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Coherent dynamics of a Josephson charge qubit
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We have fabricated a Josephson charge qubit by capacitively coupling a single-Cooper-gSi€Bpto an
electrometer based upon a single-electron trans{8&iT) configured for radio-frequency reado(f-SET).
Charge quantization of € is observed and microwave spectroscopy is used to extract the Josephson and
charging energies of the box. We perform coherent manipulation of the SCB by using very fast dc pulses and
observe quantum oscillations in time of the charge that persist10 ns. The observed contrast of the
oscillations is high and agrees with that expected from the fijtéE ratio and finite rise time of the dc
pulses. In addition, we are able to demonstrate nearly 100% initial charge state polarization. We also present
a method to determine the relaxation tifig when it is shorter than the measurement timeg, 5.

DOI: 10.1103/PhysRevB.69.140503 PACS nuni®er85.25.Hv, 74.40tk, 85.35.Gv

Although a large number of physical systems have beeeffect the qubit rotations, as in Nakamueaal® For our
suggested as potential implementations of qubits, solid-statgubit, however, the readout system consists of a single-
systems are attractive in that they offer a realistic possibilityelectron transisto(SET) capacitively coupled to the SCB
of scaling to a large number of interacting qubits. Recentlyand configured for radio-frequency read¢utSET). By in-
there has been considerable experimental progress using si@rporating a SET into a tank circuit, rf-SET electrometers
perconducting microelectronic circuits to construct artificialcan be made that are both fasnd sensitivé,and are well
two-level systems. A variety of relative Josephson and Cousuited for SCB-qubit readodt:’ One advantage of using rf-
lomb energy scales have been used to construct qubits bas8&T readout is that it can easily be turned on and off, al-
upon a single-Cooper-pair bbkand flux qubits based upon though for the measurements reported here it is operated in a
a three-junction loop? Coherence times of the order of continuous way® More significantly, the rf-SET is funda-
0.5 us have been achieved for a single-Cooper-pair boymentally different from qubit readout based on switching
qubit? Rabi oscillations between energy levels of a singlecurrents in that it involves a weak measurement of the charge
large tunnel junction have also been obserR/@Bespite the in contrast to a yes or a no answer. This could be a significant
encouraging results, one aspect that is not well understocadvantage for readout of multiple-qubit systems. For ex-
concerns the contrast of the oscillations, which in all previ-ample, a switching current measurement on one qubit would
ously reported experiments is smaller than expected. also directly affect the other qubits due to its strong interac-

The experimental systems reported so far can also be digon. Furthermore, switching current measurements are inher-
tinguished by the readout method and the manner of pe@ntly stochastic in time—an important consideration if one is
forming single-qubit rotations. The first demonstration of co-interested in measuring time correlations.
herent control of a single-Cooper-pair BdSCB) employed Electron-beam lithography and double-angle shadow
a weakly coupled probe junction to determine the charge ogvaporation of aluminum films onto an oxidized silicon sub-
the island. In the more recent experiment reported by Viorstrate were used to fabricate the combined SCB-SET system
et al,2 the SCB was incorporated into a loop containing a(see Fig. 1™ The SCB box consists of a low-capacitance
large tunnel junction, for which the switching current de- superconducting island connected to a superconducting res-
pends on the state of the SCB. Switching current measureervoir by two parallel junctions that define a low-inductance
ments of superconducting quantum-interference device§QUID loop. An additional gate lead placed near the island
(SQUID’s) have also been used for flux and phase-typds used to change the electrostatic potential of the island by a
qubits®~® Nakamuraet al! performed single-qubit rotations gate voltage/, through a gate capacitanCy . By adjusting
by applying very fast dc pulses to a gate lead in order tdhe magnetic fluxb through the loop, the effective Joseph-
quickly move the SCB into and away from the charge degenson energy is tunable &= E}'®cos@®/®)|, whered is
eracy point. This technique produces qubit rotations with arthe magnetic-flux quantunh(2e). Coupling of the SCB to
operation time that can be of the order of the natural oscilthe SET was accomplished by extending part of the SET
lation period. Other experiments utilize microwave pulses tdsland to the proximity of the box island and resulted in a
perform NMR-like rotations of the qubft’~®The latter ap- weak dimensionless couplingC,/Cs of 0.5-4% for
proach requires less stringent microwave engineering, sinceamples with slightly different geometries and total SCB ca-
rf rotations can be accomplished with pulses that are morpacitanceCs . C, is the capacitance between the SCB and
than an order of magnitude slower in rise time and duratiorSET islands.
than the natural oscillation period. By using fast pulses, how- The samples were placed at the mixing chamber of a di-
ever, single-qubit rotations can be performed®0 times Iution refrigerator with a base temperature=e20 mK. An
faster than with rf rotations. external superconducting magnet was used to produce a large

In this Rapid Communication, we report measurementsield parallel to the plane of the samples and a small super-
made on a SCB-type qubit with very fast dc pulses used t@onducting coil close to the sample was used to produce a
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FIG. 1. (8 Scanning electron micrograph of a sample. The de- 5 s 1 7 o o2 o3
vice consists of a Cooper-pair box and SET electrometer and wa gate charge n, ' /0, '
fabricated from an aluminurtlighter region$ evaporated onto an
oxidized Si substratédarker regions (b) Circuit diagram of box FIG. 2. (a) Ground-state and first excited-state energies v®r
and electrometer. E;/Ec-=0.7 (solid line) andE ;=0 (dotted ling. (b) Coulomb stair-

cases,Qpox Versusng for a sample withE./h=9.25+0.10 GHz
field perpendicular to the SQUID loop. This allowed us toand EJ®fh=20.24-0.10 GHz. In(i) a staircase taken from a
independently suppress the superconducting gap of the algample under microwave radiation with a frequency of 35 GHz is
minum film, and change the effective Josephson energy cfhown. In(ii), we show data wher&;/h has been suppressed to
the Cooper-pair box. All control lines were filtered by a com-11.4 GHz by applying a small magnetic field through the SQUID
bination of low-pass and stainless steel and copper-powddpop- The dotted lines ixi) and(ii) show the calculate@pox Vs ng
filters. To present sharp pulses to the SCB gate, a highfor the respective Josephson energi@s) MeasuredQpo, vs Ng
frequency coaxial line was used having 10 dB attenuation &°id lin® when a fast pulse train is applied to the SCB gate having
4.2 K and 20 dB at 1.5 K. The tank circuit had a resonan@" amplitude 0.88 width At=130 ps, and repefition timdpg
frequency of 380 MHz and the rf-SET electrometer was bi-— 130 nS(here E;/h=4 GHz). The dashed line is the measured
ased near a feature in the vs VS’ETIandscape known as the Qpox Without the pulse train(c) Avoided level crossing shown by

e . the positions of the spectral peaks and dipsng=(ng®
double Josephson quasiparticle p&aguch that the bias cur- —ngeak)/z, for varying microwave frequencid) Josephson energy

rent throug_h_ the SET was typically 209___300 PA. UnderEJ vs applied flux®/d, through the SQUID loop determined from
these conditions, the electrometer sensitivity for the COm'spectroscopic dat&ircles and coherent oscillation datarosses
bined SCB-SET system was found to be>S) °e/\VHz  This sample hadE,/h=17.45:0.13 GHz and ET*/h=155
with a bandwidth of 10 MHz. +0.2 GHz.
To make an atrtificial two-level system, the energy scales
of the SCB must be chosen so thaT <Ec, E;>A, where
Ec is the energy cost required to add a single electron to th . L
island and isg)s/et by tgtal capacitance gf the islénd Pands calculated using the Hamiltonian in Ef). On ac-
—e2/2Cs . If A is large enough compared &, then the coun.t of the 2 periodicity of the system, we limit the dis-
ground states will be even parity states that differ only by thecUSsion to gate chargesing=<1. .
average number of Cooper pairs on the island. The effective In thermodynam|c equ_lllb_rlum, the actual quantity tha;
Hamiltonian of the box, including the Josephson coupling, isd€términes the island parity is the even-odd free energy dit-
given by ference A(T), which differs from A due to entropic
considerationd® Measurements were made for several dif-
ferent samples with Coulomb energiEg /kg(Ec/h) rang-

(a) shows the ground-state and first excited-state energy

H =4Ec§ (n—ng)?[n)(n| ing from 0.43 to 1.65 K9—34 GH2 andE,/E. ratios of 0.4
to 2.25. Coloumb staircases were measured by slowly ramp-
E; ing the box gate chargat a rate of~40e/s), and measuring
2 < (In+21)(n[+[n)(n+1)), @D the power reflected from the rf-SET tank circuit. Examples

of the measured box chargg,,.(ng) is shown in Fig. 20).
where we define gate chargemgs=CyV,/2e—ng, andngis ~ Our samples show & periodicity whenE;/kg<<1 K, well
the offset charge due to stray charges near the box. Figuitgelow the gap\/kg=2.2 K. For samples with largég,, the
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staircases acquire an extra step aronget0.5 due to poi- ‘

soning by nonequilibrium quasiparticles. Ve
The characteristic energi€&. andE}'®* of the SCB can

be determined directly using microwave spectroscSpy.

When monochromatic microwaves are applied to the SCB

gate, resonant peaks and dips occur in the measggdvs

ny staircase when the microwave photon energy matches

with the energy-level splittingyy; [see Fig. 2b)]. As the Sy

microwave frequency is reduced, the positions of these peak

exhibit an avoided level crossing. Within the two-level ap-

proximation, the positions of the single-photon resonances FIG. 3. (& Bloch sphere showing evolution about the charge

depend on the applied frequencyr as Anj ?ege”fe;a;y fob'EJéhzlet,GHfzv EC/hlzgtr?th’ kandtha p“'ste rise t

_ \/m/SEc, where we used&ngz(nglp_ngeak)/z. ime of 35 ps.(b) Evolution for a pulse that takes the system pas

) L . the charge degeneracy and achieves 100% charge state polarization
An example of such an avoided level crossing is shown i ge ceg y ° g P

. . . downward pointing arro
Fig. 2(c) where we have used least-squares fits to this equg— P g w

tion to estimate the Coulomb and Josephson energies. R _ _

Measurements of time-resolved, coherent oscillations ofmixing limit the maximum observed amplitude of th&,x
the charge on the SCB are made by slowly ramping the scpscillations to E rather than 2, and this occurs only for an
gate chargeng as before, while applying faghonadiabatic ideal recta_ngular pulse, short rgpetitiqn times, and vapishing
rectangular dc-voltage pulses of amplitualim the form of a  E;/Ec ratio. We have numerically integrated the Schro
pulse train to the SCB gate. Wheny is far away from the dinger equation using pulses with a finite rise time to study
charge degeneracy ardsuch thain,+a places the system the various factors affecting both the contrast of the oscilla-
at the charge degeneracy, the leading and trailing edges §Pns and the degree of charge state polarization. The results
each pulse act as successive Hadamard transformations. 3¢ best understood when plotted on the Bloch sphere as
between, the system coherently oscillates between charg&own in Fig. 3. The dash-dotted lines show the evolution in
eigenstates for a timét. The trailing edge of the pulse time of the state vector starting from an initial condition
returns the gate charge i with the system in a superposi- (Upward pointing arrowsand evolving through a maximum
tion of ground and excited states corresponding to the phageolarization of the charge statdownward arrows The ini-
of the oscillation acquired duringt. After the pulse, the tial state differs from pures, due to a finiteE,/Ec . Figure
excited-state component decays with a relaxation fime  3(& shows evolution for a pulse that takes the system to the
The pulses are separated by a repetition tifae typically ~ charge degeneracy. One finds that a finite pulse rise time
greater tharf ;. mimics a higheiE;/E ratio and reduces the oscillation con-
scale much slower thag, one measures an enhancedCcharge degeneracy, one can achieve nearly 100% polariza-
chargeAQpq,= Q" — QST that is time averaged over the 1ON:
pulse train and proportional to the probability of finding the . Measurements of thég dependence akQy, are shown
system in the excited state. PeaksA@,, Vs n, will be N Fig. 4b), where we have used an appropriate pulse am-
located at gate chargaageaksuch that approxima%ely a half- plitude and duration to achieve nearly 100% initial polariza-
integer number of oscillations occur at gate changgé® tion. We findT, =108+ 20 ns at the readout poing,=0.25
+a during the timeAt. Figure Zb) (bottom curvé shows a using a least-squares fit to Eg). The data of Fig. &) show

measured staircase using such a pulse train. When one méil oscillation contrast of-0.5%. Taking into account the

sures such staircases for varyifig, then time-domain oscil- ?ﬁg‘:;g:ﬂ::gyﬁg:tg;gieiJ/Ecofagfr-rtg:’ earll(()err]gt()\:ky::f]
lations are evident in thAt cross sections ah Qpoy VS Ng. 0P b 9

This is shown in Fig. @), where we plot the time evolution fitsu MP1763G, we f|nq .g.ood agregment between the Qb'
) o served and expected initial oscillation contrast. Numerical
near the charge degeneracy point. Ag is increased, the

pulse-induced charge contributes less to the time average. %)Iutlons of Schrdinger equation show that the reduction of

simple calculation which ignores coherence effects remain(—:omraSt due to the pulse rise time depends stronglf pn

) X This was checked experimentally by varyiBg and found to
ing after a imeTy, leads to the dependence be in agreement with the calculations. A fit of the data of Fig.

T 1_eTe/M 4(a) to an exponentially decaying sinusoid gives an oscilla-
=2n0—1 e ) tion frequencyvy= 3.6 GHz and decoherence time of 2.9 ns.
TR 1+e TRITL’ Using fast dc pulse trains we were able to observe oscil-
lations in time out to 10 ns. The dependence of decoherence
whereng is the initial peak amplitude. One can estimdte  time on gate charge at the top of the pulse is shown in Fig.
at the readout gate voltage by measuring the dependence 4fc) and has a sharp maximum at the charge degeneracy.
the peak amplitude oMk and fitting the data to this formula. This tells us that low-frequency charge noise is the dominant
Using such a pulse-train allows a measurement of theource of dephasing in our qubit. As discussed and demon-
excited-state probability even when the relaxation tifpés  strated by Vionet al,? dephasing due to charge fluctuations
shorter than the measurement time. Population averaging amsl minimum at the charge degeneracy. The coherence time

AQbox(TR)
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a) retical T;=1 us expected from quantum fluctuations of a

' ' ' ‘ ‘ 50 Q) environment. The reducel, observed here could be

attributed to several factors. One is coupling to the relatively

unfiltered high-frequency coaxial line, in addition to un-
wanted coupling to other metal traces and the microwave
environment of our sample. In practice it is difficult to esti-
mate the actual real part of the impedance on these leads at
such high transition frequencies. Another possibility con-
cerns quasiparticles. Our samples were fabricated without
quasiparticle traps and despite the observed statipeiod-

1 icity, there could be considerable nonequilibrium quasiparti-

0.8 ’ cle dynamics occurring on these time scales. Finally, it may

| ’ be that the use of fast dc pulses leaves the bath of charge
fluctuators in a configuration having additional channels for
relaxtion of the qubit. Clearly what is neededTig measure-

\ L lim..., ments using a variety of techniques—if rotations, spectros-
0 0.5 1 1.5 0.4 0.5 0.5 o055 o0.6 copy, as well as fast dc pulse—on the same sample.
repatition time T, [us] gate charge n In conclusion, we have fabricated and measured a solid-

state qubit based upon a SCB combined with a rf-SET read-

out system. Due to a relatively shoft, continuous mea-
=2.9 ns and frequency,=3.6 GHz. (b) Dependence of the peak surement of the SCB W.as employed. '.:aSt dC. pulses were
heightAQy,,, On repetition timerl for ~100% initial polarization. used t(.) coherently manipulate the qubit and .tlm.e_COherent

The solid line is a least-squares fit to E@) giving T,=108 oscnlatlons_ of_the c_harge were observed. The |r_1|t|a_1l contrast
+20 ns. (c) Decoherence tim@, vs gate charge. of the oscillations is r_e!atlvely large z_ind qugntltatlvgly un-

derstood as due to finite;/Ec combined with the finite
) ) pulse rise time. Furthermore, nearly 100% charge state po-
found by Vionet al. is much larger than that found in our |aii;ati0n can be achieved. The oscillations show a maxi-
measurements although their initial oscillation amplitude is,,m decoherence time at the charge degeneracy which indi-

much smaller. If we extrapolate the gate charge dependencgyeg that charge fluctuations dominate the dephasing rate.
of T, (not shown to the charge degeneracy, we exp&gt

~10 ns. This implies that the decoherence time we measure We would like to acknowledge fruitful discussions with
at the charge degeneracy is dominated by the short relaxatid®. Schoelkopf, K. Lehnert, A. Wallraff, G. Johansson,
time rather than pure dephasing. A. Kack, G. Wendin, and Y. Nakamura. The samples were

Our measuredr; was also found to be independent of made at the MC2 clean room. The work was supported by
SET bias current in the subgap regime. Previously, a considhe Swedish SSF and VR, by the Wallenberg anda@o
erably largerT; was measured in a similar sample using aGustafsson foundations, and by the EU under the IST-
spectroscopic techniqd® and found to agree with the theo- SQUBIT programme.
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FIG. 4. (8) AQpoy VS At. The solid line is a least-squares fit to
an exponentially decaying sinusoid and gives a decay fipe
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