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We present a scheme of quantum computing with charge qubits corresponding to one excess electron shared between
dangling-bond pairs of surface silicon atoms that couple to a microwave stripline resonator on a chip. By choosing a certain
evolution time, we propose the realization of a set of universal single- and two-qubit logical gates. Due to its intrinsic
stability and scalability, the silicon dangling-bond charge qubit can be regarded as one of the most promising candidates for
quantum computation. Compared to the previous schemes on quantum computing with silicon bulk systems, our scheme
shows such advantages as a long coherent time and direct control and readout.

Keywords: quantum computing, dangling-bond state

PACS: 03.67.Ac, 42.50.Pq, 74.50.+r

1. Introduction

Quantum computing (QC)!~1%) offers methods for effi-
ciently solving problems that are not solvable with a classi-
cal computer!'!l in a reasonable time scale. Of the promis-
ing technologies, solid-state systems!!?! are especially attrac-
tive because of their stability and expected scalability.!!3] The
key challenges are to control the coupling strength of qubits
and to form stable architectures. Recently, the approaches
to the quantum control of spin- and charge-based systems in

14-18] allow-

bulk semiconductors have been studied in detail,!
ing one to consider further two-dimensional (2D) architec-
tures based on charge qubits!'®! associated with dangling-bond
(DB) pairs of the surface silicon atoms, which couple to a mi-
crowave stripline resonator via electrical control.

In this paper, we propose a realizable architecture of cav-
ity quantum electrodynamics (QED) via artificial atoms (DB
pairs) on the 2D hydrogen-terminated silicon surface coupled
to a one-dimensional (1D) stripline resonator within a sim-
ple circuit that can be fabricated on a low-dimensional micro-

electronic chip. The charge qubit!>0-24]

corresponds to one
excess electron shared between two nearby DBs. We describe
a technique for electrically coupling the DB pair state of the
2D silicon surface to the microwave stripline resonator on a
chip.?=27] The logical gate operations including single- and
two-qubit gates /iswap can be implemented by controlling
the evolution time of the combined systems. Due to its intrin-
sic stability and scalability, the silicon dangling-bond charge
qubit is one of the most promising candidates for quantum

computation. Our scheme has advantages over the proposed
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bulk silicon quantum computing in long coherent time and di-
rect control and readout.

The structure of this paper is organized as follows. In
Section 2, we discuss the realization of cavity QED with the
pairs of DBs with an excess electron coupling to a coplanar
stripline resonator. In Section 3, we show the evolution of
the combined system and implement a set of universal logi-
cal gates by choosing the proper evolution time. In Section 4,
we analyze the main resource of decoherence and come to a
compendious conclusion.

2. Low dimensional implementation of cavity
QED

2.1. Two-level atomic system

Our scheme is to create, control, and read out the charge
qubits on the hydrogen-terminated surface of a bulk silicon

28-301 doped with phosphorus atoms. The goal is to de-

crystall
vise a QC architecture with charge qubits which correspond to
single excess electrons shared between DB pairs[*!3%] of the
surface silicon atoms.

The DBs of the surface silicon atoms can be essentially
regarded as quantum dots. 3334 Physically, a DB is formed by
passivating the P-doping silicon crystal whose surface is cov-
ered by a monolayer of hydrogen atoms, with each hydrogen
atom connected to one surface silicon atom, which breaks the
electron structures of the surface silicon atoms and produces
unpaired electrons. A scanning tunneling microscope (STM)
tip removes a hydrogen atom at the selected site,*3] thereby
constructing a DB. The DB can host a second oppositely-
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spinning electron, which would make it negatively charged
(henceforth denoted as DB™), and this excess electron is pro-
vided by the phosphorus donor near the DB site (see Fig. 1(a)).

Fig. 1. (color online) (a) The structure of DB pairs on the hydrogen-
terminated surface of bulk silicon doped with phosphorus atoms. H-
terminated (red) Si (blue, without H-terminated Si atoms are presented
in grey) with Si dimers on the surface and P (purple) dopants in the
bulk. DBs exist for the surface Si atoms with a terminating H removed.
(b) DB™-DB and DB-DB ™ pairs modeled as double-well potentials.

A charge qubit is constructed by creating two nearby DBs
sharing an excess unpaired electron from a phosphorus donor.
The pair of DBs has a strict lower separation (5.43 A) deter-
mined by the lattice constant of the atom on the surface of the
silicon crystal. The DBs of a pair must be sufficiently close
to each other (< 15 A) so that the Coulomb repulsion between
the DBs prevents the pair from having two excess electrons
instead of just one excess electron remaining.!*3! The pair of
DBs can be modeled as a double-well potential, applying an
external electric field to the DB pair; there would be an energy
difference between the two potentials and the excess electron
would tunnel between the DBs. When the unpaired electron
appears in the left DB of the pair (i.e., DB™-DB), the qubit
corresponds to a logical zero state |0). In contrast, the qubit
corresponds to logical state |1) if the right DB is negative
(DB-DB™). As we can see in Fig. 1(b), the energy difference
between the states |0) and |1) is A =T (fi= 1) with T the tun-
neling rate of the excess electron between the DBs of the pair.
Thus we can consider just whether there is an excess in the left
potential. We fabricate our charge qubit on a chip and apply
it in a circuit (see Fig. 2(a)). The Hamiltonian describing the

circuit can be written as!?”)

I-AIQ = Z Ec(n —ng)2 |n) (n| —A (Jn+1) (n|+h.c.), (1)
n=0,1

where ng = C,;Vj is the total polarization charge due to the gate

voltage, the charge energy is Ec = ¢*/(2Cy ), and the total ca-

pacitance is Cy = Cg + C¢, with C; and C, the equivalent chip

and gate capacitances, respectively. Restricting ny € [0, 1] by

using gate voltage V,, Hamiltonian (1) can be rewritten as
I | N A
Hy = EEC(I*ZHg)Gz*AGx, 2)

where 6, and 6, are the Pauli matrices with eigenbasis
{ln=0),In=17}.

Thus it can been seen that the DB pair of the surface sili-
con atoms is the same as a two-level atom with effective elec-
tric fields along the x and the z directions.

Fig. 2. (color online) (a) The circuit diagram of the charge qubit of
a DB pair fabricated on a chip. The chip with equivalent capacitance
C. is coupled to the gate V; through Cy;. Here R, is the environment
impedance. (b) Schematic diagram of charge qubits of DB pairs capac-
itively coupled to a coplanar stripline resonator. The coupling can be
controlled by the electric field along the x axis.

2.2. Combined system: charge qubits of DB pairs coupled
to a stripline resonator
The charge qubits of the DB pairs are located in the cen-
ter of the coplanar stripline resonator (see Fig. 2(b)). Ex-
cept for a DC part of the electric field V>, the quantum part
v=V0 (4" +a) provided by the resonator should also be con-
sidered with the root-mean-square voltage V2 _ in the center of

rms

the resonator. Thus Eq. (2) becomes

1

Ay = EEc(l—zngDC)(yz—Aax
eC, o
T o6, Vms(@ + )5 3)

Coupling the oscillator mode of the resonator to the charge

qubit of the DB pair and at the same time using the coordi-

. cos® —sinf
nate system transformation R = , we have

sin@ cos@
the Hamiltonian of the combined system in the form

aq

aia ] RA
(O aa+§ + Q

1 Q

= o <&Td + 2> + 36} +g(a" 4 a) (cos 06, +sin06,) , (4)
where @; is the frequency of the resonator, the energy split-
ting of the charge qubit is 2 = \/Eé(l —2nP€)2 +4A2, and
6 = arctan[24 /Ec (1 —2ng)] is the corresponding mixing an-
gle. We have chosen V2 . = /@, /cL, hence the coupling co-

efficient is the vacuum Rabi frequency g = % C&L
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At the charge energy degeneracy point (i.e. ngC =1/2
and 6 = mr/2), with the rotating wave approximation, the ef-
fective Hamiltonian of the combined system is further simpli-
fied into

ﬁ/_ AT A 1 ‘Q A AA
=o(atats +EG7+g( '6_+aéy). (5)

The form of the Hamiltonian in Eq. (5) is identical to the

well-known Jaynes—Cummings (JC) model. 3!

The scheme
which we describe therefore can be mapped to two-level atoms
interacting with a cavity. This system can be used to prepare
entangled states and to study quantum correlations. Further-
more, we can design a set of universal logical gates for quan-

tum computation by using this model.

3. Implementation of a set of universal logical
gates on charge qubits

In order to construct a quantum computer, analogous to
the classical computer, it is necessary to realize a set of uni-
versal gate operations!?%3%37] on the qubits. Except for single-
qubit logical gates including a NOT gate and a phase gate,
we have implemented the two-qubit entangling gate /iswap
on two charge qubits by controlling the evolution time of the

combined system.

3.1. Single-qubit gates

As discussed above, the dynamics of the combined sys-
tem can be described by the JC model. In the case that the
charge qubit is resonantly coupled to the resonator, i.e., § =
Q — oy = 0, by applying the unitary transformation S’o(t) =
exp[—i(@a’a+Q6,/2)t] to Eq. (5),?7-*8) the Hamiltonian in

Eq. (5) can be rewritten in the interaction picture as

V= S0 B8y — 8y S0 = g(a'6_+aé6,), (6)
where So = dSo(z)/dz. In the rotating frame, the time evolu-

tion operator is then given by

> (—itV)"
Uo(t) = exp(—iVit) = Z iVi)

cos(gManT >|1><1|+cos<gtf )0) (0]
fi@awm

—i sm(gt\/i) F

10) (1] ©)

Q)

Then the state of the combined system evolves over time to

Uo(1) [w(0))
= Uo(t)(a|0,n+1) + B [1,n))

= [cos(gt\/n—i— 1)|0,n+1) —isin(grvn+1) |1,n>}
+B [cos(gt\/n+ 1)|1,n) —isin(gtvn+1)|0,n+ 1>} .(8)

Here we have assumed an arbitrary initial state of the com-
bined system |y(0)) = a|0,n+1) + B|1,n), with n denot-
ing the number of photons in the cavity at = 0 and |a|* +
|B|? = 1. By choosing gt = 37w/(2y/n+ 1), the final state of
the combined system is |y(¢)) < a|1,n) + B|0,n+ 1), and
the evolution operator corresponds to the NOT gate 6, on
the charge qubit. In the dispersive regime 6 = Q — @, >
g, that is the charge qubit is off-resonantly coupled to the
stripline resonator, by applying the unitary transformation
Si =exp[g/8(a6,. —a'6-)] and expanding to the second or-
der of the coupling coefficient g, the Hamiltonian in Eq. (5) in
the rotating frame turns into
& 2
A8, = (a)r n 6Z> dtat i (Q n g) 6.
1) 2 1)
Here we only consider the evolution of the term describing
the interaction between the charge qubit and the resonator in

Eq. 9)

&
U (t) = exp (— isdeézt>

Then the state of the combined system evolves over time to

Ui(1) [w(0))

Ul(t) (Ot|0,n-|—l>+ﬁ |l’n>)
=a {cosgz(n—i—l)t—isingz(n—i—l)t] |0,n+1)

1) 1)
2

2
+B [Cosgs(n)t—isingb,(n)t] I1,n). (11

Thus the final state of the combined system is |y(¢)) o<
o|0,n+1)—
plemented on the charge qubit given in Eq. (11) by choosing

B |1,n), and the logical phase gate &, can be im-

an appropriate evolution time # = §7/g> with an odd number

n of photons.

3.2. Two-qubit entangling gate \/iswap

In order to realize quantum computation, universal two-
qubit logical gates are more important. Considering two
charge qubits interact with the cavity at the same time, the
Hamiltonian of the whole system including two charge qubits

and the resonator reads
A~ "T ~ 1 Q ~1
H2q = O a+ = 5 + —(O.

+g(a'62 +asé?), (12)
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where the superscripts 1 and 2 denote the two qubits coupled
with the same strength g to the cavity. Using the same ap-
proach on Eq. (9), we obtain the effective Hamiltonian of the

whole system

o RN . &\ Al a2
= a)r+5(6z+az)}aa+2<ﬂ+5)( . +67)
g2 Al A2 | Al a2
+§( 16-+6.67). (13)

The last term is the dipole—dipole interaction between the
charge qubits induced by the cavity mode and couples the
qubits through virtual excitations of the resonator.

Here we are only concerned about the interaction term of
the two qubits in Eq. (13). In the rotating frame, we obtain the

effective interaction Hamiltonian

[}

vz cion e seté 8 iala2 Al a
Bt =$"Hy $ 18,8 = (6162 +6167), (14)

where

Ur(t) = exp(—iﬁéi(;“t)

1 0 0 0
2 2
0 cos(%1) —isin(%r) O
= L. 2 2 ®Ir7 (15)
0 —isin(%r) cos(%1) O
0 0 0 1

where I; is the identity operation on the Hilbert space of the
resonator. With a proper evolution time ¢ = 75 /(4g?), the uni-

tary operation U, corresponds to a two-qubit logical operation
v/iswap on the charge qubits

10 0 0
0 2 2 o

2 2 (16)
0 —i¥ 2 0
0 0 0 1

Up to single-qubit gates, this operation is equivalent to the
controlled-NOT operation on the charge qubits. Together with
single-qubit gates, the interaction I-Aléq is therefore sufficient
for universal quantum computation. Two-qubit logical gates
on charge qubits in this setup can be controlled by individu-
ally tuning the qubits. Moreover, single- and two-qubit logical
gates on different charge qubits and pairs of charge qubits can
be realized simultaneously. Thus our scheme is one of the

most promising candidates for quantum computation.

4. Conclusion

In summary, the DB pairs of silicon atoms can be mod-
eled as charge qubits. By coupling the DB pairs to a stripline
resonator and controlling the evolution time of the whole sys-
tem, we can realize a set of universal logical gates including
single-qubit NOT gate &, phase gate 6;, and two-qubit en-
tangling gate /iswap. The combined system has advantages
in coherent control, entanglement, and readout of the charge
qubits for QC.

Compared to the decay of the resonator 1/k ~ 1076 s,[1°]
the main source of decoherence!*>3%! comes from the fluc-
tuation of the electric field inside the resonator and the de-
formation when the excess electron tunnels between the DB
pairs. For a single qubit presenting by the DB pairs separated
7.68 A and two qubits with separation 15.36 A,[3?], the opera-
tion times for single- and two-qubit gates are ~4.72 x 10713 s
and ~ 3.24 x 10712 s, respectively. Compared to the expected
coherence lifetime of the charge qubit ~ 2 x 1078 5 32331 jt
is long enough to achieve quantum computation through dif-
ferent combinations of the logical gates. In additional to the
weak decoherence, our scheme has another advantage over
other semiconductor QC proposals, the charge qubits are on
the surface rather that in the bulk, thus enabling more direct
control and readout. We believe that based on the advantages
of our proposal, the QC with DB pairs coupled to a stripline
resonator is one of the promising candidates to realize semi-

conductor quantum computation.
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