t1] + cE1(~2(V1 + V2 − 2V3) + (V1 + V2 + 2V3)(V1V2 − V 2
3 −

V 2
4 ))Sin[φE1] + cE2((V1 −V2)(~2 −V1V2 + V 2

3 ) + 2~(V1 + V2)V4 + (V1 −
V2)V 2

4 )Sin[φE2 + (E1 − E2)t1]))/(2(~4 + (−V1V2 + V 2
3 + V 2

4 )2+
~2(V 2

1 + V 2
2 + 2(V 2

3 + V 2
4 )))) + (i~(cE1(−~2(V1 + V2 − 2V3)− (V1 +

V2 + 2V3)(V1V2 − V 2
3 − V 2

4 ))Cos[φE1]− cE2((V1 − V2)(~2 − V1V2 +
V 2

3 ) + 2~(V 1 + V 2)V 4 + (V 1− V 2)V 2
4 )Cos[φE2 + (E1 − E2)t1] +

cE1~(2~2 + V 12 + V 22 + 2V1V3 + 2V3(V2 + V3) + 2V 2
4 )Sin[φE1] +

cE2(~(−V 2
1 + V 2

2 ) + 2(~2 − V1V2 + V 2
3 )V4 + 2V 3

4 )Sin[φE2 + (E1 −
E2)t1]))/(2(~4 + (−V1V2 + V 2

3 + V 2
4 )2 + ~2(V 2

1 + V 2
2 + 2(V 2

3 + V 2
4 ))))
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e iφE2mcE2m =
(i~(−cE2(~2(V1 +V2 +2V3)+(V1 +V2−2V3)(V1V2−V 2

3 −V 2
4 ))Cos[φE2]+

cE1(−(V1−V2)(~2−V1V2+V 2
3 )+2~(V1+V2)V4+(−V1+V2)V 2

4 )Cos[φE1−
E1t1 +E2t1]+cE2~(2~2 +V 2

1 +V 2
2 −2(V1 +V2)V3 +2V 2

3 +2V 2
4 )Sin[φE2]−

cE1(~(V1−V2)(V1 +V2) + 2(~2−V1V2 +V 2
3 )V4 + 2V 3

4 )Sin[φE1−E1t1 +
E2t1]))/(2(~4 + (−V1V2 + V 2

3 + V 2
4 )2 + ~2(V 2

1 + V 2
2 + 2(V 2

3 + V 2
4 ))))+

+(~(cE2~(2~2+V 2
1 +V 2

2 −2(V1+V2)V3+2V 2
3 +2V 2

4 )Cos[φE2]−cE1(~(V1−
V2)(V1 + V2) + 2(~2 − V1V2 + V 2

3 )V4 + 2V 3
4 )Cos[φE 1 + (−E1 + E2)t1] +

cE2(~2(V 1 + V 2 + 2V 3) + (V1 + V2 − 2V3)(V1V2 − V 2
3 − V 2

4 ))Sin[φE2] +
cE1((V1−V2)(~2−V1V2 +V 2

3 )−2~(V1 +V2)V4 + (V1−V2)V 2
4 )Sin[φE1 +

(−E1 +E2)t1]))/(2(~4 +(−V1V2 +V 2
3 +V 2

4 )2 +~2(V 2
1 +V 2

2 +2(V 2
3 +V 2

4 ))))
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Occupancy ocillations in position based qubit at nodes 1
and 2

P1(t) = |α(t)|2 =
1

2
((|α(0)|2 + |β(0)|2) +

1

2
(|α(0)|2

−|β(0)|2) cos((
E2 − E1)t

~
)) = cos(Θ(t))2,

P2(t) = |α(t)|2 =
1

2
((|α(0)|2 + |β(0)|2)− 1

2
(|α(0)|2

−|β(0)|2) cos((
E2 − E1)t

~
)) = sin(Θ(t))2, (5)

and it oscillates periodically with frequency proportional to distance
between energetic levels E2 and E1 and is given as ω0 = E2−E1

~ .
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Bloch sphere dynamics for position based qubit

− sin(φ(t)) =

[
sin( E1t

~ )(|α(0)|2 − |β(0)|2) + sin( E2t
~ )(|α(0)|2 + |β(0)|2)

cos( E1t
~ )(|α(0)|2 − |β(0)|2) + cos( E2t

~ )(|α(0)|2 + |β(0)|2)

]
=

(1− e
−i

2E1t
~ )(|α(0)|2 − |β(0)|2) +

(
cos(Θ(t))2− 1

2
1
2

(|α(0)|2−|β(0)|2)
+ i|

√
1− (

cos(Θ(t))2− 1
2

1
2

(|α(0)|2−|β(0)|2)
)2| − e

−i
(E2+E1)t

~

)

i(1 + e
−i

2E1t
~ ))(|α(0)|2 − |β(0)|2) + i

(
cos(Θ(t))2− 1

2
1
2

(|α(0)|2−|β(0)|2)
+ i|

√
1− (

cos(Θ(t))2− 1
2

1
2

(|α(0)|2−|β(0)|2)
)2| + e

−i
(E1+E2)t

~

)

Coevolution of both Θ and φ on Bloch sphere.
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Phase rotating gate
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Effective potential in piece-wise approximation and electric
Aharonov-Bohm effect (phase rotation gate)

Wavefunction phase difference across 2 deep wells controlled electrostatically is
∝ −1

~
∫ t

t0
(Vg1 (t ′)− Vg2 (t ′)))dt ′.

V(x)

x

      Well 1 

               Vg1(t)

Vg2(t)

           Well 2

                        -L                 0  +L -L+L0                                                                          

                      VbL(t) or +  

2L+L0                                                                          

                      VbR(t) or +  
                      VbC(t) or +  

    Coupling between Well 1 and Well 2 is controlled 
by VbL(t), Vbc(t), VbR(t), Vg1(t),Vg2(t) that are functions of VL(t), VC(t), VR(t).

In case of VbL(t)=Vbc(t)=VbR(t)=+∞ Well1 & Well2 are decoupled

Gate L with VL(t) Gate R with VR(t)Gate C with VC(t)
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Localized vs delocalized state in system of coupled q-dots

AC field allows for the transition of the delocalized state into localized
state and reversely !!!
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Two types of position based qubits

Figure: [Pomorski et al, Spie 2019]
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Transition between two types of position based qubits
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Problem of 2 electrostatically interacting particles in
perturbative limit

In the case of 2 weakly interacting particles we have
ψ(xA, xB , t) = ψ(xA, t)ψ(xB , t) what gives

[− ~2

2m

d2

dx2
A

+ λ

∫ +∞
−∞ e2ψB(x , t)ψ†B(x , t)dx

4πε0|xA − x |
+ VA(xA)]ψA(xA, t) =

= EAψA(xA, t) (6)

[− ~2

2m

d2

dx2
B

+ λ

∫ +∞
−∞ e2ψA(x , t)ψ†A(x , t)dx

4πε0|xB − x |
+ VB(xB)]ψB(xB , t) =

= EB(t)ψB(xB , t). (7)
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Case of 2 electrons in single quantum well
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Most features present in superconducting nanostructures are presented in
single electron CMOS technology!!!
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Case of 2 electrostatically coupled Single Electron Lines
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Electrostatically controlled topology of graphs of coupled
q-dots in chain of semiconductor q-dots

In semiconductor one observes the anticorrelation of electrons positions
due to electrostatic repulsion and minimization of electrostatic field
energy. In superconductor one observes the anticorrelation of electric
non-dissipative currents due to magnetic field shielding. There is
charge-phase duality in anticorrelation!!!
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Programmable band structure in chain of coupled q-dots
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Analytical tight-binding approach for coupled q-dots

Ĥ(t) =



2Ep (t) + q2

d1
tsr2(t) tsr1(t) 0

tsr2(t) 2Ep (t) + q2√
(d1)2+(b+a)2

0 tsr1(t)

tsr1(t) 0 2Ep (t) + q2√
(d1)2+(b+a)2

tsr2(t)

0 tsr1(t) tsr2(t) 2Ep (t) + q2

d1


=

= σ̂0 × σ̂0q11 + σ̂3 × σ̂3q22 + tsr2(t)σ̂0 × σ̂3 + tsr1(t)σ̂3 × σ̂0

that has only real value components Hk,l with

q11 = Ep(t) + Ec1+Ec2
2 = Ep(t) + 1

2 ( q2

d1
+ q2√

(d1)2+(b+a)2
),

q22 = Ec1−Ec2
2 = 1

2 ( q2

d1
− q2√

(d1)2+(b+a)2
) and Q11(t) =

∫ t
t0
dt ′q11(t ′),

Q22(t) =
∫ t

t0
dt ′q22(t ′), TR1(t) =

∫ t
t0
dt ′tsr1(t ′), TR2(t) =

∫ t
t0
dt ′tsr2(t ′).

SB(t) = Tr [ρB(t)Log [ρB(t)]] (8)

|ψ(t)〉 = U(t, t0) |ψ(t0)〉 = e
1
~
∫ t

t0
Ĥdt |ψ(t0)〉.
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Entanglement entropy of coupled qubits with time

2 4 6 8 10
Time

-0.8

-0.6

-0.4

-0.2

Entanglement entropy
ts1=0.1,ts2=0.1

ts1=0.1,ts2=0.1+0.2time

ts1=0.1,ts2=0.1-0.1 Cos[time]

ts1=0.1,ts2=0.1+0.2timeCos[time]-0.1time^2Sin[time]

ts1=0.1,ts2=0.1+0.1 time/( Cosh[time])^2

ts1=0.1,ts2=0.1+0.2(Sech[time])^2+0.2Tanh[time]

ts1=0.1,ts2=0.1 Exp[-time](1-time)

ts1=ts2=0.1 Exp[-time](1-time)

ts1=ts2=0.1 Exp[+time]

Electrostatic control of entanglement is demonstrated by tight-binding
model in symmetric Q-Swap gates when two hopping constants are the
same at initial state and when the state is initially in the ground state.
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Correlation function

C(Ec1 − Ec2 =
q2

d
−

q2√
d2 + (a + b)2

, ts1, ts2, pE1, pE2, pE3, pE4, φE10, φE20, φE30, φE40, t) =

=
N+,+ + N−,− − N−,+ − N+,−

N+,+ + N−,− + N−,+ + N+,−
=

4[

√
pE1
√

pE2(ts1 − ts2) cos[−t
√

(Ec1 − Ec2)2 + 4(ts1 − ts2)2 + φE10 − φE20]√
(Ec1 − Ec2)2 + 4(ts1 − ts2)2

+

√
pE3
√

pE4(ts1 + ts2) cos[−t
√

(Ec1 − Ec2)2 + 4(ts1 + ts2)2 + φE30 − φE40]√
(Ec1 − Ec2)2 + 4(ts1 + ts2)2

]

−(Ec1 − Ec2)[
pE1 − pE2√

(Ec1 − Ec2)2 + 4(ts1 − ts2)2
+

pE3 − pE4√
(Ec1 − Ec2)2 + 4(ts1 + ts2)2

] (9)
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We are going to use Jaynes-Cumming Hamiltonian [?] that describes the
interactiton atom with cavity by means of electromagnetic field. In the
simplest approach the cavity Hamiltonian describing waveguide without
dissipation is represented as

Hcavity = ~ωc (
1

2
+ â†â), (10)

where â† (â) is the photon creation (annihilation) operator and number of
photons in cavity is given as n = â†â. At the same we can represent the
two level qubit system

Hqubit = Eg |g〉 〈g |+ Ee |e〉 〈e| . (11)

The interaction Hamilonian is of the following form

Hqubit−cavity = g(â†σ− + âσ+), (12)

where σ− = σ1 − iσ2, σ+ = σ1 + iσ2. The qubity-cavity interaction has
the electric-dipole nature so quasiclassicaly we can write

Hqubit−cavity = d̂ · Ê = g(σ− + σ+)(â + â†) ≈ g(â†σ− + âσ+). (13)

Here we have neglected the terms g(σ−â + σ+â
†) and our approach is

known as rotating phase.
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During photon emission from qubit the energy level is lowered and
reversely during photon absorption the energy level of qubit is raised what
is seen in the term âσ+. The system Hamiltonian is given as
H = Hcavity + Hqubit + Hqubit−cavity . It is not hard to construct the Hilbert
space for Jaynes-Cumming Hamiltonian. Essentially we are considering the
tensor product of qubit space and cavity space.

|ψ〉 = γ1 |φ1〉 |0〉+ γ2 |φ1〉 |1〉+ γ3 |φ2〉 |0〉+ γ4 |φ2〉 |1〉 =
γ1

γ2

γ3

γ4

 , 1 = 〈ψ|ψ〉 = |γ1|2 + ..+ |γ4|2. (14)
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Electrostatic interface between semiconductor and
superconducting qubit

Josephson Junction interacting with two coupled Q-Dots semiconductor qubits

superconductor 1 superconductor 2
0 1 2 3V(t)

4 channels of 
Coulomb 

interaction

insulator, semiconductor, metallic or weak semiconductor

Points 0, 1, 2, 3 are 
associated with:
Ee0, Ee1, Ee2, Ee3 (electron)
Eh0, Eh1, Eh2, Eh3 (hole)

|1>s |2>sQ-Dot 1 Q-Dot 2
Semiconductor 

position-based qubit
System of 2 or more  coupled 
q-dots controlled by voltages

V1(t) V2(t) V3(t) Oxide Layer
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Tight-binding model in description of JJs coupled to
semiconductor qubit and modification of ABS in JJ
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Electrostatically controlled superconducting and
semiconducting qubits
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Electromagnetic interface between semiconductor and
superconducting circuits

[ K.Pomorski, P.Giounanlis, E.Blokhina, D.Leipold, P.Peczkowski, Robert
Bogdan Staszewski, From two types of electrostatic position-dependent
semiconductor qubits to quantum universal gates and hybrid
semiconductor-superconducting quantum computer, Proc. SPIE 11054,
2019]
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Quantum chemistry in semiconductor lattices
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Quantum Communication
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Quantum Communication over Long Line
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Quantum Neural Network
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Previous experiments
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New company: Quantum Hardware Systems (QHS)

http : //www .quantumhardwaresystems.com/
Mission: Linking existing quantum and classical old and new technologies
in realistic fashion ...
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