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Quantum Nanoelectronics Lab, Irfan Siddiqi

Flux qubit coupled to a microwave LC oscillator:
Circuit QED

* Continuous measurement of a solid-state qubit

PRL 106, 110502 (2011)

 Quantum feedback control, Nature 490, 77 (2012)
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Theory for a system of interacting qubits?
Non-Markovian decoherence?




Nonlinear Spectroscopy Lab, Graham Fleming

K, b ez " ' :
4, .
y Radiated Signal

Femtosecond pulses

Optical spectroscopy is limited to measuring a fixed observable:
Total dipole moment of the molecule 14

Perturbative response: Ty (p(t)u) = Tfr(pl () + Tr(p3 () + ...

linear response nonlinear response

Reveals fluctuations between monomers € ([t 12 +ts), [p(ty + t2), [u(ta), p(0)]]] 1)

Quantum Process tomography can be done for a dimer only: Can we engineer a
Yuen-Zhou et al., PNAS 108, 17615 (2011).

different observable?
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Generalized Quantum Measurement

The measurement observable can be engineered by manipulating
The system-probe interaction.

Observable of interest (O, = Z ala){al

a
Probe
HSyS—Probe = gOsP |J
System Projective measurement

of conjugate operator of PP

Weak measurement is achieved in the limit of small “ ("



Cavity Quantum Electrodynamics

Cavity: single or multi-mode quantum harmonic oscillator.

Optical Regime: It can be realized by
high finesse mirrors, but not that high
that the cavity becomes a black box:
some photon leakage is desired.

Microwave Regime: It can be realized
by a 1D transmission line, or a 3D
resonator.

Much stronger couplings can be
achieved in microwave regime.

. Schoelkopf & S. Girvin- Nature 451, 664 (2008)



Dispersive Readout of a Single Qubit

Jaynes-Cumming Hamiltonian:

wea'a +Qo, +gla'o™ +ota)

Dispersive regime (far off-resonance):

Dispersive Frame rotating with unitary:

exp[wc 0

Effective Hamiltonian:

2

A

Measured Observable: O

(act —alo™)]

2
lwe + g—az]a,Ta + [ + g

A

g < |we — Q|

Transmission (arb. units)

©r -T g2/A 0),1 g3/A @
A. Blais et al., PRA 69, 062320 (2004)



Complex system coupled to a cavity

System-Cavity coupling: I
pi.E(x)
RWA
Multi-qubit system: ngakE (x) ~ gk(a,jae—zl:ck +oga t Zla:k:)
k
Jaynes-Tavis-Cummings Hamiltonian: Zg 0, € HE

Heo = Hg + wcaTa +rta+ 7" al



System-Cavity in Dispersive Regime

The cavity acts as a probe to indirectly measure the system.

Hee = Hg + weala+7ta+7"al

Desired form of the interaction: Hsys—cCavity = gO P,

System Hamiltonian: Far off-resonance system and cavity:

Hg = Q) Glr k) = 75 < Jwe + €2 — Q.

Generalized unitary dispersive Perturbative Parameter

transformation: } ‘

Up = exp[Xa' — XTa X = Zw +Q _Qk\'><k\




System-Cavity in Dispersive Regime

Keeping terms up to the second order of X

Hé?C — UDHSCUI]L) N Hé? -+ wCaTa -+ OsaTa
Induces frequency-shift proportional to <OS>

Slightly modified Hamiltonian:
1
HP =UpHsU}), ~ Hs — §(XT7T_ + 7t X)

Measurement Observable:

Os = 5 ([, X'+ [X,7*])




Continuous Quantum Measurement

Information about the dynamical evolution of the system can be obtained by
continuously measuring phase quadrature of the leaking photons.

LO
Eeemioct 4 3 gt K
l ERPAAVA R A

System Drives

v Dri :
Cavity Drive Homodyne Detection

Leakage: Licakage(pec) = k(2apea’ —alape — pea'a)

Detector Current:

J(t) = Blnrie " a + eal) + \/mEE(H)]
v N

Detector efficiency Gaussian White Noise 10
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Non-Markovian Decoherence

A Bloch-Redfield equation is commonly used in modeling system and cavity
decoherence processes: system is weakly coupled to a broadband environment
in thermal equilibrium.

dp(t) Dlclp = 2¢pc’ — cTep — pele

g = ey (N A DDE@pO) + NDEO®]

Examples of systems with non-Markovian decoherence:

A double quantum dot coupled to a microwave resonator,
T. Frey et al. PRL 108, 046807 (2012)

* Superconducting: loss of visibility — coherence dies faster than expected.
Simmonds et. al., Phys. Rev. Lett. 93, 077003 (2004).
Vion et. al., Science 296, 286 (2002).

* Photosynthetic Molecules: Chromophores as exciton carriers are strongly
coupled to their protein backbone. G. Fleming, Faraday Discuss. 27 (2011). 11



Decoherence Dynamics beyond Born-Markov

General Model: System is linearly coupled to a bosonic or fermionic bath
near thermal equilibrium with Gaussian fluctuations.

Hsp=Hs+Hp+S5®DB

Hp = / dwwd(w)b' (w)b(w) B = / N dw/d(w)n(w) (b (W) + b(w))
S ’ l

Bath modes density coupling strength

Quantum Fluctuation-Dissipation theorem: Near equilibrium bath fluctuations are
proportional to the perturbations induced by coupling to the system.

,/—> bath spectral distribution

C(t) = (B(t+7)B(1)) = l/0 dwJ(w) 1 __:igw
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Hierarchical Equations of Motion

Using path integral formalism, an exact master equation for a bosonic bath with
colored noise (non-Markovian) was developed by Kubo and Tanimura for an ohmic
spectral density with Drude-Lorentzian cut-off profile

R. Kubo, Adv. Chem. Phys. 15, 101 (1969).
Y. Tanimura, R. Kubo, J. Phys. Soc. Jpn. 58, 101 (1989). J(w) = ———
Y. Tanimura, Phys. Rev. A 41, 6676 (1990). W+

AYw

Recently It has be generalized to a bosonic or fermionic bath with an arbitrary
parameterized bath spectral density

J.Jinetal, ). Chem Phys. 126, 134113 (2007).

Ayw N Z [ Ak W Ak W ]
(W= +v (W+W)?+;

13



HEOM for a single qubit at High-T (T > )

AYw 2

J(w) = W2 £ A2 » Cft) = )‘(B —iy)e

HEOM can handle strong coupling and highly non-Markovian dynamics.

H;,, = S®B
- 0
22 p(t) = —ilH, p(t)] +i[S, o' o’ =p
O gn(t) = —i[H, o™ ()] — nyo™ (t) + i[S, "]

9 |
/ —I—n@[s, o™ L)) + nAy{S, 0" (1)}

auxiliary operators o

Higher tiers are required for

Truncation Level TL’V >> CLJS :> slower baths (smallerY )

14



Back inside our cavity

Decoherence

Leakage

Enusyon

Decoherence processes:

Cavity energy damping (photon leakage)
System energy loss due to coupling to electromagnetic reservoir

System decoherence due to coupling to its surrounding bath inside cavity

The decoherence processes are modified in dispersive regime.

15
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Combining Decoherence Processes

Merging two decoherence dynamics: system decoherence and leakage

Environment Reservoir
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System € > Cavity

In the limit of high bandwidth reservoir we just need to some up the
super-operators: A Markovian plus an extended non-Markovian from HEOM

Ltotal — Eleakage + £addz’tz’onal + Edecohefrence

Next we eliminate the cavity by going to the bad cavity limit:
Strong Leakage /K



Continuous Measurement with Markovian decoherence

Detector Current:

dQ = 20n|a|(o.)dt + B+/2nkdW

Wiener process:  dW = &,dt (&) =0 (E1&p) = 6(t — ')

Conditional evolution of a single qubit:

Includes measurement back-action

l

dpy = —iQg[0s, pldt + Ty Do pedt + rqD]o_|pedt + VI H[o.]pedW

17



Stochastic Hierarchical Equations of Motion

For a single qubit:
2
dp = CD[ |dt + |— D|Og|pdt + @Daldt — Hle
K

_ig Oy

—OslpdW
2
do" = (LP — nvy)o"dt + ‘TD[OS]U”dt + 0,0 dt + &0 dt

_ig ey

~Hle "~ Os]o"dW

In the regime of ¥ K 1" < we

Ll = —ilHo.p) + Load) - =iS.] O =n 1S ]+ nhals )

Detector Current:  dQ = 20n|a|(Og)dt + B+/2nkdW
18
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Continuous State Tomography

Requirement for full state tomography:
For a d-dim system, we need d? — 1 independent realizable observables.

State tomography in solid state systems is usually done with a fixed observable.
A complete set of observables is generated by applying unitary transformations
before the measurement at any instant of time. (O, = UQOSUg

This introduces a large overhead. Continuous weak measurement with tunable
observables can be a solution to this problem.

The dynamics is revealed by averaging over many trajectories % = Liotal [,5]

The expectation value of the observable Og over time: J(¢) ~ Tr(Ogp)

Trade-off: A weaker back-action needs a weaker measurement and
therefore more trajectories. 19



Tunable Observable

We can change the observable by changing the cavity frequency.

Os = 3 (1=, X1 + [X, )

X = ) (k
o S oraom
T =) gkl e <N

Tunable

How many independent observables are available?

In the absence of any symmetry in intra-qubit and qubit-cavity couplings
(maximum possible):

Without spatial resolution: d°? — d + 1

With spatial resolution: d? —d + 1 + log, d(log, d — 1)

We can measure all energy level populations and most of the coherence
components.

20



Tunable Observable

The observable can also be tuned by changing the phase of the LO
in the homodyne detection

Lalumiere, Gambetta, and Blais, PRA, 81, 040301 (2010): For a system of two

non-interacting qubits, one can tune the phase of LO to measure 7, Zs or 7, 7,
2

This becomes possible if the cavity is relatively good . ., 9~

Wq_wC

Measured observable in our scheme

main component low resolution component
K<< |wc+Qj — Qk|

sin(¢ — arg(a))Og 4 Kk cos(¢p — arg(a))A

. 1
X = g k _ Zixt
wc‘I‘Q Qk‘>< ’ A_Q[XjX] 21



Simultaneous multi-Observable Measurement

Next: Using a multi-mode optical cavity or microwave resonator for
simultaneous measurement of complimentary observables.

Transmon qubit inside a 3D resonator, N
Schoelkopf’s group at Yale, PRL 107,
240501 (2011).

22
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Steady-State spectrum of the measurement current

LO
E e~ wet Epe Wt

dpy = —iQR[0e, pldt + TyDlo ) pedt + r¢Dlo_]pedt + VI H[o.]pedW

Rabi Frequency

6 /‘ e S(w) :/dT<OS(t—|—7-)OS(t)>€—in

=ty Molecular Spectroscopy: The nature of the

. ! - decoherence dynamics is revealed in the
Zk i molecule linear spectrum, which is nothing
1 but averaged projective measurements.
L e L IO A e s _ .
0.0 0.5 01./09 L5 2.0 S(w) — /dT<,U(T),LL(O)>6sz
\

A. Korotkov, PRB 63, 085312 (2001). 23

Dipole moment



Quantum feedback control of a superconducting qubit: Persistent Rabi oscillations

R. Vijay!, C. Macklin!, D. H. Slichter!, S. J. Weber!, K. W. Murch!, R. Naik!,
A. N. Korotkov?, 1. Siddiqi'
L Quantum Nanoelectronics Laboratory, Department of Physics,
University of California, Berkeley CA 94720 and
2 Department of Electrical Engineering, University of California, Riverside, CA 92521
(Dated: May 28, 2012)
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VOLUME 84, NUMBER 22 PHYSICAL REVIEW LETTERS 29 MAY 2000

Simulations of Frequency-Domain Spectra: Structure-Function Relationships
in Photosynthetic Pigment-Protein Complexes

Thomas Renger!' and Volkhard May?
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Steady-State spectrum of the measurement current

Non-Markovian decoherence: Quantum dots coupled to a microwave
resonator in T. Frey et al. PRL 108, 046807 (2012)

Qp = : :

FR i Spectra averaged over 50,000 trajectories
¢ = VU.
rg = 0.05 AW ———
I =027 Jw) = w? + 2 5 f o —
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4 f gam=7

Power Spectral Density [arb.u.]

A non-Markovian or strong
decoherence dynamics can induce

a shift in the spectrum. 5 oo » -
Frequency [MHZz]
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Effect of Coupling Strength
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Steady-State spectrum of the measurement current

J(w) =

A A

(w— Q)2+~

Power Spectral Density [arb.u.]
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Nonlinear Spectroscopy Lab, Graham Fleming

K, b ez " ' :
4, .
y Radiated Signal

Femtosecond pulses

Optical spectroscopy is limited to measuring a fixed observable:
Total dipole moment of the molecule 14

Perturbative response: Ty (p(t)u) = Tfr(pl () + Tr(p3 () + ...

linear response nonlinear response

Reveals fluctuations between monomers € ([t 12 +ts), [p(ty + t2), [u(ta), p(0)]]] 1)

Quantum Process tomography can be done for a dimer only: Can we engineer a
Yuen-Zhou et al., PNAS 108, 17615 (2011).

different observable?
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Toward electronic spectroscopy
with tunable observable

Collinear electronic spectroscopy with phase cycling:

LO

Continuous measurement is not possible since the
time scales of interest is few hundreds of femto-seconds.

Fastest detectors have response time of few nano-seconds !

Can we detect phase shifts in leaking photons?

25



Conclusion and Future Work

1 A general formalism is developed for monitoring a non-perturbative and
non-Markovian decoherence dynamics of a complex system inside a
cavity.

-- Detecting the non-Markovian nature of dynamics by measuring

the steady-state spectrum of the detector current
-- Application for spin systems, molecular rotational spectroscopy, NMR

(D. |. Schuster et al., 83, 012311 (2011)).

O Tunable measurement observable
-- Continuous state tomography for a complex system (Video Camera)
-- A compressed sensing algorithm for continuous state
tomography- PRL 106, 100401 (2011) — PRA 84, 012107 (2011)

[ Feedback control is presence on non-Markovian decoherence
(ongoing project — Hanhan Li)

(1 Toward electronic spectroscopy with tunable measurement 26



