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Entangling Superconductivity
and Antiferromagnetism

Common features found in two families of
materials may help explain the mechanism
of high-temperature superconductivity.

T

oday we have two families of high–
transition temperature (T c) superconductors, based respectively on
compounds in which copper and iron atoms
occupy a layered square lattice. An open
question is how the quantum mechanics of
electrons moving cooperatively on such lattices leads to high-Tc superconductivity. Both
families display antiferromagnetism as their
chemical compositions are varied (see the ﬁgure). It is the interplay between the magnetic
and electronic properties that is thought to be
controlled by intricate quantum entanglement
among the electrons, and to be at the origin of
the superconducting properties. The antiferromagnetism is strongest at compositions at
which Tc is either zero or small. As the composition is varied and the antiferromagnetism
decreases, a critical composition is reached
at which the antiferromagnetism vanishes at
zero temperature—an example of a quantum
phase transition. On page 1554 of this issue,
Hashimoto et al. (1) report observations of
an especially well-characterized example of
such a quantum critical point in a high-Tc
superconductor, crystals of BaFe2(As1–xPx)2
with minimal chemical disorder. A novel feature of their experiments is that the signature
of a magnetic critical point is observed in an
electrical property: The antiferromagnetic
quantum critical point leads to a change in
the ability of the electrons to carry a supercurrent. The results demonstrate the close
connection between antiferromagnetism and
high-Tc superconductivity.
Low-temperature superconductors such
as mercury are understood by the 1957
theory of Bardeen, Cooper, and Schrieffer
(BCS). A key feature of the theory is that
pairs of electrons bind to form particles
known as Cooper pairs, which are bosons.
These bosons can then undergo condensation into a common quantum state, and this
explains much of the phenomenology of the
traditional superconductors. The pair binding of the electrons requires an attractive
potential between them, and this appears
when the electrons exchange quanta of lattice vibrations—phonons.
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Find a partner. (Top) Antiferromagnetism on the
square lattice of Cu ions in a high-Tc superconductor. The arrows indicate the orientation of the electron
spins. In a ferromagnet all electron spins are parallel, whereas in an antiferromagnet they form a checkerboard pattern. (Bottom) A picture of the occupied
electron states in the momentum space of a metal;
its boundary is the Fermi surface. Eight particular
single-electron states on the Fermi surface are indicated by the small circles. The wavy lines connect electrons that can scatter into each other via exchange of
a quantum of an antiferromagnetic spin ﬂuctuation.
The dashed lines connect electrons that form Cooper
pairs. The Cooper pairs of the red circles have a wave
function with the opposite sign from the green circles,
a characteristic feature of superconductivity mediated
by antiferromagnetism. Note that the wavy lines only
connect circles with different colors.

Extending this BCS picture to the highT c superconductors requires a stronger
attractive potential, stronger than the lattice
vibrations can provide. One possible source
is the antiferromagnetism where the electrons can exchange quanta of the “vibrations” of the local antiferromagnetic order,
which is linked to ﬂuctuations of the electronic spin. Provided the coupling constant
of this exchange process is small, a reliable
theory of superconductivity can be developed using the BCS framework. One of the
predictions of such a theory (2) is that the
Cooper pairs that form via this mechanism
must have a wave function that changes sign
when the momenta of their constituent electrons are moved through the range of possible values. In the copper-based superconductors, such Cooper pairs have d-wave symmetry (see the ﬁgure). Such a sign change has

been observed in both classes of superconductors (3, 4). However, BCS theory cannot
explain high-Tc superconductivity because it
is only valid when the coupling constant is
small. We cannot simply assume that larger
coupling constants will lead to higher Tc values, because increasing the coupling constants leads to several new effects that are not
included in the BCS theory, some of which
are detrimental to superconductivity.
One method of increasing the coupling
strength is to approach the antiferromagnetic
quantum critical point (5). Here the attraction does increase, and, moreover, beyondBCS effects can be systematically studied.
The stronger coupling leads to strong scattering in which the electrons lose most of their
energy to the quanta of the collective antiferromagnetic ﬂuctuations, the electron-like
particles of the metal become heavier, and
some of them lose their integrity (6); this is
detrimental to superconductivity because it is
these very particles that are the constituents
of Cooper pairs. Should some of the electrons form Cooper pairs anyway, the resulting modiﬁcation of the Fermi surface of the
metal (see the ﬁgure) can suppress antiferromagnetic ﬂuctuations needed for the pairing
of the remaining electrons. And ﬁnally, other
types of ordering can appear as by-products
of the stronger coupling, such as the formation of stripes. Recent work (7) has argued
that the Cooper pair formation nevertheless
remains the dominant consequence of the
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point. A large penetration depth implies that
the ability of the electrons to a carry a supercurrent is actually at a minimum at the quantum critical point. One possible explanation
is that the electrons, and so the Cooper pairs,
have an average effective mass that is larger
at the critical point, and this impedes their
motion. Such an enhancement in the mass
of the electrons is a natural consequence of
the strong scattering by the antiferromagnetic spin ﬂuctuations. Thus, the maximum
in Tc—and the concomitant maximum in
the penetration depth—constitute evidence
for the opposing tendencies in the inﬂuence
of the antiferromagnetic quantum critical
point on high-Tc superconductivity. These

observations will be valuable in the ongoing theoretical effort to unravel the quantum
interplay between antiferromagnetism and
superconductivity.
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strong coupling of the electrons to antiferromagnetic spin ﬂuctuations at the critical
point, and that high-Tc superconductivity is
the most likely consequence.
Hashimoto et al. show a clear new signature of this tug-of-war between antiferromagnetism and superconductivity. Tc is
at a maximum close to the antiferromagnetic quantum critical point, signaling that
antiferromagnetic quantum critical ﬂuctuations do indeed enhance Cooper pair formation. On the other hand, their measurements
of the extent to which a magnetic ﬁeld can
penetrate the superconductor at zero temperature show, surprisingly, that this length
is also a maximum at the quantum critical
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A Unifying Role for Prions
in Neurodegenerative Diseases

A profound change in thinking about the
etiologies of many neurodegenerative diseases
has far-reaching implications for developing
therapeutics.

Stanley B. Prusiner

M

any neurodegenerative diseases—
including Creutzfeldt-Jakob disease, Alzheimer’s disease (AD),
Parkinson’s disease, and amyotrophic lateral sclerosis (ALS)—share two remarkable
characteristics. The first is that more than
80% of cases are sporadic. The second is that
although many of the disease-speciﬁc mutant
proteins are expressed in embryogenesis, the
inherited forms of these neurodegenerative
diseases are late-onset. This suggests that
some event occurs with aging that renders
a disease-speciﬁc protein pathogenic. More
than 20 years ago, I argued that this event
involves a stochastic refolding of the etiologic protein into a misfolded infectious state
known as a prion. In the past decade, there
has been renewed interest in the possibility that the proteins causing neurodegeneration are all prions, which would profoundly
inﬂuence the development of diagnostics and
effective therapies.
Many diverse explanations for the late
onset of neurodegenerative diseases have
been offered, including oxidative modiﬁcations of DNA, lipids, and/or proteins; somatic
mutations; modiﬁed innate immunity; exogenous toxins; RNA-DNA differences; chaperone malfunction; and haploinsufﬁciency.
An alternative unifying explanation is that a
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diverse group of proteins can form prions.
Although small numbers of prions could be
cleared by protein degradation pathways,
accumulation above a certain threshold over
time would enable the prions to self-propagate (see the ﬁgure), resulting in central nervous system (CNS) dysfunction (1).
Fungal prions have been invaluable in
deﬁning the spectrum of prions. Although
yeast prions are not infectious in the sense
of being released into the culture medium
and infecting other yeast, they are transmissible from mother to daughter cells and thus
can readily multiply. Interestingly, many of
the mutant proteins causing heritable neurodegenerative diseases are found in insoluble
disease-speciﬁc aggregates known as amyloid deposits, such as plaques, neuroﬁbrillary tangles (NFTs), and Lewy bodies (see
the ﬁgure and table S1). Similarly, most fungal prions have a high β-sheet content and
can polymerize into amyloid fibrils. That
said, it is important to distinguish between
prions and amyloids: Prions need not polymerize into amyloid ﬁbrils and can undergo
self-propagation as oligomers. The selfpropagation of alternative conformations is
a key feature of all prions.
Substantial experimental evidence has
now accumulated to support a unifying role
for prions in neurodegenerative diseases. In
AD, for example, which is characterized by
the deposition of Aβ amyloid plaques (see the
ﬁgure), Ridley and Baker performed a set of

heroic experiments in which they inoculated
human AD brain homogenates intracerebrally into marmosets. The marmosets developed Aβ amyloid plaques with incubation
periods exceeding 3.5 years (2), demonstrating for the ﬁrst time that the disease is transmissible and thus supporting the existence of
a disease-causing prion. Similar results have
been shown by Walker and Jucker and others
using transgenic AD mice (3, 4). Importantly,
the disease agent has been identiﬁed as consisting solely of Aβ prions using synthetic Aβ
peptides (5).
The tauopathies are a group of neurodegenerative diseases characterized by tau protein aggregation. Mutant tau has also been
shown to be transmissible using transgenic
mice (6), with tau aggregates being observed
1 year after inoculation. In addition, an aggregated segment of the tau protein initiated tau
prion formation after being introduced into
cultured cells (7). Among the tauopathies, the
frontotemporal dementias (FTDs) are particularly interesting because they sit at the
interface between psychiatry and neurology.
Often, psychiatrists see FTD patients for years
before recognizing subtle but progressive
deterioration and referring them to neurologists. Aggregates of tau prions in the frontal
lobes can produce inappropriate social interactions, depression, and diminished executive function as well as insomnia; later, drug
abuse, alcoholism, and suicide may occur. The
discovery that some contact-sport athletes, as
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