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The Book:

Providing an introduction to electronic materials and devicecon-

cepts for the major areas of current and future information techno-

logy, the value of this book lies in its focus on the underlying prin-

ciples. Illustrated by contemporary examples, these basic 

principles will hold, despite the rapid developments in this field, 

especially emphasizing nanoelectronics. There is hardly any field 

where the links between basic science and application are tighter 

than in nanoelectronics & information technology. As an exam-

ple, the design of resonant tunneling transistors, single electron-

devices or molecular electronic structures is simply inconceivable 

without delving deep into quantum mechanics. This textbook is pri-

marily aimed at students of physics, electrical engineering and in-

formation technology, as well as material science in their 3rd year 

and higher. It is equally of interest to professionals wanting a broa-

der overview of this hot topic.
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Figure 12. Experimental results of Friedman et 
al. [19]. The plot shows energy of two 
spectroscopically measured levels, relative to 
their mean energy, as a function of the energy 
difference between the bottoms of the wells. At 
the midpoint of the figure, the measured tunnel 
splitting ∆ between the two states in this 
“anticrossing” is about 0.1 K. The calculated 
energy levels are indicated by the lines. 

 

 Nearly simultaneously with the SUNY team, the Delft group observed the quantum superposition 
of macroscopic persistent current states in their 3-junction SQUID [25]. Both experiments used a 
spectroscopic technique to detect the energy level splitting (more precisely, the level anti-crossing) 
due to the tunnel coupling between the two macroscopically distinct circulating current states of the 
circuit.  

 Coherent quantum oscillations in the time domain have not yet been detected in SQUID systems. 
To probe the time evolution, pulsed microwaves instead of continuous ones have to be applied. 
Observation of such oscillations would imply the demonstration of MQC, awaited since the 80’s. The 
determination of decoherence time is the major remaining task to evaluate the feasibility of this type of 
flux qubits for practical quantum computing. 

 

7 Other qubits 
 Recently our group suggested using the macroscopic quantum states of Josephson vortices as a 
flux qubit for quantum computation [26].  Our original idea was to use the two distinct states of a 
fluxon trapped in a magnetic field-controlled double-well potential inside a narrow long junction to 
design a qubit. Theory predicts that a fluxon in a double-well potential behaves as a quantum-coherent 
two-state system.  

 The physical principles of the fluxon qubit and the persistent current qubit are similar. It is 
possible by variation of the external field and the junction shape to form an arbitrarily shaped potential 
for a magnetic fluxon in the long Josephson junction.  The amplitude of this potential can be easily 
varied by tuning the magnetic field. The superposition of two macroscopically distinct quantum states 
of the fluxon as quantum particle can be expected at the low temperatures. 

 In the quantum regime, the coupling between the two states depends exponentially on the size of 
the energy barrier separating them.  The energy barrier can be tuned in a wide range by changing the 
magnetic field applied to the junction.  At low fields, the vortex tunnels through the barrier, and thus 
coupling between the two states appears.  At high fields, however, tunneling is essentially suppressed 
and the vortex remains localized in one of the states.  Thus, by applying a sufficiently large field the 
system can be switched into the classical regime in which the quantum states of the vortex correspond 
to their classical counterparts. 

 Recently we experimentally demonstrated a protocol for the preparation and read-out of the 
vortex qubit states in the classical regime [27]. We were able to manipulate the vortex states by 
varying the magnetic field amplitude and its direction, and by applying a bias current to the junction. 
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Figure 13. a) Photograph of a 300 nm 
wide heart-shaped long Josephson 
junction.  b) The two degenerate vortex 
states in a heart-shaped junction are 
formed by applying an in-plane 
magnetic field. Arrows indicate the 
vortex locations that correspond to the 

states 0 and 1 . 

 

 Other proposals using multi-junction loops for designing better flux qubits are under 
development.  In particular, the use of π-junctions, which have an unconventional current-phase 
relation, is considered for the design of qubits [28].  The hope here is that the combination of 
conventional and π-junctions in a single circuit may allow designing so-called “quiet” qubits, which 
do not require any external magnetic field for their operation. Thus, “quiet” qubits may be easier to 
decouple from the environment. However, a reliable technology for π-junctions still does not exist. 
The long-discussed approach to realize a π-junction by making use of a copper-oxide d-wave 
superconductor is still very hard to realize in practice. The most promising approach in this respect 
seems using so-called SFS (superconductor – ferromagnet - superconductor) junctions that are made 
with magnetic impurities in the Josephson channel [29].   

 

8 Decoherence mechanisms 
 For performing quantum computing, it is very important that qubits are protected from the 
environment, i.e., from any source that could cause decoherence. This is a very difficult task because 
at the same time one also has to control the evolution of the qubits, which inevitably means that the 
qubit has to be coupled to control systems in the environment. Single atoms, spins and photons can be 
decoupled from the outside world. However, large-scale integration that is needed to make a quantum 
computer useful seems to be impossible for these microscopic systems. Qubits made using solid-state 
devices (quantum dots or superconducting circuits), may offer the great advantage of scalability. 

 In their experiment with the superconducting charge qubit, Nakamura et al. [16] estimate the 
decoherence time to be about 2 ns. It may be speculated that the probe junction directly coupled to 
their circuit and the 1/f noise (presumably due the motion of background charges) are the main source 
of decoherence. In their absence (which so far has been difficult to accomplish), the main dephasing 
mechanism is thought to be spontaneous photon emission to the electromagnetic environment. 
Decoherence times of the order of 1 µs should then be possible for charge qubits. 

 The decoherence time for flux qubit has not been measured yet. In general, here estimates are 
more optimistic than for charge qubits. The decoherence times as large as milliseconds have been 
guessed. The 3-junction geometry has the advantage that it can be made much smaller than rf-SQUID 
with appropriate self-inductance L, so that it will be less sensitive to noise introduced by inductive 
coupling to the environment. Nevertheless, in all designs the measuring equipment coupled to qubits is 
expected to act destructively on quantum coherence. 

 

9 Perspective 
 Superconducting tunnel junction circuits can be manipulated in a quantum coherent fashion in a 
suitable parameter range. Currently, they seem to be very promising to be used for quantum state 
engineering and as hardware for future quantum computers. We discussed their modes of operation in 
two basic regimes, dominated by the charge and the magnetic flux. There are several important 
constraints to overcome (mainly dephasing effects due to various decoherence sources) before a first 



useful QC circuit will be made. Nonetheless, there are several important advantages of nano-electronic 
devices as compared to other physical realizations of qubits; this leaves us hope for the future. 

 If a quantum computer will ever be made, it would require both an input and an output interface to 
interact with the external world. It is worth mentioning that such interface hardware does already exist 
for flux qubits. It can be designed using the rapid single-flux quantum (RSFQ) logic implemented in 
classical superconducting electronics. Indeed, the classic-computer RSFQ interface can be used for the 
preparation of initial states and for the read out circuitry of the magnetic-flux carrying states. RSFQ is 
a well-developed technique that will be the natural choice for communicating between classic and 
quantum parts of superconducting quantum computer. Thus, all control and data exchange with 
classically operated electronics can be provided by high-speed on-chip RSFQ circuitry (see Bocko et 
al. [17]), and the external communication between RSFQ and room temperature semiconductor 
electronics can be realized by using optical fiber channels combined with MSM (metal-
semiconductor-metal) switches and laser-emitting diodes.   

 Experimental observation of the macroscopic quantum coherent oscillations in a flux qubit, which 
is awaited in the near future, should open the way for practical QC based on the existing 
superconducting electronics technology. 
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