Silicon Based Quantum Computer

Abstract

Kane’s computer calculations.
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I. INTRODUCTION

Silicon-based nuclear spin QC, which is also known as Kane’s Computer [1], enables the control and
detection of nuclear spins individually in a scalable environment.
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Figure 1: Hlustration of Kane’s QC.

It makes use of the hyper-fine interaction between electron spin and nuclear spin. It is based on electronic
devices for both generating and detecting nuclear spin polarization. There are a couple of externally applied
fields: B aligns the nuclear spin along z-axis, and B ac rotates the nuclear spin in the desired direction. The
dynamics are controlled by two types of gates: A-Gates control the density of the electrons at the nucleus
center, therefore controls the hyper-fine interaction, and J-Gates control the interactions of adjacent qubits.
Each 3! P nucleus serves as a qubit. The orientation of the nuclear spin is controlled through the electron
gas via the hyper-fine interaction. The hyper-fine interaction is proportional to the probability density of
the electron at the nucleus. The probability density of the electron is controlled by the voltage on A-Gate,
therefore the resonance frequency of the nuclear spin can be adjusted. If Baoc matches this frequency,
then the spin of each individual nucleus can be rotated. The measurement is implemented by probing the
capacitance between adjacent gates. Using the capacitance measurement, one can calculate the electron
orbital wave function; which, in turn, dictates the nuclear spin polarization due to the hyper-fine coupling.
Therefore, the qubit states can be inferred via the measured capacity.

II. SINGLE QUBIT OPERATIONS

The Hamiltonian of P atom is given by

Hy = ppBo?t — gnunBol + Ao, - oy, (1)

where pp is the Bohr magneton for electron, u, is the nuclear magneton, g, is the nuclear g-factor,
A =2 ipgnn|¥(0)[?, and finally ¥(0) is the value of the electron wave function at the origin. If we ignore
the interaction between the electrons and the nucleus, i.e. set A = 0, the eigenstates would be simply | 11},



| ™1, | J4) and | [1) with the eigenvalues up B+ gpnpinB, 5B — gnpinB,— B+ gnpn B and —pup B — g, 1, B,
respectively. The figure below shows the levels and the corresponding eigenstates.

1)) — ppB+ gnpB

) ppB — gnp, B
B0

Ener

| 44) —ppD + gnpa 3
)

—prB — gnpn B
A=0
Figure 2: Energy levels for A = 0.

When A # 0, it is easier to work in the coupled basis, which has the states labeled by the total angular
momentum, J, and the z-component of the total angular momentum, J.. The coupled eigenstates, |j,m;),
can be expanded in terms of the individual states, |s, ms), as follows:
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where we suppress the spin s on the right hand side since it is 1/2 for all cases. The usual method to deal
with &, - &), is to express it in terms of the operators of the coupled basis:

Go-Gp = 45.-5,=2(5.+5,)% —2(5? + 5?)
L 3K
= 2(J° - 7)7 (3)
where we defined S, + S, = J and used S2 = 52 = h2s(s + 1) = %, since s = 1/2. Now it is easy to see

that the first two states in Eq. are eigenstates of the full Hamiltonian since they have definite m; values



and mg values simultaneously. One can check explicitly:

Ho[11) = (upBof — gnpunBo? + Ad. - 5,)|11)

= (uBBo; — gnpnBol)| 1)

2A(J% — ﬂ)|11>
= (1B — gupn B + AR?)|11) (4)
where we used J2|11) = h2j(j + 1)|[11) = 2k2[11). Similarly:

Holl—1) = (upBof — gnpnBol)| L)

+ 2A(J — %)H -1)

= (—=uBB+ gopn B + AR?)|1 - 1). (5)

Therefore |1 & 1) are eigenfunctions of Hy with eigenvalues +(upB — gnpnB) + Ah?. We need two more
eigenstates, which will be certain linear combinations of [00) and |10). We first note the following property:

+

otlo0) = f 041 1) — | 41)) = [10)
7H0) = ot )+ | ) = 00)
or00) = %a 1) = | 41)) = —[10)
TI0) = oIt + ] 4) = —l00) (6)
Using these flipping properties, we can write the Schrodinger equation for [00) and |10) in the matrix form:
(8] [t 8] o

The eigenstates of the matrix above are

B} = (al00) +[10)) /Ny,
[E2) = (Bl00) + [10)) /N2, (8)
and the corresponding eigenvalues are
Ey = —AR?+\/4A% 4 (upB + gnpinB)?
By = —AR — /442 + (upB + gapnB)?, 9)
where o = —2A+\/4A2+(“BB+9"'“”B)27 B = _ AV i Bt gnpin B)? and Ny, N, are normalization

, b B+gnpnB wBB+gnpnB
constants. Let’s show these eigen states and values on a plot:
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Figure 3: Energy levels for A # 0.

The energy splitting between the ground state and the first excited state can be read from the figure. If
we expand this splitting at the second order in A we get
2A%p4
hawa = 2AR? + 2g, pin B + ———-, (10)
upB
where we dropped the g, 1, B term since it is small compared to ppB. Furthermore the ground state at the

first order in A becomes
0) =~ [41) — 2AhQI ) (11)
N upB ’

where we omit the normalization for simplicity. One can also see from the figure that the first excited state
is | JJ). Note that the energy splitting between the bottom two and the top two states is dominated by
the energy cost of flipping the spin of the electron; therefore, the splitting is approximately 2upB. If the
temperature of the system is low enough, the top two states will decouple from the spectrum since the
system will not have enough energy to transition from the ground state or the first excited state to these
higher energy levels. Therefore, the only states at this energy scale are the ground and the first excited
states. Furthermore, as shown in the figure above, in the ground state, the spin of the electron is dominantly
J, and it is also | for the first excited state. Therefore the energy levels are simply labeled by the spin state
of the nucleus.

To quickly summarize, we have the two lowest energy eigenstates approximately given as:

0) ~ 1), 1) ~]]), (12)
where the arrows show the spin state of the nucleus. The corresponding energy levels are:
2A%n*
Ey ~ —AR®—upB — gnpnB —
psB
Ey = AR® — pupB+ gnpnB, (13)
which can be rewritten as
A%pt A%pt
Ey ~ —upB- — (AR? B
0 HUB upB ( + gnpinb + nB )
2h4 A2h4
E, = —ugB-— + (AR? + gnunB + ) 14
1 neB =5 ( p oD ) (14)

Since the energy of a system can be measured with respect to any reference level, we can measure the energy



with respect to Eyef = —upB — %. This simplifies Eq. to

ARt h
Ey ~ —(AR?+ g unB ==
0 ( + gnpt +MBB) 5 o
A2RY R
E, = (AR?+ g,pnB = —wy, 15
1 (AR* + gnp +#BB) 5o (15)

where we defined wg = 2(Ah% + gppunB + %). This shows that the dynamics of the single qubit is the
same as a spin 1/2 particle in an external magnetic field, which is exactly the set up we considered at NRM
QC| and showed that all single qubit operations are possible. Next we discuss the qubit-qubit interaction.

III. TWO-QUBIT OPERATIONS

The interaction between two qubits, which is due to the interaction of the electrons, can be described by
the Hamiltonian
Hipy = Joote - o2, (16)

In principle, there is also an interaction between the nuclear spin of the first qubit and the electron spin
of the second qubit (and vice versa), which is of the form Ajo!™ - 02¢ + Ay0?™ - o'¢. This interaction is
proportional to the value of the wave function of the first electron at the second nucleus (and vice versa).
However, if the separation of nuclei is large enough, the exponentially decaying wave function of the electron
will have a small value at the neighboring nucleus. Therefore, such interactions are ignored. The electron-
electron interaction, on the other hand, is much stronger since electron wave functions can have significant
overlap. The strength of the interaction is parameterized by J.

J.(R) ~ 0.4‘5—2 (R>5/2 eaxp <_QR> , (17)

eap ap ap

where R is the separation of the nuclei, € is the dielectric constant of the semiconductor and ap is the Bohr
radius in the semiconductor. Combining the interaction Hamiltonian with the single qubit Hamiltonian in
Eq. , we get the full Hamiltonian as

H = NBB(U;E + 036) - gn/‘nB(J;n + Jgn) + Jeo'e 0%
+  Ayote .ol 4 Ayo® . o, (18)
We will treat the first line as the background Hamiltonian and the second line as the perturbation. Let us
first consider the ground state of the electrons without the perturbation. The ground state of the electrons

will be either | ]]) or the spin singlet |sing) = | 1]) — | {1) depending on the relative strength of B and .J..
We can calculate the energy for each case as

ULIHI W) = —2upB+J.
(sing|H|sing) = —3J,, (19)

which shows that if J. < upB/2, then the electron ground state is | J)) with the energy —2upB + J.. After
fixing the electron ground state, we can now include the levels of the nuclei. The levels will be ordered by
the eigenstates of o™ + 02", which can be —2,0 and 2. We also note that 0 eigenvalue is double degenerate.
Therefore the states are |00) @ | 1]), [10 —01) ® | J1), [10+01) ® | 1}) and [11) ® | ||) with the energies
—2upB + J. — 29, unB, —2upB + J., —2upB and —2upB + J. + 2g,u, B, respectively. The eigen states
and the corresponding energy values are depicted in the figure below. In this notation, we reserve 1| for
electron states and 0 for nuclear spin up and 1 for nuclear spin down.
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Figure 4: Energy levels for A = 0 with coupling.

On top of this background solution, we now turn on A; and As terms, and we consider the case A; =
Ay = A for simplicity. The perturbing Hamiltonian is

H, = A(c' - o™ + 5% . ™). (20)
Let’s start with the first order correction to the energy of the state |11) ® | JJ), which we will refer to as
Ef-
By = (1@ | 1L [H11) @] 1) = —24 (21)
And the first order correction to the state |00) ® | JJ), which we will refer to as E;T)mmd, is
B g = (00 @ | L [H,[00) @ | L4) = —2A. (22)

The middle states will get no correction at the first order in A due to cancellation of two terms.
Now we move to the second order corrections. The second order correction to the energy of the top state
is

o (11) ® | 1L [Hy KL, mn) (b1, mnl Hy 1) © | 11)
top Z E(O) E(O)
kl,mn#11,1] kl,mn — 11,0
242
= = (23)
upB

where k, [ run over 0,1 and m, n run over 1, | scanning all the states except |11) ® | J}). Only |kl,mn) =
|10) ® | 1)) gives a non-vanishing contribution to the sum. Repeating the same steps for the bottom level
gives
242

2)
E = = 24
ez (24)

Let us now consider the second order correction to the state |10 —01) ® | J}), which we will refer to as E®

sing
B _ Z (10 — 01| @ | Jd |Hp|kl, mn)(kl, mn|H,|10 — 01) ® | ]
sing = 20 _ 5O
kl,mn#sing kl,mn sing
2
_ 2A (25)

/LBB — 2J67



where the only contribution comes from [00) ® | 1] — |1). Finally the second order correction to the state
|10 + 01) @ | JJ.), which we will refer to as E® s

trip
) 242
Etrip = ‘uBBv (26)

where the only contribution comes from |00) ® | 14 + [1). The figure shows the energy levels when the
perturbation is included.
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Figure 5: Energy levels at the second order for A # 0 with coupling.

We had to go through detailed derivation of energy eigenstates and the corresponding energy values
because they are critical parts of the measurement, which will be discussed next.

IV. MEASUREMENT

Computation is done when J. < ppB/2 for which the electrons are in the | ||) state. After the computation
J. is adiabatically increased. The evolution of the states are shown in the figure. Lowest two states evolve
in to | 4 — 1), whereas the upper two evolve into | ]]). The state of the electrons can be detected by a
capacitance measurement between to adjacent A-gates.
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Figure 6: Evolution of the states under adiabatic change of J.
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