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Free evolution of superposition states in a single Cooper pair box
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We have fabricated a single Cooper-pair 8CB) in close proximity to a single electron transist®ET)
operated in the radio-frequency mo@~-SET) with an inductor and capacitor lithographed directly on chip.
The RF-SET was used to measure the charge state of the SCB reveaémpadic charge quantization. We
performed spectroscopy measurements to extract the charging eBgygsir(d the Josephson coupling energy
(E;). Control of the temporal evolution of the quantum charge state was achieved by applying fast dc pulses
to the SCB gate. The dephasing and relaxation times were extracted from these measurements.

DOI: 10.1103/PhysRevB.69.132504 PACS nuniber74.50:+r, 03.67.Lx, 85.25.Cp, 85.35.Gv

In recent years, tremendous progress has been achieved inOur SCB consisted of two small Al/AIZAI tunnel junc-
various superconducting circuit designs for quantumtions connecting a reservoir to a small island. The two junc-
computing!~’ The main difference between these implemen-tions in parallel formed a SQUID loop allowing for control
tations relies on the relative importance of the charging enof the Josephson coupling ener@y,= E*{cos@®/0y)|, by
ergy and the Josephson coupling energy, defining three varihreading the loop with a magnetic flgwhere®,=e/24 is
eties of qubit: flux, phase, and charge. When the charginghe flux quantum generated by a pair of Helmholtz coils
energy dominates over the Josephson coupling, the charge ptaced outside the cryostat. The SET island was fabricated in
the island is used as the quantum degree of freedom. Singdose proximity to that of the SCB, allowing for fast mea-
the seminal work of Nakamuret al! on the first control of surement of the charge state through capacitive coupling
coherent charge states, other experiments estimate the relaxhile operating the SET in the RF mode. In addition, two
ation time$ and observe the temporal evolution of the chargegate leads were placed near the island; the slow SCB gate
state in a single Cooper-pair b68CB).>7 In the other limits, ~was used to sweep the charge on the island with a low fre-
control in the time domain has been achieved for the flux
staté and for the phase qubif While the NEC group
probed the charge state of the SCB with quasiparticle tunnel-
ing through a highly resistive junction, an alternative ap-
proach has been explored which employs a radio-frequency
single electron transistbfRF-SET) for faster readout. The
speed of the RF-SET together with its sensitivity should al-
low for a single-shot measurement of the charge state. The
temporal control of the SCB charge state is observed with a
RF-SET and the relaxation and dephasing times measured.
Other efforts focus on increased integration by designing the
ensemble readout qubit in a more embedded system. The
Saclay group enclosed a SCB qubit and a large Josephson §
junction in a loop for integrated readoltyhile the Delff
group has joined their qubit with a dc squid readout system.

The current work presents the first results obtained with a (0) Slow SCB
circuit in which all the components of the faster RF-SET SET SET — |_' gate
i i i gate || 11 |
readout are fabricated on the same chip as the SCB qubit. We .—|| |_. Fast SCB

report on the time control of the charge states of the SCB
achieved by means of fast dc pulses applied to the SCB gate.
Our samples, as shown in Figl, consist of a SCB and a
RF-SET fabricated on a quartz substrate using electron beam
lithography and standard shadow mask technidti@ge LC

tank circuit and other contact structures were fabricated us-

ing an Al/Ti/Au trilayer structuré! allowing for tailoring of FIG. 1. (8 Scanning electron micrograptSEM) of sample

the transition temperature-0.5 K for the present samples 1. (b) A schematic corresponding to the SEM picture. The tank
By selecting a transition temperature well below that of purecircuit surrounded by the dashed line is located on the same chip,
aluminum(~1.2 K), the LC circuit and contacts act as traps but outside the field of view ofa). C. capacitively couples the
for quasiparticle¥ that otherwise degrade the coherenceSCB to the SET. The loop geometry of the SCB allows for flux
time of the qubit. tuning of the Josephson enerdy,=E]*{cos@d/d,)|.

0163-1829/2004/69.3)/1325044)/$22.50 69 132504-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B59, 132504 (2004

guency ramp and the fast SCB gate was used to apply fast dc 4 T T T T 2
pulses to manipulate the quantum states of the SCB. The
sample was thermally connected to the mixing chamber of a »
dilution refrigerator and all the results reported here were sl 115
obtained at a base temperature of about 15 mK. \
The free evolution of a superposition state generated by A\
controlling the charge on the island via the fast SCB gate is R \ 1> 0>
the basis for operating a SCB as a quBiThe SET island w2t AN e 1
was fabricated very close to the SCB island so that a charge A\ /
appearing on the SCB island was coupled to the SET via a \
capacitanceC as shown in Figs. (B) and 1b). 1
Charges on the SCB were coupled to the SET island with P ¥ S Y
a ratio C./Cy and modulated the reflected power on the == ,."
RF-SET. Since the total capacitance of the box isl&hxd < 0>,/ [1>
was small, the associated charging enefgy=e?/2Cy
dominated over the Josephson enefgnd the energy of
thermal fluctuationsso that the number of Cooper pairs on N, [2e]
the island was the degree of freedom that best described the
quantum state of our system. The slow SCB gate controlled FIG. 2. Energy diagram in the two-level approximation. The
the charge induced on the island lg=C4V4/2e—ny; (in ~ Josephson coupling energy lifts the degeneradyat 0.5 and in-
units of 2e), wheren,4 represents an uncontrolled but fixed duces a splittingE, . The rising part of the square pulse brings the
charge offset. The tunneling matrix element expressing théystem from the ground state to the degeneracy fiplain arrowy
coupling between two different charge states has an ampli¥here the system oscillates between the two stg@s+(1))/v2
tude E,/2. At low temperatures the Josephson enefy for the timeAt s_et by the pulse width. Whe_n the pulse is removed
igl4.15 (RQ/RN)(A/Z), whereR, denotes the normal state ?hnd the c?argetlstbrougiln ba(;k toI th?”?tartlng p?j?shed zlirrowf "
resistance of the junctionRth/(4ez) the quantum resis- € quantum state evolves Ireely. Tne expectation vaiue ot fhe
tance, andA the superconducting gap. ProvidégT<E, charge on tFlhe SCfB as alfunctlon _of the gattla_ voltage has the char-
<Ec<A, the SCB can be considered an artificial tvvo-levelaCterIStIc shape of a Coulomb staircadetted ling.
system. In the Cooper pair charge bagds, |1)} its Hamil-

[ez] <°N>

tonian can be written as =E;At/2, applied to the ground state describes this preces-
sion of the quantum state. The principle of controlling the
g o-h 1 weight of each quantum state in the superposition of states
) (@) by adjusting the time\t is the basis for a single qubit op-
- _ . L eration.
describing a pseudospi in an effective magnetic fielth We have studied two samples, hereafter referred to as

=[E;,0,4E¢(1-2Ng)]. The vectoro components are the samples 1 and 2. To measure the Coulomb staircase, we
usual Pauhlmatrlces. The energy.—level diagram is represwept the slow qubit gate at low frequency and monitored
sented on Fig. 2 versus the normalized gate chhigeThe  he induced charge change on the SET, which was continu-
Josephson coupling creates an energy splitipdor a gate  qysly operated in the RF mode and biased at the double
charge equal to half a Cooper pair. The expectation value ofosephson quasiparticle péiko minimize the back action

the excess cha'rge on the |sla'nd is calculateq W|§h the eigenst the SET on the SCB. Each trace represents an average
vectors of Hamiltoniar(1) and is represented in Fig. 2. This gyer 12800 sweeps. The resulting staircase for sample 1
average %harge as a functionMf, known as the Coulomb  measured with the slow SCB gate swept at X18e/s is
staircasé?® is the experimental quantity that we measuried. INrepresented by the thick line in Fig. 3 and displays the peri-
order for this staircase to beeZperiodic, the conditiomA odicity characteristic of thequantization of the charge on
<Ec—Ej2, where A is the even-odd free energy the SCB. However, the small step visible at the end of the
difference'’ must apply. If it does not, a short step charac-ong step indicates the presence of quasiparticles. It is worth
teristic of quasiparticle poisoning will appear in between thenoticing that this feature became more pronounced and the
2e periodic steps. The effect of a nonadiabatic dc pulse orstaircase nearlye periodic when we swept the gate at a
the qubit gate is indicated on Fig. 2. The rising part of theslower rate of 170e/s (dashed line in Fig. 3

pulse brings the system from the ground state to the degen- We then performed spectroscopy of the two-level system
eracy point, which means that it will inducer2 rotation of ~ by sending a continuous microwave signal to the fast SCB
the effective magnetic fieldh. At this point, the effective gate while sweepin, with the slow SCB gate. When the
magnetic field has only a component on tkeaxis, h, microwave energynv was resonant with the energy differ-
=E;, and the quantum state precesses around the magnegBce between charge states, a peak and a dip appeared at a
field with an angular frequenc, /% throughout the dura- distanceANg= \/(hv)z—EJZ/SEC from the degeneracy point,
tion of the pulseAt. The fall of the pulse then performs Ng=0.5. The gray line in Fig. 3 depicts the effect of 30 GHz
anothern/2 rotation of the effective magnetic fiell The irradiation on the Coulomb staircase. Our values and theo-
time evolution operator U(At)=exp(aoy), with «  retical fits forANy, corresponding to the distance between

132504-2



BRIEF REPORTS PHYSICAL REVIEW B59, 132504 (2004

L 0.6Ff ]
2 T | (a) A
gop
2AN_ g |
< L
> -06¢L . . . .
- 0 1000 2000
= pulse width [ps]
o 1F .
ﬂ,x v 1 . T T ]
o b ORI ®
% L .
0 ks - 0 200 400
repetition time [ns]
FIG. 4. Results of pulse experiments on sample @) For a
0 1 2 fixed repetition time of 30 ns, we varied the pulse width and ob-

N, [2e] served charge oscillation at the center of the Coulomb staircase. The
oscillation has a period 0f109 ps and is damped 2 ns (T,).

FIG. 3. The Coulomb staircase taken with sample 1 without(b) For a fixed pulse width of 250 ps, we measured the charge
excitation, with a sweep rate of 1.¥30%/s (dark ling and with a  oscillation amplitude decrease with the repetition time. From the fit
rate of 17@/s (dashed ling The gray line shows the effect of (dotted line@ we extracted an energy relaxation time Bf=52
continuous irradiation of the SCB at 30 GHz. Inset: Excitation fre- + 16 ns.
quencies corresponding to the differences\g[ 2e] for sample 1
(closed symbolsand for sample Zopen symbols On the vertical  sjtuation by designing sample 2 with larger tunnel junctions,
axis, the lower and upper triangles represent estimateS fbased  decreasinde and increasing; as described above. Indeed,
on sample parameters for samples 1 and 2, while the square repigye staircases obtained for sample 2 were alwaypetiodic
sents the coherent oscillation frequency and the diamond representgyr a|| gate ramp frequenciggind we were able to see the
the best numerical fit in sample 2 correspondingete=273 mK temporal evolution induced by pulses.
+120 mK. We performed two kinds of time-resolved experiments on

i ) , , sample 2. First, we applied trains of dc pulses for different
the peak and the dip, are shown in the inset of Fig. 3. Fopse widthsAt with a fixed repetition timeT, between two
sample 1 we extract the charging enefgy=2.47 Kand the  ,ses on the fast gates of the SCB. The pulses were gener-
Josephson enerdl;=0.17 K (+0.44 K) from a fit of the 5164 by an Agilent 8133A pulse generator. The effect of a
experimental data. The value of the Josephson energy is Onls)fngle pulse is schematically described in Fig. 2. We swept
indicative since the data could also be extrapolated linearlyne voltage on the slow SCB gate at a low frequency of
to zero and the confidence interval very large. We can comsg1g e/s while simultaneously applying the train of dc
pare this value with the estimate for the Josephson energy jses on the fast SCB gate with a repetition rate
E7**of 152+ 22 mK obtained with the Ambegaokar-Baratoff — 30 ns that maximized the amplitude of the charge oscilla-
formula®*® using the values\=2.3+0.1K andRy=195  tion while we variedAt between 100 and 2500 ps. We sub-
+5 k@) extracted from the IV characterization of the SET tracted from each individual staircase the average of all stair-
and assuming the sizes of the junctions to be the samgases(for different pulse widths The signal remaining is
(within 10%) for the SET and the SCB as designed. This datgnherefore approximately the deviation from the ground-state
was taken while operating with no magnetic field, althoughstaircases induced by the application of the pulses.
no special care was taken to shield the sample from stray Figure 4a) shows the charge oscillations observed in the
fields like that of the Earth. Spectroscopy measurementgjiddie of the steps versus the pulse width. The magnitude of
were also performed on sample 2 with an applied magnetighe first oscillation was approximately @:D.1e and the
field of 5 Oe, and the fit of the experimental results yi?|d5dominant period was 109 ps, corresponding to a Josephson
E;=0.27 K(£0.12 K) andEc=1.03 K. For sample 2, the fit energy of 440 mK in fair agreement with "> value of
to the Ambegaokar-Baratoff formula yields &f“* of 571  571+64 mK deduced from the SET parameters and the
+82mK from anRy of 104=3 k(). The value ofEc is  range 150—390 mK estimated from the spectroscopy fit. With
reasonable since by design the area of the junctions is twicg period of ~109 ps, our data correctly extrapolated to a
as large as the areas of the junctions in sample 1. The valyginimum at zero pulse width, where the system should re-
of E; is smaller than the maximum predicted value due to thenain in the ground state. The excitation by the pulses can be
presence of the magnetic field. considered nonadiabatic because the oscillation period of

The E¢ extracted from the fit was larger than the super-109 ps is larger than the 60 ps rise time of our pulse genera-
conducting gap for sample 1 and the presence of the smajpr. The oscillations show the beating behavior characteristic
step in its Coulomb staircases indicated the presence of ugsf two superimposed sine waves with different frequencies.
bound quasiparticles on the SCB and thus the odd-even fregne possible explanation for this behavior is that there were
energy A was smaller than the differende-—E;/2. Our  unwanted reflections on the fast SCB gate line that deformed
attempt to control the quantum state proved unsuccessful dube dc pulses in different ways, depending on their width.
to this quasiparticle poisoning, and we decided to remedy th®ecay in the amplitude of these oscillations gave a lower-
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bound estimate for the relaxation timig in our system of system. A previous measurementf with a different ex-
roughly 1 to 2 ns. We compared this valueTofwith the one  perimental techniqué,using spectroscopy, but in the same
obtained by studying the spectroscopy line shdgeEx-  type of SCB and RF-SET system, lead to a much longer
trapolating the half width at half maximufHWHM) of the  relaxation time of 1.3us. This raises the question whether
spectroscopy peaks, expressed in frequency through the rghis difference stems from a different measurement scheme
lation 6w = (1/fi) (dEq;/dng) ong to the limit of zero micro-  or from a different electromagnetic environment. The values
wave power yields the decoherence rafé,1df a two-level  of T, andT, found in our experiment are similar to the ones
system. The power dependence experiment was taken atfgnd in Ref. 3 with similar experimental techniques.
magnetic field of.3.8 Ogdifferent than the one used for the |, conclusion, we have fabricated single Cooper pair
data shown on F|g.)4an2q resulted in &5 of 120 ps. ASwas 5465 in conjunction with single electron transistor readouts.
arg'ued by Lghngret_al. this measurement Is a Worst case \yq paye placed this artificial two-level system in a superpo-
estimate, which is nicely confirmed by the longer time esti-gition state by rapidly changing the Hamiltonian by way of a

mated form the temporal evolution. voltage pulse. By varying the duration of the pulse we fol-
Once we knew the oscillation time, we performed a sec- ge p - By varying P

ond type of experiment where we studied the relaxation fronlowed the temporal evolution of this superposition state and

a given quantum state to the ground state. We chose this st uiﬁzl;ri?g ?O\(/jeerzzrr]ssregr?ethzmrﬁezrslﬂr:n:eeﬁxsgt%n svn;eéxwggt
by fixing the pulse width at 250 ps and by varying the rep- P P P

cion tme fom 2010 400 s, 4 and observed a non- 12 0740 L Nl of Ul lempore evouton B e s
exponential decay of the oscillation amplitude. However, ifP€P phy

we assume that the probability to be in the excited Statguantum bit, one step on the way to realizing a functional

. : guantum computer.
decays exponentially over a time scdlg¢ and on average
over one pulse cycle, we can use the expression derived by We would like to thank Rich E. Muller for the electron-
T. Duty etal® gives AQ(TR)=2ny(T,/TR)(1 beam lithography and Alexander Korotkov and Rusko
—e R/M)/(1+e TR/T1). A fit of the data to this formula Ruskov for useful discussions. We performed this work at
yielded a relaxation timd& =52+ 16 ns. Estimates of the the Jet Propulsion Laboratory, California Institute of Tech-
relaxation time caused by quantum fluctuations of a(b0 nology, under a contract with the National Aeronautics and
environment capacitively coupled to the qubit yield regfiits Space Administration. This work was partially funded by the
that are between two and three orders of magnitude highekdvanced Research and Development Activi\RDA), the
than our experimental result. This mechanism is thereforéational Security AgencyNSA), and the National Science
probably not the main source of energy relaxation in our~oundation under Contract No. 0121428.
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