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Decoherence and relaxation of a qubit
coupled to a bath with long range order



Qubit + bath
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Decoherence and relaxation

fii////// — Interaction
e Bath

p!S

o3 |37
 Relaxation



Why study decoherence and relaxation?

* For quantum computation it is important to
have coherent qubits.

* Qubits can be used to probe the environment.



Physical realizations of qubits

Solid state qubits - Size advantage

Examples
J h . . Charge E; = Cy L
e Josephson junctions qubi 0|
=P . =)
e Spin in quantum dots Vo B -

qubits

o B ®

Flux
qubit

Makhlin DiVincenzo, Loss
Rev Mod Phys (2001) Phys Rev A (1998)



Physical realizations of qubits

Solid state qubits - Size advantage

Examples ]

J h . ‘l'i Charge E; = Cy L
e Josephson junctions qubit _ 0|

o —— N

e Spin in quantum dots Vo B -

qubits

o B ®

Flux

— Interacting nuclear spins | qui

R
and electronic baths
Coish, Loss Glazman, Loss
Phys Rev B (2008) Phys Rev Lett (2002)
Schiller et al Yamada et al

Phys Rev B (2006) Conf Proc (2007)



Qubits as probes
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Phase diagram Decoherence
: Chitra, Camalet Winograd , Chitra, Vernier / Jiang
Y V4
Theoretical Phys Rev Lett (2007)  Rozenberg Phys Rev B ppys Rey A (2011)
(2010)
. i | Buttiker et al Vandersypen et al
Experimenta Phys Rev B (2010)  Rev Mod Phys (2005)
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Baths —

Effect of —

State of art

Nuclear spins

Electrons

Bath Interactions

Phase transition

Glazman, Loss Coish, Loss
Phys Rev Lett (2002) Phys Rev B (2008)

Schiller et al Yamada et al
Phys Rev B (2006) Conf Proc (2007)

Paganelli et al Tessieri et al
Phys Rev A (2002) Jour Phys A (2003)

Yuan et al Chitra, Camalet
EPL (2005) Phys Rev Lett (2007)
Wang et al

Phys Lett A (2008)
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What is the effect of order in the
bath on decoherence and relaxation
of the qubit?
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Model

H=Hs+ Hp+ Hj

The qubit has no intrinsic Hq =0
dynamics

The bath is described by BCS
Hamiltonian

— T < Tc superconductor
— T>Tc metal

Interaction




Interaction

 Charge Hr = \o; Z (CZTCPT + Cz‘lcpl>
kp

e Kondo H;y = \o“ - E C};a T a3 Cpp

k.p,o3

* Order Hp =Ao” Z CZTC,Jr)l — Aot Z Ck1Cpl
kp kp



Reduced dynamics of the qubit

* |nitial state p(0) = ps(0) @ pp(0)
o ]a | 2 (}d*
ps(0)= [ o3 |37
0 e—ng/T
pp(0) = 7
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Reduced dynamics of the qubit

e |nitial state

e Unitary evolution

 Reduced density matrix
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Weak coupling techniques

d

Master equation Eﬂe(f) = /(If,z(f,-f)/?.q(f/)

Born approximation \°

d o\, |
E/)s(f) = /(H,Z(H)(ﬂj)/)s(f,) Nakajima-Zwanzig (NZ)

Local approximation

%pg(f) :/([T’Z(Q)(f/qf)pg(f) Time convolutionless (TCL)
dt
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Master equation in Born aproximation

1
Laplace transform ,{)S(g):§ Z Mj(2) o
,IJB:O,LI’,,I‘y,;

> Mj (2 Z Mo Mo Z 502 = (75)0

First order Second order
A(V;) A2 (V4 (6)Vs)

Self energies—> Time evolution
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Kondo coupling

* The problem is spin isotropic

e Bath operators have no net moment /1 = 0

Only one self energy X(2)
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Kondo coupling

* The problem is spin isotropic

* Bath operators have no net moment

Relaxation and decoherence are the same
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Dynamics in NZ and TCL

['(w) =—=3m lim X(w + in)

70

e Time convolutionless  In Mpcr(t) = —%/fleilligt/Qr(w>

* Nakajima-Zwanzig Myz(t) = % /0 N dw cos(w ) (w)
_roy L(w)

Markovian asymptotic evolution M (t) ~ ¢
21



Asymptotic dynamics for T=0 (TCL, NZ)

1.2

['(®)

1-
0.8-—
0.6-—
oaf

02F

50

100

Gap at w=0

Incomplete decoherence/
relaxation

M (t) 22 constant
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Self energy at finite temperature

T
=

—

|

r is non monotonic

Logarithmic divergence at w=0

-0.01F

-0.02F

-0.03+

-0.04

['(w) | W

— rln—
2T \2 T
0 0.;]2 0.64
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Asymptotic dynamics for O<T<Tc (TCL)

Mrcor (IL) ~ t‘zﬂ)‘g r(T)t

—<  Anomalous decoherence
|+ Non Markovian
e Ultrafast

e ““Reentrance”

N Scales

(S

6 8 10

Int e Small T (t>>1/T)
e LargeT (t>>1/A)
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Asymptotic dynamics at 0<T<Tc (TCL)

Mrcor (Z‘) ~ tgﬁ)‘Q r(T)t

e e Anomalous decoherence
1F rt 1 [ N .

0sb\ "1t ] * Non Markovian

S 06\ 1r : e Ultrafast

04F N\ 1 r :

02F 1 F ] * Reentrance

ol e S G | 1 |

1 | 1 | — — 1 | 1 1 | 1
0 200 400 600 8000 200 4(1?0 600 800

Scales

e Small T (t>>1/T)
e LargeT (t>>1/A)
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Asymptotic dynamics for 0<T<Tc (NZ)

e Non Markovian
decoherence/relaxation

e Different from TCL

. | | .
0 200 400 600
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Summary for Kondo coupling

Relaxation = Decoherence
At T=0 incomplete decoherence (TCL and NZ)
For 0<T<Tc non Markovian decoherence (TCL # NZ)

For O<T<Tc (TCL) Ultrafast non Markovian
— disastrous for qubits

signature of order?
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Order coupling

* The problem is not isotropic

* Bath operators have net moment /1. o A

Self energy matrix

Relaxation # Decoherence

28



Order coupling

 The problem is not isotropic

* Bath operators have net moment /. & A

Self energy matrix

0
0

0
0
— Ny

— >

Q

—~—
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g
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Q Q9
\/\/\O/\/

NOLCOKOHOO

~
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The x component for 0<T<Tc (TCL)

I (w )

Sor

M, (z)
(02(1))

* Related to charge
fluctuations

* Finite at w=0 >
Markovian evolution
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0.15

0.1

0.05

The x component for 0<T<Tc (TCL)

M, (z)
(02(1))

7 * Markovian

Very slow

Black and Fulde
Jour Phys Lett (1979)
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['(w)

The y and z components for 0<T<Tc (TCL)

hy: I, (""') ryy (“""')

24m T T ' T
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e Related to spin
fluctuations

* Infrared divergence -
non Markovian ultrafast
evolution

* First order term >
oscillations
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Sensitivity to initial conditions

' 0 0N/
0 z— Z;l‘.:l? 0 0 L
0 0 y — D Ny B
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Sensitivity to initial conditions

0) = — 1)+ —= 1)
W) = |
V2 V2
= I I
A ()5:- =
og/ 0
Vo o_05- __? _
L R Z _
= | iR B DR B

0 200 400 600 800
t

* No relaxation

e Markovian
decoherence

-]- _ 1 | 1 | 1 | 1 ]
0 200 400 600 800
{
* Non Markovian
relaxation

e Non Markovian

decoherence 24



Summary for Order coupling

 Relaxation # Decoherence
* Sensitivity to initial conditions

* Difference betweenx, vy, z

— Charge channel: Markovian and slow
— Spin channel: Like Kondo with oscillations

— Important to couple to « good operators » and
measure « good quantities »

— disastrous or good for qubits
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Perspectives

T ->Tc from metallic side
Next order in TCL, NZ
Other ordered baths
Two qubits (entanglement and linear entropy)
One qubit coupled to two baths:
— Order + bosonic

— Two ordered at different temperatures

Strong coupling (Numerical approach)

36
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P1: Dos qubits

¢ Cual es la dinamica de dos qubits cuando interactuan con un
bafio en fase ordenada?

* Importante para aplicaciones,
experimentos

A
>

* Entrelazamiento, entropia lineal

R  Extension « facil »

R. Chitra (ETH, Zurich) S. Camalet (LPTMC, Paris)
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P2: Dos banos en equilibrio

¢ Cual es la decoherencia de un qubit cuando interactua con un
bano de bosones y uno ordenado?

e Modelo mas real
‘/i\‘ * Cada bafio -> dinamicas diferentes

e ¢Quién gana?

R. Chitra (ETH, Zurich) S. Camalet (LPTMC, Paris)
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P3: Dos banos a diferente temperatura

¢ Cual es la decoherencia de un qubit cuando interactua con dos
banos a diferente temperatura?

phonon bath mode  spin bath | phonon bath mode metal
A \_;‘) " /) Lian-Ao
b 5 “ue | (PRE 2009)
(a) (0)

1
J= 52 Byl Sl P X [k _p(T0) = i (T)]

 Estudiar la transferencia de calor
* Resultados preliminares
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P4: Excitones en un punto cuantico

Caracterizar la dinamica en un sistema de excitones confinados en

Madsen

(PRL 2011)

un punto cuantico

(a) - 77

K
Weak. [ s
coupling F,y
(b) - VY
Intermediate ( K
coupling [ %

4

(©) Ve
Coherent 4( | K
coupling [ %

1-
.wvian
0l —= —

0 6

Non-Markovian

~~‘
—
- -

0 6

1-
3 Non-Markovian

Q 4

0 _LA—_‘

0 Time (I't) 6
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P4: Excitones en un punto cuantico

Caracterizar la dinamica en un sistema de excitones confinados en
un punto cuantico

e Cantidades dinamicas
relacionadas con propiedades
opticas medibles

* No existe modelo teérico

B. Rodriguez (UDEA) L. Pachon (UDEA) M. Tarzia
(LPTMC, Paris) L. Cugliandolo (LPTHE, Paris)
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