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I. EXECUTIVE SUMMARY

During the past decade, a new exciting field of physical and applied electronics has
emerged. Its most common nickname is Single-Electronics. The physics of this field (for
general reviews, see Refs. [14]) is based on the effects of correlated single-electron tunneling.
Their essence is that transfer of single ~lectrons (or single Cooper pairs) in systems of con-
ducting (metallic, semiconductor, or molecular) “electrodes”, connected by tunnel barriers
of very small area, may be strongly correlated either in time, or in space, or both.

Since 1987, reliable evidence of correlated tunneling has been obtained in numerous ex- -
periments with normal-metal, superconductor, and semiconductor junctions and systems
(for a recent collection of reviews, see Ref. [4]). These experiments have shown, in partic-
ular, that the “orthodox” theory of correlated tunneling [3] gives a quantitatively correct
description of the experimental data for systems in which each conducting “electrode” con-
tains many free electrons. As a consequence, this theory can be used to analyze possible
practical applications of correlated single-electron tunneling.

Preliminary studies of this type [1,5,6] have shown that single-electronics may yield a
completely new generation of both digital and analog devices with unparalleled performance.
In addition, purely quantum phenomené in superconducting systems of ultra-small junctions
promise a new range of unique capehiiities.

Over the past several years there has been rapidly increasing interest in the unique
promise of purely quantum circuits, e.g. quantum computation and secure communications,
which have clear applications for DoD and the Air Force in particular. One of the first
challenges for the realization of these quantum circuits is the development of qubits which
have both a high degree of coherence and the possibility of assembly into large circuits. The
latter requirement argues strongly in favor of solid state devices. In other approaches such
as NMR, laser-cooled trappéd ions or atoms in a cavity, nature easily préﬁd&e coherencé at
the single qubit level. However, it appears that the obstacles to arranging such atomic or

molecular qubits so that cne can provide controllable coupling among a large enough number




for useful quantum computation is nearly insurmountable. The recent demonstrations of the
coherent superposition of charge states in single pair tunneling (SPT) devices [7,8] such as
the Bloch Transistor raise the very exciting possibility that SPT devices may well provide
these qubits.

The key results of our work toward these goals under this grant are summarized below:

e We have achieved a definitive demonstration of the coherent superposition of charge
states in a Bloch Transistor (BT) as required for its use as a qubit in a quantum

computer. _

e We have demonstrated the effective resistive isolation of a single junction as demon-
strated by a Coulomb-blockade-induced reduction of over 4 orders of magnitude of
current in the blockade region. In the blockade region for eV > kgT the current is
essentially a power law in voltage with an exponent which depends on the isolating
resistor and is theoretically equivalent to similar dependences which are now being

reported in Luttinger liquids.

e SET devices have been successfully fabricated using our Nb trilayer technology. These
SETs have by far the best characteristics so far reported for refractory metal SETs.
Encouraged by these results, we plan to continue the Jevelopment of this process as

part of the proposed work.

e A concept for using RSFQ pulses for the control of a SPT qubit has been developed.
In future quantum computation circuits, it may make qubit inversion operations much
simpler and faster than the Rabi-oscillation methods suggested earlier. In particular,
the SFQ pulse area quantization removes the necessity of precise control of the e)_ctémal

signal timing.

e Coulomb blockade and macroscopic quantum tunneling of phase in high-transparency
Josephson junctions have been analyzed. One result of this analysis is that not only the

total barrier resistance but the microscopic structure of the tunnel barrier is relevant
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for Coulomb blockade, which can exist only in junctions without pinholes. Another
important conclusion of this work is that in nearly-ballistic junctions, the temperature-
induced crossover from quantum to classical tunneling is continuous and does not have

a definite crossover temperature as in tunnel junctions

e The adiabatic transport of Cooper pairs in Josephson junction arrays has been ana-
lyzed. Calculations of pumping accuracy show that better than 1ppm accuracy can
in principle be achieved with arrays of 5-7 junctions. For shorter arrays, however,

quantum leakage of Cooper pairs is quite strong and precludes accurate pumping.

e A theory has been developed for the continuous monitoring of the quantum coherent
charge oscillations. We have shown that because of the dephasing introduced by the
measuring device, the maximum signal-to-noise ratio in continuous direct monitoring

of quantum coherent oscillations is 4.

e We have analyzed quantum-detector characteristics of a SET transistor in the resonant-
tunneling regime biased at the Coulomb blockade threshold. For this optimum bias;
the transistor energy sensitivity is shown to be equal to i/ V3, i.e., is very close to the
fundamental quantum limit.

Both our observation of the coherence of charge states in the BT and the deve!spment of
a number of concepts essential for the use of SPT devices as qubits in quantum computation

lay a solid foundation for expanded research toward this goal.

II. KEY RESULTS OF THE WORK SUPPORTED BY THIS GRANT.
A. Band gap measurements and observation of coherent states in Bloch Transiétor&

Daniel J. Flees, J. E. Lukens and Siyuan Han [7].
We have extended our previous measurements [9,12]of the band gap in Bloch transistors

in two important ways. These measurements are made by detecting a microwave-induced
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depression in the current I, at which the transistor switches to the running, or finite voltage,
state. This depression occurs when the photon energy of the microwaves E, is just equal
to the gate-charge dependent gap E,; between the energy bands of the transistor. Figure 1
shows the results of such a measurement vs. gate charge for a fixed value of the microwave
frequency. Since the gap is a minimum at Q = 1 mod(2) and increases monotonically as
Q — 0, one sees a depression in I, at @ which extends along the @ axis until E; > E,;.
‘In Fig. 1, one sees an additional area of depressed I, around Q = 0. This is interpreted
as being due to two photon excitation to the second excited band since I is depressed to
a value nearly equal to that of this band rather than the much lower I, of the first excited
band. The gap as a function of Q is then mapped out by repeating these measurements for
different values of E,. These data were taken on a symmetric transistor, .i.e. one in which
the junctions have equal critical currents. For such a transistor, the gap energy measured is
purely electrostatic, going to zero for odd integer Q.
An even more interesting case is that of the asymmetric Bloch transistor where, at
Q = 0, where a residual gap is predicted due to the coherent mixing of charge states by the
Josephson coupling energy. This system, near @ = 0, is a prototype of the spin 1/2 system
which serves as the model for qubits in quantum computation. Figure 2 shows the measured
E,(Q) for a Bloch transistor with an asymmetry of about 1:2.5 between the junctions. The
residual gap at Q = 0 due to the energy difference between the symmetric and antisymmetric
combinations of the charge states is clearly seen and provides a definitive demonstration of
the coherent superposition of charge states in a Bloch Transistor (BT) as required for use
as a qubit in a quantum computer. Extending these results to understand this system and
develop the BT has a qubit has become the main focus of our present experimental effort

on this project and for the proposed work discussed below.




B. Measurement of voltage dependence of the blockade current in a single isolated

junction.

Wei Zheng, J. R. Friedman, D. V. Averin, Siyuan Han, and J. E. Lukens [16,17].

Most SET experiments have been done in junction pairs (transistors) where the junctions
provide natural isolation of each other from the environment. In contrast, a single junction
must be isolater from the environment by, e.g. resistors, in order for Coulomb blockade to
be seen. Even though the original theory of Coulomb blockade was for single junctions, and
interesting SET logic families based on resistively isolated junctions have been analyzed,
until this work, strong blockade in a single junction had not béen observed. The reason for
this is that one must have isolation resistors R which satisfy R > R while still having
a length of less than several microns. If this is not done, thq resistor will be capacitively
shunted and no longer provide effective isolation. An example of the current — voitage
characteristic of a single, isolated junction is seen in Fig. 3. Here, one sees a low voltage
blockade current which is reduced by four orders of magnitude over that for the unisolated
junction. The I —V curve is well fit by the theory of resistive isolation over the six orders of
magnitude in current shown. In the blockade region for eV > kgT this theory is essentially
a power law in voltage with an exponent which depends on the isolating resistor and is
theoretically ect.ivalent to similar dependences which are now being reported in Luttinger

liquids.

C. Development of SET transistors using niobium trilayer technology.

Daniel J. Flees, Wei Chen, and J. E. Lukens [18,19] »

So far work on metal SETs has been largely confined to Al junctions, which can be
fabricated with relative ease using self-aligned masking techniques. As with Josephson
electronics, e.g. RSFQ, it is important to migrate to a more robust technology such as

Nb trilayers which will permit more complex circuits to be fabricated that will be stable




over time and thermal cycling. For superconducting SET circuits such as Bloch transistors,
Nb has another very important advantage — a much larger gap energy A. Since one must
have E. < A for Bloch transistors, the larger gap permits much small junctions with higher
operating temperatures and larger signal voltages.

During this past year, we have upgraded our PARTS process for Nb circuits to the point
where we have been able to fabricate “le first high quality SET transistors made using Nb
junctions. Figure 4 shows the I — V' carves of one such Nb transistor in the superconducting
(upper panel) and normal (lower panel) states. This transistor has junctions with areas of
about 0.01 ym? and a normal state resistance of 340kQ. The lower panel in ﬁg 4 shows the
normal I — V curves for gate charges of @ = 0 and Q = e/2, exhibiting the full range of
modulation. While we have made Nb junctions this small and even smaller in the past, the
key to our present results is to use electron beam lithography to pattern all procéss layers.
This is essential since the base electrode and wiring layer, as well as the counter electrode,
must be small in order that a large parasitic capacitance not degrade the operation of the
transistor. Figure 5 shows the noise power spectrum of a transistor with somewhat smaller
junctions and so a larger transfer function (inset). This noise level is not dramatically larger
than that seen in Al transistors. This in important since one might worry that the SiO,
which is used to planarize the circuit 2and thus surrounds the junctions would have charge
traps leading to a greatly increased .bise level. With these data, we have now demonstrated
that niobium trilayer technology is a viable process for the fabrication of SET devices. There
were, however, two ways in which these first generation Nb BT's were inferior to the Al BTs
which we have been using. First, the noise level is somewhat greater (10“. 3¢/+/Hz) than our
Al devices. Second, the apparent capacitance, obtained from the voltage modulation with
gate charge, was about 10X greater than that expected from the known specific capa.cita.nce
of the junctions plus the calculable parasitic capacitance from the lead..' Even with these
initial problems, the prospects for Nb SETs seem quite encouraging. We expect to pursue

this development and address these issues as part of our proposed work.




D. RSFQ for Qubit Manipulation

K. K. Likharev

Unique properties of the Bloch transistor arise due to the macroscopic quantum interfer-
ence of an infinite number of low-energy states of Josephson phase ¢. The distance between
the adjacent states is 2w, corresponding to a magnetic flux difference of ®; = h/2e. The
fundamental nature of this difference creates an interestirg opportunity to crossbreed the
Bloch transistors with another type of Josephson junction devices, RSFQ digital circuits.
These circuits can generate, transfer, control, and detect “SFQ” voltage pulses V(t) with
an exactly quantized area [V(t)dt = ®,. As we have shown (theoretically so far), this
quantization creates an opportunity to manipulate the qubit states and also measure their
decoherence rate. \

Figure 6 shows the system considered. An RSFQ circuit sends a train of SFQ pulsé to
a large “driver” Josephson junction. Each pulse changes the Josephson phase ¢ across the
driver (and hence across the transistor) by 27. Figure 7 shows the Josephson (“potential”)
energy U of the transistor as a function of ¢ and ¢,. The lower solid liné shows a typical
stationary value of ¢y (= m/4), fixed by a dc bias current flowing through the driver junction.
The island phase ¢ may have essentially quantum-mechanical behavior. As a result, the
quantum mechanical interference of the eigenstates localize<: at the potential energ& minima
(¢ = 2mn) creates extended eigenfunctions, which are responsible for the qubit properties
of the transistor.

An SFQ pulse arriving from the driver shifts the line of fixed ¢y by 27 (shown by the
arrow in Fig. 7 almost instantly, on the scale of a few picoseconds. As Fig. 7 shows, this
shifts the location of the energy minima on the axis of ¢ by 7. Our analysis has shown'that
this rapid shift depopulates the lower state of qubit, and populates its higher state. In the
weak coupling limit, E; < E., this population inversion may approach 100%, if the external
charge at the island (which may be controlled by an external gate voltage) is close to e. ‘

This picosecond-scale population inversion creates several interesting and important op-




portunities.

1. In future quantum computation circuits, it may provide qubit inversion operations
much simplér and faster than the Rabi-oscillation methods suggested earlier. In particular,
the SFQ pulse area quantization removes the necessity of precise control of the external
signal timing.

2. In preliminary studies of Cooper-pair qubits, SFQ pulse insertion may rrovide an
effective tool for decoherence rate measurements. For this, the Bloch transistor should be
weakly coupled to a single-electron transistor (serving as a low-frequency high-resolution
electrometer) - see Fig. 6.

We are presently preparing experimental studies of these phase-biased BTs, which would

continue as part of this proposal.

E. Coulomb blockade in high-transparency Josephson junctions.

D. V. Averin [33]

The aim of this work was to develop a quantitative theory of Coulomb blockade in
Josephson junctions with arbitrary electron transparency, and in particular to establish
whether Coulomb blockade takes place in fully-transparent junctions with ballistic electron
transport. Although this question is mainly of conceptual interest, it is also imp<rtant for
Coulomb blockade applications of high-transparency niobium tunnel junctions and semi-
conductor/superconductor heterostructures. The developed theory showed that Coulomb
blockade is completely suppressed in ballistic Josephson junctions, while the junction resis-
tance remains on the order of quantum resistance, and Coulomb blockade would still exist
in a tunnel junction of comparable resistance. The fundamental significance of this result
is that it shows that Coulomb blockade requires for its existence not only localization of
the total charge of the superconductor by an insulating resistance, but also finite degree of
localization of individual electrons. In practice, this result means that not only the total

barrier resistance but the microscopic structure of the tunnel barrier is relevant for Coulomb’




blockade, which can exist only in junctions without pinholes.

F. Macroscopic quantum tunneling of phase in high-transparency Josephson

junctions.

D.V. Averin [34].

Josephson junctions with high critical current density and associated high electron trans-
parency are currently attracting considerable attention due to their potential applications in
superconducting e.}e_ctronics and due to non-trivial mechanisms of charge transport in these ‘
junctions where electrons are transferred by cycles of multipleA Andreev reflections (MAR).
Atomic point contacts fabricated with the controllable break-junction technique allow the
study in detail of the dynamics of the Josephson phase diﬁerence in the high-transparency
junctions in the MAR regime, and provide very accurate coxﬁparison between the tlieory
and experiments. Until now, both the theory and experiment have focused on classical
phase dynamics. During the past year, we have studied theoretically quantum tunneling of
phase in high-transparency junctions. It was shown that in the nearly-béllistic junctions,
the temperature-induced crossover from quantum to classical tunneling is continuous aﬁd

does not have a definite crossover temperature as in tunnel junctions.

G. Adiabatic transport of Cooper pairs in Josephson junction arrays.

D.V. Averin [35]

Quantum computation requires precise manipulation of the states of quantum logic gates.
The only solid-state proposal of quantum gates that allow for sufficient precision utilizes
adiabatic manipulation of individual Cooper pairs or flux quanta in arrays of Joséphson
junctions. In the case of Cooper pairs, such a precise adiabatic transport is useful as a ba81s
for the fundamental current standard even in the absence of phase coherence reqmred for
quantum computation. As a first step towa.rds the goal of accurate pumping of Cooper pa.u's »

in arrays of junctions we have developed a computational scheme of quantitative descrlptlon
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of this pumping. The scheme is based on the derived quantum mechanical formula for
induced current and allows us to take into account possible non-uniformities of the array
parameters and external resistances that are required in practice to suppress quasiparticles.
Calculations of pumping accuracy show that better than 1ppm accuracy can in principle be
achieved with arrays of 5-6 junctions.

The funde:nental limitations on the pumping accuracy are associated with the qua.ntum
tunneling of Cooper pairs. The two contributions to this tunneling come in the form of direct
supercurrent flow through the junction array and Cooper pair tunneling out of the propa-
gating potential well created by the gate voltages. We have calculated both contributions
for uniform arrays with arbitrary number N of junctions. The calculations are performed
analytically in the case of small Josephson coupling energies and numerically for arbitrary
coupling energies. The developed numerical code can also be used to study non-uniform ar-
rays. The main conclusion of our calculations is that the quantum leakage of Cooper pairs is
quite strong and precludes accurate pumping in short arrays (N=3) for all realistic coupling
energies. In larger arrays, N=>5-7, the pumping accuracy can reach a level acceptable for

their applications in metrology and quantum computing.

H. Continuous monitoring of the quantum coherent oscillations.

A.N. Korotkov and D.V. Averin [37], D.V. Averin 38,39}, A.N. Korotkov [40].

The concept of continuous measurement provides a detailed dynamic d&cfiption of in-
teraction between the measured system and a detector, and allows one to characterize quan-
titatively the quantum measurement process and detector characteristics. We have studied
continuous weak measurement of quantum coherent dynamics of an individual qubit-v{ithin
the generic model of a linear detector. The main results of this work is the demonsfration
that for a symmetric detector, the signal-to-noise ratio of the measurement, defined as the
ratio of the amplitude of the oscillation line in the output spectrum to background noise,

is independent of the coupling strength between oscillations and the detector, and is equal
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to (h/e€)?, where € is the detector energy sensitiyity. The fundamental quantum limit of
4 imposed by this result on the signal-to-noise ratio of the measurement with an “ideal”
quantum-limited detector reflects the general tendency of a quantum measurement to local-
ize the system in one of the eigenstates of the measured observable. We applied these results
explicitly to specific measurements of the quantum oscillations of magnetic flux with a de
SQUID, and oscillations of charge meusured with a Cooper-pair electrometer. An important
by-product of the established relation between the energy sensitivity and the signal-to-noise
ratio is the calculation of the energy sensitivity of a quantum point contact used as detector
in experiments with quantum dot qubits. The quantum point contact is shown to be the

quantum-limited detector with the fundamental energy sensitivity A/2.

I. SET transistor as a quantum detector.

D.V. Averin.

The standard detector for measurements of charge dynamics in systems of mesoscopic
tunnel junctions is the single-electron tunneling (SET) transistor. Until ndw, the transistor
properties as a quantum detector have been analyzed only at large bias voltages when the
current flow through the transistor is due to regular single-electron tunneling. In this high-
voltage regime the transistor geneiates large shot noise, which led to the conclusion that
the SET transistor is not a qua.ntuxﬁ-limifed detector. We have analyzed quantum-detector
characteristics of the SET transistor in the resonant-tunneling regime biased at the Coulomb
blockade threshold. For this optimum bias, the transistor energy sensitivity is shown to be
~ equal to i/V/3, i.e., is very close to the fundamental limit. This means that the transistor
introduces noise in the dynamics of the measured qubit that is only marginally larger than
the fundamental noise required by the quantum mechanics of measurement, and can Be used

in the quantum computing circuits.
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Figure 1. The effects of 28 GHz irradiation on the switching current modulatidn .of
sample BT9. The raw data with and without irradiation are shown with the fit to the

energy band calculations (solid and dashed lines) achieved using the empirical
relationship between switching current and critical current . '
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Figure 2. The measured band gap for asymmetric transistor AST2. The error bars
are attributable primarily to fluctuations in the background charge (Q) and are
estimated based on measurements over several modulation periods. The solid line
is a fit to theory using the measured junction asymmetry. The dashed line is the
expected band gap for a symmetric transistor with equivalent charging energy.
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Figure 3. I - V characteristics (thin solid line) of sample at 70 mK
compared with theoretical fit (thick dashed line) using Risy as a free
parameter. The upper inset shows the schematic of the sample, where
the dark areas are the overlapping regions formed by the Al shadow
evaporation with the darkest areas representing the junctions. The
lower inset gives the linearly scaled I -V curve and the associated fit.
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Figure 4 Superconducting (top) and normal state (bottom) IV
characteristics for a low capacitance Nb/A10,/Nb transistor. The normal

state IV curves correspond to the minimum and maximum Coulomb
blockade. '
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Figure 5 Measured transistor charge noise with an applied 4 Tesla -
magnetic field to suppress superconductivity. The modulation transfer’
function in the most sensitive region (Q = 0.25) is about 150 pV/e (inset).
The dashed line demonstrates a 1/f power spectrum. :
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Figure 6. Scheme of the RSFQ-assisted manipulation with Coopéf pair qubits -
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Figure 7. Potential (Josephson) energy U of the Bloch transistor as a function of ¢/21
(horizontal axis) and ¢¢/27 (vertical axis). Red colors correspond to the highest values of

U, while blue colors to the lowest. The arrow shows the shift of ¢ resulting'from a single
SFQ pulse.




