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QUANTUM MATERIALS

A magnetic field boost for superconductors
High-magnetic-field experiments on the recently discovered unconventional superconductor UTe2 are consistent 
with p-wave pairing arising while time-reversal symmetry is broken. In turn, this suggests that this material is a 
candidate for a chiral superconductor that may be exploited for topological quantum computing.
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The intimate interplay between 
magnetism and superconductivity 
can be explored by increasing the 

magnetic field applied on a superconducting 
state. For type-I superconductors, 
superconductivity is instantaneously 
destroyed above a critical field value Hc. 
In contrast, for type-II superconductors, 
magnetic vortices form above a lower 
critical field Hc1, and only at a substantially 
higher upper critical field Hc2 does 
the superconducting state break down 
completely. Moreover, for high-temperature 
type-II superconductors, it is also widely 
believed that strong magnetic quantum 
fluctuations arising in the vicinity of a 
magnetic quantum instability that marks 
the destruction of the magnetically ordered 
state provide the ‘glue’ required to form 
superconducting Cooper pairs1.

A rare and special case in this 
regard is represented by ferromagnetic 
instabilities. In the vast majority of cases, 
ferromagnetic order and superconductivity 
are incompatible, because the strong 
internal fields of a ferromagnet break the 
s-wave (antiparallel) pairing of spins in 
Cooper pairs, resulting in the destruction 
of superconductivity. On the other hand, 
the large energy splitting between the 
majority and minority spin Fermi surfaces 
in ferromagnets allows for a distinct and 
uncommon type of superconductivity 
characterized by p-wave Cooper pairs with 
parallel spins within each of the energy-split 
spin Fermi surfaces2.

In the few known ferromagnetic 
superconductors, the observed critical fields 
are known to exceed the values established 
for s-wave superconductors, where the 
breakdown of superconductivity in magnetic 
fields is driven by currents occurring 
around magnetic vortices that exceed the 
critical current density (orbital limit) and 
the resulting pair-breaking polarization of 
electron spins (Pauli limit)3. Now, writing 
in Nature Physics, Ran and colleagues4 
demonstrate that superconductivity 
emerging directly at a ferromagnetic 
instability allows for this intricate interplay 

between magnetism and superconductivity 
to survive to new record high fields. Notably, 
using contactless conductivity, electrical 
resistivity and magnetization measurements 
under pulsed magnetic fields of up to 
65 T, they show that Hc2 of UTe2 is highly 
anisotropic. Along the crystallographic  
b axis superconductivity persists up to 
34.5 T. Further, they find that for certain 
magnetic field directions an additional 
re-entrant superconducting phase emerges 
within a field-polarized ferromagnetic 
regime for fields above 35 T and depending 
on the field angle exceeding 65 T (Fig. 1).

Because superconductivity in UTe2 
survives at magnetic fields substantially 
higher than for any previously reported 
material, this firmly establishes that this 
new high-field superconducting state must 
have p-wave character as s-wave pairing is 
easily destroyed at lower fields. Further, in 
their previous work, Ran and colleagues 
demonstrated through a scaling analysis 
of the magnetization that UTe2 is close to 
a ferromagnetic quantum phase transition 
with the concomitant spin fluctuations 

likely mediating superconductivity5. 
Finally, specific heat measurements reveal 
a large intrinsic zero-temperature reservoir 
of ungapped fermions, as confirmed 
in a separate study6. This suggests that 
the superconductivity in UTe2 is highly 
unconventional and also leaves the 
possibility that Cooper pairing is limited to 
one of the energy-split spin Fermi surfaces, 
and therefore may be ‘spinless’.

This intriguing scenario not only 
demonstrates that p-wave superconductivity 
is stabilized through the application of 
magnetic fields, but it also suggests that 
UTe2 may be a realization of a chiral 
superconductor — the kind with broken 
time-reversal symmetry and p-wave pairing 
that has been proposed to form the basis  
for a topological quantum computer.

The building blocks of such devices 
are unitary topological quasiparticles 
called anyons7. These obey statistics that 
interpolate between the well-known limits 
of bosons and fermions. In three spatial 
dimensions (3D), the process of exchanging 
two identical particles does not result in 
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Fig. 1 | The unusual magnetic field versus angle phase diagram for orthorhombic UTe2 that shows 
three superconducting phases surviving fields exceeding 65 T reported by Ran and colleagues.  
SCPM is the superconductivity observed in the paramagnetic state. For a narrow region of field angles 
centred around the crystallographic b axis this extends in to the re-entrant superconducting phase SCRE. 
For field angles in the b–c plane, a third superconducting phase SCFP is discovered that forms within a  
field-polarized ferromagnetic state (FP) that arises above the magnetic phase transition denoted by Hm 
(blue diamonds). Figure reproduced from ref. 4, Springer Nature Ltd.
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a measurable difference in the state of the 
underlying quantum many-body system 
(Fig. 2). Notably, the path l2 on which one 
particle encircles the other to exchange 
positions can generically be deformed into 
the path l1 that represents the situation for 
which no exchange occurs by passing  
behind or in front of the other particle.  
In other words, the paths can be contracted to  
a point and the wavefunction of the system 
satisfies |ψ(l2)〉 = |ψ(l1)〉 = |ψ(0)〉 (ref. 8).  
If the operator that represents the exchange of  
particles is R, we can consequently write that 
|ψ(l2)〉 = R2|ψ(0)〉 because on the loop the 
particles are exchanged twice. Owing to the 
contractibility of the loop the eigenvalue of 
R must be ±1 corresponding to the statistics 
of either bosons or fermions.

However, in two dimensions (2D) this 
does not apply4 (Fig. 2). As paths cannot 
pass through the encircled particles, l2 
cannot be reduced into l1, and consequently 
the final state |ψ(l2)〉 is no longer identical 
to the initial state |ψ(0)〉. In turn, the phase 
change resulting from the operator R is no 
longer constrained to ±1, and instead can 

be complex, or even a unitary matrix. In the 
latter case, the resulting anyons are referred 
as non-Abelian anyons, for which both the 
order and the orientation (left- or right-
handed) of exchanges determine physical 
changes of the system (because R ≠ R−1).  
As illustrated in Fig. 2, this implies that 
the trajectories of non-Abelian anyons 
as a function of time are topologically 
distinct and can be used to realize robust 
qubits by braiding the particles. Notably, 
as long as noise is not sufficiently strong 
to discontinuously disturb the trajectories 
of the particles the encoded information 
remains protected.

Although non-Abelian anyons are not 
realized as fundamental particles in nature, 
there is hope that they can be constructed 
as quasiparticle excitations of quantum 
materials3. For example, Read and Green 
have shown that in a two-dimensional 
chiral superconductor, vortices bind zero-
energy Majorana fermion modes that 
behave as non-Abelian anyons9. Formally, 
Majorana fermions come about through 
a decomposition of the complex Dirac 

equation into a pair of real wavefunctions 
that represent charge-neutral particles 
that are their own antiparticles. Thus, 
superconductors that exhibit quasiparticle 
excitations that are superpositions of electrons 
and holes are an ideal hunting ground for 
Majorana fermions. For the case of a ‘spinless’ 
superconductor, and due to this particle–hole 
symmetry, these quasiparticles constitute 
their own antiparticle at zero energy. Because 
Majorana zero modes are fractionalized zero 
modes that comprise ‘half ’ of a conventional 
fermion, in a superconductor they would 
exist in pairs that, in turn, constitute the 
topological qubits, which can be manipulated 
by exchanging their positions.

Therefore, the new magnetic-field-
stabilized superconducting state discovered 
by Ran and colleagues in UTe2 provides new 
hope that a ‘spinless’ chiral superconductor 
may be indeed realized in actual materials. 
Only more detailed measurements will 
reveal the microscopic nature of this highly 
unconventional new quantum state, but 
it is already clear that these studies will 
substantially improve our understanding 
of exotic high-field quantum matter, such 
as field-stabilized superconductivity, 
independent of whether the Majorana zero 
modes can be ultimately identified. ❐
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Fig. 2 | Topological quantum computing relies on the fact that in two dimensions the exchange of 
two indistinguishable particles may trigger a change of state for the underlying quantum system. 
a, In three dimensions, for a particle encircling a second indistinguishable particle on a path l2, the 
pathway can always be continuously deformed into the path l1 that represents the situation for which 
no particle exchange occurs by passing behind (orange dashed line) or in front of (purple dashed line) 
the other particle. Thus, this operation does not change the system state. b, In two dimensions, this is 
not true because the particles are not allowed to pass through each other. c, In turn, the trajectories xn 
of a system of particles (here shown for four particles with tractories x1 to x4) in two dimensions are 
frequently topologically distinct as shown for the unbraided (left) and braided (right) pathways.
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QUANTUM PHASE TRANSITIONS

Frustration can be critical
An unusual flavour of critical phenomena with a stable quantum critical phase of matter is observed in a strongly 
correlated material and linked to the underlying lattice structure.

Aline Ramires

One common example of a phase 
transition in condensed-matter 
physics is a transition between a 

magnetically ordered phase characterized by 
a finite magnetization and a well-behaved 
metallic state with zero magnetization. As 

temperature increases, the magnetization 
can be continuously suppressed such that 
the system is taken through what is called a 


