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Abstract

An updated version of our all-silicon quantum computing scheme [T.D. Ladd, J.R. Goldman, F. Yamaguchi, Y. Yamamoto,
E. Abe, K.M. Itoh, Phys. Rev. Lett. 89 (2002) 017901. [3]] and the experimental progress towards its realization are discussed.
We emphasize the importance of revisiting a wide range of isotope effects which have been explored over the past several
decades for the construction of solid-state silicon quantum computers. Using RF decoupling techniques [T.D. Ladd, D.
Maryenko, Y. Yamamoto, E. Abe, K.M. Itoh, Phys. Rev. B. 71 (2005) 014401] phase decoherence times 7,=25 s of 25
nuclear spins in single-crystal Si have been obtained at room temperature. We show that a linear chain of *°Si stable isotopes
with nuclear spin /=1/2 embedded in a spin free 2*Si stable isotope matrix can form an ideal building block for solid-state
quantum information processors, especially, in the form of a quantum memory which requires a large number of operations

within 7, for the continuous error correction.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Traditionally, the principal determinants of the proper-
ties of a semiconductor are elemental composition and
structure, with the elements adequately characterized by
their atomic numbers. In recent years, however, isotopic
composition has turned out to be another very important
determinant of optical, electrical, and magnetic properties of
semiconductors [1,2]. By controlling the relative concen-
trations of the stable isotopes that constitutes the host
semiconductors, one can change mass numbers and nuclear
spin states of the lattice. For example, in naturally available
silicon ("*'Si), which is composed of three stable isotopes at
fixed proportions (*®Si 92.2 at.%, 2°Si 4.7 at.%, and *°Si
3.1 at.%), the mass difference of ~7% between 25Si and
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30Si and/or the nuclear spin difference between the /= 1/2 of
2Si and the I=0 of **Si and *°Si can affect significantly
some of the properties of silicon. In this paper, we discuss
how nuclear spins of >°Si embedded in a nuclear spin free
matrix of *®Si can be utilized to construct a silicon-based
NMR quantum computer [3,4].

The pioneering work on isotope based spin properties
was performed by Gordon and Bowers in 1958 [5]. They
prepared an isotopically enriched 2®Si single crystal that was
depleted of 2°Si with nuclear spins and investigated the spin
resonance of electrons bound to phosphorus donors at low
temperatures. Such studies were revisited by Tyryshkin et
al. more recently to probe the intrinsic electron spin
coherence time in silicon without decoherence caused by
interaction with host 2°Si nuclear spins [6]. The motivation
of Tyryshkin et al. to revisit the isotope effect of electrons
bound to phosphorus was to test the feasibility of using
phosphorus for construction of a silicon based quantum
computer.
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The first silicon-based quantum computer scheme was
put forth by Kane in 1998 [7]. He proposed to use the
nuclear spin /=1/2 of *'P isotopes embedded in the nuclear
spin free matrix of 2%Si. Later, electron spin-based silicon
quantum computers, which also require enrichment of Si
and Ge isotopes with no nuclear spins, were discussed [8,9].
Our group [3,4] and Shlimak’s group [10] proposed
independently new silicon-based quantum computer struc-
tures utilizing the 2°Si nuclear spins embedded in the spin
free matrix of 2%Si. In this work, we will describe an updated
version of our all-silicon quantum computer scheme and the
progress towards its realization.

2. An all-silicon linear chain NMR quantum computer

DiVincenzo stated the following five criteria for the
construction of operational quantum computers: [11]

(i) A scalable physical system with well-defined qubits is

preparable.

(i) Qubuits are initializable to a simple state such as
[000...) at the beginning of a calculation.

(iii) Qubits have adequately long decoherence times.

(iv) A universal set of quantum gates are performable.

(v) Each qubit state is measurable with high quantum
efficiency.

Fig. 1 shows the overview of our all-silicon linear chain
NMR quantum computer. It consists of a linear chain of *°Si
qubits placed on (or in) the substrate of the nuclear spin free
288 substrate. A NiFe magnetic stripe is placed at one end of
the chain to initialize the spins (Section 2.2) and to apply a
large magnetic field gradient for the selective universal gate
operation (Section 2.4). A single phosphorus impurity is
placed at the opposite end of the chain for initialization
(Section 2.2) and read-out (Section 2.5). The whole
structure is placed in the 7 T static magnetic field of a
NMR spectrometer and is maintained at a stable temperature
below 5 K. We shall describe in the following subsections

NiFe magnet

Fig. 1. Five-qubit ??Si NMR quantum computer with a field gradient
applied in the direction of the qubit chain by a NiFe stripe. The
entire structure is placed in a conventional NMR spectrometer to
perform quantum computing in a very similar way to that which has
been conducted in solution NMR quantum computing.

how we may be able to meet DiVincenzo’s criteria in our
scheme.

2.1. Preparation of scalable qubits

A linear chain of *°Si qubits is prepared on the spin-free
matrix of 28Si substrate in order to meet the criterion (i) of
DiVincenzo. Fig. 2(a) shows a schematic of our approach to
prepare such a linear chain. At first, a 2®Si substrate with
atomically straight step-edges is prepared by appropriate
heat treatment of an intentionally off-angled (111) Si wafers
using the method developed by Himpsel and co-workers
[12]. After such an ideal substrate has been prepared, 2°Si
isotopes are deposited in an ultra-high vacuum forming an
atomically straight, single *°Si wire at every step-edge in the
step-flow mode of epitaxial growth. We will employ such
wires for quantum computation. Fig. 2(b) shows the
experimentally obtained scanning tunneling microscope
image of a straight step edge structure we have achieved
by modifying the annealing sequence of Himpsel and co-
workers [13]. To form such 298i wires, we used (111)
oriented Si wafers with an intentional miscut of 1° towards
the [112] direction and annealed it at 1260 °C for a few
seconds for flash cleaning followed by rapid quenching to
850 °C within 3 s. In order to reduce the number of kinks,
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Fig. 2. (a) A schematic of single 2°Si wire formation at the straight
step edge of the vicinal 2%Si (111) surface in the step-flow mode of
epitaxial growth. (b) A STM picture of the straight step edge vicinal
Si (111) surface which has been obtained recently. The right figure
is a close up of the step-edge structure showing unique atomic
configuration.
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we further anneal the sample at 850 °C for ten hours with a
DC current flowing along the step-edges. We have
determined that the direction of the current must be towards
the kinks rather than away from the kinks in order to obtain
the straight step-edge structures shown in Fig. 2(b). The
STM image in Fig. 2(b) shows kink-less straight step-edges
more than 7000 atoms long in the direction of [112].
Evaporating a small amount of Si on the substrate shown in
Fig. 2(b), we have obtained recently a single and straight
silicon wire attached to the step-edges [14]. In parallel we
have developed the technology to grow and characterize bulk
[15] and low-dimensional single crystal silicon [16] with
controlled isotopic composition. We are ready to grow atomic
wire 2°Si qubits on a *Si substrate as shown in Fig. 1.

Fig. 3 shows the NiFe magnetic stripes we have
developed recently for electron spin injection for initializa-
tion (Section 2.2) and for selective manipulation of each 298
qubit (Section 2.4) [17]. In order to prepare these magnetic
stripes, a 200 nm thick Ti, a 1 um thick NiysFess thin film,
and a 8 nm thick Ti layer of were deposited by ion beam
sputtering. The top Ti layer served as a mask material for
etching the NiysFess thin film, while the Ti interlayer was
used to improve the bonding strength between the Si (001)
and the NiysFess thin film. The Ti was patterned by
photolithography with a UV cure and dry-etched by reactive
ion etching (RIE) using SFg gas. The patterned Ti mask was
then used to etch the NigsFess thin film in the same chamber
using RIE in a gas mixture of CO, NH; and Xe [17].

It is now possible to prepare the structure shown in Fig.
1, namely a scalable °Si qubit wire with a magnet for
initialization and a large magnetic field gradient for
selective qubit manipulation.
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Fig. 3. An array of ferromagnetic strips formed on Si (above) and the
cross section of one stripe (below).

2.2. Initialization

Because we place the structure shown in Fig. 1 in the
static magnetic field of 7 T, one may think that it is possible
to orient most of the >°Si nuclear spins in one direction
(namely in the [000...) state) simply by cooling the structure
below the energy of the nuclear spin Zeeman splitting.
However, the small magnetic moment of nuclear spins
requires cooling down to pK (micro Kelvin), which, of
course, is unrealistic. To overcome this impediment, we are
pursuing the following three alternatives. The first one is the
injection of spin polarized electrons from the NiFe stripe
into the Si bulk in order to induce spin flip—flops between
injected electron spins and 2°Si nuclear spin qubits. The
second option involves shining intense, above bandgap light
on the structure. We have recently used 1024.8 nm
wavelength light corresponding to photon energy of
1.21 eV to excite electron—hole pairs in a NMR spec-
trometer and found a nuclear polarization increase up to
~0.25% which is about three orders of magnitudes larger
than the thermal equilibrium polarization [18]. We have
modeled such a process with nuclear spin polarization
mediated by electron-hole pair excitation and plan to
increase the current level of 0.25% to much larger
polarization values [18]. The third option is to inject spin
polarized electrons from the decay of donor bound excitons.
It has been shown that phosphorus bound exciton transition
lines in isotopically enriched *Si are much narrower than
those in "™'Si [19], allowing for the selective excitation of a
specific donor bound exciton state with appropriate electron
and hole polarizations with a well-defined laser energy.
When such an exciton decays, a free electron and a hole with
specific spin states are injected into the region where 2°Si
qubits are situated and this will orient the nuclear spins via
flip—flop processes.

29 . .
2.3. “°Si nuclear spin coherence time

Quantum calculations require an ability to couple and
decouple interactions between qubits. For example, those
qubits that are subject to single qubit operations (e.g. control
of amplitude or phase of selected individual spins) must be
completely decoupled from other qubits and environment
such that unwanted interactions will not to interfere with the
precise operation of the single qubit gates. Two-qubit
operations similarly require decoupling of the two qubits
completely from other qubits and the environment while
maximizing the coupling between the two qubits. Therefore,
the ability to couple and decouple qubits freely is a major
prerequisite for the realization of operational quantum
computers.

The major source of decoherence of >°Si nuclear spins in
high quality silicon single crystals was confirmed to be
dipolar couplings between >°Si nuclear spins [20]. The
dipolar coupling in a rotating reference frame is written as
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H =" DylT;T; — 3] (1
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Here I and I are the spin operators for the jth and kth spins,
respectively. Dy, (the coupling constant between jth and kth
spin) is not constant, due to the random distribution of *°Si
in the bulk crystals. 7> of 2°Si nuclear spins in "Si that
contains 4.7% of *°Si at room temperature without
decoupling of dipolar interactions was found to be 200 ms
[21]. In order to extend this 75, we have recently applied
appropriate high-power RF decoupling pulse sequences and
succeeded in extending 7, to as much as 25s [22]. The
decoupling pulse sequences we have employed is referred to
as the MREV-16 among NMR spectroscopists, which is an
extended version of the well-known MREV-8 [23]. Such
pulse sequences rotate spins cyclically, with the interval
being much faster than 7,, and perform inverse spin
operations against time evolution of the Hamiltonian due
to the dipolar term of Eq. (2). 75 ~25 s is by far the longest
T, obtained experimentally for solid-state qubits as seen in

Table 1. We have also studied T, as a function of the 2°Si
concentration and of 1/f noise due arising from charge
fluctuation of unidentified defects, which is another
important source of decoherence along with nuclear dipole
interactions. Details are described in Ref. [22].

2.4. Spin manipulation

Nuclear spin manipulation using RF pulses is well-
established. For example, the decoupling pulse sequence we
have applied successfully to switch off unwanted inter-
actions represents one of important spin manipulation
processes. As shown in Fig. 1, each *Si is a qubit and its
NMR frequency is separated from others by a strong
magnetic field gradient in the direction of the chain due to
the completely magnetized ferromagnetic stripes (NiFe).
Therefore, one can manipulate spins selectively with NMR
frequencies specific to the target spins. Table 1 compares
QT, and JT, that are the estimated maximum numbers of
single- and two-qubit operations, respectively, performable
within 7. Clearly, 2°Si nuclear spin qubits outperform other
qubits in Q7, and JT,, supporting high expectations for the
feasibility of all-silicon quantum computer.

Table 1

A list of experimentally obtained coherence times 7, for various qubits compiled by T.D. Ladd of Stanford University

Qubit wo/2TT T, ] QT, JT, Reference
Trapped optical 412 THz 1 ms 10'? 10 10'-10° [24]
ions (40Ca+)

Trapped micro-  1.25 GHz 1 ms 10 10° 10'-10° [25]
wave ions

(Be™)

Molecular nuclei 500 MHz 2s 10° 10° 10% [26]
in liquid solution

Charge states in ~ 200-600 THz 40-630 ps 10° 10 10 [27]
quantum dots

Josephson—junc- 6.6 GHz 30 ns 10° 10? 10! [28]
tion flux qubits

Josephson-junc- 16 GHz 500 ns 10* 10* 10* [29]
tion charge

qubits

Josephson-junc- 16 GHz 5us 10° 10! 10* [30]
tion phase qubits

Electron spins 10 GHz 3 ms 107 10° - [6]
bound to donors

in Si

N-V centers in 120 MHz 1 ms 10° 10° 10° [31]
diamond

2Si nuclei in 60 MHz 25's 10° 10° 10* [21]

solid silicon

Most of these times were measured by spin-echo Ramsey spectroscopy or four-wave-mixing. Q is the product of the fundamental qubit
frequency wy/27 and ©7,. The QT, column shows the experimental product of the Rabbi frequency and the coherence time; this provides a
more realistic measure than Q of the available number of sequential single-qubit gates. Technical improvements can increase Q7 as far as Q in
some architectures, while for others © must be limited in order to maintain selective qubit control. The JT, column shows the product of the
coherence time and the measured or expected qubit—qubit coupling speed; roughly the available number of sequential two-qubit gates.
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2.5. Spin read-out

At the end of a quantum computation, one has to read out
the quantum states of the qubits. Because the magnetic
moment of a single nuclear spin is too small for a one-qubit
detection using today’s technology, we are investigating a
method to detect single nuclear spin states indirectly via
photoluminescence [32] or electron paramagnetic spin
resonance (EPR) [33] of phosphorus impurities in Si. For
the EPR detection, we have investigated the effect of host
29Si on the electron spin coherence of phosphorus bound
electrons using a phosphorus-doped isotopically enriched
2Si bulk single crystal enriched to 99.23% [33]. The host
2Si nuclear spins cause local fluctuation of the magnetic
field due to the mutual flip—flops, leading to electron spin
decoherence. Moreover, hyperfine interactions between the
electron spin and the host nuclear spins were probed with the
electron-spin-echo-envelope-modulation (ESEEM) effect.
If the hyperfine interaction is mostly anisotropic, and its
amplitude is comparable to the nuclear Zeeman interaction,
a formally forbidden nuclear-spin-flip transition is allowed
due to the state mixing, and the ESEEM arises from
interference between the allowed and forbidden transitions
induced by the strong microwave pulses. Frequency-domain
analysis revealed that the ESEEM originates mainly from
the interactions between the electron and nearest neighbor
29Si nuclei to phosphorus and therefore, single nuclear spin
detection may be possible through EPR of donor bound
single electrons [33].

3. Summary

We have discussed the updated version of a solid-state
silicon NMR quantum computer architecture that meets the
five criteria of DiVincenzo for construction of operational
quantum computers. The decoherence time T, of the 2°Si
qubits in Si single crystals has been extended up 25 s at
room temperature by irradiation with dipolar decoupling
pulse sequences. Within 7, ~25 s, it is possible to perform
10° single qubit and 10* two-qubit operations, which are the
largest number of performable gates in the solid-state
systems. Recent advances in quantum error-correcting
codes and fault tolerant quantum computation schemes
implies that it is possible to perform large-scale quantum
computation even in the presence of decoherence if more
than 10° single- and two-qubit gates are performable within
the coherence time 7,. We plan to extend our 75 by two
orders of magnitudes in order to allow for practical fault-
tolerant quantum computing with solid silicon.
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