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Abstract—Superconducting integrated circuits incorporating
Josephson junctions are an attractive candidate for scalable
quantum information processing in the solid state. The strong
nonlinearity of the Josephson effect enables one to tailor an
anharmonic potential and thus to realize an artificial quantum
two-level system (“qubit”) from a macroscopic superconducting
circuit. Josephson qubits can be made to interact strongly and
controllably, and it should be straightforward to fabricate circuits
incorporating hundreds or even thousands of Josephson qubits
using standard thin-film processing techniques. Work over the
last several years has shown that qubit performance is limited
by spurious coupling of the qubit to microscopic defect states
in the materials that are used to implement the circuit. Here we
discuss the materials origins of dissipation and dephasing in superconducting qubits. A deeper understanding of the underlying
materials physics that governs decoherence in superconducting
quantum circuits will guide the search for improved, low-noise
materials and fuel continued progress in the field of superconducting quantum computing.
Index Terms—Superconducting device noise, superconducting
integrated circuits, superconducting materials.

microscopic two-level state (TLS) defects in the amorphous
materials that are used to implement the qubit circuit. Here
we focus on the underlying materials physics that governs
decoherence in superconducting circuits, and outline some of
the approaches that are currently being pursued to realize qubits
with improved coherence properties.
This review is organized as follows. In Section II, we provide a brief introduction to the operation of Josephson qubit
circuits and we discuss in general terms dissipation and dephasing of a quantum two-level system. In Section III, we describe the basic physics of charged TLS defects in amorphous
dielectric materials. In Sections IV and V, we describe how interaction of the qubit with TLS defects leads to energy relaxation and fidelity loss, respectively, and we discuss ongoing efforts to improve the crystalline quality of the qubit dielectrics.
In Sections VI–VIII, we discuss qubit dephasing induced by
low-frequency critical-current, charge, and flux noise, respectively. Finally, in Section IX, we highlight some open questions,
and discuss potential strategies for the realization of improved
qubit materials.

I. INTRODUCTION

II. SUPERCONDUCTING INTEGRATED CIRCUITS AS QUBITS

HERE has been tremendous progress recently in efforts
to implement quantum bits (“qubits”) using superconducting integrated circuits incorporating Josephson junctions
[1]–[4]. These circuits can be thought of as artificial atoms,
with energy levels that can be tuned over a broad range by
appropriate variation of the circuit design parameters and bias.
In contrast to Nature-given quantum systems such as atoms or
nuclear spins, superconducting qubit circuits can be made to
interact strongly with one another simply by connecting the
circuits with wires and linear circuit elements such as capacitors
and inductors. In principle, then, it should be straightforward
to scale up to circuits comprising many qubits, once the single
qubit circuits have achieved high-fidelity operation. However,
superconducting quantum circuits also couple strongly to
spurious sources of dissipation and dephasing in the environment, and these act to destroy the quantum coherence of the
qubit state. Work over the last several years has shown that a
dominant source of decoherence in superconducting qubits is

The key to all superconducting qubits is the Josephson junction: a weak link separating two superconducting electrodes. In
the vast majority of superconducting qubit work to date, the superconductor is sputter-deposited or evaporated aluminum or
niobium, and the Josephson junction is formed by thermal oxidation of an amorphous aluminum layer to form an AlO tunnel
barrier. As Josephson first showed, Cooper pairs can tunnel coherently through the junction [5], yielding a pair current and
voltage across the junction that are related to the difference
in the superconducting phase across the junction
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(1)
Here the critical-current is the maximum pair current that the
Tm
junction can support, and
is the magnetic flux quantum [4]. These two equations can be
combined to form a single equation that describes the effective
of the Josephson junction
inductance
(2)
The Josephson inductance is highly nonlinear, due to the
term in the denominator of (2): for example, as the junction is
biased with a current approaching the critical-current , the
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Fig. 1. (a) Josephson tunnel junction as an anharmonic LC resonator.
(b) Cubic potential energy landscape U ( ) of the current-biased Josephson
junction. Due to the anharmonicity of the potential, the energy levels are
unequally spaced. (c) Transition frequencies versus bias for the current-biased
Josephson junction.

phase difference across the junction approaches
, and the
Josephson inductance diverges.
In parallel with the nonlinear Josephson inductance
associated with the
there is a linear self-capacitance
metal–insulator–metal structure of the tunnel barrier. The
parallel combination of effective inductance and capacitance
forms a plasma resonance, typically in the gigahertz range. Due
to the nonlinearity of the Josephson inductance, the potential
energy landscape that gives rise to the plasma resonance is
anharmonic. For a junction in the quantum regime, this means
that the spacings between the discrete levels in the local minima
of the potential are unequal, providing the opportunity to selectively address the two lowest energy levels with resonant
irradiation, and thus to implement a qubit (Fig. 1).
For the sake of concreteness, let us consider a single
; this is the
Josephson junction biased with a current
prototypical phase qubit [6], [7]. The potential energy landscape takes on the familiar “tilted washboard” form [8]

(3)
As approaches , the washboard potential can accurately be
parameterized as cubic in the vicinity of the local minima [9],
, where the
[10]. The junction phase is localized near
curvature of the potential yields a classical plasma frequency
given by
(4)
Due to the cubic anharmonicity, the spacings of the discrete
that reside in the local minima of the potenenergy levels
tial are nondegenerate. For typical parameters, one has
, while
is of the order
of a few percent [10].
Other superconducting qubits are formed by exploiting the
Josephson nonlinearity in different ways. In the Josephson flux
qubit, the junction is embedded in a superconducting loop that
is flux-biased near degeneracy
[11], [12]. In this
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case, the effective inductance of the junction is negative, and
the potential energy landscape is quartic, with qubit states corresponding to symmetric and antisymmetric superpositions of
circulating current states localized in the minima of the quartic
double-well potential. The Josephson charge qubit [13] consists
sepof a small superconducting island with capacitance
arated from a charge reservoir by a Josephson junction. The
of the island is typically
charging energy
, and the qubit
larger than the Josephson energy
states correspond to zero or one excess Cooper pair on the island; in the conjugate phase representation the qubit states are
delocalized Bloch states. A thorough discussion of the various
superconducting qubit types can be found in [2]. When the qubit
circuit is cooled to low enough temperatures and spurious coupling to external noise is suppressed, one can probe the collective quantum properties of these macroscopic artificial atoms.
External control parameters (current, flux, or charge, depending
on the qubit flavor) are adjusted in order to tune the energy separation between qubit levels, and resonant microwaves are used
to drive coherent transitions between the qubit states [6], [14],
[15].
We now turn to the issue of qubit coherence. Decoherence is
and
that
described by two phenomenological parameters
govern longitudinal and transverse relaxation of the qubit state,
, stimurespectively [16]. At low temperatures
lated transitions between the qubit levels due to thermal photons
are greatly suppressed, and longitudinal relaxation proceeds via
state. This decay rate is intispontaneous decay of the qubit
mately connected to the real part of the admittance shunting the
qubit junction [10], [17]
(5)
Here,
has contributions from several parallel dissipation channels. First, the electrical leads that are connected
to the qubit to perform low-frequency biasing, high-frequency
control, and readout all contribute to the spontaneous emission
from the qubit. However, the effective impedance seen by the
qubit as it looks into the control and readout lines can be made
quite large by appropriate use of broadband inductive and capacitive impedance transformers. An alternative approach is to
couple the qubit to the outside world via a resonant cavity or
transmission line resonator [18]–[20], which has the effect of
suppressing qubit spontaneous emission at frequencies far removed from the cavity resonance, a phenomenon analogous to
the Purcell effect in atomic physics. Thus, by appropriate circuit
design, one can effectively suppress dissipation induced by the
electrical leads.
A more serious source of dissipation is microscopic materials
defects inherent in the amorphous thin films that are used to implement the qubit. While the energy gap of the superconductor
provides a natural barrier against dissipation, charged TLS defects in the amorphous dielectrics of the circuit provide a high
density of low-energy states to which the qubit can couple. Thus,
it is not the nonlinear Josephson inductance—the key to the
realization of a superconducting qubit—that limits energy relaxation times; rather, it is the “simple” linear self-capacitance
of the qubit. In Section III, we summarize the basic physics of
charged TLS in dielectric films, and in Sections IV and V, we
describe qubit energy relaxation and fidelity loss induced by dielectric TLS.
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Transverse relaxation of the qubit has contributions from
spontaneous decay and from pure dephasing
(6)
is governed by
where the pure dephasing rate
that
low-frequency fluctuations in the control parameters
determine the energy separation between the qubit states [10],
of bias
[17]. In the case of a low-frequency spectrum
fluctuations that is white, one can show that the dephasing rate
is given by
(7)
For most practical cases of interest, however, the spectral density of fluctuations in the qubit control parameter is singular at
low frequencies, with a spectrum that scales inversely with fre. This so-called
noise is typically unquency:
derstood to arise from the fluctuations of an ensemble of underlying TLS with a broad distribution of characteristic relaxation
bias noise, a coherent
times [21]–[23]. In the presence of
and
decays in time with
superposition of the qubit states
a Gaussian envelope described by [10], [17]

1

Fig. 2. Schematic of TLS double-well potential, showing asymmetry
and
for the localized configurational states jLi and jRi.
tunneling energy

1

two potential minima. We consider a TLS defect that can exist
and
, corresponding
in one of two configurational states
to local minima in the double-well potential energy landscape.
The energy separation between these configurational states is ;
connects the configurational
the tunneling matrix element
states. The Hamiltonian for the TLS is thus

(9)

(8)
The TLS eigenstates are then
While the deleterious effects of low-frequency bias noise can
be mitigated by the use of spin-echo-type refocusing techniques
[16], the effectiveness of refocusing pulses is limited unless
dephasing times are much longer than gate times, a situation
which is typically not realized. For this reason, it is desirable
to develop a deep understanding of all potential sources of
low-frequency bias noise in superconducting circuits, in order
to point the direction to the realization of qubit materials and
circuit designs with improved noise properties. A detailed
critical-current,
discussion of qubit dephasing induced by
charge, and flux noise is given in Sections VI–VIII.

(10)
where
; these states are separated in energy
.
by
Typically, the distribution of TLS bias energies is understood
to be uniform, while the distribution of tunneling matrix elements is log-uniform, due to the exponential dependence of tunneling on barrier height
(11)

III. TLS DEFECTS IN AMORPHOUS MATERIALS
Low-energy TLS defects are widely believed to account for
many of the anomalous properties of glasses at low temperature, including a specific heat that varies linearly in temperature
,a
dependence of the thermal conductivity, and a strong
enhancement of acoustic and dielectric absorption [24]–[27].
Moreover, an ensemble of TLS defects gives rise to the low-frenoise that is universally observed in electronic dequency
vices from semiconducting field-effect transistors to superconducting quantum interference devices (SQUIDs) [21], [28], and
which is the dominant source of dephasing in superconducting
qubits [10], [23].
In the so-called “tunneling model” of TLS defects [26], an
atomic-scale materials defect resides in a potential energy landscape that displays two local minima separated by a small energy difference, and between which the defect can hop via either
thermal activation or quantum mechanical tunneling (Fig. 2).
For a sufficiently large tunneling matrix element, the eigenstates
are appropriate superpositions of wavefunctions localized in the

Performing a change of variables from
have

to

, we
(12)

Thus, according to the standard tunneling model of TLS, the
density of defect states is independent of energy .
If there is a charge associated with the defect state, there will
be an electric dipole moment corresponding to the configurato
. For a typtional change that takes the defect from
ical TLS defect in an amorphous dielectric, we expect an electric dipole moment of order 1 Debye (roughly 1 electron charge
times the Bohr radius). The interaction between the TLS dipole
and an applied electric field is governed by the Hamiltonian
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where the angle accounts for the relative orientation of the
TLS dipole moment and the applied field. Transforming to the
TLS eigenbasis, we find
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of the dielectric is defined as the ratio of
The loss tangent
the energy absorbed per unit volume per radian of oscillation to
the maximum energy density of the electric field
(20)
The dielectric loss induced by the TLS is thus expressed as

(14)
where are the usual Pauli matrices in the TLS eigenbasis. For
, the TLS defects behave like a
defect energies larger than
“spin bath” in the quantum regime, and the spin physics gives
rise to such unusual properties as enhanced dielectric loss at
low temperature and low microwave drive power [29]; on the
produce lowother hand, defects with energies less than
frequency charge and dielectric noise [30]–[32]. The quantum
TLS contribute to qubit energy relaxation, while the thermal
TLS contribute to qubit dephasing.
IV. DISSIPATION FROM MATERIALS DEFECTS
Just as a resonant magnetic field can induce transitions in a
system of spins immersed in a strong static magnetic field, resonant electric fields can couple to TLS with an electric dipole
moment, inducing transitions and dissipation. We consider TLS
and subjected to a transverse
states resonating at frequency
electric field with amplitude at frequency . The externally
applied resonant field results in upward and downward transi; at the same time,
tions between the TLS states at a rate
to
spontaneous emission drives the TLS from the state
at a rate
. The power per unit volume absorbed from the
driving field by the TLS is given by
(15)
is the population difference of the TLS
where
ground and excited states, and where is the TLS energy density
of states per unit volume. Since the transitions induced by the
is proportional
external drive field are incoherent, the rate
to the square of the driving field; in fact, a simple analysis from
Fermi’s Golden Rule shows that the transition rate is given by
(16)
where is the TLS transverse relaxation time [4],
is the detuning of the TLS frequency from the driving frequency,
is given by
and where the Rabi frequency

(21)
Note that the loss tangent of the amorphous dielectric decreases
due to population of the TLS excited state: as thermal or external
microwave transitions saturate the TLS, the dielectric becomes
transparent to resonant irradiation, and the loss decreases. In
the case of qubit experiments, however, one typically works at
a temperature around 20 mK and at extremely low microwave
drive powers, corresponding to one microwave photon loaded
into the anharmonic qubit resonance. In this case, we are inter), lowested in the intrinsic low-temperature (
) loss tangent of the amorphous dielectric
power (
(22)
Debye,
J
m , and
For the parameters
(characteristic of amorphous SiO [26]), we find a large
. This number is typical
intrinsic loss tangent
of amorphous oxide thin films.
time
The dielectric loss of TLS can influence the qubit
in two ways. First, lossy dielectrics incorporated in the wiring
to the
external to the qubit junction contribute a fraction
qubit capacitance. In the moderately complex phase qubit
circuits studied to date, one requires an amorphous dielectric
to act as a wiring insulator; in this case, the contribution of
the parasitic capacitance of the wiring insulator to the qubit
junction self-capacitance can be as large as 10%. However,
even in simpler flux and charge qubit circuits fabricated in a
single double-angle evaporation step, the lossy native oxides of
the superconducting metals make a non-negligible contribution
to the effective capacitance of the junction. The dissipation
from the amorphous dielectric can be expressed as a lossy cain parallel with the junction. In this case, the real
pacitance
part of the effective admittance shunting the junction becomes
(23)
and the qubit energy relaxation time is given by

(17)
In the presence of both thermal and externally driven transitions,
we have
(18)
where in general is temperature-dependent. To compute the
total power absorbed by the TLS system, we integrate over the
TLS distribution (12) and over all angular orientations . We
find
(19)

(24)
These expressions make it clear that it will be difficult to engiusing materials
neer a quantum resonator with of order
.
with intrinsic of order
Second, in the case of a large qubit junction with area
m , the tunnel barrier itself contains a quasicontinuum of
resonant TLS, and dissipation from these states can induce qubit
energy relaxation. In this case, the qubit is given by (24) with
, and where
now refers to the lossy tunnel barrier
dielectric. The large intrinsic loss tangent of amorphous AlO
accounts for the relatively short coherence times 10 ns of the
first-generation large-area phase qubit circuits [6].
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PECVD-grown SiO films are expected to contain OH impurities of a few atomic percent [33], and the measured loss
tangents in these thin films are compatible with an extrapolation of the bulk measurements on doped quartz. By contrast,
PECVD-grown SiN films grown from SiH and N precursors
display intrinsic dielectric loss tangents more than a factor of
20 lower than SiO films grown in the same deposition system
[Fig. 3(a)]. Substitution of low-loss SiN for lossy SiO in an
otherwise identical phase qubit circuit leads to an enhancement
in qubit energy relaxation time by a factor of 20 [Fig. 3(b)] [29].
A recent survey of several candidate dielectrics for qubit circuits indicates that, among amorphous dielectrics, amorphous
silicon hydride (a-Si:H) has a particularly low intrinsic loss tan[34]. This result is compatible with data on
gent of order
acoustic attenuation in a-Si:H and a-Ge:H that suggest a TLS
density of states that is two orders or magnitude lower than that
of typical glass films [27]. There has been speculation that the
fourfold coordination in these covalently bonded films tends to
overconstrain atomic-scale defect states and thereby suppress
the density of low-energy excitations [35].
Clearly, it is desirable for the capacitance shunting the qubit
junction to be entirely free of low-energy defect states. Efforts
to incorporate defect-free, crystalline dielectric thin films into
qubit circuits are underway, and some recent successes are described in the following section. At the same time, a scalable
superconducting qubit architecture, involving a complex circuit
topology with numerous wiring interconnects, will most likely
require a reliable, low-loss amorphous wiring dielectric. Optimization of the growth of the amorphous dielectric films for this
purpose will require a deeper understanding of the microscopic
physics that drives TLS-induced microwave loss, and a thorough
exploration of the phase space for dielectric film growth.

Fig. 3. Microwave loss induced by TLS. (a) Dielectric loss tangents of
PECVD-deposited SiO and SiN measured at millikelvin temperature as a
function of microwave drive power. Measurement circuit is shown in inset.
(b) Rabi oscillations for phase qubit circuits incorporating PECVD-grown
SiO and SiN wiring dielectrics. The factor 20 improvement in loss tangent
for the SiN compared to the SiO yields a factor 20 enhancement in qubit
energy relaxation time. Reprinted figures with permission from [29]. Copyright
2005 by the American Physical Society.

V. FIDELITY LOSS FROM TLS
While a continuum of TLS in bulk dielectrics can lead to energy relaxation, coupling of the qubit to discrete TLS in the
Josephson tunnel barrier itself can lead to the quantum coherent
transfer of energy between the qubit and the TLS, and result in
fidelity loss. The interaction of the TLS dipole moment with the
resonant electric field of the junction capacitance is described
by the following Hamiltonian:
(25)
where

It is straightforward to probe the intrinsic loss of candidate
dielectric materials by fabricating and characterizing thin-film
tank circuits in which the material under study forms
linear
the capacitor dielectric. At millikelvin temperatures and at
low microwave drive powers, the internal quality factor of the
tank is the inverse of the intrinsic loss tangent of the capacitor
. Such measurements were used to
dielectric:
demonstrate the high intrinsic loss of the plasma-enhanced
chemical vapor deposition (PECVD)-grown SiO films used
in first-generation phase qubit circuits [29]. While at present
there is no detailed understanding of the microscopic materials
origin of dielectric TLS, it is clear that a high density of OH
defects in amorphous dielectrics leads to significant dissipation at microwave frequencies. Previous experiments on bulk
samples of doped quartz revealed a dielectric loss tangent that
scaled linearly with OH impurity concentration [25]. Typical

(26)
and where is the thickness of the tunnel barrier dielectric. One
expects to find a broad distribution of coupling matrix elements,
due to the dependence of the interaction on both the orientation
of the TLS dipole moment and the TLS asymmetry parameter .
The coupling of the qubit to discrete TLS can be observed
both spectroscopically and in the time domain. Interaction between the qubit and a resonant TLS gives rise to an avoided
level crossing in the qubit spectroscopy [36]; the size of the
. Spectroscopy of the qubit perenergy splitting is simply
formed over a broad range of frequencies reveals a density of
m ; these splitTLS-induced splittings around 0.5 GHz
tings have been observed in phase qubits, flux qubits, and charge
qubits. In the case of phase qubits with large junction area of
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Fig. 4. (a) Phase qubit spectroscopy showing TLS-induced avoided level crossings with size S=h
MHz and 24 MHz. (b) Coherent quantum oscillations
between a phase qubit and a single resonant TLS in the tunnel barrier. Solid
(dashed) trace was acquired at the bias point indicated by the solid (dashed)
arrow in part (a), corresponding to resonant (nonresonant) bias. Reprinted figure
with permission from [37]. Copyright 2004 by the American Physical Society.

= 44

order 100 m , qubit
is directly determined by the loss tan. For
gent of the tunnel barrier dielectric:
smaller-area charge or flux qubits, the density of splittings is
reduced, due to the reduced junction area. However, due to the
scaling of the coupling matrix element (26), the coupling
of the qubit to any TLS that might be present is likely to be large,
and in some cases may preclude normal operation of the qubit.
It is probable that the reduced yield of charge and flux qubits as
compared to phase qubits is due to the occasional presence of
dominant TLS fluctuators in the junction barrier.
To observe the coherent interaction between the qubit and the
TLS in the time domain, one can promote the qubit from the
state to the
state. Because the state
is not an eigenstate of the interaction Hamiltonian (25), the state undergoes
and
; as a refree precession in the subspace spanned by
sult, there is a coherent beating in the probability of occupation
state, instead of the exponential decay typically enof the
countered in the case of an inversion recovery sequence (Fig. 4)
[37]. Recent work has demonstrated the use of a single TLS as a
quantum memory, and the fidelity of the memory operation has
been evaluated tomographically [38].
While the spurious coupling of the qubit to resonant TLS can
be suppressed by operating the qubit so that it is far detuned
from dominant TLS defect states, in many instances it is necessary to tune the qubit frequency, either to perform measurement
or to realize fast gate operations. In this case, the qubit resonance is swept through the resonance frequencies of adjacent
TLS. For a finite bias sweep rate, there is the possibility that the
to
: the excitation is
state adiabatically evolves from
then swapped from the qubit to the TLS, with associated loss in
the fidelity of the qubit operation. For a bias sweep rate
through an energy anticrossing of size , the probability of a (fidelity-preserving) Landau–Zener transition is given by
(27)
In the limit as the number of resonances becomes very large, it
is possible to show that
(28)
is the intrinsic loss tangent of the tunnel barrier
where
dielectric, and where
is the duration of the bias pulse. For
example, in the case of a large-area phase qubit circuit with
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GHz and with
for the tunnel
barrier, equation (27) predicts a 50% measurement fidelity for
a 5-ns measurement pulse. This estimate is compatible with the
measurement fidelities obtained in first-generation phase qubits.
While TLS-induced fidelity loss has been most thoroughly
investigated in the context of the large-area phase qubit, it has
also been studied in the quantronium qubit [39]. In this case,
radio-frequency irradiation during readout with the Josephson
bifurcation amplifier induces a Stark shift that carries the qubit
resonance through neighboring TLS states, causing qubit depolarization by the mechanism described above.
In order to minimize fidelity loss due to TLS in the qubit
tunnel barrier, it is necessary to reduce the density of resonant
TLS. This can be achieved in a straightforward way by reducing
the area of the Josephson junction. However, reduction in junction area leads to an increase in the coupling matrix element between the qubit and the TLS, as can be seen from equation (25).
This problem can be circumvented by reducing the area of the
junction, and then shunting the junction with a thin-film capacitor to maintain the same coupling matrix element between the
junction and any remaining TLS. This strategy was employed
successfully in the second-generation phase qubit circuits described in [41]. The resulting devices displayed measurement
fidelity approaching 90%, sufficient to perform high-fidelity tomography on a coupled phase qubit circuit [42].
An alternative approach is to reduce the density of TLS by
improving the quality of the barrier material. Nearly all superconducting qubits studied to date have employed an amorphous
junction critical-current
aluminum oxide barrier. Studies of
noise suggest that the TLS densities in all amorphous oxide
barriers are similar [23] (see below). Therefore, reduction of
the defect density in the junction will likely require a radically
new approach to junction fabrication. One approach is to employ a defect-free, single crystalline barrier for the Josephson
junction. While the epitaxial growth of an insulator on a metal
is a daunting challenge, there has been some progress in the
molecular beam epitaxy growth of Re–Al O –Al junctions with
epitaxial barriers [43], [44]. Re and Al O are lattice-matched
to within 1%; however, growth conditions must be optimized
to prevent formation of three-dimensional clusters and promote
the two-dimensional growth of the oxide. The critical step is to
evaporate the Al at low temperature in a small partial pressure of
Torr of O , and then to crystallize the oxide with a high
Torr of O (Fig. 5).
temperature anneal at 800 C in
The epitaxial Re–Al O –Al junctions display a density of TLS
reduced by a factor of five with respect to a typical amorphous
junction [40]. There is a suspicion that the remaining TLS reside
at the amorphous oxide formed at the interface of the crystalline
Al O and the amorphous Al counterelectrode, which is grown
at low temperature. It is possible that more advanced growth
techniques could circumvent this problem.
VI. DEPHASING FROM CRITICAL-CURRENT NOISE
The Josephson energy
is a critical parameter
determining the qubit energy landscape; for this reason, all superconducting qubits are susceptible to dephasing from excess
low-frequency critical-current noise.
critical-current fluctuations have been studied for decades in the context of efforts
to realize low-noise SQUIDs [45]–[47]. The noise is widely believed to arise from charged TLS in the tunnel barrier that locally modify the barrier transmissivity [48] (Fig. 6). A recent
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Fig. 5. Reciprocal images and real-space figures of the growth sequence for
epi-Re/epi-Al O /polycrystal-Al barriers. (a) Epitaxial Re grown at 850 C on a
sapphire (0001) substrate. The streaks in the RHEED image indicate that the film
is single crystalline. (b) Amorphous AlO tunnel barrier reactively evaporated
onto the base Re film at room temperature. (c) Epitaxial Al O formed after an
800 C anneal of the amorphous AlO . (d) Polycrystalline Al counterelectrode.
Reprinted figure with permission from [40]. Copyright 2006 by the American
Physical Society.

Fig. 6. Schematic of Josephson tunnel barrier, indicating fluctuating charged
defect that modulates the junction effective area by A.

1

survey analyzed data on Josephson tunnel barriers of different
areas, transmissivities, and fabricated in different amorphous
technologies [23]. Based on the assumption of independent TLS
fluctuators, it was expected that the noise from junctions fab,
ricated in the same technology should scale as
where is the junction area; this scaling was indeed observed.
More surprisingly, it was found that all amorphous tunnel barriers show roughly the same levels of critical-current noise at
4.2 K
(29)
This suggests some underlying universality of the TLS density
and of the microscopic physics that drives TLS fluctuations. At
present, however, the microscopic origin of the junction noise is
not completely understood.
Of particular interest in this connection are experiments that
critical-current
probe the temperature dependence of the
noise. Wellstood et al. characterized the critical-current noise of

resistively shunted Josephson junctions from 90 mK to 4.2 K,
and found that the noise scaled with temperature as [49]. On
the other hand, a recent investigation of the resistance fluctuations of normal conducting Al–AlO –Al tunnel junctions [50]
revealed a linear in dependence of the junction noise, with a
magnitude at 4 K that was two orders of magnitude lower than
the noise expected from (29), assuming that the critical-current
noise is due to underlying fluctuations of the tunnel resistance.
The recent model of [51] explains this discrepancy in terms of a
new noise mechanism that plays a role only in the superconducting state, and which adds to the conventional noise produced by TLS in the tunnel barrier. Namely, it is supposed that
at the suthere are localized subgap states that form below
perconductor-insulator boundary, and between which electrons
dependence of the noise and the observed
can tunnel. The
noise magnitude are both compatible with this model.
As a final note, we remark that measurements on the critical-current noise of an rf SQUID operated in the dispersive
mode (so that the junction is maintained in the supercurrent
state) reveal a junction noise magnitude similar to that observed
in experiments where the junction is biased in the finite voltage
state [52]. Thus, it is expected that critical-current noise will ultimately limit the dephasing times of superconducting qubits.
dependence of the critical-current
For example, assuming a
noise and taking the 4.2 K noise magnitude of (29), one expects
to find a dephasing time of order 10 s for typical phase qubit
circuits [10]. At present, however, none of the superconducting
qubit implementations is limited by critical-current noise. Depending on the specific qubit type, transverse relaxation times
are limited by dephasing due to excess low-frequency charge
noise or flux noise (see below), or by dissipation.
It is expected that the development of crystalline, defect-free
tunnel barriers will lead to Josephson junctions with a greatly
noise. Despite recent progress in the dereduced level of
velopment of crystalline barriers [43], [44], to our knowledge
noise in these
there have been no experiments to investigate
junctions.
VII. DEPHASING FROM CHARGE NOISE
In the case of small-area Josephson charge qubits,
low-frequency fluctuations of the background charge can
be a major source of qubit dephasing. The charge qubit Hamil,
tonian takes the form
where
and
are
between
determined by the electrostatic energy difference
. Charge
the charge states and by the Josephson energy
noise creates spurious fluctuations of the electrostatic bias
, resulting in uncontrolled accumulation of phase between
the qubit states. Low-frequency charge noise has been studied
extensively in single-electron transistors (SETs); it is seen that
the power spectral density of charge noise scales with fre, with a magnitude at 1 Hz of order
quency as
[30]. The charge noise observed in SETs is compatible with
the measured coherence times of order 100 ps observed in
the first charge qubit free-induction decay experiments [53].
These experiments further demonstrated that echo sequences
can substantially suppress inhomogeneous dephasing due to
low-frequency charge noise.
Low-frequency charge noise is typically understood to arise
from the trapping and detrapping of single electron charges
in the amorphous insulators in the vicinity of the qubit. From
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Fig. 7. (a) 1=f charge noise magnitude
versus temperature, obtained
from SET transport (solid symbols) and from qubit dephasing (open symbols;
see inset). The device was fabricated on CVD-grown Si N . (b) As in (a), for
an SET fabricated on a GaAs substrate. Reprinted figure with permission from
[56]. Copyright 2006 by the American Physical Society.

Green’s reciprocity theorem, the change in gate voltage induced by a fluctuating charge at position is proportional to
the electric field induced at by a charge on the qubit island.
Researchers observe TLS that induce offset charges that are a
substantial fraction of an electron charge; the authors of [54]
take this as evidence that the dominant TLS are located in
the barrier of the Josephson junction, where the electric fields
are the highest. On the other hand, there is evidence based on
noise correlation measurements performed on a pair of SETs
operated in close proximity that a substantial fraction of the
noise comes from fluctuating charged TLS in the amorphous
dielectrics or substrate surrounding the SETs [55]. The temperature dependence of the excess low-frequency charge noise
has recently been characterized over a temperature range from
scaling of the noise was observed
200 mK to 1 K, and a
scaling was predicted by the authors of
[56] (Fig. 7). A
[57] based on a model of thermal activation of TLS from
asymmetric double-well potentials. An alternative explanation
of the
is based on an assumed linear dependence
defect density of states on frequency [58]. While this form
of the density of states is a departure from the standard TLS
model [see (12)], it arises naturally in models of localized states
coupled to a metallic reservoir [59]. The authors of [58] further
outline a deep connection between low-frequency fluctuations
and high-frequency dissipation induced by TLS in the thermal
and quantum regimes, respectively. This connection yields
noise spectrum to an ohmic (
)
a crossover from a
spectrum at a frequency
; such a crossover is
compatible with detailed experiments on the relaxation and
dephasing of charge qubits [60].
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Despite this recent progress in the phenomenological description of the charge noise, a detailed microscopic picture is still
lacking. And while there is some indication that charge noise is
lower in SETs that are electrostatically isolated from the substrate [61], there has been little progress in the the development
of novel materials or circuit designs that display a reduced level
of charge noise. However, robust techniques have been developed to suppress qubit sensitivity to charge fluctuations. The
sensitivity of the qubit to charge noise is determined by the
, where
is the retransfer function
, it is
duced gate charge of the island. At a charge bias
equally favorable energetically for zero or one excess Cooper
vanishes: at this
pair to reside on the island, and
optimal working point, the qubit is insensitive to charge noise
to first order. The “quantronium” qubit of the Saclay group
was the first to successfully exploit an optimal working point
strategy to decouple to the qubit from low-frequency bias fluctuations [62]; in fact, this qubit possessed a “sweet spot” in
both the gate charge and the phase directions, rendering the
fluctuations of both backqubit relatively insensitive to
ground charge and flux. The quantronium qubit achieved long
times of order 1 s at the optimal working point. Moreover,
systematic investigations of quantronium dephasing away from
the optimal working point have been used as a sensitive probe
of low-frequency bias noise [17]. In particular, it is seen that dephasing away from optimal charge bias can be explained by a
charge noise of order
Hz at 1 Hz, provided one
invokes a sharp cutoff of the charge noise power spectral density
at around 0.4 MHz. In the Bloch–Redfield picture of decoherence [16], this ultraviolet cutoff is related to a lower cutoff of
the relaxation time distribution of the underlying thermal TLS
[58].
In a further refinement, researchers at Yale implemented a
capacitively shunted split Cooper pair box qubit coupled to
a transmission line resonator, the so-called “transmon” qubit
[63], [64]. The addition of the capacitive shunt reduces the
qubit charging energy, thereby reducing the curvature of the
qubit energy bands and decreasing sensitivity to charge noise.
A key to this design is the fact that sensitivity to charge noise
is increased, while the andecreases exponentially as
harmonicity of the qubit levels decreases as a weak power law
[63]. With this scheme a “sweet spot” is realized at all values
of gate charge, and inhomogeneous broadening is drastically
suppressed. Transverse relaxation in the transmon appears to
be limited by dissipation, due presumably to dielectric losses
in the amorphous surface oxides of the circuit [65].
VIII. DEPHASING FROM FLUX NOISE
In the Josephson flux and phase qubits, low-frequency excess
flux noise is a dominant source of qubit dephasing. In the
Josephson flux qubit, the Gaussian decay envelope of qubit
Ramsey fringes is compatible with a magnetic flux noise with
spectrum and a magnitude at 1 Hz of 1
Hz [66],
[67] (Fig. 8). In the Josephson phase qubit, a recent experiment
used the resonant response of the qubit to measure the power
spectral density of magnetic flux noise directly; again the
, with a noise magnitude comparable to that
spectrum was
seen in the flux qubit [68]. While these experiments identify
flux noise as a dominant dephasing mechanism, they offer no
clue to its microscopic origin.
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Fig. 8. Dephasing in a flux qubit. The linear dependence of dephasing rate 0
on flux offset 18 from the degeneracy point suggests a low-frequency 1=f
8 =Hz at 1 Hz. The dephasing rates
flux noise with magnitude of order 10
are extracted from a fit to the Gaussian decay envelope of qubit echo signals,
assuming the T values shown. Reprinted figure with permission from [67].
Copyright 2007 by the American Physical Society.

The flux noise inferred from recent qubit experiments is consistent with the flux noise observed more than 20 years ago in a
series of measurements performed on dc SQUIDs cooled to millikelvin temperatures [69]. The noise was observed to be “universal,” that is, only weakly dependent on a wide range of parameters such as superconducting materials, overall scale of the
SQUID loop, and temperature. While these experiments ruled
out many potential sources of noise, the microscopic mechanism was never identified.
Recent experiments have revealed clear evidence for a high
density of unpaired surface spins in thin-film SQUIDs [70],
and suggest that these spins are the source of the excess lowfrequency flux noise. While fluctuations of the spins give rise
level, the coherent magnetization of the
to noise at the 1
to the
spins couples a surprisingly large flux of order 1
SQUID. In these experiments, a Nb SQUID was cooled through
in an applied magnetic field in order to intentionally trap
vortices in the film. The SQUID was subsequently operated
in a flux-locked loop and cooled to millikelvin temperatures.
as temperature
The flux threading the SQUID increased as
was lowered (Fig. 9); moreover, the flux change was proportional to the density of trapped vortices. The data is compatible with the thermal polarization of unpaired surface spins in
the trapped fields of the vortices. From the magnitude of the
temperature-dependent flux change, a surface spin density of
m was inferred. This density of surface spins is
compatible with the surface spin density postulated in a recent
model for spin-flip scattering that has been proposed [71] to account for the magnetic-field enhancement of the critical-current
of superconducting nanowires [72]. Moreover, this spin density
is compatible with densities inferred from electron spin resonance studies of the disordered Si-SiO interface [73]. Thus,
it is not unreasonable that spin densities of this order exist at
the interface between the insulating substrate and the superconductor, or between the superconductor and its insulating native
oxide.
There has been considerable recent theoretical interest in the
possibility that the
flux noise is due to surface spins [63],

Fig. 9. Surface magnetism in a dc SQUID. (a) Temperature-dependence of
flux threading a Nb SQUID, for different fields B applied as the device was
cooled through T (from bottom to top, B = 500, 20, 0, 20, 50, 100,
200, 500 T). (b) Temperature-induced flux change 18 = 8(100 mK)
8(500 mK) on cooling from 500 to 100 mK versus cooling field B . The
data indicates a surface density of unpaired electron spins of 5 10 m .
Reprinted figure with permission from [70]. Copyright 2008 by the American
Physical Society.

0

0

0

2

flux noise from surface spins are at[73], [74]. Models for
tractive, as they yield a noise power that is only weakly dependent on the overall scale of the device, compatible with the “universal” character of the noise [68]. In fact, as we show now, an
extremely simplistic calculation of the noise from surface spins
yields the correct magnitude and scaling, starting only from
the assumption of a log-uniform distribution of spin relaxation
times. We begin by considering an ensemble of spins with relaxation time . The spin susceptibility
takes on the familiar Lorentzian form

(30)
where is the spin density, and where the subscripts indicate
that we are referring to spins with a single relaxation time . The
imaginary part of the spin susceptibility, a direct consequence
of the nonzero spin relaxation time, leads to hysteresis in the
spin magnetization for a finite excitation frequency, and thus
represents dissipation.
In many spin systems, we expect to find a log-uniform distribution of spin relaxation times [75]. That is, we have a relaxation
time distribution given by
(31)
where and are lower and upper cutoffs for the spin relaxation times, respectively. In this case, the frequency-dependent
spin susceptibility is given by
(32)
where
limit

. Performing the integration in the
, we find
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We see that the dissipative part of the spin susceptibility is frequency-independent and given by
(34)
Now we relate the imaginary part of the spin susceptibility
of surface spins to
flux noise in a SQUID. We consider
a simple toroidal model of a SQUID with loop radius and
wire radius , covered with a surface density of spins . We use
reciprocity to calculate the coupling of the surface spins to the
SQUID, and this enables us to calculate the spin contribution
to the SQUID inductance. The spin contribution to the inductance has both real and imaginary parts; the imaginary part of
the SQUID inductance is given by
(35)
where
(36)
From the fluctuation-dissipation theorem, we can directly relate
this frequency-independent imaginary inductance to
noise

(37)
,
, and
For example, for
m [4], we find
aH at
mK, and
Hz
Hz
[4], independent of temperature.
Thus, from a very simple set of assumptions, one reproduces
the magnitude and key features of the observed flux noise: the
noise is independent on the overall scale of the device, and
roughly independent of temperature. The first feature is a consequence of the fact that the fluctuating spins reside on the surface,
paramagnetic prefactor
while the latter fact results from the
in the spin susceptibility.
While the above picture perhaps captures some of the basic
physics of the excess flux noise, it is clearly an oversimplification. For example, this description neglects the possibility of
interactions between surface spins, despite the fact that experimental evidence indicates that interactions between spins are
significant [70]. A recent flux noise model considers spins at the
superconductor-insulator interface that interact via the RKKY
mechanism, and which diffuse in the nonuniform surface magnetic fields of the SQUID [74]; in this case, interactions between
spins are essential to the noise mechanism.
At present there is no clear understanding of the precise microscopic nature of the surface spin states that give rise to the
excess flux noise, although this is an active area of current research. It is possible that novel surface treatments of the superconducting thin films could be used to suppress the surface spin
density. Alternatively, the application of a strong local magnetic
field could polarize the surface spins and thereby suppress spin
fluctuations. In the absence of improved, low-defect surfaces,
optimal working point strategies have been employed to realize
flux qubits with long transverse relaxation times of order 1 s
[14].
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IX. CONCLUSION
Less than ten years have passed since the first observation
of coherent quantum oscillations in superconducting charge,
flux, and phase qubits; however, the progress over this interval
has been considerable. There have been demonstrations of
transverse relaxation times in excess of 1 s [14], [62], [65],
the realization of adjustable coupling of qubits [76], [77], the
demonstration of state tomography of coupled qubits [42], and
investigations of the coherent interaction of superconducting
qubits with cavity photon states [20], [78], [79]. Moreover,
there has been significant progress in understanding the underlying physics that governs qubit dissipation and decoherence,
and already this increased understanding has been leveraged
to develop novel materials and novel circuit designs with improved coherence times. For qubit circuits that are adequately
decoupled from the dissipation of the leads, TLS-induced loss
in the amorphous dielectrics of the circuit remains a dominant
relaxation channel. Continued optimization of the amorphous
qubit dielectrics and the reliable incorporation of crystalline
dielectrics into qubit circuits are required to support sustained
improvements in qubit relaxation times and fidelity. At the same
time, the microscopic mechanisms that govern critical-current,
charge, and flux noise are not fully understood, and further
experimental and theoretical investigations are required to provide direction in the search for improved low-noise materials
and circuit designs.
As a final note, it is useful to recall that the explosion of the
semiconductor industry over the second half of the 20th Century
was fueled by the exhaustive materials research that enabled the
robust growth of high-quality silicon single crystals and optimization of the Si-SiO interface. The superconducting qubit
community now demands a similar focus on the development
of high-quality, low-noise materials. Many of the key materials
issues that limit qubit performance have now been identified,
and researchers have only begun to explore the available phase
space for the growth of optimized materials. It is reasonable
to think that the continued development of qubit materials will
yield significant improvements in qubit coherence and fidelity,
and thereby facilitate realization of scalable quantum information processing with superconducting circuits.
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