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Outline:

1. Quantum Brownian motion of a driven two-state system.
2. Rabi oscillations and decoherence suppression in a
superconducting flux qubit.

3. Rabi spectroscopy and noise manipulation.

4. Conclusions.
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Qubit { o,,0,,0, }+ Heat bath Q + Driving force F(t)=F,cos w,t

Hamiltonian and Heisenberg equations:

A g 2
H=—0,+—0,-0,Q-0,F coso,t+H;. 4 E
2 2 N Rt
N
N /
=—¢0,+2(Q+ Fycosat)o,, “Al2 g

G.X
G, =-Ac,+e0, —2(Q+ F,cosagt)o,, \IZE
o,=Ao,. / -

' X = (A @), + (] )0,
e p(tt) =([RVM.QVM] )t -t) & 2(@). 7" (0) = Ace

bath:
M (t.t,) = <§ Q@ 1).Q (tl)L> < S(w) = 7" (@) coth(%j.
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Non-Markovian Heisenberg-Langevin equations

o, ()

G, +e0, —2F ()0, =&, +2jdt{|v|(t t)—L L)

+¢(t,t1);[aya),az(tl)L},

o, +Ac,—¢0, +2F(t)o, —65 2jdt {I\/I (t.t,) 50'((’[))+g0(t,t1);[O'X(t),az(tl)L},
o,=Ao,.

Fluctuation forces: <§X> =<§y> =0

£ =19 t),0,t)] - 2[dtM (t,t,) ((t))

) oo, (t)
— _|lO© d
g, =R M).0,0) +2[dtMt.t,) 5

: G.F. Efremov, A.Yu. Smirnov,
(t)  Sov.Phys. JETP 53, 547(1981)
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Qubit with heat bath (no driving force) :

Population difference: <X(t)> = X(0)+ xo(l_e‘“Tl), X0 — —tanr(%j

Evolution of z-polarization:

g° A°
(o,(t)) =0, +[—e " — e cosw, ][a (0)-0c ]+
a)o a)o
A A g
2 (em —e'™ cosayt o, (0) - 0] o, =—X", 0, =—X°
@, Wy Wy

Equilibrium relaxation and dephasing rates (@, = //A® + £°):

A2 A2 2
Tl,_e%q = 2_2 S(C‘)o)1T2_,;q =~ S(C‘)o) + 2 S(a))ko 0

Wy a)o a)o
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Qubit with heat bath and driving force.

Exact resonance +Weak qubit-bath coupling + Rotating Wave Approximation :

w,=E, —E :\/A2+52,F<<a)0.

Rabi oscillations of the excited level population Pg,(t): PEXC(O) =0,
1+ ¢ X(t 1 1
P (t) = (XO) = _(1— e''" cosQRt):> =
2 2
: _ A 1
with the frequency: Q= F >>T
R \/AZ 2 0 1

and the damping rate

4 N A S(w,+Qg)+S(w, - Q)  &°
T =— S(@p) + 5 (@ +£25) + S0y ~£2e) ~S(Q).
W} 2, 2 @,
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Rabi oscillations of the “dipole moment” (at zero bias):

(o,®)) =" snQ tsinogt+Z,(1- e ™ Jcoswgt

with the steady-state z-polarization: <JZ (t)> = Zo COSCOot,

_ X (wy + Q)= 1" (0, —QR)
’ S(w, +Qg) + S(w, —QR) |

and the additional decoherence rate (non-zero bias):

2
r = A2 S(w, +Qg) + S(w, — R) 2—S(QR).
@, 2 g

A.Yu. Smirnov,
Phys.Rev. B 67, 155104(2003);
Phys.Rev. B 68, 134514(2003).
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For the strongly driven qubit (Q;>>T,') Rabi oscillations
of both population and z-polarization disappear for the
same relaxation time T:

2 2
T :A—S(a)o) N A S, +Qg)+ Sw, — R)
w; 200; 2 a)o

S(QR)

Without the driving force:
AZ

Tl,_elq = 2—0)2 S(a)o): defines a timescale for relaxation of population
0

A2 o2
— S(a,) + 2— S(0) : defines a dephasing rate
a)o a)o (decay of a dipole moment)

T—l

2,6q
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Rabi oscillations in a flux superconducting qubit.

Quantum L) =eft rotating current
States: IR) =right rotating current q9:z

Superconducting Loop: Macroscopic two-level system

&0 L
t (nanoseconds)

|. Chiorescu et al., E. II'ichev et al.,
Science 299, 1869 (2003); Phys. Rev. Lett. 91,097906 (2003).
(Time domain) (Frequency domain)

Bias: & = (1, / 7)(® o — Dy / 2)



PN D-Wave Systems Inc.

. . . THE QUANTUM COMPUTING COMPANY™
Rabi oscillations of
upper level population. O oF
R
Measurements: A Rabi oscillations B
: 80 4 0.6 y
Decay time of ] ‘ r
Rabi oscillations: EED_ L M U 05§
— 40 A =0 dBm Q9
- — 2 -
Tl — TRa.bl —_ 150”8 % B0 - 0.4 = E i
5 K
: : 8 60 03] @
Relaxation time of E E
undriven qubit: h A- ﬁdEm Nk
2 g |
— — =
ot \/\/\/\/\/W
Dephasing time of 0 | =-12dBm  JMW amplitude
1 it 0 .'EII] 40 &0 EIZI TD Bl 9!] ‘-III[I {II:' 05 10 15 20
undriven quIt' Pulse length (ns) 1042 (a.u.)
T — 20nS W 9 |. Chiorescu et al.,
269 — 9 ~6.6GHz>> "R ~100MHz | Science 299, 869

2r 27 (2003);
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S(w=0) 2472

2 9 o
T 3A £ 50,) - 10° o S(Q.) 583
20, w; 150 A sen
Relaxation rate of undriven qubit:
N 10° |
Tt=2"—S(w,)=—"os", \
RS () =500 5 .
-1 w
r

Dephasing time of undriven qubit:

1
Tz, o
a)o

Frequency dispersion

— ;T 2_ S(a) O) _ ﬁs of the heat bath spectrum

20 1t < Qg /27 = 100MHz

For the flat spectrum, S(Q) = S(0),
it should be:
—

Tl, flat — 395nS = Tl / 38

Difference between T, and T, 4, points to
the decoherence suppression in 3.8 times
by external driving field
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Much higher suppression of decoherence by the high-frequency field -

Spin 1/2 irradiated by circularly polarized light (rotating magnetic field):

A : = .0
H :E(O'X COSa)Ot+c7yS|na)Ot)—O"Q+ Hg

Relaxation rate at A << W,

T = a2 ot -2 | << 4y (A) coth(Aj =T,

R Y 40T ) T4 oT )~ te
n —lo|l @

Z (0)) ~ Aa)se l l ’ ) S 2 1 A.Yu. Smirnov, Phys.Rev.B

60, 3040 (1999)
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Rabi spectroscopy and noise manipulation
In a flux qubit coupled to a tank circuit

T-10mK  T=2K T-300K Qubit: A,e,T
QUBIT Spectrum
EB Analyzer

DC source

HF Generator

0.1-3GHz ' "
Tank as ) fankc o = L.C 7
a low-frequency d @r /M)TO' o
linear detector dt E. I'ichev, et al

_of current _fluctuations Phys. Rev. Lett. 91,
in the qubit A >> o5 097906 (2003).
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Spectrum of voltage fluctuations in the tank (theory)

2 2 2 2
S = £ K2 quqa)zr Or X L
Q 2 0 2 2\ 2 2 2 Qz 2 2F2
o C (o0 +o't (0-QL) +o
Peak value S, Qé Wy = VA +&°,
of the spectrum max > >0 22 . S>>
’ _ Wy >>Y
(at ® = o) (o —QR)" + T ’ !
Direct detection Voltage
of radiation g P S S
at Rabi frequency : B R N _J.“.L iy T
A _ Resonant circuit
QR — > > FO. 7/T << F — Tl 1 ~—  Rabi spectra
\/ AN +¢

A.Yu. Smirnov, Phys.Rev.B 68,134514 (2003)
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Spectrum of voltage fluctuations in the tank (experiment)

o127 =6.284 MHz,

L, =24 pH, I,=500 nA,

k?=103T=10 mK

Decoherence
times:

T,=25us
(Jena/D-Wave)

T, =0.154s
(Delft)

Spectrum

1/2
Q

(@)

at different
HF power

Theory

Peak value  § (%) \

of the spectrum,
as a function
of HF amplitude

F, c (P/P)"?

hclosec o, 2

i n\’-‘Hz“J

==

SI

R

ST

A LAE - L

T ] G.2gs PETT] .25 e
Frequency {MHEx |
1/2
Qg c (P/R)
| (] ] T T
(a) \r; (b 23
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Rabi spectroscopy as a weak continuous measurement

&° T
ARSI SWFCI B c
O (a)r o Q ) + QR7/ T

2

Ty,
CT(wT ®°)" + %y
Se@)_ et LIZT,  of0d
Sr(@) @y T oy (0f —Qp) +ayT?

Internal noise of the tank circuit: S\fr — 2 ,

Signal-to-noise ratio:

Rabi spectroscopy is
a weak quantum measurement, if:

vr <<|Qp— KT =T, +I =T, << Q,
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Conclusions.

Recent measurements of Rabi oscillations in
superconducting flux qubits have demonstrated a
possibility to suppress decoherence and

control a noise level in the flux qubits

by applying a strong driving field.



