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Abstract
We propose a new kind of qubits composed of electric dipolar molecules. The electric
dipolar molecules in an external electric field will take simple harmonic oscillations,
whose quantum states belonging to the two lowest energy levels act as the states
|0〉, |1〉 of a qubit. The qubits’ excited states have a very long controlled mean life time
about several seconds. We can perform quantum computations by manipulating the
qubits of electric dipolar molecules just like those of neutral atoms. When the qubits
are used for quantum computations, the dipolar moments’ orientations will
harmonically oscillate along an external electric field and they will not change the
directions: along or against the electric field, so the qubits can be large-scalely
manufactured in graphene system. The radius of Rydberg blockade is about 100 nm.
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1 Introduction
For a physical system to be viable in the long run, it should exhibit most or all of
the elements(DiVincenzo criteria):well-defined qubits that allow for initialization into
well-characterized, long-lived quantum states with the capability of high-fidelity state-
dependent readout; a means to deterministically and controllably entangle individual
qubits without decoherence; and the ability to transfer entanglement remotely [1]. There
are several species of qubits to be used in quantum computations, for instance trapped
ions [2], superconducting quantum circuitries [3], linear optics [4], semiconductor quan-
tum dots [5, 6], nitrogen vacancy centers in diamond [7] and neutral atoms [8] et al. No
matter which species of qubits are manipulated, the scaling up to larger number of qubits
is a central challenge. As there prevalently exist electric dipolar moments in the current
quantum devices, the electric dipolar moments may be employed in quantum computing
[9–12]. De Mille proposed the novel qubits composed of ultracold diatomic molecules,
whose electric dipolar moments can orient along or against an external electric field [13].
The protocol is interesting, however, the ultracold diatomic molecules in the protocol have
to be cooled and trapped, which obstructs the scalability of qubits. In this paper we pro-
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Figure 1 The electric dipolar molecule in an external uniform electric field

pose a new kind of qubits composed of electric dipolar molecules in solid. The paper is
organized as follows: in Sect. 2 the qubits of dipolar molecule are introduced, in Sect. 3 the
mean lifetime of the qubit is evaluated, in Sect. 4 Rydberg blockade and CNOT quantum
gate are presented, in Sect. 5 physical realization of scalable qubits is proposed based on
graphene system, in Sect. 6 the conclusions are given.

2 The qubit of dipolar molecule
Given the moment of inertia of an electric dipolar molecule J , the electric dipolar mo-
ment �p, the length of dipolar molecule l, the an external electric field strength �E, as shown
in Fig. 1, the molecule’s potential in the electric field reads V = –�p · �E = –pE cos θ . If the
oscillation angle θ is smaller than 0.1, i.e. about 5◦, and the potential is expanded to θ4

terms in the Taylor series, then the potential has the form of a 1D harmonic oscillator, i.e.
V = pE

2 (θ2 – θ4

12 ), where the constant term –pE is neglected. The stationary Schrödinger’s
equation for the dipolar molecule’s an harmonic oscillator is written as

[
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ψ = Eψ (1)

Setting x = lθ , the equivalent mass m = J/l2, the intrinsic frequency ω0 =
√

pE/J , Eq. (1)
becomes
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To the first order approximation of the energy, Eq. (2) have energy levels

En =
(

n +
1
2

–
�

32Jω0

(
2n2 + 2n + 1

))
�ω0, n = 0, 1, 2 . . . (3)

Figure 2 shows the nonlinearity of the energy levels of dipolar molecules which resembles
that of Josephson junctions in superconducting qubits. The difference of the two energy
levels decreases as quantum number n increases, so the system is suitable to quantum
computations. The quantum states ψ0, ψ1 belonging to the two lowest energy levels E0,
E1 act as the states |0〉, |1〉 of a qubit. Without loss of generality, given the external electric
field strength E = 7.5 V/μm, the dipolar moment p ≈ 1 Debye ≈ 3.3 × 10–30 C · m, the
moment of inertia J ≈ 2.5 × 10–47 kg · m2 [14], we obtain the intrinsic frequency ω0 =√

pE/J ≈ 1 THz.
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Figure 2 The energy levels in �ω0 of a dipolar
molecule as a function of quantum number n when
ω0 = 10 THz and J = 2.5× 10–47 kg ·m2, the empty
circles indicate the discrete levels, and the solid line
indicates the linear levels En = n + 1/2 in �ω0

Figure 3 The interaction of two dipolar molecules in an electric
field

3 The long controlled mean life time of the qubit
If the qubit is in the thermal reservoir, the master equation for the qubit in the interaction
picture with respective to the qubit and the reservoir reads

dρqubit(t)
dt

= �

[
σρqubitσ

+ –
1
2
(
σ +σρqubit + ρqubitσ

+σ
)]

(4)

where σ + = |1〉〈0|, σ = |0〉〈1|. The qubit decay rate � can be derived by the Weisskopf-
Wigner theory, and it is equal to the Einstein’s spontaneous emission coefficient [15]. The

qubit decay rate is given by � =
4ω3

eg
q2

4πε0
|xeg|2

3�c3 , where |xeg|2 = �l2n
2Jωeg

is the matrix element of
a harmonic oscillator, � is the reduced Planck constant, c is the light speed in vacuum,
q is the charge of the dipolar molecule, n is the quantum number, ωeg is the transition fre-
quency from an excited state |1〉 to a ground state |0〉, l and J are, respectively, the length
and the moment of inertia of electric dipolar molecules. The mean life time is written
as τ = 1/� = 3Jc3

2ω2
eg

e2
4πε0

l2n
which depends on transition frequency ωeg =

√
pE/J and is con-

trolled. The mean life time increases as the transition frequency decreases. The typical pa-
rameters for dipolar molecules are J ≈ 2.5 × 10–47 kg · m2, l = 0.13 nm [14], ωeg ∼ 1 THz,
n = 1, the mean life time τ is evaluated about 260 s, which belongs to a very long mean
life time for quantum computations. For ωeg ∼ 10 THz (see the following discussions of
suppressed noises), the mean life time τ is about 2.6 s. In this paper we do not involve the
depopulation time of the qubit, which should be determined by Rabi frequency.

Figure 3 shows the interaction of two dipolar molecules in an electric field, here r0 de-
notes the separation from A dipolar molecule to B dipolar molecule, the direction �er of
the separation is perpendicular to the electric field E, θ1, θ2 are the angles between the
dipoles �p1, �p2 and the electric field. In the approximation of small angles, i.e. θ1, θ2 ≈ 0, the
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interaction of two dipolar molecules is given by
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After the constant term is dropped, the interaction reads
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Here q1q2, l1l2 are the charges and the lengths of the two dipoles, respectively. Us-
ing the relation between position operator and creation operator, annihilation operator
x =

√
�
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(σ + σ +) and considering the rotating-wave approximation, we have
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The master equation for two qubits in the interaction picture with respective to the two-
qubit system and the thermal reservoir reads
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2ω2

ieg
e2

4πε0
l2i

3Jic3 is the decay rate of the i dipolar molecule. From Eq. (8) we see
that the dipole-dipole interaction term is the unitary term, the dissipation terms are the
same to the form of one qubit. The dipole-dipole interaction should not affect the mean
life times of the dipolar molecules, however, it indeed affects the entanglement of the two
qubits. For instance, the interaction makes the decay of entanglement small and makes the
period of the oscillatory behavior short [16], it also makes disentanglement be critically
slow down in the T → 0 limit by varying the magnetic field, makes entanglement sudden
death be completely avoided [17].

4 Rydberg blockade and quantum gate
The energy level spaces of dipolar molecules in an external electric field will decrease
as the quantum number n increases, see Eq. (3), and then the qubits of electric dipo-
lar molecules are fully equivalent to those of neutral atoms. The qubits are coupled by
the electric dipole-dipole interaction, and Rydberg blockade effect entangling two qubits
still works well just as the effect entangling two neutral atoms does [18]. The two dipo-
lar molecules in Rydberg states undergo a strong dipole-dipole interaction. Consider the
ground state |0〉 of a dipolar molecule coupled to its Rydberg state |r〉 with a resonant
laser with a Rabi frequency �. In the case of two dipolar molecules, the collective ground
state |00〉 is still resonantly coupled to the states |0r〉 and |r0〉 containing a single Rydberg
excitation. The doubly-excited state |rr〉 is shifted out of resonance by the strong van der
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Figure 4 Principle of a two-qubit quantum gate based on Rydberg blockade. (a) involved levels and lasers.
(b) pulse sequence. (c) truth table of the phase gate [excerpted from Ref. [19]]

Waals interaction U between the two molecules. In the limit U � ��, the double exci-
tation is energetically forbidden(Rydberg blockade). Introducing the two collective states
|ψ±〉 = (|0r〉± |r0〉)/√2, the collective ground state |00〉 is not coupled to |ψ–〉 but coupled
to |ψ+〉 with the coupling

√
2�. Starting from |00〉 and applying the laser for a duration

π/(
√

2�) thus we prepares the entangled state |ψ+〉 [19].
The Rydberg blockade can be used to construct fast quantum gates with dipolar

molecules. As shown in Fig. 4, the qubits are encoded in two lowest energy levels |0〉,
|1〉, which can be separately addressed by lasers that couple the state |1〉 to the Rydberg
state |r〉. The two molecules are close enough so that Rydberg blockade prevents the ex-
citation |rr〉. When applying the pulse sequence shown in Fig. 4(b), if any of the qubits is
initially prepared in |1〉, then the blockade makes one of the lasers off-resonant, one and
only one of the molecule undergoes a 2π rotation, and the wavefunction of the system
gets a minus sign at the end of the sequence. If both qubits are initially in |0〉, the laser
pulses have no effect. This leads to the truth table shown in Fig. 4(c), which constructs
a controlled-phase gate. The controlled-phase gate can be turned into a controlled-not
(CNOT) gate using additional single-qubit gates [19]. The remarkable feature of the Ry-
dberg gates lies in its short duration, set by the interaction energy of the two molecules.
Another advantage of this protocol is that it is insensitive to the exact value of the inter-
molecule interaction. From the above discussions, we know that the qubits of dipolar
molecules are employed to implement quantum computing.

Each qubit can be addressed individually. That requires the applied electric field to differ
from dipole to dipole such that the |0〉 ↔ |1〉 transition frequency for each site is distin-
guishable. This can be achieved by applying an electric field with appreciable gradient
[13]. We can also use a homogeneous electric field but different dipolar molecule for each
qubit and every dipolar molecule should have a unique transition frequency that can be
distinguished from the others. We prefer the first method of addressability of qubits.

If the noises of room temperature 300 K are suppressed, i.e. all of the qubits are in ground
states in room temperature, the corresponding external electric field strength E is about
104 V/μm for the typical dipolar molecules with dipolar moment p ≈ 1 Debye and the
moment of inertia J ≈ 2.5 × 10–47 kg · m2. Actually if the condition kBT < �ω0 = �

√
pE/J is

satisfied, then the noise is suppressed, we get ω0 ≈ 40 THz and E ≈ 104 V/μm. Of course,
the lower the temperature is, the smaller the electric field strength is. For instance, if the
qubits work in 73 K temperature (about the temperature of liquid nitrogen in atmospheric
pressure), the intrinsic frequency ω0 ≈ 10 THz, the electric field should only be about
700 V/μm.
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Figure 5 ‘Amino’ N atoms of a nitrogen-doped graphene oxide [25] in an electric field as simple pendulums

5 Physical realization of scalable qubits based on graphene
Thanks to graphene, scalability of qubits becomes probable. Figure 5 shows the nitrogen-
doped graphene oxide, on which there are ‘pyridinic’ N atoms, ‘amino’ N atoms, ‘pyrrolic’
N atoms and ‘graphitic’ N atoms. As there exists charge density in graphene oxide [20], if
the nitrogen-doped graphene oxide in an electric field, the ‘amino’ N atoms acts as simple
pendulums which harmonically oscillate. The lowest two energy states are employed as
the states |0〉, |1〉 of a qubit. As the qubits of electric dipolar molecules are fully equivalent
to those of neutral atoms, we can evaluate the radius of Rydberg blockade. The Rydberg
blockade origin of dipolar molecules is different with that of natural atoms, as the dipolar
moments of molecules do not change much with their oscillator states. When the two
dipolar molecules blockade shift due to their interaction is large and compared to the
excitation Rabi frequency �, the excitation of the target molecule is blocked and it picks
up no phase shift. Given Rabi frequency � = 1 MHz [21, 22] and typical dipolar moment
p ≈ 1 Debye, it follows from p2

4πε0r3 = �� that the radius of Rydberg blockade is about
100 nm. As the time of gate acting on the qubits is about 1 μs and the qubits possess a very
long coherent time 2.6 s, the number of operated qubits should reach several millions. The
scalability of these qubits is realized through the scalable manipulations of graphene. To
be sure, our proposal is feasible in practice, as the works of some chemists have shown that
dipolar systems can be adsorbed onto graphene. However, what chemists are concerned
with is that the dipolar systems are switched with external fields to change the underlying
electronic properties of the systems [23, 24].

6 Conclusions
In summary, the electric dipolar molecules in an external electric field are fully equivalent
to neutral atoms, the new qubits can be also used for quantum computing. The qubits
of dipolar molecules have several advantages compared with the qubits of neutral atoms:
(1) the mean life time of dipolar molecules’ excited states τ increases as the transition
frequency ωeg =

√
pE/J decreases, so it is controlled by changing external electric field. The

mean life time τ is evaluated extremely long 2.6 s for the typical parameters, which means
that decoherent phenomena will not be a serious problem in quantum computing. (2) the
orientations of dipolar moments do not need to change the directions: along or against
the electric field, the qubits can be large-scalely manufactured in solid; (3) the qubits do
not have to be trapped, the chip’s structures should be very simple. It seems feasible that
the qubits on graphene are massively operated, the radius of Rydberg blockade is about
100 nm, the number of operated qubits reaches several millions. The nonlinear energy
levels of dipolar molecule are non-degenerate, which is helpful to manipulate the qubits
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precisely. Although there are other physical structures with long coherent time [26, 27],
our proposal of qubits incorporating long coherent time and scalability is very attractive.
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