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 Physics of Josephson junction qubits, experiments
« Decoherence, classification, models, results

« Decoherence at symmetry points

« Low-T decoherence, preparation, renormalization



Quantum computation:

» store information in qubit (spin, ...)
e program: manipulate qubits by controlling Hamiltonian
e model Hamiltonian:

H(D)=-3 [BL (1) o) + B, (1) 04 ]+ 397 (1) 0] + Nt Hipeas() + He
i=1 i<]
single-bit logic gates, two-bit gates, dephasing,
NOTANNOT CNOT relaxation

superpositions entanglement
Requirements (DiVincenzo criteria)
1. N well defined qubits, scalable to large N

preparation of well-defined initial state

all single-bit gates and some two-bit gates, forming universal set

long phase coherence time T¢/Top > 104

a &~ N

read-out



1. Josephson Junction Qubits

Single-electron effects

small-area tunnel junctions

typical area 100nm x 100nm

typical capacitance C=101F

R T e s

charging energy scale Ep =e?/2C ~1K/kg

vl Pél f,ﬁaﬁ"‘ i¥m WD12

V. Bouchiat et al. (1996)



Single-electron box E.(n,Vg)
A

control gate

electrode | |'Sland IE&C“Y Cs
n
tunnel junction ___|gate voltage
capacity C, T V6 n=-1/ \nko/ \n=1
\, |
. T T+
Charging energy -1 " 0 1
A
31
ne-C.V,)* 2+
E (V) = 1 mee) o
2C
] I —»>
10 1 2 3
C=C,+ Cg | CsVs/e

n=..-2,-1,0,1, 2, ...

Devoret et al. (90's)
# of excess electrons on the island

Superconducting Single-charge Box: Ex « A

complete suppression of quasiparticle tunneling
coherent tunneling of Copper pair charge 2€e



Josephson Junctions

classical and quantum description

Iy
—” ________ U(qﬁ) _E,cos¢ — I,;,;TL—¢ tilted vyashboard
e potential
qb energy scale:
h
EFy=—I
J 2e ¢
O
o - A
Josephson relations Is=1Icsing ; 2V ="h¢ ; lcx—
h .. 1 h . _
Balance of currents —Co+— —p+ Ilesing = Iy
2e R 2e
2
Hamiltonian g=9 B, cosd— Ix—¢ + Hyeo(0)
2C 2e

charge and phase 5 d

are conjugate variables | Q = _'dﬁq5/2
(/ €




Josephson charge qubit

'r  charging energy (Cooper-pairs)
(2ne — CgVk)?
E-n(n, V) =
cn(m, Vi) 2(Cq + Cy)
Q=2ne | n « Josephson coupling
oL ¢ Ejcos¢ — ?J|n><n:|:1|
* Hamiltonian

eigen
energies

Shnirman, G.S., Hermon ‘97




Voltage- and flux-controlled qubit

Ix ¢l1 |r

f”l 'y 1 1
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I|: Vi
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Observation of coherent oscillations : Nakamura, Pashkin, and Tsai, ‘99

At (ps)

o
=

Time

= 50 oscillations
Top = 50 ...100 psec, Ty = 5 nsec




2 Coupled charge qubits/CNOT operation: Nakamuro et al. 02, 03

Reservoir 2 Reservoir 1
Y W Input preparation | CNOT operation
-E" F!‘U;;'n { TlI'rmL'Ib}n'ﬁ [t =
: £ |Pulse gate ) N
Coupling A o Vo BT Hm} o[10
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) Time =
Blioe g« e gl
L |Pulse gate 1
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Time v
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; |TD:| Cutput
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Charge-phase qubit

Devoret, Esteve, ...(Saclay)

1 1
H = > E..(\Vy) o, - E;(®,) o, Quantronium

less sensitive to charge noise

Operation at saddle point
Ecn(Vyo) = 0, dEy(P,5)/dP, =0

- minimizes noise effects
- voltage fluctuations couple transverse
- flux fluctuations couple quadratically
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Tool box:

Rabi oscillations

1 1 .
H =--B,0,-—-Qg(cosut 0, + sint g,

2 2

operate at resonance W= Bz

in rotating frame 1
(unitary transformation) 2

Ramsey fringes

gate _
voltag% |<—>| <0, %inal —CO$

-
.

time

in lab frame

Echo experiment

Free decay (Ramsey fringes)

— T2 TV2—
>
0 T t
Echo signal
— 12 Tt TW2—

0 t/2 t



Decay of Ramsey fringes at optimal point

switching probability (%)

detuning=50MHz

‘ T2 T2 |
jime M——-
INER TR YS T |
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v fl 1 ‘ l]r ‘i vc Vg ‘-“' o “'
o4 91 i sd pY B 3T .3
IJ!‘M iw?‘-  EA LA ]
i';l" |
T,=300ns
200 400 600 800

Delay between 1/2 pulses (ns)

Vion et al., Science 02, ...



2. Coherence and Dephasing

Bloch equations, relaxation (I, = 1/T,) and dephasing (F¢ = 1/[¢ =1/T,)

rel —

d 1 1 Bloch (46,57)
—M=BxM _—(Mz_Mo)ez__(Mxex+Myey) Redfield (57)
dt T, T,

For 2-level system (spin 1/B)  is detened by density matri

M :<U> :TF[O',O] /OOOZ_FTIOOO-I_rlIOll
p:[’ooo ,001j ,011: eroo_rlpll
P Pu Por = 1B, 04, ~ r¢1001

M=l +T andMy= €, -T )I( +T )



Sources of noise

‘external’

- electro smog (reduce by shielding)
- background charge fluctuations

- nuclear spin flips

intrinsic:

- quasiparticle tunneling (suppressed at low T)

- fluctuations due to control circuit

- fluctuations due to measurement device (need quantum switch)

Properties of noise

Gaussian or non-Gaussian
- spectrum: Ohmic (white), 1/, ....
- different coupling



Models for noise and classification

H= —EAEGZ _EXCOSH GZ‘EX sin o, ‘EXZ G, + Hpan
2 2, 2 A 4 A

longitudinal — transverse — quadratic (longitudinal) ...

Power spectrum:

> ©) :éj dt({ X®.X(O)}, )€ | 1" =Ac(w) = % [dt([x®.x(©0)] )"

model Bosonic bath Spin bath
X = ZCJ(aJ + a}), Hyath = ij a}raj X = chax,j , Hpath = Zu{] Oz,
j j J J
noise J(W)EZCJ-2 6(w — wj) J(w)zzj:cjz 5w — w;)
J
_ J(w) = aw
Ohmic

w
S = coth —
x(w) = aw T

J(w) =« J(w) = E%/f/w

Uf L E
. . wi _ T1/f 2
(Gaussian)|  Sx(w) = acoth 2Ty el Sx(w) = E7 /¢/|w|




Transverse coupling = relaxation i @
Y

1 1
1 =5 0RO e e
Golden Rule:
= 277& Bath <O | |X0' |1f ‘ 5(E +AE-E ) compare "P(E)-theory”
T h 477
2l ot
== 4; P (X E)(CF X | —jdt exp{ (Ei+AE—Ef)t h}
=2 fdtZ PE (i X ()X (0) |i) exdiAEt /]
1
: :W<X(t)x(o)>w=AE/h
1
= K OXO) e

1 1
» e reI:rT+r¢:?Sx(w:AE/h)

1




Longitudinal coupling = pure dephasing

H = _% Bza-z _% XUZ T HBath

X treated as classical, Gaussian random field

.t 1 t t
|00 (®) D<ex —I%_C[X (r)jr)> = ex;{—zflz_c[drl{drz{x 6 X ¢, ))

_ 1 jdw sin” (@t /2)) _ 1 _
_expL thjzﬂsx @) @127 j exr{ o7 Sx @ oyj

sin® (at /2)
(wl 2)?

.1
[ S, (w=0
> s =57 S} (@=0)

= 2710 (w)t




Linear coupling

1 1 1 .

H= -ZAEog, ——Xco9jo,-=-X sing o, +H,,
2 2 2

Golden rule

exponential decay law [] eIt

1 1 .

—=r_ ==S, (w=AE)si I’

-I-1 rel 2 X( ) ,7

1 11 1
—=[,==="+=S, (w=0)cos’
T, * 2T, 2 ( Jcos]

N—

7

~

pure dephasing: r;

Example: Ohmic noise

0,
S, (w) =a w coth—
« (W) =

= AE
r,=2AE coth==sin%
2 2T
F*¢ =aTcosn

Dephasing due to 1/f noise, T=0, nonlinear coupling, ... ?



1/f noise,

1
longitudinal linear coupling H = _E(AE"' X) 0, + Hega

~ N _ _1¢dw sin® (at / 2)
,001(t)—<exp( |_([X(r)drj>—exr£ ZIZHSX ©) @12 ]

Er ., E;
—exp — t°In e t for =
p{ o law,t | S, W) p

Cottet et al. (01)

—— > Non-exponential decay of coherence

sin’ (at /2
S (w) regular = ( (/ 2y ) = Z10 ) = Golden rule, exponential decay
.




1/f noise, transverse coupling

H=->AEg,—-Xo,+H,,
2 2

Adiabatic approximation for ~ ® «AE

— H=-2AE(X(1)) 0,+H,.,

2
! 2
X < Hae+ 2 W 5wy
2 20E

Linear transverse 1/f noise — quadratic longitudinal noise

« Spectrum of fluctuations of X?(t) ?

« Distribution of fluctuations of X2(t) ?



Quadratic longitudinal coupling: H = —E(AE + AXZ)U
2

Even if X(t) is distributed Gaussian (central limit theorem), X(t) is not!

As 15t step, let as assume that X?(t) is distributed Gaussian.

for reference; good or bad (?) approximation

e Ohmic noise

S(w)=aw coth% = sz(w)E%<{X2(t),XZ(O)}>w:aza)(a)2+T2) Coth%

= . =a’A°T?
if X2 is Gaussian ?
good approx.
* 1/f noise
Sx = El” S, El” again 1/f noise with different scale
| wI X wl i

1

4
E1/f
7T

2 2 12
if X2 is Gau35|an "001(1:)‘ eXpE -4 t°In |w|rtﬂ Good or bad?



Quadratic longitudinal coupling: non-Gaussian effects

1 5 Yu. Makhlin, A. Shnirman, PRL 2004
H =-=(AE + A1 X?)0,
2

t

</001(t)> g 'O P(t) wih P(t) = <exp(| A j X?*()d z')>

0

i i linked cluster
In P(t) = Z F, = Q : 3Q pansion

211
p,= @AV (4790 199 ¢ -a)s, (@) f @,-0)S, @) -
f(w )_S|n(a)t/2)
wl 2
shorttimes  f (w)= sin (@t /2) _ long times T (@) = SN T2) - o 770 (W)

wl 2

1
2 _Z /] E2
|P(t)|:{1+(2/l EZ .t Ina)irtj } |P() = exv{— 21” t}
T




Decay law for Ramsey interference

w=10""T
ir f

0.8r non-Gaussian effects: ]
. —-1/2
~ |[1+iCt Ino. t|
f Ir
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v Gaussian approximation:
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| | I_ -7 ]
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Fitting the experiment
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Decay law for echo signal

0.8r-

0.6
1 — (Tyt In(wirt))?
(al

0.4r-

0.2

1 — (Tyt)2In(1/wit)




Power spectrum cut off at . < 1/7

¢
1 | |
echo decay [1+ (rft)z (UJC‘E}E In(o fo )/ (8n%) 17"
0.8 |
|
I —
: ® =107°T
: |r_ _zrf
C!.E:——: {!)C—1U ¢
2 N
[§] 1
QO 1
1
1
04y free decay
2 2., -1/4
‘,‘ [1+(2m)* (CtIno t)”]
02F  Sa. _
0 10




Echo with many (N) pulses (Bang-Bang)

1 /4 2 N
1 .
® =107°T
ir 4 f
08|, N =20 o =10"T, |

0.6

0.4}

0.2

~ exp[ ~(T)/N_ In(N/TD)]

exp(-I f’[;’2)

l-u...‘
=
l-,-_.
-----------




Low-Temperature Dephasing

e Ohmic: J(w) = 5awO(we —w), cutoff we

for wil<t< Tt [op(@®)] = Pu(t) = (wet) 2%
for Tl t: (o4 (1))| = Puc(t) ~ e 2™t

e Sub-Ohmic: J(w) = Qawo Sw® O (we — w)

forO<s<1
for wil<t< Tl [op(D)] = Pu(t) ~ e w0
for Tl <t (o4 ()] = Pug(t) ~ e=0THwoD™

A. Shnirman, G.S., cond-mat/0210023

|<a.(t)>]
POWET
law
exp
1/ T
|{G+(t):=»|
exp
exXp
1/ T



Preparation Effects Introduce frequency scale  (Wp

Slow modes w < wp dephasing, fastmodes w > wp renormalization

AE AE

a) Initially | T) |g1)

|g1) ground state of  Hy = [ 1)(1 |- >_c¢j(a; + a;r_) + 2w a;r'aj
j J

7T
b)apulse |T>—>\/—(| ™ +11))

implemented as H = —% wpoy fOr = 5—5;
Slow oscillators do not react fast fast slow
1) = 5 [ 1 195 +1 1) 197H)] lg7ov)

Fast oscillators follow adiabatically

Py =7 = (gfatgfasty  BUT pry=1 where )= | DI, 1) = 1)IgP™



ALE AR
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|I 1 + N

: :

i i ! ;
| + i
,,,,, S — o TR |

,’ 1 r’ 1 3

- e
-~

Y ¢ B X Ppi
c) Free evolution, dephasing

ﬁT,l(t) = Z Fy,(t) and ﬁT,I = Py, (t) = <9%low|€_iHlt|g%low>

s
d) —— pulse
2

e) Measurementof G, (0) = |Pwp(t)|

Slow oscillators = dephasing Pwp(t)
Fast oscillators = renormalization

Appropriate basis: renormalized (dressed) spin ‘T), |I>



