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Superconductivity that survives to high magnetic fields is a fascinating phenomenon.
Ordinarily, magnetic fields are detrimental to pairing for two reasons: the orbital effect and
the Zeeman effect. The former results in vortex nucleation, which reduces superfluid stiffness,
whereas the latter reduces the spin-gap in singlet superconductors. It would seem natural
to expect then, that magnetic fields are antithetical to superconductivity.

Over the years, a handful of experimental studies have contradicted this expectation.
They have shown that superconductivity can persist in, and even can be nucleated by large
magnetic fields. Examples include the Chevrel compounds[1], organic materials such as λ-
(BETS)2FeCl4[2], U-based ferromagnetic superconductors[3] such as URhGe[4] and UTe2[5],
and magic angle graphene[6]. The most recent addition to this family and the topic of this
commentary is an infinite layer nickelate system doped with Sm, Eu, Ca and Sr (SECS).
Relative to the phase diagram of infinite layer nickelates studied intensely in the past few
years (see e.g. Ref. [7]), the (SECS)NiO2 system is considerably overdoped. The observation
of reentrant superconductivity in this system is significant, as the (SECS)NiO2 system has a
higher Tc (ranging up to 30 Kelvin) than the other materials exhibiting reentrant pairing. For
theorists like myself, these observations, taken in the broader context, invite us to speculate
whether reentrance in all these materials has a common underlying origin, or whether a
case-by-case examination is necessary.
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FIG. 1. Re-entrant superconductivity at high magnetic fields in a (SECS)NiO2

superconductor (Tc = 11.7 K). (A) Measured electrical resistance R normalised with the

resistance in normal state (Rn) versus magnetic field H at di!erent temperatures as indicated for

H applied along c axis. (B) Normalised resistance R/Rn at di!erent field orientations ω, at a

temperature of T = 1.8 K. Inset in A is the schematic of H alignment, moving away from the

out-of-plane c-axis (ω = 0→) toward the in-plane a-axis (ω = 90→).

T) at T = 0.6 K (1.8 K).

The mechanisms underlying reentrant superconductivity have been the subject of ex-

tensive debate. Proposed explanations include compensation of the applied field by an

internal exchange field [1, 13, 14], electron pairing mediated by spin fluctuations [3, 20, 21],

field-enhanced spin reorientation or spin-triplet pairing [3, 4], field-induced magnetic transi-

tions and Fermi-surface reconstructions [22], and Landau-level broadening near the quantum

limit [23]. Given the presence of rare-earth elements Sm and Eu, it is plausible that field-

induced reentrant superconductivity in (SECS)NiO2 arises from a significant exchange inter-

action between the conduction electrons and localized rare-earth magnetic moments [24]. In

magnetic ion-doped superconductors (e.g., Eu-doped chalcogenides [1, 25] and Fe-based or-

ganic conductors [2, 13]), the conduction electrons experience an internal exchange field from

magnetic ions. If the internal field aligns opposite to the applied magnetic field direction,

the two can partially or completely cancel each other, reducing the pair-breaking e!ect of

the external field and allowing superconductivity to reappear at high fields. This magnetic-

field compensation mechanism is known as the Jaccarino-Peter e!ect [24]. In the case of
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FIG. 1. (a) Resistance R as a function of magnetic field B,
applied along the in-plane c axis (60.3±) of a l-!BETS"2FeCl4
single crystal for temperature intervals of approximately 0.25 K,
between 5.4 and 0.8 K. The superconducting state develops
progressively with decreasing temperature but is suppressed for
fields sufficiently away from (above or below) 33 T. (We note
that since the Hybrid magnet is composed of a superconduct-
ing outsert coil in combination with a Bitter-type resistive insert
coil, the field generated by the outsert is kept constant at ap-
proximately 11.5 T, while the field of the insert coil was ramped
between 0 and and 31.5 T.) (b) Resistance as a function of tem-
perature T for several values of B obtained from the field scans
shown in (a). The FISC transition has a maximum transition
temperature Tc # 4.2 K near 33 T.

magnetic field perpendicular to the conducting planes [8],
which for an isotropic model would give a Fermi energy
´F $ 200 K. The normal state resistivity is of order of
1024 V ? cm in the metallic state near 15 T. We estimate
kF! $ 20 (where kF is the Fermi wave vector and ! is
the mean free path) and thus, despite the low scale of ´F ,
the standard metallic conditions are fulfilled.

In the FISC state at higher fields, the resistivity drops
typically by 2 to 4 orders of magnitude, putting it at or
below the conductivity of copper, and beyond our abil-
ity to measure by standard ac lock-in methods. From the
isothermal field scans we can extract the temperature de-
pendence of the resistance at fixed values of the field; see
Fig. 1(b). For fields between 18 and 37 T, the resistance
shows a phase transition from the metallic phase (above
4.2 K) to the full superconducting state. Above a cer-
tain threshold field Bth ! 18 T, the onset of this transi-
tion increases with magnetic field, reaching a maximum
Tc % 4 K at B⋆ ! 33 T. Above B⋆ the onset decreases
in temperature with increasing field, and above 41 T the
FISC is suppressed rapidly. We note that the experimen-
tal resistance does not fall immediately to zero below Tc.
We interpret this as an evidence for complex magnetic flux
penetration and trapping in our sample. Evidence for this is
also provided by the hysteretic behavior observed in torque
magnetization measurements shown in Ref. [3] and which
was interpreted by the authors as evidence for flux pinning.

We next discuss a central question concerning the in-
terpretation of the FISC state as “truly” superconducting,
beyond the observation of zero resistance within experi-
mental uncertainties. The Meissner effect — the standard
test for the onset of superconductivity —where magnetic
flux is excluded when a sample enters the superconducting
state, may become a nontrivial experiment in the present
case. This is due to the fact that the penetration of the mag-
netic field, which compensates the internal exchange field,
is essential for the stabilization of the FISC state. Fur-
thermore, the magnetic flux may penetrate and be trapped
in between two-dimensional superconducting layers. And,
in fact, torque magnetization measurements, which give
thermodynamic evidence for a phase transition at Bth!T ",
indicate that the magnetic field remains pinned between
the conduction layers producing a large hysteresis in the
torque signal [3].

The present work provides an additional, independent
piece of evidence that the FISC is superconducting: The
FISC state is reentrant to a metallic state above 41 T,
which excludes triplet pairing. This observation also rules
out field-induced low-resistance models. When magnetic
scattering or some other form of higher resistance state
is removed by magnetic fields, restoration of disorder-
related, inelastic processes at higher fields is very un-
likely. Furthermore, and as is pointed out in Ref. [3],
the application of a transverse magnetic field, i.e., per-
pendicular to the conducting layers, produces a dramatic
effect on the FISC state. This behavior is quantitatively
illustrated in Fig. 2(a), where we show results from a
variation of the magnetic field away from the in-plane ori-
entation at the lowest temperature of our investigation. The
zero resistance state begins to vanish for a transverse field
Bc! greater than 3.5 T. This observation is elucidated in
Fig. 2(b) by plotting the resistance for a constant in-plane
field Bck ! B sin!u" of about 33 T (i.e., Bck ! B⋆) vs the
transverse field Bc! ! B cos!u". Hence the FISC state is
removed when orbital components appear. Note that the
critical field Bc! for the FISC state is essentially iden-
tical to that of the nonmagnetic, isostructural material
l-!BETS"2GaCl4 [9]. The approximately linear increase
in resistivity r ~ !Bc! 2 Bc!out" may also be ascribed
to trapped flux. A full explanation of this effect will re-
quire a further study (now being planned) involving a sys-
tematic experimental comparison of Bc! for both Fe- and
Ga-based compounds.

We next consider how the FISC state is stabilized. While
the two anions (Fe31 and Ga31) have different ground
states at T ! 0 in the low field range of the !B-T" phase
diagram, alloying by Ga and external pressure restores su-
perconductivity in the Fe-based material [10]. We expect
that the superconducting states, in both cases, are close
in energy. We therefore argue that the in-plane physics is
similar for both materials, and the differences in the phase
diagrams arise from correspondingly small energies related
to, for instance, the interlayer coupling. Our model is as
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Figure 1: (a) Magnetoresistance for
a 11.7 Kelvin Tc nickelate mate-
rial clearly showing reentrant super-
conducting behavior. The behav-
ior is also angle dependent, being
maximal when the field lies in the
basal plane. (b) For comparison,
the magnetoresistance data in the or-
ganic material λ-(BETS)2FeCl4[2] is
shown. While the system is an in-
sulator at zero field, the magnetore-
sistance data clearly shows reentrant
behavior.

In both highlighted experimental papers, the evi-
dence for reentrant behavior comes from the magne-
toresistance (MR). The MR is angle-dependent. In
figure 1(a), I show the MR data for a 11.7 Kelvin
nickelate. When the field is applied at 30-60 degrees
with respect to the crystalline c-axis, the MR curves
are non-monotonic; superconductivity at zero field is
first destroyed and then returns at higher fields. In-
creasing this angle further towards 90-degrees (i.e.
placing the field in the basal plane of the quasi-
two dimensional system) preserves superconductiv-
ity in excess of 60 Tesla. For comparison, I have
also included the MR data for the organic insula-
tor λ-(BETS)2FeCl4 (Ref. [2] ) in Fig. 1(b). While
the zero field limits are different (the nickelate has a
zero-field superconducting ground state whereas the
organic material is an insulator at zero field), MR
data shows field-induced superconductivity in both
systems, and is angle-dependent. In the organic ma-
terial, it was shown that the inclusion of iron moments
was crucial in stabilizing the field-induced supercon-
ducting phase. Likewise, in (SECS)NiO2, Eu, Sm rare
earth atoms play a crucial role in the observation of
field-induced superconductivity. Similarly, rare earth
atoms were present also in the Chevrel compound that

exhibited reentrant superconductivity.
The rare earth atoms are believed to play an important role because they couple to the

superconducting electrons via exchange forces. If these exchange forces were to result in an
induced mean-field that opposed the external magnetic field, the superconducting electrons
would then “feel” a vastly reduced effective magnetic field. Stated more precisely, the free
energy of a paramagnetic metal always decreases in an applied field. When the free energy of
the normal state falls below that of the superconductor, superconductivity is destroyed. This
purely thermodynamic consideration takes into account both the orbital and the Zeeman
suppression of superconductivity. By contrast, suppose the normal state included local
moments, which interact with the superconducting electrons via exchange forces. If the
exchange induced effective Zeeman field opposes the external field, the normal state free
energy will increase with field. And above a critical “reentrant” field, the normal state free
energy will exceed the superconducting one, resulting in field-induced superconductivity.
Since the critical fields are determined by crossing of free energies, the transition is first
order in nature. This is the essence of the so-called Jaccarino-Peter compensation effect[8]
that seems to account for the phenomena observed a variety of systems including the chevrels,
organics, and most recently, in the (SECS)NiO2 system. Indeed, the present observations
can be accounted for within a BCS model that takes into account the exchange interactions
with the rare earth elements, as well as the orbital and spin effects of magnetic fields. While
the story is compelling, it would be great to have direct evidence of the spin compensation,

2



say by measuring the Curie susceptibility.

FIG. 2. Phase diagrams and evolution of upper critical field with temperature and tilt

angle of (SECS)NiO2 (Tc = 11.7 K). Phase diagrams (A) temperature versus magnetic fields

when the field applied along c-axis and (B) tilt angle versus magnetic fields at a fixed temperature

of 1.8 K. Symbols represent experimentally determined upper critical fields Hc2, while solid lines

show calculated Hc2 based on the WHH model. Hc2 is defined as the midpoint of the resistive

transition, at which the resistivity is 50% of its normal-state value. Two distinct superconducting

(SC) phases are observed, which can be tuned by changing the orientation of the magnetic field

relative to the sample.

(SECS)NiO2, we find that the essential features of the phase diagrams in Fig. 2 are well

captured by a modified Werthamer–Helfand–Hohenberg (WHH) model [26] for the super-

conducting critical field, adapted to include the e!ects of an exchange splitting field HJ (see

Methods). Moreover, the results of some experiments on the recently highlighted reentrant

superconductor UTe2 have suggested that the Jaccarino–Peter e!ect may be responsible for

reentrant superconductivity in this material [14], although alternative mechanism—such as

spin-triplet pairing enhanced by magnetic fluctuations [4] or metamagnetic criticality ac-

companied by Fermi-surface reconstruction [22]—have also been proposed. These e!ects are

less likely to be relevant in (SECS)NiO2 due to the more localized nature of the f -electrons.

In (SECS)NiO2, the rare-earth ions in the spacer layers of nickelates are generally be-

lieved to adopt the trivalent (3+) oxidation state [27]. Since Eu3+ has a J = 0 nonmagnetic

ground state, and Sm3+ has a J = 5
2

ground state but a small Landé g-factor, it seems un-
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FIG. 3. Upper critical field 0,2 vs temperature T.

netic induction B is negligible, too. Because of the
strong paramagnetic limitation an accurate measure-
ment of the initial slope was not possible so that
there are three fitting parameters left. The best fit
has been obtained with the following set of parame-
ters: a =4.75 corresponding to an initial slope of 9
T/K, A.„=8, and HJO —30.2 T at saturation.
This fit is rather unique in that a small variation in
any of the parameters wi11 lead to an important
change in K,2(T). The value for A.„is in good
agreement with the one reported for the pseudo-
binary system Mo6Ses ~S~." In the nonmagnetic
reference compound PbMo6S7Sei an initial slope of
nearly 8 T/K has been measured, so that our result
for a does not seem unreasonable. For describing
the temperature and field dependence of the ex-
change field we used the Brillouin function for
Eu + ions. This leads to a saturation value of the
exchange field, which is consistent with the value
found in EuMo6SS under pressure, ' if one assumes
a linear dependence of HJ on the Eu concentration.

The departure observed in the low-field and low-
temperature regime is not very surprising because
of an antiferromagnetic ordering effect which is ex-
pected to appear below 1 K.' If we vary T, in our
calculation, keeping the other parameters fixed, we
find that the field-induced state should appear only
for samples Eu075Sn025Mo6SS „Se~ with T, values
in the interval 3.6 K» T, »4.1 K. Applying the
same analysis to the samples of the first series
shows that T, has to be in the interval 3.7
K» T, »4.6 K, in agreement with our observa-
tions. The difference in the required T, values
between the two series is directly related to the
difference in HJ. It should be pointed out that our
interpretation does not depend at all on how the
critical field is defined. Taking another definition,
say, the endpoint of the resistive transition, simply
means that one modifies correspondingly T„keep-
ing the other parameters fixed.
Recently the critical field of the pressure-induced

superconductivity in EuMo6SS was investigated on a
high-quality sample. ' No field-induced supercon-
ductivity was observed. This is in accord with our
result; in the investigated pressure range T, is too
high for this phenomenon to occur, and the com-
pensation mechanism manifests itse1f only in an
anomalous K,2( P curve.
In conclusion, we have observed in the series

Eu Sni „Mo6Sg containing small quantities of Br or
Se, a field-induced superconducting domain in the
H, 2-T diagram. The shape and size of this domain
depend critically on the Eu concentration and T,.
In the sample Eu075Sn025Mo6S7 2Seo8, presented in
detail here, ' this domain extends from 4 to 22 T at
T =0 and from T=0 to T= 1 K at H = 12 T. This
effect may be observed in samples with different Eu
concentrations provided that T, is adjusted corre-
spondingly. We have interpreted this phenomenon
in terms of the Jaccarino-Peter compensation effect
and find a remarkably good agreement for reason-
able values of the three fitting parameters n, A.„,
and HJ. According to this theory the high-field
domain exists only as a result of a delicate balance
between the internal exchange field and the exter-
nally applied field. In spite of this good agreement
several important questions relating to the exact na-
ture of the field-induced state remain open: Inves-
tigations of properties like the superconducting gap,
the behavior of the flux-line lattice, and the order
of the field-induced transition are certainly neces-
sary to get a complete understanding of this
phenomenon.
We are very grateful to Professor M. Peter for

many stimulating discussions and his interest in this
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Figure 2: Phase diagram of
(SECS)NiO2 (a) and a Chevrel
compound (b) (taken from Ref. [1])
showing obvious similarities. The
calculation in (a) refers to a BCS
model with spin exchange forces,
in addition to orbital and spin
effects of magnetic fields, known as
the Werthamer-Helfand-Hohenberg
(WHH) theory.

These recent studies bring some basic issues back
to the forefront. The most obvious one is the rel-
ative importance of the orbital contribution to Hc2.
The Jaccarino-Peter compensation mechanism does
not account for certain orbital effects of the field, such
as vortex nucleation. This can change if the metal
electrons forming Cooper pairs have significant spin-
orbit interactions, but spin-orbit coupling is proba-
bly not important in the nickelates because angular
momentum is quenched. Thus, the orbital effect can
still be important in determining the field at which
reentrant superconductivity is eventually destroyed.
The angle dependence of Hc2 sheds some light on this
matter. In quasi-two dimensional materials such as
the nickelates, orbital limitation is weaker when the
field lies in the basal plane. This is precisely where
the Hc2 is highest, suggesting a significant role played
by the Zeeman effect in determining the upper crit-
ical field (known as Pauli limiting). By contrast, in
UTe2 for example, the extreme field boosted super-
conductivity occurs when the field is not along any
crystalline axis. For such field orientations, the or-
bital effect likely remains important, and cannot be
ignored when it comes to the physics of Hc2. To my
mind, it suggests that the extreme field booted su-
perconductor in UTe2 has a different mechanism than
the one we see in the infinite layer nickelates. But the Jaccarino-Peter mechanism has been
invoked as an explanation in both systems (see Ref. [9] in the case of UTe2).

Another important issue is whether the reentrant superconducting phase has the same
pairing symmetry as the superconductor that occurs at zero field (if the latter indeed occurs).
If exchange induced spin compensation is the primary driving force of reentrant behavior,
one might naively expect that the zero field and high field states are similar to one another.
Indeed, in the (SECS)NiO2 system, this appears to be the case; higher Tc samples appear to
“fill in” the phase diagram as a function of field and temperature. What used to be reentrant
behavior in the lower Tc samples becomes a single, superconducting phase that is hard to
destroy in higher Tc samples. By contrast, in U-based systems, multiple superconducting
phases have been observed as a function of magnetic field strength. This issue is moot in
the organic superconductor in Ref. [2], since superconductivity is altogether absent at zero
fields and requires a finite field to even exist. In this case, other phases (like magnetism)
may compete with the zero field putative superconductor and the field acts both to suppress
competing order and to nucleate superconductivity.

More work needs to be done to determine whether the same spin compensation mecha-
nism applies to all the materials mentioned here. Even in the nickelates, the role of disorder
and phase fluctuations (both of which reduce the coherence length and increase a mean-field
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notion of Hc2) likely plays an important role in the story. In UTe2 spectroscopic studies,
along with fits to magnetic susceptibility measurements from atomic models ought to help
unravel whether the compensation mechanism is at play despite the fact that the high field
superconducting state occurs far from any crystalline axis. Lastly, the observation of reen-
trant pairing in magic angle graphene is encouraging and hopefully, more studies involving
synthetic systems can lead to observations of spin-compensated reentrant superconductivity
in a highly controllable and tunable setting.
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