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We analyze [1] and give estimates for the long-distance coupling
via floating metallic gates between di↵erent types of spin qubits in
quantum dots made of di↵erent commonly used materials. In par-
ticular, we consider the hybrid, the singlet-triplet, and the spin-1/2
qubits, and the pairwise coupling between each type of these qubits
with another hybrid qubit in GaAs, InAs, Si, and Si0.9Ge0.1. We
show that hybrid qubits can be capacitively coupled strongly enough
to implement two-qubit gates, as long as the dimensions of the dots
and their distance from the metallic gates are small enough. Thus,
hybrid qubits are good candidates for scalable implementations of
quantum computing in semiconducting nanostructures.

The hybrid qubit

The DQD hybrid qubit, introduced recently in Ref. [2], operates on
three di↵erent three-electron-states.

Figure 1. States of the hybrid qubit.

Logical states of the hybrid qubit are defined as follows: |0i = |Si |#i,
where |Si denotes the singlet of the two electrons in the ground state
of the first dot and |#i denotes the electron with the spin down in the
second dot, and |1i = |T0i |#i, where |T0i denotes the triplet state of
the two electrons with zero projection of spin along the quantization
axis.

Theory

Coupling proposal. The idea pursued here is to couple two such
hybrid qubits over a (possibly long) distance via a floating gate in the
way proposed in Ref. [3] and to estimate the strength of the resulting
coupling between them. This setup is promising due to its simplicity
and scalability and provides a pathway for implementing large-scale
quantum computing architectures. The coupling is mediated through
the Coulomb interaction of the induced charges on the floating gate
caused by the charge distributions in the qubits. As the di↵erent states
of the hybrid qubit have di↵erent charge distributions (in contrast to
qubits based on the states of a single quantum dot), it is su�cient
to take into account the Coulomb interaction in order to estimate the
coupling. Thus, one may assume that the hybrid qubit is a charge
qubit and may disregard the spin degrees of freedom

Setup and its theoretical description We assume the follow-
ing coupling setup:

Figure 2. a) Setup consisting of a floating metallic gate
(blue) and two DQDs (red dots). b) Sketch of the con-
finement potential of a DQD as function of separation of
minima.

The induced charge (in units of e) on the disc of the floating gate due
to an electron at position r is given by

qind(r) =
2

⇡
arcsin(R/⇠r), (1)

where R is the radius of the disc and a0 is the distance between the
DQD and the ellipsoid center. The ellipsoidal coordinate ⇠r is given
by

2⇠2r = R2 + d2 + |a0 + r|2 (2)

+
q

(R2 + d2 + |a0 + r|2)2 � 4R2|a0 + r|2.

From the electrostatic potential of the charged thin disc we arrive at
the following expression for the coupling potential,

V (r1, r2) =
⇡↵q


e2qind(r1)qind(r2)

R
, (3)

where  = 4⇡✏0✏r is the dielectric constant, ↵q =
Cd

Cw+2Cd
is the charge

distribution factor of the gate and Cd and Cw are the capacitances
of the metal discs and connecting metal wire, respectively. Using a
model with 2D continuous charge distributions in the plane of two-
dimensional electron gas (2DEG) we obtain the following expression
for the coupling of the two states i, j with charge densities ⇢i(r), ⇢j(r),

Vij =
⇡↵qe2

R
(4)

⇥
Z

d2r1

Z
d2r2 qind(r1)qind(r2)⇢i(r1)⇢j(r2).

This gives us an e↵ective coupling Hamiltonian

H = C�z1�
z
2 , (5)

which enables us to implement the CNOT entangling gate.

Extension to other qubits in QDs. Next we study the inter-
action of the ST qubit, i.e., singlet-triplet states of the two electrons
in the DQD, and the hybrid qubit. We assume the DQD for the ST
qubit to be in the strongly detuned regime, thus the singlet state is
e↵ectively a (2,0) charge state and the triplet state is e↵ectively a (1,1)
charge state. One can then calculate the interaction as in Eq. 4.

Furthermore, we want to evaluate the coupling between the hybrid
qubit and the LD qubit in a single quantum dot (logical states |"i and
|#i). Because of the same charge distributions in the states of the LD
qubit, we now need to include the SOI and Zeeman field in order to lift
this degeneracy. We adopt a perturbative approach, as the SOI is at
least two orders of magnitude weaker than the Coulomb interaction.

H-LD coupling

The Hamiltonian of the single quantum dot reads

HLD = H0 +HSOI =
p2x + p2y
2m⇤ +

1

2
m⇤(x2 + y2)!2 (6)

+
g

2
µB · � + ↵(px�

y � py�
x).

Without the loss of generality, we can make following simplifications.
First, we assume the magnetic field to be in-plane only, therefore
B = B (cos�, sin�, 0). Furthermore, either by using the the 2DEG
with inversion symmetry or by tuning the in-plane orientation of mag-
netic field, we can get rid of the Dresselhaus term and inlude Rashba
SOI only. Perpendicular magnetic field can be taken into account by
squeezing the orbital states in the DQD and making the DQD smaller.

We proceed by the means of unitary Schrie↵er-Wol↵ (SW) transforma-
tion, decoupling the double spin degenerate ground state of quadratic
potential from the higher energy subspace in the first order of SOI.
The SW transformation involves calculation of the inverse Liouville
operator, which can be done exactly for the simple harmonic oscilla-
tor (SHO) Hamiltonian according to Ref. [4]. The SW transformation
yields

| e 0"i = | 0"i + S| x#i � iS| y#i, (7)

| e 0#i = | 0#i + S| x"i + iS| y"i, (8)

S =
EZ↵

b!2~
, (9)

where EZ = gµBB is the Zeeman energy, B = |B|, ↵ is the Rashba

SOI coupling, b =
q

~
m⇤! and | x,y� i are respective excited stated of

the 2d SHO. Now the two states have di↵erent charge distributions,
thus we are able to couple them using our proposal and we obtain the
coupling the in the form H = CH�LD�

x
1�

z
2.

Results

We use the following material parameters: for GaAs �SO = 2.0 ⇥
10�6m, m⇤ = 0.067me, ~! = 0.5meV, ✏r = 13, for InAs �SO =
1.64 ⇥ 10�7m, m⇤ = 0.023me, ~! = 1.3meV, ✏r = 15.15, in Si
�SO = 2.6⇥ 10�5m, m⇤ = 0.26me, ~! = 0.1meV, ✏r = 11.7, and for
Si0.9Ge0.1 �SO = 2⇥10�5m,m⇤ = 0.19me, ~! = 0.2meV, ✏r = 12.2.
EZ = 0.5~! so it also varies in each 2DEG. We have chosen ! in every
2DEG such that it is experimentally well accessible and keeps b close
to 50nm.

Coupling [µeV] InAs GaAs Si0.9Ge0.1 Si

H-H 5.5 � 10�4 5.1 � 10�4 4.3 � 10�4 9.3 � 10�4

H-ST 2.6 � 10�2 2.7 � 10�2 2.6 � 10�2 3.8 � 10�2

H-LD 3.8 � 10�3 2.9 � 10�4 2.4 � 10�5 4.0 � 10�5

Table I. Calculated strengths of the coupling between the three dif-
ferent types of qubits [spin-1/2 (LD), singlet-triplet (ST), and hy-
brid (H) qubit] in DQDs for d = 100nm, ↵q = 0.19, R = a0 =
400nm (see Fig. 2) for four di↵erent semiconducting materials
commonly used for the realization of DQDs.

Coupling [µeV] InAs GaAs Si0.9Ge0.1 Si

H-H 5.3 � 10�3 5.1 � 10�3 4.3 � 10�3 8.9 � 10�3

H-ST 1.3 � 10�1 1.4 � 10�1 1.3 � 10�1 1.9 � 10�1

H-LD 2.1 � 10�2 1.6 � 10�3 1.4 � 10�4 2.2 � 10�4

Table II. Same as in Table I for d = 57nm, ↵q = 0.13 and
R = a0 = 228nm.

Coupling [µeV] InAs GaAs Si0.9Ge0.1 Si

H-H 6.6 � 10�1 7.4 � 10�1 7.4 � 10�1 8.8 � 10�1

H-ST 2.5 3.0 3.2 3.0
H-LD 3.2 � 10�2 5.8 � 10�3 9.2 � 10�4 4.4 � 10�5

Table III. Same as in Table I for d = 10nm, ↵q = 0.03 and
R = a0 = 40nm.

Micromagnets To enhance the relatively small coupling in the H-
LD case in Si and in Si0.9Ge0.1 one can include the micro-magnet into
the setup of DQDs, which will contribute to the total magnetic field
gradient

btot = 2B

✓
↵

~m⇤ +
bMM

2B

◆
, (10)

where btot is the total magnetic field gradient and bMM is the magnetic
field gradient from the micro-magnet. Therefore, one can include the
magnetic field gradient from the micro-magnet as an e↵ective SOI.
For the best micro-magnets we have bMM up to 1T/µm and that gives
the e↵ective SOI strength in Si induced by micro-magnet as high as
�SO = 2 ⇥ 10�6m and the same holds in the case of Si0.9Ge0.1. In
total, this would enhance all the H-LD couplings in Si and Si0.9Ge0.1
by one order of magnitude.

Conclusions

We have studied an experimentally realizable setup which allows dif-
ferent types of qubits in DQDs to be coupled among themselves and
between them. In particular, we have shown that using a metallic
floating gate, it is possible to capacitively couple the hybrid qubit to
a single spin 1/2, to singlet-triplet qubit, or to another hybrid qubit.
We have calculated perturbatively the coupling between the LD and
the hybrid qubit via the charge di↵erences induced by a weak Rashba
SOI. To investigate further the influence of the material used to fabri-
cate quantum dots and the geometries of the setup, we have calculated
the couplings for three di↵erent sizes of the structure and for the four
di↵erent semiconducting materials GaAs, InAs, Si, and Si0.9Ge0.1.

We have discussed the influence of the strength of the Rashba SOI
on the H-LD coupling, leading to the anticipated result that for this
coupling the most suitable material is InAs, due to the largest Rashba
coupling constant. To increase the strength of the H-H coupling we
can propose several possibilities. With the currently achievable sizes
of about d = 57nm using one of the 2DEGs mentioned and assuming
that including the whole sample geometry with the surrounding gates
can give us another two orders of magnitude as calculated in Ref. [3],
we are able to reach the µeV coupling regime. This amounts to very
fast gate operation times on the order of tens of picoseconds. On the
other hand, InAs and GaAs are not nuclear spin free in contrast to Si
(which can be isotopically purified), which are thus less favorable in
terms of the T ⇤

2 dephasing time. Assuming that fabrication down to
d = 10nm is feasible, one can expect that µeV couplings can be real-
ized with Si dots as well, which will make Si hybrid qubits a promising
platform for quantum-dot-based quantum information processing and
quantum computation.
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