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» Quantum superposition essential for quantum computation

» System-environment interaction produces decoherence or
destruction of quantum superposition.

» Quantum robustness strategy can be passive [e.g.,
decoherence free subspaces (DFS)] or active [e.g., quantum
Zeno effect (QZE)].

> Long coherence times in GaAs and Si based DQDs using QZE

» Propose oxide based DQD with small decoherence
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Double quantum dot

—

Figure: (a) SEM micrograph of a double quantum dot defined by metallic
gates (light gray areas) from Kouwenhoven et al. RMP 75, 1 (2003).
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» Miniaturization demands replacement of silicon technology.

» Oxides a promising alternative due to small extent of
wavefunction.

» Oxide modeling and fabrication more challenging.

» Goal to exploit tunability, rich physics, coupling between
various degrees of freedom, and develop control to produce
new functionalities.

» Substantial experimental evidence for strong electron-phonon
interaction (EPI) in manganites (EXAFS).

» Significant progress made in understanding bulk doped oxides.

» Quantum dots from oxides a new area of research.

» Novel phenomena, with no counter part in bulk samples,
emerge from quantum-dot/nano-structure physics.

» Need to technologically exploit new physics and develop new
devices to meet future challenges such as miniaturization,
decoherence-free and dissipationless operations, etc.
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Interacting two spin system
Anisotropic Heisenberg interaction:
— zcz Ilictho +c—
Local phonon Hamiltonian:

_ E T
Heny = Wkay ;9k,i-
k;i=1,2

Spin-phonon local interaction (strong coupling g > 1):

Hi= > giwiSi(an,+ 317,-)
kii=1,2

Initially consider only one k-mode. Lang-Firsov transformation:
Hi = e>He°

S=->,85(ai — a:.r) — Transformation generator.
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HEF = JyS£S5 + Jie (5+5 +555)

= spins coupled to the mean phonon field and with reduced
hopping amplitude due to formation of polaron. Harmonic
oscillators are displaced.

HLF = Z walTa,-.
i=1,2
1 _ _ _
HfF = E[stfsz +J05751]
= Spins coupled to local phonon fluctuations around mean field.
This contains uncontrolled degrees of freedom.

JE = J etell@-a)-(a-a)]l _ e

<JLeig[(82*82) (a1— 81)]> — J e &

2
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For fixed SZ(= 0) only the spin flipping part in the Hamiltonian Hs
contributes to the excitation gap.
The two 57 = 0 eigenstates are :

lee) = 51 1) + 1 41))

and

es) = (1 14) — | 4).

So, the energy gap is much smaller than the phonon energy in the
strong coupling (g2 > 1) and non-adiabatic (% < 1) limit:
J_Le_g2 < w.
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Decoherence analysis using non-Markovian master equation

Using time convolutionless (TCL) projection operator technique
the non-Markovian master equation up to second order in
perturbation is given by

dps(t)
dt

= _ /Ot dTTrR[I:I,(t), [F//(T)yﬁs(t) ® Ro]].

where fs(t) = Trr[p7(t)]

Assume initially p7(0) = ps(0) ® Rp.

Initial Bath state: Ry =), #‘r’)ph ph{n|.

Interaction picture: H(t) = et Hje= Mot and
r(e) = etpr(t)e

where Ho = Hs + Henv
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Preparation of separable intial state p7(0) = ps(0) ® Ry

Start with gate voltage set to J; = 0 and introduce an electron in
one of the quantum dots to obtain the state |10) o |es) + |e¢).

Introduce small tunneling J; /w < 1 (say 1073) rapidly and let
the system evolve.

For small J| /w, |es) and |e¢) are approximate eigenstates (of the
Hamiltonian in the LF frame) with probability larger than
1—J2/(g*w?) (i.e.,> 0.999999).

The evolved state is a general separable initial state (in the
) given by:
|(t)) o [ cos(J e € £/2)[10) — isin(J e 8 t/2)[01)] @ |0,0) pp

where e/® is Aharnov-Bohm phase factor due to a magnetic flux.

Change the gate voltage and the magnetic flux rapidly to get the
desired value of tunneling J; .
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The master equation simplifies as:

AP — K[ S el

my,my2

+ Z Cm17m2<5t’ﬁs(t)|5s

|my—my|=odd

> Sin(Wmy, m,t)
wm17m2
> sin(Wmy,m, t)
my,ma

/

+ Z Crny,my (€51 Ps(t)|et)

|my—my|=even,0

sin(wm17m2t)]

Wmy,my

/ .
Zml,mz — sum over all (my, my) values excluding m; = mp = 0.
B2 o2
Wny,my = Wmy + Wmy = w(my + m2), K= 576" and
2(my+m2)
_ g
Cm17m2 — mpimy!
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For large coupling strength (g2 >> 1), the long time values of the
matrix elements are estimated as:

el = HelpOFel o] - 55 (2]
(eslps(t)les) = %<55|p5(0)|55>{1 + exp[ — &;2(;:)2] }

+%<5t|p5(0)‘5t>{1 - exp[ — 8;2(;;)2} }

Here, the initial density matrix ps(0) is considered to be real.
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The coherence factor:

 Jesdps(9led)]
PO = 0]

!/
= exp[—2K Z Crny,mo

my,ma2

(1 — Cos(wm1,m2 t))
5 ]
wm17m2

Inelastic factor (indicating dissipation) or population difference:

(eslps(t)les) — (eelps(t)ler)
(eslps(0)les) — (etlps(0)le)

1 — cos(wm; mot
_ exp[—2K Z le,mz( 2( 1,M2 ))]

wm17m2

P(t) =

|m1—ma|=o0dd
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Plots:

coherence factor:
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Including the effect of small JLe_gZ/w:
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Figure: JJ_e*gz/w =0.02and g = 2.
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Including large number of bath modes (0.9w. < wx < we):
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Figure: (a) J./we = 0.05 and Zkng =1; (b) J./we =0.05 and
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Inelasticity (dissipation):
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values between two consecutive multiples of 7 .

Decoherence and dissipation are less for smaller v and larger
g values.
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Markovian dynamics

As JLe_g2 < w, we can assume that the time scale over which the
system considerably changes is much larger than the correlation
time for the environmental fluctuations, 75 > 7. In the TCL, raise
the upper limit of integration to co.

dﬁ;;t) _ _/OOOdTTrR[FII(t)’[H/(t_7)7/55(t)®RO]]-

= does not keep memory as the environmental dynamics is not
resolved in system time scale.

By following the same analysis as for non-Markovian case, we get
dps(t) _ . |on (0| Hy | ) pn | < ¢\ lph{OlHi|m) o ?
# = Z WD PR Bo(t) — pe(t) R

- Wn Wn
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Solution:

(eslos(t)le) = (eslps(0)[er)e 7=,
(etlos(t)les) = (eelps(0)[es)e =),
(eslps(t)les) = (eslps(0)es),
(eelps(t)ee) = (etlps(0)ler)

No decoherence is observed.
Up to second order in perturbation, the dominant process for the
effective system is twice the adjacent spin flipping simultaneously.

2
The energy scale for this is JQ—l So, the condition
g2w
2
¥ = (gJTLw)/w < 1 leads to the condition 75 > 7. for Markovian

dynamics. It is evident from the figures that, with decreasing ~,
decoherence becomes less.
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Quantum control for non-Markovian case

Due to the system-environmental coupling, the environment can
distinguish among different states of the system. Thus different
states acquire random relative phases and the reduced system faces
decoherence.

Strategy for protection:

The system is perturbed much faster than the environment
response time; the environment can not follow the change of
system states anymore. So, the system is effectively decoupled
from the environmental fluctuations.

Driving pulse: P, = S;°S; + 52+51_ = flips both the spins
simultaneously.
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Compczsite evolution operator:
U = U(t + 20t t+ 6t)P U(t + dt, t)Pr
where

~ ~ . . . / . /
U(t, t/) = U(t, O)UT(t',O) — oiHot g—iHt 4iHt o—iHot
_ oot g—iH(t—t") ;= itot

Now,

p_e~i(HotH)3t — o=i(Ho—H)itp_

= P, pulse changes the sign of interaction. Thus applying P,
rapidly, produces decoupling from the environment.
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U(t +20t, t + 0t)P.U(t + ot, t)P;
I+ O(5t?)

U

If 5t is small enough, evolution is almost unitary.
N equispaced pulses (i.e., it = ) yields:

NIE

pr(t) = [/—i—O[((Stz)]}g’pT(O) [/+O[(5t2)]]

lim ps(t) = e_iHStps(O)eiHSt'
N—o0

Error: O[N(6t2)] ~ O[(6t)] very small for limp_,oo.
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Decoupling up to second order in dt:
e—i(Ho+H)ét e—iHozite—iH,éte%[Ho,H,]5t2 + O(5t3)

Uy = UPrUPxr
= U(t+40t,t +36t)Pr U(t + 30t, t + 26t)U(t + 20t, t + 5t) P U(t + 0t, t)
= 1+ 0[5t

= Composite operator with unequally spaced pulses at §t and
36t.

Actually, ignoring terms of order §t* and higher:

(eslps(t)
(eslps(t)

Q)

0 = [1—i(JLg2w?tst?)](es]ps(0)|e,) e (EsmE0)E,
s) (es]ps(0)]es)-

es|ps(t)]
es|ps(t)]

Ps
Ps

Q)
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Summary and conclusions

» Using GaAs DQDs, Petta et al. [PRL 86, 246804 (2010)],
Ritchie et al. [Nano Letters 10, 2789 (2010)] obtain
decoherence times ~ 10 ns.

» In oxide materials, dominant interaction is with optical
phonons. Analyzing optical phonon environment, we get a
small decoherence even for local noise [arXiv:1309.5824].

» For Markov processes, we do not have any decoherence.

» For Heisenberg interaction, dynamical decoupling is possible
for the spin states.

» Qubits, based on oxide DQDs, hold promise in terms of
coherence and miniaturization.
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Thank you
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Including large number of bath modes (0.9w. < wx < we):
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Figure: (a) J./we = 0.05 and Zkng =1; (b) J./we =0.05 and
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Including the effect of small JLe_gZ/w:
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Figure: JJ_e*gz/w =0.02and g = 2.
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Expanding the double commutator and using the complete set
> M) phpn(m| =1

dps Z/ dT oh(n[ i ()| m) i pn(mlHi(7)|n) pips(£)e 7"
= on(1l (&) m) o is(£)pn (ml F ()] ) e~
— pn(nHy(T)|m) pn s (£) o (ml| Hi(£) ) pre =
- Fo(E)pn{nl (7 mbon pn(ml Fy(£) ) pne ™|

T=0K analysis:

First term:

o O 1 (£)[m)ph p(m] Hy(7)]0) pns(t)
[ Xel pn(OIHi|m)pnle"Xe'| pn{m|Hi[0) pnle"}e"]]

« ei[(a—s’)t+(£’—a”)7]ﬁs(t)e—iwm(t—‘r)
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For fixed S7(= 0) only the spin flipping part in the Hamiltonian H;
contributes to the excitation gap. The two 57 = 0 eigenstates are

o) = 51 1) + 1 41)) and [zo) = L5(| 1) — | 41))- So, the

energy gap in the strong coupling (g2 > 1) and non-adiabatic

(% < 1) limit J, e &" < w. Using this one can write the first

term as

ph (01 H1(£)[m) i o (mI Hi(7)[0)pfs(t) = pn(O[Hi|m)p ph(m|Hi[0) pi
Xﬁs(t)ei(wn—wm)(t—r)

Using the same procedure for all four terms the master equation at

T =0K

dﬁs(t) ‘ ~ —iwm(t—T

= 7 [ 201l )e o7

+ﬁs(t) |ph<0| H/|m>ph‘2€iw’"(t_7)]
= [pn{nlH110) phs(£) pn (O] Hi | ) pre™n (=)

n

+ph<n| H, |0>phﬁ5(t)ph<0‘ H, ‘ n>phe—iwn(t—7')]:| .
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Phonon states |m),n = |m1, my) ph

my+my
Jie,g@ g _ )ml
2 ml!mQ!

X(S51°Sy +(-1)™ ™S Sy),

ph(0,0|Hi|m1, m2)ph =

where m; and my are not zero simultaneously.

Ph<0a O‘HI\()» O>ph =0.
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Off-diagonal matrix elements of the reduced density matrix:

(oo 1 4 (1 — cos(wmy,myt))
(sslps(B)lecyel(es—ent = —{<ss\ps(0)|st>{%[—2f< > Cmpmy g 2]
2 my,my Wiy, my
’
(1 — cos(wmyq ,mnyt))
+exp[—2K Z le,mz%]}
| my —my |=even,0 Wing ,my

! 1 — cos(Wmq.m
+(eelps(0)]es) {expl—2K > Cong g O m D)

w2

my,my my,my
’
(1 — cos(wm. my t))
—exp[—2K > leymzwzil]} )
| my —my|=even,0 my,my
(e —e 1 ! (1 — cos(wmy,myt))
(etlps(B)len)e ==t = 2 [<st|ps(0)\ss>{exm—2f< > Cmpmy ]
2 my,my Wy ,my
’
(1 — cos(wmy,myt))
+exp[—2K > Crny .y Uﬂilzl}
| my —my|=even,0 my,mp

! 1 — cos(Wmq.m
HeelpeOle {pl=2K 3 Gy o omm )

> ]
my,mp wml,mz
! (1 — cos(wmy,myt))
—exp[—2K Z Cmy,my 2712]} .
|my —mg |=even,0 @iy ,my

These show some amount of decoherence.
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Diagonal matrix elements of the reduced density matrix:

(eslps(t)les) =

(1 — cos(wmy,m
S |(eslos@ley {1+ expl—2k 3 cmm#]}
| mq —my |=o0dd m1 mp

T (edps@len {1~ epl-2k 3D cmmwl}}

2
|my —my |=odd Wy, my

(etlps(t)lee)

S |(edps@len) {1+ ewl—2k > CMWMG

2
| my —myp|=o0dd “iny ,my

+ (eslps@)e) {1~ epl2k 3 cml,mzwl}}

2
mq —moy |=odd wm1 mp
1 2

Indicates change of probabilities.

/oc it sin(wmy ,my ) _ /oo dt e/wmymyt _ g Tiwmy,myt
0 Wmy,my 0 2iwmy ,my
_ 1 [/oo i (@Wmy ,my+in)t / dt e~ (@my my = rn)t]
21{,«),,,11,,,2 0
1
- 2
Wml,mz
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