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e Possible sources of dissipation

e Models of environment

¢ Bloch-Redfield equations

e Ohmic environment

e Sub-Ohmic environment (1/f noise)
e Nonlinear coupling

e Dephasing vs. renormalizarion
in nonadiabatic manipulations



Josephson Chai'ge Qubits

- — e charging energy _
5C (Cooper-pairs) Qe = Celi
(2ne — Qg)2
Eep(n, Vy) =
(7, V) 2(Cy + Cj)
c :
L e Josephson coupling
V. —— 12
X Eycosp — —2—J|”> (n£1]

eigen
energies

._

2-state-
system=qubit

Flux-controlled qubit

controlled Josephson coupling

H= AFEyw(Vx) 6.+ Ey(dy) 6,




Josephson Flux Qubits

e SQUID type devices

% ¢ (P — &,)°
H = 50 FEjcos (QWE(;) +

H 2 e(Dy) 6, + A 6y

A = A(P)) - controlled

|> |1> _
O O°

e Current biased Josephson junctions

¢

U(®) = —Fjcos (27?3) — 1P
P
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Sources of Dissipation

e Intrinsic sourses:
e background charges & fluxes - very serious
e quasiparticles - frozen
e clectromagnetic radiation - shielding
e nuclear spins - almost static

® ctce.

e Eixternal (artificial) sources:

~e control {manipulations) circuitry

e masuring devices - on-ofl




Charge qubit: spin-boson model

e Dissipationless Hamiltonian

— Fjcos©

(2en — C,V)?
Hy =
l 2(Cy + Cy)

________

e Include dissipation

Ey Cy év Z VsV 46V

Cg i e From FDT follows

(5V V)., = Re{ Zy(w) Yhw coth (QZ”T)

-1

Zi(w) = [ith + Z"l(w)] , Ol = le+0g1

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

2 .
maw
442

2ma 2 ¢

H = H, —2en—-Z)\a:L’a+Z
Cya

AQ

Malq

Ow — w,) = wRe{Zy(w)}

5V =S Az, J(w) = —7232

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

1 1
—(1+0,), cosO = 50w

n=0,1, n=
2

1 1
H = —iBZ(V) g, — ‘2‘B:1: Oy + Jzz Aa:lja + Hbath

C, T 4Re{Z:(w)} (Ct 2 6
CJ) J 2a W, o e CJ) 0
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Charge qubit: spin-boson model, alternative derivation

.

e Model any Z(w)

1 -1 iw
Z Hw) = ( Lo+ - +5) — -
Wy =%\wla+ 356 ¥ Tl — w2 1 iwd)
e Derive Hamiltonian starting with Lagrangian of the whole system
(2en — q)° ¢
H=————F 0+ —+H dt
| 2 J €Oos +20g+ 2(6+ [ dtV)
2 2
_ 4y (¢a + &)
Hz(9) =% {zca YN }

equivalent to the Caldeira-Leggett’s Hamiltonain at w < 1/RCy

e [mportant points

2
e weak dissipation a = & R‘Zt(w (g‘l) ~ 1076
K J

e natural UV cut-off: ReZ(w) = "w—Rz— we & 1/(RCY)



Bloch equations

e

i \\V,/
0.5 1 o
F. Bloch (1946):
D3t = B M — (M7 — W) — —(M,2 + M)
dt - T1 z 0 T2 z gl

For 2-level system (spin 1/2)
Mz — (Uz> = P11 — P22
Mm/y — (Ux/y> — Re/Impgl

For B = B,Z and My||Z
pi1 = —Lypu + T poo

p22 = LIsp1n — I pan

1
1o = —1 13 —_—
P12 13,012 Tgpm

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

Relaxation and dephasing
Ta=1ITt To=T10"



Golden Rule

H = _%Bz Oy — i}jB:c Op + 0. X + Hpatn , X =g Aay

Rotation to eigenbasis
H = —%AE o, + (cosn o, —sinn ;) X + Hpan
T T

longitudinal and transverse coupling to bath

AFE =/B2+ B2 tann= B,/B,

F¢ = k2 sin? N <X3)>w:AE/h

!
FT “_”“.h—Q Sinzn (Xr,%)w:—AE/h AE :
1

(X2) = [t e (X ()X (0)

1 F* sin*n Sx(w = AE/h)
T3
hw

2kpT

Sx(w) = (X2 + (X?% ) = 2hJ(w) coth



Diagrammatic technique

O.V. Konstantinov & V.I. Perel (1960), L.V. Keldysh (1965)
H. Schoeller & G. Schon (1994)

H=H;+ Hpan + Hiny ; Higy = (cosn o, —sinno,) X =5 X

t
—1 f Hint (t)dt

i
~ i [ Hip(D)di
plt) = Te 8" p(o) o't o

20)

-
v

® = COST| G, —sin1} Oy

t t’ t’
~
| = _/; <X(OX(t)>= o (t—t°)
t
t
t = : = <X()X()>= o (t—t")
t t

e—iHS —t’")
-——8 o
t t t’

Propagator II:  ps(t) = 11(¢,0) ps(0).

| Self—energy X |

—pi(t h[ps(t),HS]JrO/dt Nt —t) ps(t)



Bloch-Redfield approximation

e Kinetic (master) equation

d
ps(t) = Lops(t) +/‘dt2t—t)ps(), Ly=[1@ills—ill @ 1]

e Bloch-Redfield approximation - Markov approximation in rotating frame

ps(t') = e~ Lolt=F) ps(?)

Splt) = Lopi(6) + T p(?)

[= fdt S(t) et = (s = Ly + i6)
0

¢ RWA
consider-only 'y o and Iy pn (for example M9 19)

Ox Ox
1.@1
+
X X

1GZ ch 1
'@'
cos?my X E
| 2 2/\2 2

1
[912 = —5 sin? SX(w = AE) — cos’n Sx(w = 0) + id B(w,)

1

sin2m X

1 11 .
7= e Sxlw=0)
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Decay of Rabi oscillations

Purely longitudinal coupling

1
H= _§Bz O +UZX + Hbath

Apply rotating field

1 1
H — _§Bz o, — §QR (coswt o, +sinwt oy) + 0, X + Hyan

In the rotating frame  H = UU + UHU' U =exp (—iw% t)

And at resonance w =208,

1
H= _§QR oy + 0, X + Hpain

In general noise at w =0, B,, w = B, £ (g, and w = {lg may be involved
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Dissipation in Ohmic Control Circuit

e gate voltage circuit is dissipative
e characterized by Z(w) = R
e induces voltage fluctuations

C ~
e model Haiss = Fi e 6V (t) 0, + Hoawm
hw
2 B
<5Vw> = hwR coth (QkBT)
Te » i incoherent transitions -
\E between eigenstates and
——@“—@
Ej (@X)

tann — ————

! AEch(V;c)

fluctuation of
elgenenergies

R (Ce\* . AE AE
-1 __ 0
T = 47Th/62 (C,}) sin g — coth (2kBT)

_ 1 R C 2 ) kBT
T2 b= ‘2‘ 1 ! + 47rh/e2 (ai) {L‘.OS”)“ 7 T
2 B

e choose: R < hje® =26k eg. R=1002

C, < C} (weak coupling to environment)

o1, T~ 1075 - 1074
e operation time 7,, & h/E) ~ 107 1%
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Regime dominated by fluctuations, Zeno effect

Transverse coupling, B, < T
H=—-3B,0,+0,X +Hpatn, X=%M\Zo, Sx(w<T)oxal

In the eigenbasis of g,

P11 o oT 0 0 P11
d P22 | ol —aT 0 0 P22
dtlp2| | 0 0 —iBy—aT/2 aT/2 D1
21 0 0 QT/Q 'LBx - O«!T/Q P21

It oT > B, then Zeno eflect (Hams & Stodolsky 1982)
‘Moh@mﬁ zza:,mmﬂg m ‘\\’ER |

-2

Compare longitudinal (“pure”) dephasing rate I'}, = Sx(w = 0) and B,

B, > I', - coherent (Hamiltonian dominated) regime
Natural description in eigenbasis (o)

B, < T - incoherent (dominated by fluctuations) regime
Natural description in the basis “observed” by the bath (o)
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Sub-Ohmic environment, 1/f noise

H = _%AE o, + (cosny o, —sinn o) X + Hpaen

e Sub-Ohmic spin-boson model

J(w) = gahwé_sws , s<1

fiw

1
x Tw™ = | p 00

Sy(w) = 2hJ{(w) coth

e For s = 0 - 1/f noise at hw < kgT

EQ
Sx(w):‘%/‘f, El/foc\/on

T does not have to be the real temperature

e Longitudinal (n = 0) 1/f noise, classical treatment

1 i i
2 [dt! X(¢ —20dt' [dt"{X(hX(t" [ w
(a+(t))oc(e (J)" ()>:e ({ g (X)X J 52 Sx(w)

(o (t)) x exp(mEf/ft2 Intwy), 75" = Ey; ~ 10ns
e Self-consistent method
[y =%(s=iLg+T,) — Ty=E}/T,
e Non-Gaussian 1/f noise

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

. To protect from 1/ f noise - n = 7/2
1

H = _iAE 0, — 0, X + Hypatn

Golden Rule (1-st order) for Ey/; < AE

~1 _ _ f -1 _ 11

Second order must be considered

At low frequencies (adiabatic approx.) H = W%AE(X ) 0, + Hpagn

W Wir

2X?
= 2 2 o AF 5
AE(X) = VAE? + 4X2 = A NG
sz(w _“*2/ ““““““““ { Y <‘§{2 >W< ><;{iw>} ~ LS In—

(~ 3 in exp. of Saclay group)
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Nonlinear coupling

Dephasing by symmetric de-SQUID in the off state

OFF ON

(P’

A o )
H = 562 + —0r — WQIC(CDLE) CoS p — 59516&2 COS
T

2 2 2

Overdamped oscillator: cosy ~ 1 — ¢?/2

1 ReZ(w) w r oml,\
9y _ L w _ [ c
(po) = o R (coth T -+ 1) Z(w) (Rs + iwC + z'w(I)o)

r 2 3
Mc) T 2 n
(Tc Py T < alkly

POt o [ dw{pl)(¢°,) = | o

2 o
01, T ;
; (Ic) oE; T > ol

2|2
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Nonlinear coupling
~ -~ 2

(o, (t)) = (T exp (z [t (X?/Ey) dt) T exp (z j (X2 /Eg) dt)

“/\7\/<7\
g/\./ i

tirlatw)] —tfg%tr In (1 -+ &(w))

(—i(TX(t)X(OD —i{X(0)X U))
~i(X(6)X(0)) —i(TX(t)X(0)

C v > A<

(4N 8
14+ —) — -
F -5 }

ac

(1+
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Nonlinear coupling

mt/—ln EO) 5

O{C (1 + aac a>a<]
Ey

1+ —

The Green’s functions

[ o) = (5630 567

Aw)=J(w)  Sw)=Aw)eoth = BWw) = | i_’/ :1_{’_/1
o) = Si-of) = All)  65(w) = § — S = Allw]) eoth 21 - }
In{o (1)) =~ —t¢ / % In [(l + %%)(1 . ?{:) B 2;(‘575}
AT =0
F¢:Re/;i—: ln[ HEO)(HE)] 0
At T >0
I, =Re /‘g%‘ri In |1 - — ziso/ézéfgg - BQ)/EE}
AMw<w, B~aw. B/Ey~ (aw./E) may be large
r,~ / dw 22(25'0 +..5S),i5_ _ dw o (1 B §3)~2
om E3(1 — B2/ EZ)? on  E3 L7

RG needed
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Summary

e Sources of dissipation
Electromagnetic environment

Background charges and fluxes, 1/f noise

¢ Models of dissipation
Derivation

“Realistic models” useful

¢ Master (Bloch) equations
Dephasing (15) and relaxation (77)
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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