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Models of environment

Bloch-Redfield equations
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Sub-Ohmic environment (1/f noise)

Nonlinear coupling

Dephasing vs. renormalizarion
in nonadiabatic manipulations



Josephson Charge Qubits
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Josephson Flux Qubits

• SQUID type devices

o o = _ _ £ J C O S ^ _ I +

n + A

X A = A(4> )̂ - controlled

0 0

• Current biased Josephson junctions

= -E3 cos



Sources of Dissipation

• Intrinsic sourses:

• background charges k fluxes - very serious

• quasiparticles - frozen

• electromagnetic radiation - shielding

• nuclear spins - almost.static

• etc.
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• External (artificial) sources:

• control (manipulations) circuitry

• masuring devices - on-off
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Charge qubit: spin-boson model

• Dissipationless Hamiltonian

__ (2en-CEV)2

H = \ E

• Include dissipation

Z(CD) V -> V + SV

• From FDT follows

= Re{Zt(oj)}huj coth
)

= [iojCt

Model with dissipative bath (Caldeira & Leggett (1983))

H = H0-2en~EXaxa +
2ma 2 a +

- i

CjJ a 2mauj2
a

SV =
7T A

2 a mGa;a

• Reduction to a two-level system, spin-boson model
(Leggett et al. (1987), Weiss (1993))

n = -

H = --BZ(V) oz - -Bx

, cosB ^

7T
, a =

RK \CJt
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Charge qubit: spin-boson model, alternative derivation

Model any ZiuS)

a
= E

- UJ

• Derive Hamiltonian starting with Lagrangian of the whole system

+ Hz(<t> + f dtV)TT (2en-q)2 _ a2

H = ±—. ^ u - EicosG +

Hz{4>) = E
a +
2L,

equivalent to the Caldeira-Leggett's Hamiltonain at u <C l/RCt

• Important points

• weak dissipation a = 10-

natural UV cut-off: ReZ(u) = X+J^IR2 , l/(RCt)



Bloch equations
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F. Bloch (1946):

For 2-level system (spin 1/2)
Mz = {(Jz) = pn - p22

Mx/y = (ax/y) = Re/Imp2i

For B = Bzz and MQ\\z

- Mo) - UMXX + Myy)hMzz Mo)
2

P22 = i

—pl2
J-2

^- = 14. + 11 and \MQ\ = i i ( l ^ — 1 |J

Microscopic derivation and generalizations:
F. Bloch (1957), A.G. Redfield (1957), ...

Relaxation and dephasing



Golden Rule

H = —zBz <JZ — ~BX ax + azX X =

Rotation to eigenbasis

H = — |A£? crz + (cos 77 cr̂  - sin r\ ax) X +

t t
longitudinal and transverse coupling to bath

AE = tan ?/ = Bxj Bz

2

r t = sin2??

= A sin- = AE/H)

coth



Diagrammatic technique

O.V. Konstantinov k V.I. Perel (I960), L.V. Keldysh (1965)
H. Schoeller k G. Schon (1994)

H = Hs + i f bath + Him ; Hint = (COS 7? O z - SHI T] Gx) X = S X

p(t) = Te
~ ijHint(t)dt

p(o) Te o

P«(t)=

t t' t'
= COST) o7- sin71

= <X(t)X(t')>=a(t-t')

t t'

*.= <X(t')X(t)>=a(t-t')

-iHs(t'-t")
- * - •—• -

t t'

Propagator II: ps(t) = U(t, 0) ps(0).
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Bloch-Redfield approximation

Kinetic (master) equation

d \
—Ps(t) = Lops(t) + /dt' E{t - t1) ps(t') , Lo =at A

iHs - iHs

Bloch-Redfield approximation - Markov approximation in rotating frame

ps(t')

- + f ps(«')

OO

f = f dt = E(s = L

• RWA
consider only F m ) m m and Tnm,nm (for example

° • 1 1

sin2r| X

•2 2«

^ 1 1

cos2ri X

-2 2«

1 1

•2 2

1 1

r125l2 = ~ sin2 r/ 5X((^ = AE) - cos2 77 5x(w = 0) + iSE(wc)

1 1 1
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Decay of Rabi oscillations

Purely longitudinal coupling

= --Bz az + azX

Apply rotating field

H = —~BZ az - -Q R (cos out ax + sin tot ay) + azX + # b a t h

In the rotating frame H = UU + U = exp ( — too—t

And at resonance ui = B7

H = — - O R <JX + <JZX +

In general noise at CJ = 0, BZJ oo = Bz ± OR, and u = OR may be involved
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Dissipation in Ohmic Control Circuit

• gate voltage circuit is dissipative
• characterized by Z(co) = R
• induces voltage fluctuations

• model

C,

-g

R

incoherent transitions
between eigenstates and

fluctuation of
eigenenergies

tan 77 =

4 =4TT
R

Cj
sin" T

AE / AE
coth

a

COS"* 7?
n

choose:
R < /i/e2 « 26k^ e.g. i? =

Cj (weak coupling to environment)

• operation time rop
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Regime dominated by fluctuations, Zeno effect

Transverse coupling, Bz « T

H = ~lBxax + azX + Fb a t h , X = Ea \axa ,

In the eigenbasis of ax:

T) oc aT
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If aT > Bx then Zeno effect (Harris k Stodolsky 1982)
''Motional narrowing"rm NMR : :

Bl

Compare longitudinal ("pure") dephasing rate V£ = Sx {OJ = 0) and Bx

Ty- coherent (Hamiltonian dominated) regime
Natural description in eigenbasis (crx)

Bz <C FJ - incoherent (dominated by fluctuations) regime
Natural description in the basis "observed" by the bath (az)
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Sub-Ohmic environment, 1/f noise

H = -±AE az + (cos 77 <jz - sin 77 ax) X + i7bath

• Sub-Ohmic spin-boson model

, s < 1

w_,0 00

• For 5 = 0- 1/f noise at huj <C

Sx{u) = ^

T does not have to be the real temperature

• Longitudinal (TJ = 0) 1/f noise, classical treatment

, , ,v , - . „ - . - - , - , . -2Jdt> }dt"{X(t')X(t"))
{a+{t)) oc (e o ) = e o o =e

( i / / i r ) , ^ 1/t/ « 10ns

• Self-consistent method

(s = HJQ + T^) —> Fy, =

• Non-Gaussian 1/f noise
See E. Paladino et al. (2002),
Gaussian approximation overestimates dephasing
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1// noise, transverse coupling

To protect from 1 / / noise - rj = TT/2

= —-AE az - axX

Golden Rule (1-st order) for E1jf <

12

Second order must be considered

At low frequencies (adiabatic approx.) H = —^/\E{X) uz +

= VAE2 + 4X2 a * ™

= 2/
?4
'1//

a;
In

yir

2
3 in exp. of Saclay group)

15



Nonlinear coupling

Dephasing by symmetric dc-SQUID in the off state

OFF ON

<p <P
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Overdamped oscillator: cos (p « 1 —
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Nonlinear coupling

= (texp liJ(X2/E0) dt) Texp (if(X2/EQ) dt\)

oo 1
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Nonlinear coupling

dbJ

2?r
ln

a c _ aac

The Green's functions

o; -i(S-A)

a
ac A)

A(u) - J(cj) S(u) = A(u) coth
2i TV CO — V

= ST=0(co) = A(\oo\) SS(u) ^S-So = A(\u\)
UJ

coth — - 1
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-'0 J

AtT = 0

Lin = Re / — ln
J 2n

,ac -i

At T> 0

- Re / — ln
2TT

2i5S/E0

At a;c S ~ aa;c (aooc/E0) may be large

du

2n

B2'

Oft

RG needed
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Summary

• Sources of dissipation

Electromagnetic environment

Background charges and fluxes, 1/f noise

• Models of dissipation

Derivation

"Realistic models" useful

• Master (Bloch) equations

Dephasing (T2) and relaxation (Ti)

Longitudinal vs. transverse coupling

Dependence on noise spectrum and on manipulations

• New questions

1/f noise

Non-Gaussian effects

Nonlinear coupling (quantum meter on-off)
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