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Motivation & Aim

e Physical realization of the Kane’s model (Nature 393, 133 (1998))
— difficult, but challenging problem !!
— possibility: Single Ion Injection Method (SII)
(T. Shinada, et al., Jpn. Appl. Phys. 41, L287 (2002)
(Waseda University))
e Control of quantum systems by classical manipulation
— Kane’s model: change the gate voltage

= change the strength of interaction (locally)

We discuss the construction of quantum gates,

based on rigorous analyses in the proposed model.



' Model
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A;: hyperfine interaction (HF')

(on the i—th dopant)

Jij: electron—electron exchange interaction
(EE) (between i—th and j—th dopant), j = i+1
(gate voltage)=0 = A; = Ag, Ji; =0

(2Ag/h = 58 MHz)

upB = 1.158 meV,

Gnpin B = 7.135 x 107° meV

m’ = (cos(wgct), —sin(wgct), 0)
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‘ Method — adiabatic ctrolling processes — I

e A;, J;;: adiabatic controlling processes

e transverse magnetic field: instantaneously swich on—off (*." B,./B: small)

(240/p5B ~ 2.07 x 104, gopin B/ppB ~ 0.62 x 1074, J ~ upB, Bue/B ~ 1073

* phase shift for :—th qubit
* spin flip for i—th qubit
*x controlled-Z between i—th and j—th qubits (j =i+ 1)



‘ Diagonalization of Hamiltonian I

® H': related with the dynamics for one qubit
Si = (o ie+ain)/2 St HY = 0
[ B = Blolujo)ulol + B luf ) i | + Blolulo) (ulo] + Bl Jul,) (uly] |
ulo) = (=24;]1 1) + (e + /€2 +4AF)|L 0)/ N, ufy) =[] 1)
Ely =€—2gnunB + Ai, I, = —A; + /e +4A2,
By=—Ai — /e +4A2, B}y = —e 4+ 2gnun B+ Ai (¢ = upB + gnpnB)
e HY = H'+ H’ + Jj;0 - a7¢, j =i+ 1

Sij = Sz —+ Sj, [Sij, HZ]] = O, Pij: exchange of labels for identical particles

A;=A; < [PY,HY] =0

= H%: block diagonal form = analyticaly diagonalization

quantum number: SY — s=21,0,—1,—-2, PY — p=+4,—
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‘ Energy level 1 I
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vertical axis: eigenvalues [meV] for (s,p) = (0,+), horizonal axis: J [meV],

cyan line: |uio>|uigl> (J =0)



‘ Energy level 11 I
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vertical axis: eigenvalues [meV] for (s,p) = (—1, —), horizonal axis J [meV],

green line: (|u7io>|uﬁ'1> — |u11>|uigl))/\/§((] =0)



‘ Energy level 111 I
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® left figure, vertical axis: eigenvalues [meV] for (s,p) = (—1,+), horizonal axis: J [meV],

green line: (|u10)|uﬁ_1> + |u11>|u140_1>)/\/§ (J = 0)
® right figure, vertical axis: eigenvalue [meV] for (s,p) = (—2,+), horizonal axis: J[meV],

green line: |u11>|uﬁ_1) (J =0)



‘ Representation of Quantum Information I

Eigenvector for H': [ujq)(= [l 0)), [uj, (= [T 1)), [u]o)(= |1 0)), [u]) (=[] 1))

N
e Initialization: 7'~ 100mK = p = — exp ( ﬁZHz) ~ ®|ulo>z‘<ulo\

o |E}, — E},|: characterized by Ag
= the gate construction through the control of HF

(lufo) = 10}z, |ufy) = [1)z)

e controlled operation (controlled—Z) (j =1+ 1)

computational basis: \ul0>|ul0>, ]ul0>|ul1>, |ul1>\ul0>, \u“}]ull)
v1) = |ul0>\ul0> < (5,p) = (0,4), [va) = |U¢1>|Ul1> < (s,p) = (=2,4+),

vg) = (|u10>|’“¢1> + ‘“¢1>|U¢o>)/\[ (s,p) = (—1,%)

Each vector belongs to the different subspace !
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‘ Result 1 — phase shift — I

Jri =0, A;(t) = Ao(1 — asin(nt/Top)), Ar = Ao (k # 1), Top: operation time, a: parameter

e phase difference between |u!,)(adiabatic) and |u})(eigenstate)

ith qubit: ©; = Tgp ( — 2 fol Ai(T)dT — fol V€2 + 4A4;(T)2dT + € — an,unB>

others: Oy = Tfip ( — 2A0 — \/62 +4AZ + € — 29nun>
= 60=0, —0y—2nm, (09 =2mm, m € Z, n € Z) — determine the value of a

numerical solution of the equation of a for given (m,n) 1

1 m=-3, n=-m » 0= 7T/2 =
08l m—tn-m. - | A\ 0.640at most 0.5 a=0.157

: (m=—-4, n=—-m) (m=—-n=-4)

5 0.6 : = . 0 T = 0.0438us

0.4 . any phase shift gate 0.5 — cosd
0.2 - ] e — sinf

0+ !

0 3 6 0 020406081
y t/T

uyi): eigenstate, [(ujolt/(Top))| = 1+ C/eTop, [{ur1]¥(Top))| = C/elop, C' =~ 1077,
eT,p, ~ 10° = adiabatic approximation: good=- error ~ 10~°
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profile of A;
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vertical axis: A;/Ap, horizonal axis: t/T,,
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Result 2 — spin sfip —

~ Larmor resonance frequency ~N

hwge = —€ + 2gpin B + 2A + V€2 + 4 A2
A=A, Aj = Ay(j # i): control the resonance condition locally
operation time T,, = ha/vpBac, Vg >~ gnpin, a: angle (i.e., e **7®)

This method correspond to Hill & Goan’s work PRA 012321 (2003)

\_ J

* Hamiltonian in the rotating frame

— 7 the term related with transition between the different electron spin states

Ty’ 21" Bac
error: erotu) _ wd(t”‘ < <2+ 9 > ?

v € — gn inBgc cos 0’
,ufg = g cos O’ — g, pn sin 0, Vé — g sin@® + gppn cos 0’ cos @t = (e + 4/ €2 —|—4A$)/Ni, sin 0% = 2A;/N;

B,./B ~ 107?: often used = error — large !!
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Result 3 — controlled-7Z —

o FOI' example J=0.115281 1=0.18178
Jear? 0<7<7e o
J(r) = 2 A
JC{B — (7_ — TO) } Te < T S 1 _ ooy
T =t/Top, o = (1 — 1) /{7e(1 — 7o)}, XY
B=(1—71)%/(2—7)% 10 =1/(2 — 7)

0 0.2 0.4 0.6 0.8 1

parameter: 7., J., and Ty,

[adiabatic time evolution] < analytical calculation !

[v1) — etfr), Jug) — e |ug) = 1’0 o), fug) — € ug) = €1 er 01Ty

controlled—Z <= 04+ — 01 =2m4 1T, 04 — 01 = 2My 1T+ Ty My 1,Ma1 € Z

J./€ T, mai1 | my1 | m—q | Top [ps]
0.115281 | 0.181788 25 25 —24 0.0054
0.695156 | 0.0575511 50 50 —49 0.0054

adiabatic approximation: good (numerically)
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Matrix for the controlled-Z

10 0 0\ [o0)
s | 0 ey a0 | ou)
0 a- ay O 10)
0 0 0 a/ |11)

ay = (ei(5+—51) 4+ 6@'(5_—51))/2 — (€i2m_|_,171' + €i2m_,1ﬂ')/2 —1

a. — (67)(5+—51) _ ei(5_—51))/2 _ (€i2m+,17r _ €i2m_,17r)/2 — 0
a = ei(54—51) — €i2m4,17rei7r — _1
4
1 00 0\ [00)
<1010 o0 01)
el01
00 1 0 10)
00 0 —1 ) [11)
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Conclusion

e We discuss the construction of the quantum gates through the adiabatic
controlling processes

o phase shift gate: we determine the good parameter.
adiabatic approximation: good — very small error

o spin flip gate: standard value (B,./B ~ 107°) = very large error
improvement: the value of B,./B = smaller
= But, the operation time increases = “Optimal value ?

o controlled-Z gate: we show a possible several sets of parameters.

Examine much more.

[perspectivej

e The theoretical estimation of the required accuracy of “ion injection”

which enables us to perform the quantum computation.
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