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Final Report (8/31/04-8/31/05):
Student Support for Quantum Computing with Single Cooper-pair Electronics: RF-SET Readout and Backaction (DAAD-
19-01-1-0611) PIs: R.J. Schoelkopf.

This is the final report on a supplementary grant, which began on June 1, 2001. The funds provide support for an
additional graduate student, Mr. Ben Turek, related to our continuing grants studying quantum coherence and
computation in superconducting single-charge circuits, namely the Cooper-pair box (CPB). Mr. Turek has participated in
many phases of our experimental and theoretical program on quantum computing, but has especially concentrated on
studies of the CPB qubit with the superconducting SSET, as well as studies of the SET backaction in the normal state. We
have made substantial progress in several areas, listed below.

To date Mr. Turek has been a co-author on three papers, and the first author on a Physical Review B publication
on backaction of the SET in the normal state. Mr. Turek is working with a postdoc, Dr. Hannes Majer, to produce and
measure a final sequence of RF-SET plus Cooper-pair box samples, to measure the backaction effects on the lifetime and
excited state population of the qubit when measured. He will probably complete his PhD in late 2006 or early 2007.

I. Results from 2002:

Mr. Turek has been working with a nanoelectronic quantum system, the single Cooper-pair box, which is fabricated using
small-area Al/AIOx/Al tunnel junctions, and is a leading candidate for realizing a solid-state quantum computer. We have successfully
integrated a Cooper-pair box qubit with a high-speed, time-gated quantum readout amplifier, using the Radio-Frequency Single-
Electron Transistor (RF-SET) invented by our group(see Figure 1). This has allowed us to observe the coherence and relaxation of a
single qubit, and to make initial determinations of both the ensemble decoherence time (T»*) and the energy relaxation time (T1).

During this specified period, Mr. Turek completed his required coursework and exams. He began doing laboratory research
fulltime as of May '02. During that period, Ben has made rapid progress, learning how to run both the dilution refrigerator, and all of the
microwave and other electronics associated with our experiments using the RF-SET. Ben has also refined the data acquisition software
for the experiment, writing code in Labview so that there is now a “virtual front panel” via which the entire experiment is computer
controlled. Because of the complexity of the experiment, this is highly beneficial, as now the experimenter can control the variable of the
experiment in the sensible physical units, and see charge data displayed in real time as it is acquired. In addition, one can use various
tabs to change experimental protocols, switching from a standard Coulomb staircase measurement to Rabi, T1, or Ramsey type
experiments. Ben has also included an automatic routine which checks for offset charge jumps on slow timescales (10 minutes) and
corrects all the gates for any changing offsets. With the postdoc, Dr. Konrad Lehnert, he has developed ways to calibrate the voltage
sources used for gate control and this has resulted in the ability to measure charging of a box with a SNR of 1,000, and a repeatability
at the % of a milli-electron level.
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Ben then focused on a series of experiments studying the single-electron box, when a large magnetic field is applied to keep
the aluminum superconductors of our circuit in the normal state. He focussed on some discrepancies we noticed when trying to
compare these measurements to our studies of the box in the superconducting state. In particular, we found that the shape, breadth,
and location of the staircases varied in a subtle, but repeatable manner, depending on the operating point of the SET electrometer (see
Figure 2).

The changes in the Coulomb staircase in fact depend on the intrinsic backaction of the SET on the box, and the apparent
shape of the staircase, as measured by the SET, contains interesting information about the backaction. The backaction arises directly
from the capacitive coupling to the SET, through which the box is measured. When current flows through the SET, electrons move from
drain to source, tunneling onto and off of the SET’s central island (see Fig. 1). These fluctuations of charge state of the SET lead to a
fluctuating potential, which then couples to the box via the measurement capacitor, Cn,. By sensitively measuring the apparent shape of
the staircase, we can discern several properties of the SET’s noise. In addition, working with a post-doc, Dr. Aash Clerk, in co-
investigator Steve Girvin’s group, Ben has developed a model of the coupled box-SET system, which can be solved analytically using
so-called “orthodox theory.” By other independent measurements, all of the parameters of this model, such as the capacitance and
resistance of the various junctions, can be measured with reasonable precision. We find that the shapes of the staircases can not only
be qualitatively understood, but also quantitatively predicted using this model. A comparison of the first derivative of the Coulomb




staircases in the box for two different operating points in the electrometer are shown in Figure 2, and compared to the predictions of the
model. There is quite good agreement, with no adjustable parameters. This implies that the backaction of the SET in the normal state is
now understood, and that it is predominantly due to the theoretically expected process, coupled to the system via the same mechanism
as the measurement. This is also the first definitive measurement of the backaction in an SET device.

Figure 2: Top: measured RF
conductance of a normal SET, as a
function of electrometer gate and
drain bias. Bottom: Measured
derivative of the “Coulomb staircase”
of a normal electron box measured at
two different operating points
(denoted by the corresponding
symbols in the top panel ) (B. Turek
etal., ref. 1, compared to theory
(solid curves). The effect of the
detector back action causes a shift, a
broadening, and an asymmetry of the

d Qhax"lld ngh

ooz 012 016 020

Ben has made such measurements at over 30 different operating points for the SET (i.e. different locations in the greyscale
plot of Fig. 2), and is in the process of analyzing the results using our model. A manuscript is also being prepared containing these
results, for submission to Physical Review Letters. The next steps involve performing these measurements in the superconducting
state, where the box behaves as a coherent two-level system, which can measure both the dephasing due to the backaction, the
approach of the SET to the standard quantum limit, and the full positive and negative frequency spectrum of the SET backaction noise.
Our goal is to compare these results in a continuous measurement with the theory developed by Dr. Clerk and Prof. Girvin for the
measurement using the “DJQP” feature of the superconducting SET. These results will allow us to make further inferences about the
dephasing and relaxation of our Cooper-pair box qubits, as well as to optimize the system and obtain high SNR single-shot
measurements of our charge qubits. In the next few months Ben will also work with a new postdoc, Dr. Andreas Wallraff, to perform
time-domain measurements of coherence in the CPB qubits and demonstrate coherent state control.

Il. Results from 2003:

During this period, Mr. Turek has concentrated on studies of the CPB qubit with the superconducting SSET, as well as studies
of the SET backaction in the normal state. We have made substantial progress in several areas, listed below.

e Obtained and tested new set of qubits from Chalmers with decreased charging energy to eliminate parity problems/quasiparticle
generation

Observed full Cooper-pair staircase and performed spectroscopy down to 1/f insensitive charge degeneracy point of CPB.

Demonstrated controlled tuning of tunnel coupling of qubit Hamiltonian

Remeasured relaxation times (T1) of a Chalmers qubit, and found systematic variation due to SET readout.

Found that cause of fast relaxation in Chalmers coherent oscillation experiments is the SET backaction.

Confirmed theoretical description of qubit relaxation and SET backaction, and observed predicted population inversion due to
measurement.

Observed activation of 1/f noise by SET readout, and very low levels of 1/f charge noise on long timescales.

Two Physical Review Letters on this work appeared this year, one on measurements of relaxation and decoherence time of
CPB as measured by SET, the second on renormalization of charging energy in the box by quantum charge fluctuations.

As described above, we now have the capability to fabricate our own CPB qubits and SETs, but up until now we have been
forced to rely on samples obtained through our collaboration with Chalmers University in Sweden. We found in our earlier experiments
that it was detrimental to have too large a charging energy for the CPB, as this leads both to relatively strong dephasing due to 1/f
noise, and creates problems with excess quasiparticles occupying the island, since the charging energy can be comparable with the
superconducting gap. This second problem is particularly detrimental, since it means that the CPB cannot be operated near the charge
degeneracy point in gate voltage, where the results of Saclay have shown that 1/f dephasing can be minimized, leading to coherence
times approaching one microsecond. Finally, the large charging energy raises all the energy scales of the box, meaning that much
higher frequency (and much more difficult to generate and couple) microwaves are required for control, and shortening the relaxation
times available for the control and readout of the states. Our goal was therefore to investigate CPB qubits with a more optimal choice of
energies, namely a lower charging energy so that charging energy is equal to the Josephson coupling energy, Ec ~ E,.



We obtained such samples this summer from Chalmers University (a turn-around time of about one year). Most of our
expectations for improvement have been borne out by measurements carried out in the fall and winter of 2003. First, the problem of
excess quasiparticles (“poisoning”) was reduced, allowing an observation of the fully two-electron periodic Cooper-pair staircase. We
were also able to observe the modulation of the ground state of the box by tuning the flux through the SQUID loop, which modulates the
Josephson coupling, or the tunnel splitting (sigma-x term) in the Hamiltonian. A comparison of the charge signals obtained with the
previous samples and the improved devices this year is shown in Figure 5.

We have also performed microwave spectroscopy on these improved qubits, and studied the relaxation times. This
spectroscopy confirmed that the design goal Ec~E; was achieved. Due to the improvements in the qubits, we could now study the
transitions and energy spectrum of the box all the way down to the desired operation point, at the charge degeneracy point. This is the
point where the qubit is minimally affected by 1/f noise. The data in Figure 6 requires approximately 8 hours to acquire, and indicates
the excellent stability of the offset charge and the parity which was obtained. Because the microwave coupling at the chip level (see
discussion in Section | on design of qubits with microwave coupling) is not possible so far with the Chalmers samples, the power
coupled to the qubit, and its expected lifetime are not yet well controlled versus frequency. We were therefore not yet able to search for
spurious resonances or interactions with impurities suggested by Martinis and co-workers.
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Figure 5: Comparison of charging staircases for two CPB qubits with different charging energies. On left is the old
design with Ec ~ A, causing non-equilibrium quasiparticles to be generated in the qubit, and obscuring the ground
state of the qubit. On right is a recent measurement of a device with reduced charging energy, showing elimination of
the quasiparticle feature, and a good measurement of the qubit, including at the charge degeneracy point (center of
staircase) where 1/f noise effects are minimized.
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Figure 6: Spectroscopy of an improved CPB qubit as measured by an RF-SET. The photoresponse (i.e. the
difference in the Cooper pair staircase with and without CW microwaves applied to the gate) is displayed as a
function of both gate charge and microwave frequency. Shown is a fit to the simple hyperbolic energy spectrum of the
box, which yields the energies of the qubit, Ec = 18.9 GHz and E; = 14.9 GHz, and indicates that the design goal
Ec~E; was achieved. Due to the improvement in the parity described above, the transition between the two lowest



states can now be followed down to the degeneracy point, ng=1, shown at the center of the plot. This is the point
where the qubit is minimally affected by 1/f noise. This data requires approximately 8 hours to acquire, and indicates
the excellent stability of the offset charge and the parity which was obtained.

Following our suggestions for improved qubit parameters, and also using our techniques and experience gained from
extensive spectroscopy of CPB qubits using the SET, the Chalmers team sought to observe coherent oscillations and repeat the
original observation of Nakamura and co-workers. Using one of the improved samples described above, and the expensive picosecond
pulse generator used by Nakamura (not available in our lab) they succeeded in observing these oscillations. These measurements,
however, still used a continuous measurement by the SET, and operated away from the charge degeneracy point, thus inducing
maximal 1/f dephasing, so that the observed coherence times were only on the order of one nanosecond.

This fall we have made extensive studies of the relaxation times (T1) of the new Chalmers samples. We have found that the
dominant effect on the qubit lifetime can be the backaction of the SSET, and shown that this time can sometimes be reduced by more
than an order of magnitude by the SSET. This observation is very important for our goals of using the SET as a qubit readout, and also
for the superconducting quantum computing community as a whole. Though not always emphasized, the problem of short and/or
variable relaxation times has been observed to be a major challenge for all groups, working either with charge, flux, or phase qubits. An
example of this variability of relaxation times in shown in Figure 7. The relaxation of two different spectroscopy peaks in the CPB qubit
are acquired simultaneously, with the only difference being the precise biasing point of the electrometer. The transitions of the box
which are measured with a higher current and higher conductance thru the SET are observed to have much faster relaxation, in
qualitative agreement with our model of the backaction of the SET. We have again observed, for appropriate operating conditions,
relaxation times in excess of 1.2 microseconds, which is consistent with our expectations for spontaneous emission of the box into its
50 Ohm electromagnetic environment (here there is no cavity to suppress this decay!). We find that there are many areas of operation
of the electrometer which strongly damp the qubit and cause the state to reset” in times of less than 100 nanoseconds. The theory of
the backaction of the SSET, developed by our collaborators Aash Clerk and Steve Girvin under this project earlier, suggests that this
fast relaxation can even occur under conditions in which the SET is nominally “off,” and very little current flows. It also suggests an
explanation for the observation of uniformly fast relaxation in the experiments at Chalmers using fast pulse generators. Since the fast
pulses couple strongly to their RF-SET, they sample many of the “forbidden” regions of bias where the SET gives fast relaxation. This
suggest to us that fast pulses, though capable of showing basic coherence, are not desirable in the long run for quantum computation,
and that one must carefully control the qubit in order not to perturb the SET too strongly, which will lead to excess dephasing and
relaxation in the control phase before the measurement.
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Figure 7: Measured dependence of relaxation time (T1) on the SET backaction. Top panel shows a grayscale image
of the average charge on the CPB qubit as a function of time (horizontal axis) and gate charge (vertical axis). Each
vertical slice of the image consists of a measurement of the Cooper-pair staircase, as shown by the line cut in upper
left. In this measurement, a microwave pulse at 30 GHz is applied during the first 5 microseconds, and then switched
off with a fall time of ~ 20 nanoseconds. The streaks in the greyscale image correspond resonant absorption of the
microwaves by the qubit, i.e. the peaks shown in the line cut when the qubit transition frequency match the
microwave stimulus. After the microwaves are switched off, the decay to the ground state of the box is measured
using the RF-SET with a timing resolution of < 50 nanoseconds. The first of the lower linecuts shows the T1 decay of
one of the peaks, with a slow component having a time constant of ~ 2 microseconds. The lower curve shows the
second peak, which decays in a time less than the timing resolution of the experiment, i.e. over an order of magnitude



faster. The only difference in the two decays is caused by the differing backaction of the readout SSET at the two
points, in agreement with theoretical predictions.

Another observation which confirms the importance of the SET’s backaction to the dephasing and relaxation of the CPB qubit
is that the measurement can actually induce a population inversion in our qubits. This effect was again predicted by our theory
collaborators. It comes from the fact that the SSET backaction represents a coupling to a non-equilibrium noise source, which can
preferentially excite, rather than relax the qubit. The population inversion is manifested as the observation that the system is more likely
to occupy the excited state in the presence of a continuous measurement, and of an average charge greater than electron. Such a
measurement is shown in Figure 8. Again, the qualitative behavior of this effect is in good agreement with theory, and induced only for
certain specific qubit parameters and SET bias conditions. It also gives direct evidence that the interaction with the measurement
circuitry can dominate over the passive portions of the circuitry, and over the intrinsic losses in the qubit. In other words, it indicates that
the qubit may be of high fidelity if the readout is properly operated and optimized.
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Figure 8: Observation of population inversion of the qubit due to SET backaction. Left panel shows the observed
reflected RF power from the SSET within a narrow range of the DJQP resonance used for the measurement. The
dashed line indicates the center of the DJQP resonance. The solid lines indicate the operating drain-source bias
voltage used for two measurements of the Cooper-pair staircase of the box, shown in the right panel. These
measurements are performed with the Josephson energy, E;, tuned to a small value of about 5 GHz. Under these
conditions, the ground state of the box is uniformly observed (in green, smooth step-like behavior) when the SET is
biased below the DJQP resonance, and the SET tends to mostly absorb energy from the qubit. In contrast, the red
trace, obtained with SSET biased above resonance, shows a prominent extra bump, with a charge greater than 1
electron, i.e. with a higher probability to be in the excited, rather than ground, state, which would correspond to a
population inversion or a negative temperature of the qubit. This effect was independently predicted by earlier theory
work under this project, and indicates that the SET is the dominant source of relaxation or excitation for the qubit.

We have therefore confirmed the detailed mechanism of the effect of the readout on the qubit, which was the next item on our
flow chart for the SET/CPB project. This fact, and our detailed understanding, means that we can now design and fabricate (using
device at Yale) a CPB qubit and SET readout which are optimized and capable of providing a single-shot readout and long coherence
times. It emphasizes a continuing theme found in our experiments: one cannot simply design a qubit and expect to achieve long
coherence times, without first understanding in detail the effects of the readout circuitry and how to operate it.

A final interesting observation regards the 1/f charge noise in our system. We often observe that the level of charge noise in
the qubit seems much lower than that in the measuring SET. By controlling the bias on the SET, we studied how the low-frequency 1/f
noise in the SET varied with the bias and power levels dissipated by the SET. We found a very striking effect, in which the 1/f noise
could be dramatically increased when more power is dissipated. This suggests that the 1/f noise in superconducting qubits may be in
part or in whole an “activated” process. By avoiding all dissipation on the chip, using for example the dispersive measurement
techniques also being developed in our group, one may hope to reduce the 1/f noise and gain a corresponding increase in coherence
times.

Ill. Results from Jan — August 2004

During the second half of the 2003 calendar year, we made several advances in our understanding of the SET as
a measurement system for superconducting charge qubits. In particular, we observed that the backaction of the SET can
have dramatic effects on both the polarization and relaxation time (T1) of the qubit during the measurement phase. We
succeeded in measuring near-perfect 2e-periodic Cooper-pair staircases, indicating that the SET need not create
guasiparticles in the qubit, and that the qubit can remain in the ground state, even in the presence of a continuous
measurement. However, we also observed, under other conditions, that the SET can dramatically affect the steady-state
population of the qubit, and can even create a measurement-induced population inversion in the qubit, as previously
predicted by the theoretical part of our collaboration.

These results were extensively detailed in the 2003 calendar year interim progress report. During 2004, we have
undertaken a detailed modeling effort in an attempt to determine the optimum parameters for an SSET readout of the



CPB, based on the backaction model. A redesign of the SET-CPB samples was undertaken, and a process which allows
a control of the electromagnetic environment for the qubit on chip was implemented at Yale. Samples for the next
experiments along this approach have been fabricated. SETs with sufficiently large charging energies to realize the
double Josephson quasiparticle feature (DJQP) used for the SET measurements have been made and tested at 250 mK.
Several papers detailing the preliminary results on the SET backaction and its suitability as a quantum readout of CPB
gubits have been submitted for publication (see papers 1 & 2 listed below)

IV. Results from final period: Aug 2004-Oct 2005

During the Aug 2004-Aug 2005 period, we have continued with our efforts to measure the backaction of the RF-
SET on the Cooper-pair box qubit, which is essentially to determining whether this is a viable method for performing
single-shot readout of qubits. The present goal was to fabricate samples with a well-controlled electromagnetic
environment, in order to study the effects of SET backaction on qubit lifetime. These devices turned out to be more
challenging to fabricate than we had anticipated, but we have now been successful and final measurements are
underway. A chip showing the Cooper-pair box qubit and RF-SET readout are shown in Figure 1, along with a
measurement of the current-voltage characteristic of a qubit configured as a SQUID. The measurement of the IV curve
displays resonances corresponding to points where the environment of the qubit changes abruptly, i.e. we are able to use
the Josephson effect as a sort of “network analyzer” which probes the microwave engineering of the wiring. This confirms
that we have succeeded in our goal of controlling the electromagnetic environment, at least up to ~ 30 GHz which is much
higher than the transition frequency (about 6-8 GHz) planned for the qubits and recently measured. Characterization of a
box has shown the desired energy level splittings in the qubit have been achieved, and that a working SET with proper
characteristics to have a DJQP resonance used for readout is obtained. This work will conclude with a final set of
measurements testing the backaction theory of the SET developed earlier in this project by our theory collaborators. A
paper detailing preliminary measurements of the qubit ground state and showing full tenability of the qubit Hamiltonian
have appeared this year in IEEE Transactions on Applied Superconductivity (Paper #3). An earlier paper quantitatively
testing the backaction of the SET in the normal state also appeared in Physical Review B (Turek et al.; Paper #2).
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Figure 1: Left: Optical (top) and zoomed SEM micrographs of a completed CPB qubit -RF-SET readout chip with
controlled electromagnetic environment. Right: Current-voltage characteristic of a “qubit” wired up as a SQUID for DC
transport measurements, showing that, except for resonances seen by the qubit at relatively high frequencies of 30 and
50 GHz, the qubit should see a well controlled electromagnetic environment with 50 Ohm impedance. This sample is in
use to test SET backaction limits on readout fidelity.



Publications published during this period:
(copies of papers following this page)

1) “Quantum Fluctuations of Charge and the Polarizability of the Single-Electron Box,” K. W. Lehnert, B.A.
Turek, K. Bladh, D. Gunnarsson, P. Delsing, and R.J. Schoelkopf, Phys. Rev. Lett 91, 106801 (2003).

2) “Single-Electron Transistor Backaction on the Single-Electron Box,” B.A. Turek, K. W. Lehnert, D.
Gunnarsson, K. Bladh, P. Delsing, and R.J. Schoelkopf, Phys. Rev. B. 71, 193304 (2005).

3) “Backaction Effects of an SSET Measuring a Qubit: Spectroscopy and Ground State Measurements,” B.
Turek, H. Majer, A. Clerk, S.M. Girvin, A. Wallraff, K. Bladh, D. Gunnarson, T. Duty, P. Delsing, and R.J.
Schoelkopf, IEEE Trans. on Appl. Superconductivity 15, 880 (2005).
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We measure the average charge on the island of a single-electron box, with an accuracy of two
thousandths of an electron. Thermal fluctuations alone cannot account for the dependence of the
average charge on temperature, on external potential, or on the quasiparticle density of states in the
metal from which the box is formed. In contrast, we find excellent agreement between these
measurements and a theory that treats the quantum fluctuations of charge perturbatively.

DOI: 10.1103/PhysRevLett.91.106801

A general feature of quantum many-body phenomena
is the screening of a single degree of freedom by a bath of
virtual excitations. The Lamb shift and the Kondo effect
are well-known examples, where the discrete states of a
hydrogen atom or a magnetic impurity are renormalized
by the quantum fluctuations of an environment of virtual
photons or virtual spin flips. In single-electron circuits
[1], such as the single-electron transistor (SET) [2], the
charge pump [3], or the single-electron box [4], the same
sort of quantum fluctuations exist in a system which
can be controlled and measured electrically. These fluc-
tuations arise from the virtual tunneling of electrons
between the metal islands and the metal leads that com-
prise single-electron devices. Electron-hole pairs, gener-
ated by the virtual tunneling, partially screen the charge
on the islands and modify the discrete spectrum of
charge states. The single-electron box, the simplest
single-electron circuit, is the ideal system in which to
test the theory of quantum charge fluctuations.

The box has been studied theoretically [S—9] because it
is a model system for understanding electron-electron
interactions and because the quantum fluctuations in the
box are analogous to both the Kondo effect [5] and the
Lamb shift. In spite of the extensive theoretical work, few
experiments have probed the fluctuations described by
Refs. [5-9]. Those experiments that have done so are
mostly in semiconductor dots [10—12]; whereas the theory
of Refs. [6—9] describes metallic systems, such as our box
or Refs. [13,14], in which the tunnel junctions comprise
many nearly opaque channels. Because the quantum fluc-
tuations screen an electron with a polarization charge
much less than one electron, very sensitive charge mea-
surements are required to resolve the fine structure asso-
ciated with these fluctuations.

In this Letter, we measure the time-averaged charge
on the island of a single-electron box with an accuracy
much better than one electron using a radio-frequency
SET (rf-SET) [15]. We observe quantum fluctuations of
charge, and we modify the strength of these quantum
fluctuations by changing the temperature, the external
potential, and the quasiparticle density of states of the

106801-1 0031-9007/03/91(10)/106801(4)$20.00
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metal in which the tunnel junction is embedded. In each
case, we find quantitative agreement between our results
and the theory of quantum fluctuations.

Our single-electron box is composed of an isolated
aluminum island attached to an aluminum lead through
a thin insulating layer across which electrons can tunnel.
A 1 T magnetic field is applied to keep the aluminum in
its normal (nonsuperconducting) state. An additional
lead, called the gate lead, lies near the island and changes
the electrostatic potential of the island with the applica-
tion of a voltage V, to the gate lead through the gate
capacitance C,. The total island capacitance C% is small
enough that the addition of a single electron to the island
requires a large electrostatic energy

U, = EX(n — n,)%, (1

where EY. = ¢?/2CY is the charging energy, n is the
number of excess electrons on the box, and n, =
C,V,/e. The minimum energy is clearly achieved when
n is the integer nearest n,; when n, = 0.5 the two lowest-
energy charge states are degenerate.

Equation (1) ignores the quantum fluctuations, or the
effects of the coupling of island and lead through the
tunnel junction. The junction couples the charge states to
each other and to quasiparticle excitations in the metal on
either side of the junction. This alters the spectrum of
states in Eq. (1) in three ways. First, the charging energy
is reduced (C% is enhanced) from its bare value E{. to a
renormalized value EY. = ¢*/2CY in the normal state or
E{. = ¢?/2C¥ in the superconducting state. Second, when
a pair of states are nearly degenerate their energy differ-
ence becomes temperature dependent. Finally, the elec-
trostatic energy U, of the charge states is no longer
quadratic in n,. The magnitude of these three effects is
calculated with a theory perturbative in the dimension-
less conductance g = Rg/(4mR;) = (h/e*)/(47*R))
[6,7,9], where R; is the box junction resistance. By mea-
suring the average charge on the box island Q,.,/e versus
n, (Coulomb staircase) with an uncertainty less than g,
we can compare all three effects with theory.

© 2003 The American Physical Society 106801-1



VOLUME 91, NUMBER 10

PHYSICAL REVIEW LETTERS

week ending
5 SEPTEMBER 2003

We measure QO as a function of n, by coupling the
box island to an rf-SET electrometer through a capacitor
Cc [15] [Fig. 1(a)]. The quantity that we measure directly
is the charge coupled to the electrometer Q.. versus n,,
which approximates a sawtooth function (Coulomb saw-
tooth). We infer the Coulomb staircase as Qpo =
(ngex — Qeec)/x [Fig. 1(c)], where k = C/CY is the
fraction of the charge on the box that couples to the
electrometer. The value of ex is not an independently
known parameter; rather, it is determined as the slope
of the Coulomb sawtooth at n, = 0, assuming that Qy,, is
independent of n, at n, = 0. Following this procedure,
we extract a value of x = (3.35 = 0.05) X 1072. Our as-
sumption is valid if we interpret C§ (and EY/) determined
in our experiments as a value renormalized by tunneling,
not the bare, geometrical value C%, which is a parameter
in the theory of Refs. [6,7]. While we cannot prevent

Drain
“ =
C C
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11 | | 11
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-0.10 0.00 0.10
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FIG. 1. (a) Circuit diagram of the single-electron box capaci-

tively coupled to an rf-SET electrometer. The tunnel junctions
are represented by boxes divided by a horizontal line. The
junction capacitance C; is the dominant component of the total
box capacitance, C% = C; + C, + C¢. Additional circuit ele-
ments (not shown) apply an rf signal between the SET’s drain
and source and detect the amount of rf power reflected P, from
the rf-SET [15]. (b) Calibration of the Coulomb sawtooth is
accomplished by varying the SET’s control gate voltage Vy, =
nye(e/Cy) about a fixed operating voltage V., = nyp(e/Cye)
while the box gate is held at n, = 0. This applies a known
charge signal Qg = e(ny. — 1n,p) to the SET. The plot P,
VETSUS Nge — Mg = Qciec/ € (solid line, top axis) is a nonlinear
map (implied by dotted lines) that converts P, versus n,
(dashed lines, bottom axis) into Q. versus n,. The elec-
trometer’s operating point n,, = 0.44 and an alternative ny, =
0.56 and are indicated (two dots). (¢) The Coulomb sawtooth,
Qelec Versus n,, (dashed line) on the right axis, and the
Coulomb staircase, Opox VS 114, (solid line) on the left axis at
T = 30 mK.
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tunneling and measure C%, we can suppress tunneling
and observe a variation in the total box capacitance.

We find the first evidence of quantum fluctuations by
examining the temperature dependence of the Coulomb
staircase. We measure the staircase at a high tempera-
ture (7 = 500 mK) and extract a value of E’é’/kB =
1.57 £ 0.05K (Cg’ = 590 * 20 aF) by assuming thermal
broadening, that is, a Boltzmann occupation of the states
in [Eq. (1)]. In the range 200-500 mK, we find excel-
lent agreement [Fig. 2(a)] between the measured stair-
case and thermal broadening in a comparison with no
adjustable parameters. Below 200 mK, thermal fluctua-
tions characterized by any single temperature cannot
account for the measured staircase [Fig. 2(b)]. As the
temperature of the cryogenic apparatus is reduced,
away from n, = 0.5 the staircase remains rounded as
if the box’s temperature were saturating around 130 mK.
Nevertheless, the staircase grows continually sharper at

- ()
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g 0.1
1.7 -
0.05 g
—_ o
(9] g
5 0.00 E\ 1.2
. O
-0.05 w
] 0.7 b4 vyl 1
0.0 0.5 1.0 10 100
Ny T (mK)
FIG. 2. (a) Coulomb staircases at 7 = 500 mK (dotted line)

and 7 =100 mK (solid line). The charging energy EY is
extracted by fitting to the 500 mK data a theoretical staircase
(not shown) broadened only by thermal fluctuations. The
100 mK staircase is compared to the thermal fluctuation theory
with no adjustable parameters (dashed line). (b) The residuals
of the 500 mK fit (dotted line) and of the 100 mK comparison
(solid line). (c) Plotted versus T on logarithmic scales are the
measured value of (1/y) (points), the expression 1/y =
2kgT/ E’g’ (line) showing the expected behavior in the absence
of quantum fluctuations, and the expression 1/y =
2kp[(T? + T2,)/EY showing the expected behavior in the
absence of quantum fluctuations but in the presence of a
spurious broadening characterized by a phenomenological ef-
fective temperature Ty, = 25 mK (dotted line). A model of
temperature-independent spurious broadening does not contain
the observed behavior of y versus T. (d) The quantity E¢.(T) =
2kgT y (points) and the prediction of [9] (line) versus T with no
adjustable parameters. Dashed lines indicate the range of
theory consistent with the uncertainties in g and EY. The error
bars of two lowest T points account for a systematic rounding
introduced by the SET’s backaction [16].
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electrostatic degeneracy, n, = 0.5, consistent with tem-
peratures below 30 mK. Because the box is most sensitive
to external noise at degeneracy, this surprising behavior is
both inconsistent with an external source of noise and a
qualitative hallmark of quantum fluctuations [10].

The theories of Refs. [5,8,9] predict the slope y =
(1/€)dQpox/dn, of the Coulomb staircase, essentially
the polarizability, at n, = 0.5 as a function of tem-
perature [8,9]. Because y = EY¥/2kpT in the absence
of quantum fluctuations, a plot of 1/y versus T re-
veals the quantum fluctuations in its deviation from a
line with slope 2kp/EY [Fig. 2(c)l. Near n, = 0.5,
where the two lowest charges states are nearly degen-
erate, quantum fluctuations cause a temperature-
dependent reduction in the energy separation, U; — Uy =
E;(0.5 — n,), of the levels, described by a reduced
Ej =2kgxT < EY. Reference [9] implies E; =
EN[1 — 2g(3.154 + In(E2/mkpT))] + O[g?, (kzT/EY)?],
where E = EN(1 + 4g + O(g?)). Note the similarity to
the Kondo effect where the screening of a localized
magnetic impurity by itinerant spins leads to a logarith-
mic in 7 correction of the impurity’s magnetic moment
[5]. In Fig. 2(d), we plot E(T) versus T and find good
agreement with Ref. [9], in a comparison with no adjust-
able parameters. This same effect was observed in SET’s
by Joyez et al. [13].

To make the comparison with theory, we must have an
independent determination of the dimensionless conduc-
tance of the box, g = (4.2 = 0.2) X 1072, which can be
obtained by studying the box in its superconducting state.
With no applied magnetic field, the aluminum supercon-
ducts, and the parameters of the box, C‘% = 518 = 6 aF
and R; = 15.4 = 0.9 k(), can be extracted by micro-
wave spectroscopy of the coherent two-level system
formed by the coupling of Cooper pairs between the
lead and the island [18]. What is directly measured is
the charging energy in the superconducting state
ES/kg =179 =0.02K and the Josephson energy
E;/kg = (hA/8e*Rkp)F(EY/A) = 0.62 = 0.01K, where
A/kg =24 %+0.1 K is the BCS gap in aluminum and
F(E%/A) is a function that accounts for Coulomb block-
ade effects by modifying the usual Ambegakor-Baratoff
relation [19]. For our sample F(E2/A) = 1.25. Note that
in the superconducting state E. = e*/2CY is not the same
as EY = ¢?/2CY in the normal state. This difference
reflects the different quantum fluctuations of a metal
with a superconducting or with a normal quasiparticle
density of states (DOS).

We are able to tune this influence of the DOS by
continuously reducing A in the aluminum with an applied
magnetic field B,,,. We observe that C§ is a function
of A(B,,,) by measuring «* = C¢/ Cg, the slope of the
Coulomb sawtooth at n, = 0, as the aluminum is driven
from the fully superconducting state to the normal state.
With increasing B, x5 is reduced continuously from a
value x5 = (3.70 = 0.05) X 1072 with B,,, =0 to k =
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(3.35 = 0.05) X 102 in the normal state (Fig. 3). Because
both x5 and E{. are proportional to 1/C% (B,,,) we infer
EY/kp = [E&(Byy)/kpllk/k5(Bypy)] = 1.62 + 0.04 K,
which is consistent with the value 1.57 £ 0.05 K ex-
tracted from the broadening of the Coulomb staircase at
high temperatures.

The theory of the normal box [7] predicts that the
effects of tunneling can be treated around n, = 0 as a
renormalization of C% to a value larger by the factor

[1+4g+10.93g> + O(g?) = 1.18]. The renormaliza-
tion of the bare capacitance in the superconducting state
C§ / C% is predicted to be smaller than in the normal state
because the quasiparticle excitations have a minimum
energy A, which suppresses the virtual tunneling. The
bare capacitance is not an experimentally accessible pa-
rameter; however, the perturbative techniques of Ref. [7]
can be used [20] to calculate the renormalization of C%
for a metal with a BCS, rather than constant, DOS.
Inverting this, we infer from the normal state (COE =
498 * 16 aF) and from the superconducting state (C% =
478 = 7 aF) values for the bare capacitance that are con-
sistent with each other. By altering the DOS, we have
observed that the capacitance of a tunnel junction is
not a property of tunnel junction alone, but also of the
spectrum of low-energy excitation in the metal from
which it is made.

We have already seen that the electrostatic energy of
the box is both a function of the temperature and of the

0.20

Qpox (€)

FIG. 3. Coulomb staircases with the box in its normal state
(line) and in its superconducting state, B,,, = 100 mT (tri-
angles). For both, the Coulomb sawtooths have been converted
to staircases using k” = C¢/C = 3.9 X 1072, which would be
the slope of the Coulomb sawtooth around n, =0 in the
absence of tunneling. The renormalization of C% is visible as
the nonzero slope (1/¢)d Q. /dn, of these plots at n, = 0. The
inset shows k*(B,,,) versus B,,, and the value of EZ.(B,,,)
inferred from x5, as the aluminum is driven from its super-
conducting to its normal state. In the superconducting state, a
single out-of-equilibrium quasiparticle on the box’s island
keeps the Coulomb staircase e periodic.
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FIG. 4. Coulomb staircases with the box at two different
electrometer operating points, n,, = 0.44 (triangles) and n,, =
0.56 (circles); V4 = 0 for both. The SET’s backaction causes
these two curves to deviate from each other around n, = 0.5.
The theory plots are the charge on the box predicted for
thermal fluctuations but no quantum fluctuations at 7 =
125 mK (dashed dotted line) and 7 = 29 mK (dashed line),
and for the quantum fluctuations calculated to first order in g
(dotted line) and second order in g (solid line) [6,7]. The second
order calculation is fit to the data with the adjustable parameter
k = (3.375 = 0.001) X 1072, which is better constrained by
this fit than by extracting the slope of the Coulomb sawtooth.
Note we have plotted both data and theory in the form with
deox/dng =0 at n, = 0 unlike Refs. [6,7]. Inset: the same
data over a range 0 <n, <1. The dashed box indicates the
region plotted in the main figure.

quasiparticle DOS in metal lead and island. We now show
that the ground-state energy deviates from the parabolas
of Eq. (1). Because Qyox/€ = n, — (1/2E2)(dU,/dn,) at
T =0 [6], Eq. (1) implies perfectly flat steps in the
Coulomb staircase, whereas we observe some curvature
around n, = Oevenat T < E’é’ . The ground-state energy
cannot be quadratic in n,. This modification of the
ground-state energy is the Lamb shift in the single-
electron box.

It is precisely the detailed shape of the Coulomb stair-
case at T = 0 that is predicted by [6,7] and which pro-
vides the most stringent test of the theory (Fig. 4). We find
that Oy, deviates from a perfect step function by several
percent in the range 0 <n, < 0.45 [16]. In this region at
the base temperature of our cryogenic apparatus, we may
consider the box to be in a zero temperature limit and ig-
nore the influence of the electrometer (Fig. 4). To an accu-
racy of 2 X 1073 e, limited by the linearity of the applied
gate voltage, we find agreement with this theory. Our
measurement is sufficiently accurate and sensitive that the
perturbative calculation of Ref. [7] must be carried out to
second order to show agreement with our experiment,
even for the relatively small value of g = 4.2 X 1072

In these experiments, we have used an rf-SET elec-
trometer to measure the polarizibility of a mesoscopic

106801-4

electrical circuit. We have chosen to apply this technique
to the single-electron box, a model system for under-
standing electron-electron interactions whose Hamilton-
ian is analogous to the Kondo Hamiltonian. We find
excellent agreement between our measurements and a
perturbative treatment of the quantum fluctuations. The
excellent agreement between our measurements and
theory both supports this theory and demonstrates the
precision electrometry possible with the rf-SET. The
technique we demonstrate would be an ideal method for
exploring the equilibrium behavior of more complicated
mesoscopic circuits, such as semiconductor quantum dots
or carbon nanotubes.
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Single-electron transistor backaction on the single-electron box
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We report an experimental observation of the backaction of a single-electron trafSETomeasuring the
Coulomb staircase of a single-electron box. As current flows through the SET, the charge state of the SET
island fluctuates. These fluctuations capacitively couple to the box and cause changes in the position, width,
and asymmetry of the Coulomb staircase. A sequential tunneling model accurately recreates these effects,
confirming this mechanism of the backaction of a SET. This is a first step toward understanding the effects of
guantum measurement on solid-state qubits.

DOI: 10.1103/PhysRevB.71.193304 PACS nun®er73.23.Hk, 72.70+m, 85.35.Gv

In the recent work toward the goal of quantum computing, The possibility of SET backaction on a single-electron
and in the study of single quantum systems in general, thbox was proposed with experiments in the fifldyut has
single-electron transistqiSET) is often used as a measure- proven difficult to quantify. The signature of SET electrical
ment device. It has been proposed as a readout device feackaction is difficult to separate from simple heating of the
mechanical, spin? and chargé quantum systems, and has sample!314 The backaction has been measured with very
been successfully used to measure superconducting charggong coupling between the SET and the Boxut few
qubits’* As with any amplifier, the SET must produce elec- measurements exist in systems that are as weakly coupled as
trlcal_n0|se on its input, perturbmg the measured system ang, o proposed Cooper pair box-SET experiments. In this Brief
causing the unavoidable backaction of a quantum MeasUrgzenort, we present an experimental analysis of a SET weakly
ment. oupled to a single-electron box. We vary the operating point

SET backaction on a two-level system has been studiegs v gET measure the Coulomb staircase of the box, and
extensively in the theoretical literature. It has been deterz

mined that the SET should be able to approach the quantu ' d the variations_in the shit, Widt.h’ and asymmetry of the
limit of backaction, where it dephases a qubit as rapidly as i aircases to be in agreement with a model_ that includes
is reads the qubit stafeSpectral components of the SET ackaction causeq by thg charge-state fluctugtlons of the SET
backaction at the two-level system transition frequency carsland. These variations in the measured_ staircases allow us
also contribute to transitions between two qubit stifed, (0 measure average properties of the noise of the SET.
qubit could thus form a spectrum analyzer capable of prob- The SET[Fig. 1(a)] consists of a aluminum island con-
ing previously inaccessible frequencieThese theoretical Nected through tunnel junctions to two leadise drain and
analyses presume SET backaction results from fluctuatiori§e sourcgéand capacitively coupled to a thifthe gatg. A
in the charge state of the SET island caused by the drairfSET is described by its charging enerf,=e*/2Cs, the
source current, but no experimental measurements exist cognergy to add an additional electron to the isharisy the
firming that this is the dominant or the sole mechanism of thgunneling resistance of the junctions on the drain and the
SET’s backaction. Indeed, it often appears that the SET casource lead$R;), and by the size of the capacitors coupling
poison the Cooper-pair box, inducing nonequilibrium quasi-it to the external control voltagéCye) and to the measured
particles through other mechanisfs.

As a first quantitative test of SET backaction, we consider (@ Yepr T
the SET and box operated in the nornflabnsuperconduct- - --------- i
ing) state, created with the application of a 1-T magnetic
field. Analysis of the normal box is simpler than in the su-
perconducting state because the box is no longer sensitive to
parity and quasiparticle generation. The normal SET can also
be simply described by a sequential tunneling model, which

avoids the complication of the many possible quasiparticle- A
pair tunneling cycle’ in the superconducting SET. Never- ® 16 | | - i --- |H - | ------ |_| ------- “” ------ [7
theless, the primary mechanism of SET backaction is still the

capacitive electromagnetic coupling between the box and
SET, and the box remains a mesoscopic device that is sensi- F|G. 1. (a) Circuit diagram of the single-electron bdgashed
tive to this backaction. Just as with the SSET-Cooper-paihoy) capacitively coupled to the SH#lotted boy. The normal-state
box system, sensitive measurements of the Coulomb staitunnel junctions are represented by boxes with a single line through
case of the normal box can reveal the dynamics of thehem.(b) Plot of the charge state on the SET island vs time. The
coupled system, and probe the nature of SET backaction. dotted line shows the mean value of the charge on the SET island.

1098-0121/2005/719)/1933044)/$23.00 193304-1 ©2005 The American Physical Society
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system (C;). A high tunneling resistancéRj>h/ez) and 05
large charging energyE.>kgT) suppress the addition of

charge to the island by quantum or thermal fluctuations, so <
the island may be considered confined to a discrete set of E o0

charge states. A bias voltag¥,) provides the energy nec- >

essary for the system to switch between charge states, allow-

ing current to flow from the drain to the source. The amount -0.5

of current is controlled by the rate of transition between ac- 05 1.0 1.5 2.0 25
cessible charge states, which is a function of the potential of Nge

the island. Thus the SET forms a very sensitive electrometer,
where changes in the total charge capacitively coupled to the
island modulate the current flowing through the transistor.
The SET is operated by fixing the values of the externally
appliedVys and Vg, and observing variations in the conduc-
tance as the charge coupled to the SET from the measured
system changes. The point at whigl and V. are fixed is

termed the operating point; the same measurement can be gg’ 20F
performed by observing conductance variations about many 2 10
different operating points. Y

The box[Fig. 1(a)] consists of another island capacitively
gated by an external leadVy,) and connected through a
tunnel junction to ground. As with the SET, the gate lead
controls the potential of the box and changes the relative
electrostatic energies of the available charge states. We ex:
press the gate voltages for both the box and the electrometgg1

In terms Of. the nu_mber c;f elegtron_s on the Correspondmg)f the box gate voltagay, The time-averaged number of electrons
gate Capac'tormgb‘cgbvgb € andnge= Cgevge/e' When Ngp on the box is measured with a precision of>¢107% and an accu-

is raised by one electron, the island charge state of minimumycy of +2x 1073, (¢) Derivatives of these Coulomb staircases and

energy changes, and a single electron tunnels on to the islaRg the corresponding Coulomb staircases generated with a sequen-
to keep it in its ground state. Plotting the time-averaged nuMtja| tunneling model withEc__/kg=2.3 K, Ec_ /kg=1.6 K R;
S ' b ’ ' E

ber of additional electrons on the island as a functiom@f =47 k0, R, =15.4 k2, and C./Cs =0.048"The derivative of
. - « . o 12 box . . SET

gives the familiar “Coulomb staircasgFig. 2b)].** The  the Coulomb staircase is reported with an accuracy of +0.4.
width of this staircase is normally a function only of the
temperature of the sample. In this Brief Report we quantifyisland cause both the charge state and the potential of the
SET backaction by observing additional variations in thesgT island to fluctuate between two valy&sg. 1(b)]. The
Coulomb staircase that are systematic with the SET operaftuctuating potential on the SET island coupled thro@fis
Ing point. found to be the source of the SET’s backaction. Three aver-

The coupling capacitdrC in Fig. 1(a)] couples together aged properties of the fluctuating potential have effects vis-
the potential on the two islands, allowing the SET to measurgple on the Coulomb staircase and can be varied with the
the box and also allowing the potential on the SET island taperating point of the SET. The mean charge on the SET
affect the box. The strength of this coupling is expressegsland varies by as much as one electron, and leads to shifts
either as the fraction of the electrometer charge coupled tfh the position of the Coulomb staircase by as much@s
the box (k=C./Cs ) or as the temperature necessary toThe rms magnitude of the charge fluctuations on the SET
cause changes in a Coulomb staircase comparable to thoggand broaden the measured Coulomb staircase by an
caused by backactio(\TK=f<Ecb0x/kB). As the polarization amount that varies witlmge Finally, the telegraph-noise na-
charge onC, changes, the total charge coupled to the SETture of the charge-state fluctuations on the SET island causes
changes, changing the tunneling rates in the SET and modtie staircases to be asymmetric; the magnitude and direction
lating the current that flows from the drain to the source. Theof that asymmetry varies with the SET’s operating point.
charge on the box is then inferred from the change in current A sequential tunneling model for the full SET-box system
through the SETC, also couples the charge on the SET accurately recreates both the measurement and the backac-
island to the box, and in doing so creates the effects that wdon. The tunneling rates between any two box and SET
see as the SET'’s backaction. charge states are calculated as a functionggfng, andVys

The discrete nature of charge causes two kinds of noise iffor details, see Ref. 16 The time-averaged charge state of
the SET. The drain-source current flows not as a continuouthe SET-box system corresponds to the steady state of these
fluid, but as individual charges, causing an uncertainty in theoupled rates. The current through the transistor is calculated
SET’s measurement due to shot noise. In addition to shais the product of the time-averaged charge on the SET island
noise on the outpufthe drain-source currentthere is also and the rate at which charge tunnels off the island. This
charge noise on the SET inp(the gate capacitprthat af- model allows us to replicate the Coulomb staircases taken at
fects the measured system. Electrons tunneling on and off thearious operating points with only the electron temperature

FIG. 2. (a) Plot of the reflected power from the SET as a func-
n of gate(nye) and drain-sourc€Vyy voltage.(b) Coulomb stair-
ses measured at the operating points marked) ins a function
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as a free parameter. The elevated temperature of the best-fit 0.53 T y T T
model step§T=27+1 mK in a fridge aff=13 mK) reflected 5 T A—e—0
the broadening of the measured steps due to quantum fluc- g
tuations of chargé’ and is well understood. Theoretical “'0_49%
curves also correctly account for higher-order effects in the
box-SET system. At certain operating poinesg., nge=%,
Vis=0, Ngp= %), the SET's backaction is a sensitive function
of the state of the box. Changes in the Coulomb staircase
measured at such operating points can only be understood by ) . . )
a sequential tunneling model for the full coupled box-SET 0.45 0.50 0.55 0.60
system. Nge

Coulomb staircases were measured in a dilution refrigera-
tor at 13 mK, where the available thermal energy was far less FIG. 3. (a) The horizontal position of the center of the Coulomb
than the charging energy of either the SET or the box islandstaircase for various operating points of the SET. The model is a
The SET was operated as a rf-SETwith a LC resonant solid line, and circles are experimental measurements. No measure-
circuit reflecting an amount of microwave power that variedments exist neange=3 where the electrometer had no gain. Repre-
as the oscillator was damped by the varying conductance gfentative error bars are shown in the bottom right-hand side of the
the SET. Staircases were measured by sweepjp@ver a plot. Horizontal uncertainty reflects the measured instability of the
range corresponding to 1é4While the box gate was swept, SET operating point due to charge noi#®.The maximum slope of
the SET gate was swept in the opposite direction to cancdhe staircases measured with the SET at the same series of operating
the parasitic capacitance of the box lead to the electrometerfpints. Confidence bands show the model curve for 27+1 mK.
island. Before each Coulomb staircase was measungd,
was swept to find the reflected microwave power as a func- The measured Coulomb staircases also exhibit variations
tion of charge coupled to the SET island. Variations in re-in width that change with operating poiffig. 3b)]. Three
flected power witg, were then convertetvia this lookup  different mechanisms broaden the Coulomb staircase: quan-
table to charge onC, (for a more detailed description, see tum fluctuations, thermal excitation, and SET backaction.
Ref. 17. The measured charge on the box is thus reporte@Quantum fluctuations of charge on the box cause broadening,
from the amount of charge 0@y necessary to cause an but only away from the center of the st€pOur measure-
equivalent electrometer response. ment, which quantifies broadening as the maximum slope at

Backaction effects were found to be very sensitive tothe center of each Coulomb step, is therefore insensitive to
variations inng, and ny and our experiment therefore re- quantum broadening. Thermal excitations of the box also
quired that these voltages be set with high precision. Driftdroaden the Coulomb staircase. SET heating varies with op-
were removed by referencing the steps to a fiducial step ewrating point, and, for large values ¥&fs can produce a
ery 20 min. First,ng was swept aV/4=0 and the value of trend in staircase width similar to the effects of backaction.
nge that maximized SET conductance was determined a#ll of our data were taken, however, ¥§s=0, where heating
nge:% [see Fig. 23)] Next, a Coulomb staircase was mea- from the SET was negligible. Finally, SET backaction broad-
sured with the SET operated @§.=0.44,Vy4=0. The value ens the Coulomb staircase when the charge-state fluctuations
of ngp at the center of this step was determined. Charge offseaf the SET island cause the box to switch between charge
noise and 1f noise drifts add constant offsets to eitimggor  states. SET backaction broadens staircases by as mueh as
Ny, Measuring the fiducial step as described here allows ugnd broadens staircases most at operating points where the
to quantify the change in these offsets on both the box and
the SET. Measurements found to contain large charge jumps
in nge Or ng, were discarded. This procedure allowed mea-
surement of Coulomb staircases with an uncertainty of 1
X 1073e in the charge and an uncertainty of X320 % in the
horizontal position of the steps. The uncertainty in the ap- 0

Step Slope
N
=)

T
1
O
©
2

LY i

plied ny was found to be & 10 %. g b°-46 0.48 0.50 0.52 0.54
The differences in Coulomb staircases measured at differ- S | (b) 100 mK o |
ent operating points allow us to measure average properties o (™>T)
of the fluctuating potential of the SET island. Staircases mea- &
sured at different operating points are shiftednig, [Fig. ]
035 040 045 050 055 060 065

2(b)]. The shift of each staircase is proportional to the mean
charge on the SET island. The mean charge on the SET
island varies by as much as one electron with SET operating G 4. (a) Derivatives of steps measured at the operating points
point, and the corresponding charge that couples to the bax Fig. 2(a), offset inny, to eliminate the shift in position of the
and adds tay, varies by as much age. We measure stair-  steps. Note that the tails of the two steps are asymméhiSteps
case shift by reporting the value afy, at each step’s mid- measured at the same operating points with the sample at 100 mK.
point, measured relative to the center of a fiducial $f6p.  The asymmetry is no longer visible. The inset demonstrates the
3(a)]. The sequential tunneling model accurately recreateshermal broadening by showing a 1/4 scale curve from the top
these variations in the step position. graph plotted on the axis for the bottom graph.

ngb
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rms magnitude of the SET charge-state fluctuations is largesaction change predictably. At higher temperatures, the mean
The observed variations in staircase broadening with operapotential of the SET island still changes witlye, and thus
ing point[Fig. 3(b)] are fully accounted for with our sequen- step shifts are still visible. FoF>T,, however, the rangén

tial tunneling model. ng, Of thermal broadening is greater than the range of the

The staircases are also asymmetric in a manner that Vari%%ckaction broadening or the asymmetry, and neither of

predictably with operating point. Each staircase was found Ohese effects are therefore visitileig. 4(b)]

have a longer tail in the direction away from which the stair- In these experiments we confirm that charge-state fluctua-
case was shifted. The asymmetry of the Coulomb staircase is P 9

best viewed in the derivative of the steffgg. 2(b), or with t|ons of the SET island are_the primar_y source of SET_ back-
the curves shifted to overlay in Fig(a], where it clearly action. We observe the differences in Coulomb staircases
follows the same trend as the model produces. Unfortunatelyneasured with the SET biased at a variety of different oper-
differentiating our data increased the noise and made it difating points, and note changes in the shift, width, and asym-
ficult to quantify the asymmetry; qualitatively, however, the metry of the steps that are accurately recreated by a sequen-
model reproduces the experimentally observed trends. Thigal tunneling model. This confirms that electromagnetic
staircase asymmetry is caused by the nature of the chargeeupling to the fluctuating SET island potential can provide
state fluctuations on the SET island. The potential of the SEThe ultimate lower bound on SET backaction.
island lies preferentially to one side of the mean potential,
with infrequent fluctuations far to the other siffeig. 1(b)]. This work was supported by the National Security Agency
The staircases are thus broadened asymmetrically inrifye + (NSA) and Advanced Research and Development Activity
and gy, directions. The preferred charge state, and thus théARDA) under Army Research OfficARO) Contracts No.
asymmetry of the measured staircase, is found to switch & AAD-19-02-1-0045 and DAAD-19-01-1-0611, the NSF
nge:%. ITR program under Grant No. DMR-0325580, the NSF un-
The model also shows good agreement with our data aler Grant No. DMR-0342157, the W. M. Keck Foundation,
higher temperatures, where the various effects of the backand the David and Lucile Packard Foundation.
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Backaction Effects of a SSET Measuring a Qubit
Spectroscopy and Ground State Measurement

Benjamin Turek, Johannes Majer, Aashish Clerk, Steve Girvin, Andreas Wallraff, Kevin Bladh, David Gunnarsson,
Tim Duty, Per Delsing, and Robert Schoelkopf

Abstract—We investigate the backaction of superconducting
single-electron transistor (SSET) continuously measuring a
Cooper-pair box. Due to the minimized backaction of the SSET,
we observe a 2¢e periodic Coulomb staircase according to the two-
level system Hamiltonian of the Cooper-pair box. We demonstrate
that we can control the quantum broadening of the ground state
in-situ. We perform spectroscopy measurements and demonstrate
that we have full control over the Cooper-pair box Hamiltonian.
The ability to reduce the backaction is a necessary condition to
use the SSET as a quantum state readout for the CPB as a qubit.

Index Terms—Quantum computing, superconducting devices.

1. INTRODUCTION

N interesting question in solid-state quantum computa-

tion is how to measure a qubit and how the measurement
process influences the qubit. Recently there has been consid-
erable experimental progress using superconducting circuits to
realize the qubit and the meter that measures the qubit. Many of
the these devices are based on the single-Cooper-pair box [1],
[2]. Coherent oscillations in such a Cooper-pair box have been
observed [3]-[5] as well as Rabi oscillations [6] and Ramsey os-
cillation [7]. Despite these encouraging results, the measuring
device and the influence of the measurement on the qubit are
not yet completely understood.

In this article we report measurements where the Cooper-pair
box is measured using a superconducting single-electron tran-
sistor (SSET). The SSET can be operated such that it continu-
ously and weakly measures the charge of the Cooper-pair box.
However, it also couples noise to the Cooper-pair box. This ef-
fect is called backaction and influences the states of the box in
different ways. One can divide this influence in four categories,
in order of decreasing severity, as follows:

First, the SSET can create nonequilibrium quasiparticles in
the box. Therefore the states of the box are not described by
Cooper-pair tunneling alone, and the box is no longer a simple
two-level system. Quasiparticle poisoning is often [5], [8], [9],
but not always [2], [4] observed in SSET measurements of the
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under the Army Research Office, the NSF, the David and Lucile Packard Foun-
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box, but its origin is not well understood. Second, even if there
are no quasiparticles present, the SSET can excite the qubit.
Now the box is still described by a two-level Hamiltonian, how-
ever the system does not stay in the ground state but is in a mix-
ture of ground and excited state. Third, SSET’s backaction can
cause increased relaxation. After the box has been brought to the
first excited state, the noise of the SSET can destroy the state of
the box by extracting energy and bringing the system back to
the ground state. The fourth category is the dephasing caused
by the measurement process [10]. By the fundamental laws of
quantum mechanics, measuring a system perturbs its state, and
specifically destroys the phase of a superposition. Therefore this
form of backaction is the fundamental limit.

The purpose of this article is to investigate the first two
manifestations of backaction and to demonstrate that we were
able to reduce them to observe the box in the 2e-periodic
ground state. Furthermore, we show that the box obeys a simple
spin-1/2 Hamiltonian in which both terms can be controlled
in-situ. We perform continuous-wave spectroscopy on the box,
measuring the energy level separation and the avoided crossing
of the charge states. We find that the quantum broadening of
the Coulomb staircase is consistent with the level repulsion
observed in spectroscopy.

II. THE COOPER-PAIR BOX

The Cooper-pair box consists of a superconducting island
which is connected to a superconducting lead via a Josephson
junction (Fig. 1). Another gate lead allows one to change the
electrostatic potential of the island with the application of a
voltage Vi, through the capacitance Cy,. The state of the is-
land is described by the number of Cooper-pairs on the island.
Because the Josephson energy F 7 is smaller than four times the
charging energy E. = ¢2/2Cx, one has to consider only two
charging states. The Cooper-pair box is described by the fol-
lowing Hamiltonian

'y Eel ~ EJ ~

H = 5 0.+ 5 Oz
where o and o, are the Pauli matrices. ng, is the number of
electrons induced by the gate electrode ng, = Cgy3Vyp/e. The
Josephson junction consists of two junctions in parallel, forming
a SQUID loop [2] (see Fig. 1). The effective Josephson coupling
E'; of these two junctions can be tuned with the magnetic flux
® through the loop: E; = E}**|cos(m®/®)|. Here &g =
h/2e is the superconducting flux quantum. Therefore the split
Cooper-pair box is described by the two-level Hamiltonian (1),
where both terms can be controlled during the experiment.

Eg = 4Ec<ngb - 1) (D

1051-8223/$20.00 © 2005 IEEE
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Fig. 1. (a) A scanning electron micrograph (SEM) of the device. The device is
fabricated using shadow evaporation technique [11]. (b) The circuit diagram for
the Cooper-pair box coupled with C¢ to the superconducting-single-electron
transistor.

The states and the energy levels of the system can by found
by diagonalizing the Hamiltonian (1). The energy difference be-
tween the ground state and the excited state is given by

AE = \JE3 + (4B (ng — 1)? 2)

Far away from the degeneracy point (|ng, — 1| > 0) the eigen-
states are given by pure charge states. However in the vicinity
of the degeneracy point (|ng, — 1| = E;/4E,) the eigenstates
are superpositions of charge states and the energy levels show
an avoided crossing.

The charge of the box in the ground state is given by the
expectation value of the charge operator ¢ = e(1 + &) in the
ground state:

ngb—l

\/(4%])2 + (ngy — 1)2

Without any Josephson coupling (E; = 0) the box charge
versus applied gate voltage (i.e. Coulomb staircase) is just a
simple step function, which is 0 for ng, < 1 and 2 for ng, > 1.
However with a finite Josephson energy E';, a superposition of
charge states exists in the region where F; =~ E.; and therefore
the step becomes broadened. The larger the value of E; gets,
the broader the step function. The charge of the box in the ex-
cited state is giVen by <q>excited state — 2e — <q>ground state-

1+

(€)

(q) grouna =€

state

III. MEASUREMENTS

The sample was measured in a dilution refrigerator at 13 mK.
This thermal energy is far less than the relevant energy scales
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Fig. 2. The Coulomb staircase, i.e. box charge versus induced gate charge
N4, Without (square symbols) and with (circular symbols) magnetic field
applied. The magnetic field affects the superconducting gap and removes the
quasiparticle poisoning.

of either the SSET or the box. The charge of the box is mea-
sured with a SSET placed nearby (Fig. 1). Via the capacitor
Cc, a small fraction (Co/Cs = 2.5%) of the charge of the
box island couples to the SSET island. The SSET is operated
as an radio-frequency single-electron transistor (RF-SET) [12],
which is an outstanding electrometer. The sensitivity of the elec-
trometer as well as the backaction noise [13] depend strongly
on the operation point of the SSET, which can be tuned with the
drain-source voltage Vpg and the SSET gate voltage V..

First we biased the SSET on the gap rise. The measured box
charge as a function of the applied gate voltage Vjy, is com-
pletely le periodic, similar to the observations by Minnik et
al. [9]. At this bias point (Vs = 4A/e = 1 mV), the current
through the SSET breaks many pairs in the drain and source
lead of the SSET, though the power dissipated is only 1-10 pW.
This apparently induces nonequilibrium quasiparticles in the
box, though there is no direct connection between them and the
mechanism is not known. This backaction noise is of the first
kind as described above.

We then bias the SSET on the double Josephson quasipar-
ticle process (DJQP) [13], [14], which occurs at lower SSET
drain-source voltage. Fig. 2 shows with square symbols the mea-
sured Coulomb staircase. The Coulomb staircase is 2e-periodic,
however at odd number of electrons an intermediate step occurs
due to quasiparticle poisoning. However after applying a mag-
netic field of 20 mT perpendicular to the substrate, the small
step disappears (Fig. 2 circular symbols). The Coulomb stair-
case follows exactly the theoretical prediction (3). Applying a
magnetic field lowers the superconducting gap in the aluminum,
and could reduce the gap in the larger leads more than in the thin
island [15]. The quasiparticle states in the leads would have a
lower energy than on the island and therefore the quasiparticles
can not tunnel on the island and poison the Coulomb staircase,
as observed in SSET’s [16]. A similar method has been used by
Duty et al. [4] where a large magnetic field parallel to the device
is applied. In contrast to previous experiments by Lehnert et al.
[8] the box measured here has a smaller charging energy and
therefore the quasiparticle states are more separated. In conclu-
sion, using the optimal bias point of the SSET, applying a mag-
netic field and reducing the charging energy of the box allows us
to measure a full Coulomb staircase that is not quasiparticle poi-
soned. Hence, we can avoid the backaction of the first category.

We measured the Coulomb staircase as function of the ap-
plied magnetic field (Fig. 3). One observes that the Coulomb
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Fig. 3. Coulomb staircase for different magnetic field values. The staircase
is periodically broadened and sharpened as a function of the applied flux. For
integer flux quanta, i.e. large E;, the staircase is maximally broadened and for
half integer flux quanta, i.e. small E;, step-like. Note: 13 &, correspond to 27
mT.

staircase periodically sharpens and broadens. The period is con-
sistent with the number of flux quanta in the split box junction.
At integer flux quanta the Josephson energy is maximal and the
Coulomb staircase is maximally broadened. At half integer flux,
the Josephson energy is suppressed and the Coulomb staircase
approaches a step-like function. We fit the theoretical expres-
sion (3) to the staircases, which allows us to extract the energy
ratio between Josephson and charging energy (E;/4FE..). This
ratio as a function of magnetic field is plotted in Fig. 5.

The shape of the Coulomb staircase in Fig. 3 is not generic. In
order to observe these curves the SSET has to be biased slightly
below the DJQP resonance. At this bias point theory [13] pre-
dicts that the backaction noise is primarily relaxing the box, i.e.
there is backaction noise of the third category, but no backaction
of the second kind. The box is therefore forced into the ground
state by the noise of the SSET.

To observe the excited state and the energy spectrum of the
box, we perform spectroscopy by applying a continuous mi-
crowave signal to the gate of the Cooper-pair box. When the mi-
crowave energy hv (where h is Planck’s constant) matches the
energy difference between the ground and excited state, the mi-
crowaves induce a transition from the ground state to the excited
state. The system can be put in a mixture of ground and excited
state at two discrete points in gate charge where the excitation is
resonant. This microwave response appears as an extra peak and
dip in the Coulomb staircase. We measured the Coulomb stair-
case with and without microwave signal and subtracted them to
separate out the microwave induced response. Fig. 4(a) shows
the microwave peak and dip as a function of the applied mi-
crowave frequency. The position of peak and dip follow the ex-
pected hyperbolic behavior with an avoided crossing of about
15 GHz. By fitting the positions with the expression for the en-
ergy level difference (2) we can extract the Josephson energy
E; = 14.9 GHz and the charging energy F. = 18.9 GHz.
This measurement was performed at integer flux quanta applied
and therefore maximal F ;. One observes that the peak and dip
height disappear toward the degeneracy point. This is due to the
fact that the eigenstates are superposition of charge states and
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Fig. 4. Microwave spectroscopy results. Obtained by measuring the Coulomb
staircase with microwaves applied and subtracting the staircase without
microwaves. (a) Spectroscopy versus microwave frequency. From the fit with
the hyperbola (Eq. (2)) we obtain £; = 14.9 GHz and E. = 18.9 GHz. (b)
Spectroscopy versus magnetic field. A microwave signal with a frequency of
25 GHz is applied. The peak and dip oscillate as a function of the applied flux.
For integer flux quanta, i.e. large E;, the avoided energy level crossing is large
and the resonances move inwards, toward the degeneracy point (ng, = 1).
Note: each plot is 10 hours of data without any offset charge jump.

the difference of the box charge between the ground state and the
excited state becomes small and disappears at the degeneracy
point. The fact that our Coulomb staircase is not quasiparticle
poisoned is very important, because it allows us to observe the
spectroscopy signal down to the degeneracy point.

We also performed spectroscopy for a constant frequency of
25 GHz and varying magnetic fields (Fig. 4(b)). One observes
that the peak and dip positions oscillate periodically with the ap-
plied the flux. As the E'; becomes larger, the avoided crossing is
larger and therefore the energy levels are more rounded. Hence
the position, where the microwave frequency is in resonance
with the energy level difference, moves toward the degeneracy
point (ng,, = 1). One can also observe that the signal disap-
pears at the positions where E'; is minimal (i.e. half integer flux
quanta). When E; is zero, the eigenstates are pure charge states.
Our microwave excitation is applied to the gate and is therefore
a charge excitation. Since only a perpendicular component can
induce transitions between states, the microwave signal is not
able to drive the transition.

The spectroscopically obtained values of F; and E. versus
magnetic field are shown in Fig. 5 (empty symbols) and can be
compared with the values derived from the ground state. One
observes that the two curves, obtained in completely different
measurements, agree very well. This confirms that the measured
Coulomb staircase is indeed the ground state of the two-level
system and that the broadening is only due to quantum fluctu-
ations. Hence we demonstrate that the Cooper-pair box is not
affected by backaction of the second category. One observes
a small discrepancy of the two measurements at low values of
E;. This is possibly due to 1/ f charge noise which additionally
broadens the step.
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Fig. 5. Energy ratio E;/E. versus magnetic field, obtained from the
broadening of the ground state (solid symbols) and from the spectroscopy
(open symbols).

IV. CONCLUSION

In these experiments we demonstrate that we are able to
eliminate the two most severe forms of backaction on the
Cooper-pair box: The backaction that creates nonequilibrium
quasiparticles on the Cooper-pair box and the backaction noise
that excites the box from the ground to the excited state. With
biasing the SSET at the optimal position and applying a small
field, we are able to observe the ground state of the Cooper-pair
box without quasiparticle poisoning. Spectroscopy and ground
state measurements demonstrate that the Cooper-pair box is
behaving according to the simple two-level Hamiltonian (1) and
that we are able to control both terms in-situ. The good agree-
ment between spectroscopy and ground state results shows that
we are indeed observing the ground state of the system.

However, as discussed above, the SSET may still be relaxing
the box, i.e. backaction of the third category. Further measure-
ments will address the backaction induced contribution to the
relaxation.
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