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Re-entrant unconventional
superconductivity induced by rare-earth
substitution in Nd1-xEuxNiO2 thin films

DungVu 1,HangooLee2, DanieleNicoletti 2,WenzhengWei 1, Zheting Jin 3,
Dmitry V. Chichinadze 4, Michele Buzzi 2, Wenxin Li 1, Xinhao Yang 1,
Rongting Wu 1, Christopher A. Mizzi5, Tiema Qian5, Boris Maiorov 5,
Alexey Suslov 4, Yu He 1,3, Cyprian Lewandowski 4,6,
Sohrab Ismail-Beigi 1,3,7, Frederick J. Walker1, Andrea Cavalleri 2,8 &
Charles H. Ahn1,3,7

High temperature superconductivity is typically associated with strong cou-
pling and a large superconducting gap, yet these characteristics have not been
demonstrated in the nickelates. Here, we provide experimental evidence that
Eu substitution in the spacer layer of Nd1-xEuxNiO2 (NENO) thin films enhances
the superconducting gap, driving the system toward a strong-coupling regime.
This is accompanied by a magnetic-exchange-driven magnetic-field-enhanced
superconductivity. We investigate the upper critical magnetic field, Hc2, and
the superconducting gap of superconducting NENO thin films with x = 0.2 to
0.35. Magnetoresistance measurements reveal magnetic-field-enhanced
superconductivity in NENO films. We interpret this phenomenon as a result
of an interaction betweenmagnetic Eu ions and superconducting states in the
Ni dx2-y2 orbital. The upper critical magnetic field strongly violates the weak-
coupling Pauli limit. Infrared spectroscopy confirms a large gap-to-Tc ratio
2Δ=kBTc ’ 5� 6, indicating a stronger coupling pairing mechanism in NENO
relative to the Sr-doped NdNiO2. The substitution of Eu in the rare-earth layer
causes pronounced modifications of the superconducting gap and magnetic
interactions inNd-basednickelates, opening newpathways to engineer high-Tc
superconductivity in infinite-layer nickelates.

The discovery of superconductivity in layered nickelates (A, B)NiO2

(A=La, Pr, Nd, Sm; B=Sr, Ca, Eu) has brought about new perspectives in
the study of high-temperature superconductors1–6. While they share
some common features with the copper-based high Tc super-
conductors (the cuprates), such as stacked two-dimensional metal
oxide layers and the main contribution to low-energy bands from the

dx2-y2 orbital, there are significant differences between these
systems7–11. Superconductivity in the cuprates is believed to be strongly
coupled and driven by strong electron-electron interactions arising
from the Cu 3dx2−y2 band and spin fluctuations12. In contrast, there has
not been direct evidence for strong coupling in known nickelate
superconductors13,14. Additionally, while the spacer layer in the cuprates
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plays little role in the electronic structure near the Fermi level7,15, there
is a considerable variation in superconducting properties within the
RENiO2 family (RE=rare earth), depending on the RE-site ion (Fig. 1a).

It is theoretically suggested that the spin structures, exchange
interactions, and Fermi surfaces in nickelates strongly depend on the
types of RE elements16–19. Such changes are manifested in several
experimental studies. The upper critical field Hc2 of La-based nickelate
La1-xSrxNiO2 (LSNO) thin films shows anisotropy between out-of-plane
(H | |c) and in-plane (H | |ab) magnetic fields and a violation of the Pauli
limit16,20–22, which is a bound on the upper critical magnetic field of a
weakly-coupled singlet superconductor. In contrast, the isotropic,
Pauli-limited Hc2 in Nd0.775Sr0.225NiO2 (NSNO)23 makes NSNO more
similar to the iron-based high-Tc superconductors that have multigap
pairing24,25. London penetration depth studies in nickelates indicate
that while the superconducting gap in LSNO is nodal and anisotropic,
the superconducting gap in NSNO is fully gapped with differing
interpretations regarding the symmetry of the gap25,26. Super-
conducting gap measurements on NSNO reveal variations in gap
values and symmetries, with evidence formultiple gaps27.Most data on
NSNO suggest a superconducting gap consistent with BCS-like weak
coupling, with gap-to-Tc ratios of 2Δ/kBTc ≈ 3 − 3.413,14. These experi-
mental observations highlight the importance of RE chemistry in
modifying the superconducting gap in nickelates.

Motivated by these findings and our initial observation of anom-
alously high Hc2 in Nd1−xEuxNiO2 (NENO) thin films with measurements
up to 14T5, we present here comprehensive Hc2(T) measurements in
magnetic field up to 60T, which are essential to reveal the re-entrant
superconductivity behavior in NENO. We identify the microscopic ori-
gin of this effect through density functional theory and modelling of
the temperature dependence ofHc2. Our key findings demonstrate that
Eu substitutions in the RE layer not only provide charge doping but also
introduce exchange coupling between Eu 4 fmagneticmoments andNi
3dx²−y² electrons, forming a rare occurrence of the Jaccarino–Peter
effect in a thin film. Optical spectroscopy reveals a large super-
conducting gap (2Δ ≈ 75 cm−1), providing direct evidence for strong-
coupling superconductivity and explaining the observed Pauli limit
violation of Hc2. Together, these results establish NENO as a strongly
coupled unconventional superconductor with pronounced RE mag-
netism effects, in sharp contrast to the weak-coupling behavior of Sr-
doped NdNiO2. We demonstrate that Eu substitution offers a viable
method to tune pairing strength and magnetic interactions in infinite
layer nickelates.

Results
Magnetic-field-enhanced superconductivity and Pauli limit
violation
In conventional superconductors, magnetic fields typically suppress
superconductivity through vortex formation or Pauli paramagnetic de-

pairing28. The former leads to the loss of superconducting coherence;
the latter raises the energy difference between spin-up and spin-down
electrons, making the formation of Cooper pairs energetically unfa-
vorable. In a singlet superconductor, the paramagnetic effect sets an
upper bound on the upper critical magnetic field, HP

c2 =
ffiffiffi

2
p

Δ=gμB,
where μB is the Bohr magneton and g is the Lande factor. For weakly-
coupled superconductors, using 2Δ = 3.528kBTc28, and g ≈ 2, this sim-
plifies to the nominal Pauli limit, HP

c2 = 1:86TcðKÞ, at T = 0K. Super-
conductors that not only withstand high magnetic fields but also have
superconductivity stabilized bymagnetism are highly unconventional.
Here, we show that superconducting NENO thin films exhibit
magnetic-field-enhanced superconductivity and attribute this phe-
nomenon to magnetism of the Eu dopant.

We start by examining the magnetoresistance (MR) of three Nd1-
xEuxNiO2 thin films which were measured with magnetic fields up to
41 T for both H | |c and H | |ab at the National High Magnetic Field
Laboratory (NHMFL). The films are grown using the same procedure
described in ref. 5 and consist of 6 nm thick NENO films with x =0.20,
0.22 and 0.35 on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates with a
1 nm Al2O3 capping layer (Fig. 1b). Figure 2a-f shows color plots
representing temperature and applied magnetic field dependences of
the resistance R(T, H), interpolated from the raw R(H) curves taken at
fixed temperatures. The black curves tracking the evolution of super-
conducting transition temperature taken by 50% Rn (i.e. Tc,50%Rn),
where Rn is the resistance in the normal state, are overlaid in Fig. 2a-f,
giving us the temperature dependence of Hc2, Hc2(T).

The applied magnetic fields suppress superconductivity in NENO
in a highly non-monotonic and distinctive manner when compared to
data reported in NSNO23. First, R(T, H) for H | |c and H | |ab are aniso-
tropic, and the superconducting state persists to a high field. The
Hc2(T) curves under H | |c show broadening of the superconducting
phase transition, suggesting the presence of a vortex liquid phase29,30.
In contrast, underH | |ab, there is no apparent broadening, suggesting
the dominance of paramagnetic depairing and a negligible role of
both vortex dynamics and thermal fluctuations. At the same tem-
perature where the paramagnetic effect is dominant, Hc2,H||ab is much
larger than Hc2,H||c. Hc2(T) shows that superconductivity in all samples
reported here persists to the highest applied magnetic fields and
strongly violates the Pauli limit for both H | |c and H | |ab. This distin-
guishes NENO from NSNO23 and brings it closer to LSNO16,20–22. Dis-
sipation in the superconducting phase is observed at low field as an
increase in R(H), shown in Fig. 2g-h. This dissipation is then suppressed
over a wide range of magnetic fields centered around 20T. R(H) shows
a maximum at low field and a minimum at ~20T that reaches zero
resistance at low temperatures. This anomalous behavior is often
described as re-entrant superconductivity31–36 and has not been
reported in the nickelates.

Due to the anomaly in R(H), Hc2(T) shows anomalous inflection
points and an enhancement of superconductivity, manifested as an
increased dHc2/dT in H | |c and an increased Tc in H | |ab. Similar field
and temperature dependence of MR, especially a magnetic-field-
enhanced superconductivity37–39 have been explained by proximal
magnetism, which is the Jaccarino-Peter (J-P) effect40. As depicted in
Fig. 3a, the J-P effect involves an exchange field HJ that acts on the
conducting electrons and comes from the interaction Ĥex =

P

ik JikSi �
sk between local magnetic moments Si and the conduction electron
spin density sk , where i and k label nearest neighbor RE andNi orbitals.
The J-P effect requires an antiferromagnetic coupling with a positive
sign of the exchange coupling. As the applied magnetic field H
polarizes the localized moments S, the antiferromagnetic exchange
fieldHJ acting on sk is HJ =

P

iJikSi, which opposes the external fieldH
and reduces the totalmagnetic field on the carriers in the nickel layers,
HT =H +HJ, enabling superconductivity at higher applied fields. As
shown in Fig. 3b, HT exhibits a local maximum and a compensation
point at H ~HJ0, where HJ0 is the saturated exchange field when the

a b

Substrate
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Nd1-xEu NiO2
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c

ba

Nd/Eu Ni O

Fig. 1 | Thin-film infinite-layer nickelates. a Schematic showing the atomic
arrangement in Eu-doped NdNiO2. The rare-earth layer (Nd/Eu) is intercalated
between the NiO2 planes in an infinite layer structure. b Schematic of the NENO
thin-film sample. NENO thin film of 6-nm-thickness was grown on a 500-µm-thick
LSAT substrate. The film is capped with a 1 nm thick Al2O3 layer.
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localmoments are polarized. Depending on themagnitude of the Pauli
limited HP

c2 compared to HJ0, one can expect re-entrant super-
conductivity (HJ0 >Hc2) or magnetic-field-enhanced superconductivity
(HJ0 <Hc2). Previous work revealedmixed Eu2+ and Eu3+ valences on the
RE-site cation with a large Eu2+ (J = 7/2) local moment in NENO5. Qua-
litatively, the Hc2(T) data strongly resemble the case in which the Pauli
limited Hc2>HJ0. The temperature dependence of the maxima and
minimaofR(H) curves underH | |ab follows thatof |HT| calculated using
a Brillouin function BJ(T, H) describing polarization of paramagnetic
Eu2+ moment in an applied magnetic field (see Supplemental

Information). We posit that the nonmonotonic behavior in NENO is a
result of a large upper criticalfieldHc2 and a J-P-typemechanismdue to
the exchange field from the Eu ions, as explained below.

We performed density functional theory (DFT) calculations to
estimate the exchange coefficient Jik between different orbitals of the
RE ions and Ni ions. The results (see Supplemental Information) show
non-negligibleexchangefieldsHJonNiorbitals inducedbydifferent Eu
4f-orbitals. We ignore the contributions from Eu 5d-orbitals because
their local moments are only about 0.1μB, much smaller than the 4f-
orbitals (about 6.5μB). Eu ions couple antiferromagnetically to Ni 3dx2-
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Fig. 2 |Magneto transportmeasurements of thinfilms. a–fColor plots represent
normalized resistance R/Rn(T, H) and Hc2(T) data of x =0.20 (a, b), 0.22 (c, d), and
0.35 (e, f) Nd1-xEuxNiO2 samples from left to right in out-of-plane magnetic field
(a, c, e) and in-planemagnetic field (b, d, f). Colors represent normalized resistance
R/Rn with scale indicated by color bar. Contour lines indicate 50% Rn resistances,
corresponding to the temperature dependence of Hc2 with respect to Tc,50%Rn

criterion. Arrows on vertical axes indicate the nominal Pauli limit of upper critical
field, calculated by HP

c2 = 1.86×Tc,50%Rn. Boxes in dashed lines in (e, f) represent
regionswhereMRdata in (g) and (h) are depicted.g,h Zero resistance is induced at
moderate temperatures by a large magnetic field in both H | |c and H | |ab, respec-
tively, of the x =0.35 sample.
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Fig. 3 | Magnetism and superconductivity in the nickelates. a Schematic of the
Jaccarino-Peter effect showing local magnetic moment S with an exchange field HJ

acting on electronorbitals andbeing anti-parallel to S. In a polarizingmagneticfield
H, S aligns to H and causes HJ to oppose H, reducing the total magnetic field on
electron orbitals. b Bottom panel: in compensation effect, the exchange field HJ,
created by AFM coupling, opposes the external fieldH, leading to a total magnetic
field HT =H +HJ. In paramagnetic case, HT | =H-HJ0BJ(T, H), where HJ0 is the satu-
rated exchange field when the local moments are polarized and BJ(T, H) is defined

by the Brillouin function. Top panel: different Hc2(Tc/Tc0) of superconductors with
HJ0=0 (black), HJ0>Hc2 (blue) and HJ0<Hc2 (yellow). c Hc2(T) data of the sample
with x =0.22 (diamonds) fitted to the Fischer formula (red solid curve) and the
Ginzburg-Landau (G-L) approach (yellow solid curve), indicating compatibility with
the Jaccarino-Peter effect. At low temperatures, both the experimental and the G-L
fitting curve lay above the Fischer fitting curve. The measured Hc2 significantly
exceeds the Pauli limit even at temperatures far above 0K.
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y2 and Ni 4pz while they couple ferromagnetically to Ni 3dz2. Interest-
ingly, Eu provides a 21.3 T antiferromagnetic exchange field onNi 3dx2-
y2, closely matching the compensation field seen in our experiments.
The same calculation was done for Nd and Sr dopants, and we find
negligible exchange fields on all Ni orbitals ( < 1 T for Nd, and <0.1 T for
Sr). The calculation results highlight the key contribution from the Eu
dopant to the field compensationmechanism and also reveal which Ni
orbitals are involved. From the calculations, we can infer that in NENO,
electrons in the Ni 3dx2-y2 orbital are responsible for super-
conductivity. Since computed exchange fields for both Ni 3dz2 and Ni
4pz are too large (115 T and 128 T, respectively) compared to the
applied field strengths, we expect suppressed contribution to the J-P
effect from these orbitals, and the large exchange fields would likely
reduce contribution from Ni 3dz2 and Ni 4pz electrons to
superconductivity.

Considering the J-P effect, we modeled Hc2(T) using two approa-
ches. First, we employ a Ginzburg-Landau (G-L) approach, which is
valid for both weak- and strong-coupling superconductors in the
vicinity of the superconducting phase transition and relatively low
magnetic field (see Supplemental Information). The G-L-based model
we developed fits both the H | |c and H | |ab data up to 41 T for all
samples, capturing the non-monotonic behavior of Hc2(T) shown in
Fig. 2a-f. The extracted HJ0 ~ 17-23 T from these fits matches the DFT-
calculated HJ0 of 21.3 T. Figure 3c shows extended Hc2(T) data for the
x =0.22 samplemeasured inpulsedmagnetic fields up to 60 T for both
H | |c and H | |ab in the pulsed field facility of NHMFL at Los Alamos
National Laboratory. The G-L-based model continues to fit the data
well up to ~50T. To describe the data using a conventional modeling
technique, Hc2(T) is fitted to the Fischer formula41, which is used to
analyze J-P effect in organic and Chevrel phase superconductors42,43.
The formula is based on the microscopic
Werthamer–Helfand–Hohenberg theory44–47. In our case, the Fischer
formulafitsHc2(T)data up to41 T andonly noticeably deviates from the
data and G-L fits at higher magnetic fields (see Supplemental Infor-
mation). At lower temperatures, neither model captures an upturn of
Hc2(T) above both fits (Fig. 3c). An upturn in Hc2(T) at low temperature
near 0K, also observed in NSNO and LSNO, could be related to mul-
tiband superconductivity or an emergence of an unconventional
electronic state23,48–50. While a detailed analysis of this feature lies
beyond the focus of our work, we propose that if higher order terms in
powers of magnetic field were kept in the G-L expansion, they could
account for the deviation from the parabolic profile shown in Fig. 3c.
Overall, the Hc2(T)models support a J-P-type mechanism in NENO and
suggest a strong-coupling scenario.

Evidence for enhanced coupling strength from superconducting
gap measurements
As expected from the J-P effect, Hc2,0K in NENO is enhanced by the
exchange field HJ, with an enhancement as large as HJ0. This partially
explains themuchhigherHc2 inNENOwhen compared to other infinite
layer nickelates. Without experimental Hc2(T) data near T =0K, we
resort to estimating the intrinsic Pauli limit violation using an extra-
polation to T =0K of the modified G-L fit with H | |ab (which under-
estimates the experimental data) and then subtracting the
enhancement from the J-P effect. This estimation yields a Pauli limit
violation ratio of 2.3-3.4 for NENO. Previous studies on Pauli limit
violation in La-nickelates have discussed that mechanisms like finite
momentum pairing and strong spin-orbit coupling are unlikely
explanations20–22, while spin-triplet superconductivity remains as a
speculative mechanism. Strong coupling in nickelates has been pro-
posed but it has not yet been thoroughly investigated experimentally.
Using the electron spin g-factor g = 2, we approximate a gap-to-Tc ratio
2Δ
kBTc

= Hc2, 0K�HJ0
Tc

ffiffi

2
p

gμB
kB

of 12.1, 8.0 and 8.4 for samples with x =0.20, 0.22
and 0.35, respectively. This doping dependence is reminiscent of
similar phenomenology observed in the strongly coupled hole-doped

cuprates51–53. This underscores potentially common aspects of
unconventional superconductivity in these two layered oxide super-
conductors. To evaluate this possibility, we investigated the optical
response of NENO by Fourier transform spectroscopy over the entire
far-infrared range to determine its superconducting gap.

Reflectivity spectra fromaNENOfilmwith x =0.30 grownon LSAT
(Tc,50%Rn at ~ 18 K) and a bare LSAT substrate were measured for dif-
ferent temperatures. Small changes in reflection54 from the 6 nm thick
NENO films were detected by dividing the data measured in the
superconducting state by that taken atT = 22.5 K>Tc (seeMethods). As
shown in Fig. 4a, when cooling below Tc the normalized reflectivity
develops a prominent dip around 75 cm�1 and a sharp upturn at lower
frequencies, which is specific to superconducting NENO and absent on
the substrate alone. From the temperature-dependent ratios in Fig. 4b,
we find that this feature, which we associate with the opening of the
superconducting gap, is no longer resolved above 15 K, flattening out
completely at T = 20K. We also observed a peak centered around 170
cm�1, which we attribute to a spurious effect caused by a change in
multilayer reflectivity at the LSAT phonon frequency due to the
opening of the superconducting gap in NENO.

We fitted these normalized reflectivities by considering the sam-
ple as a multilayer stack consisting of an Al2O3 capping layer, NENO
film, and LSAT substrate (see Fig. 1b). Since the weakly frequency-
dependent optical properties of Al2O3 are known59 and those of the
bare LSAT substrate were directly measured alongside NENO (see
Supplemental Information), the multilayer reflectivity could be com-
puted by modeling only the response of superconducting NENO. We
started from aMattis-Bardeen model (see Supplemental Information),
which describes the optical properties of a superconductor55 by
assuming an s-wave gap in the dirty limit (i.e., 2Δ≪Γ, where Γ is the
normal carrier scattering rate). This model yielded the measured
normalized reflectivity, using only the superconducting gap ð2ΔÞ and
the normal state conductivity (σ0) of NENO as free parameters. As
shown in Fig. 4a, the bestfit for the experimental data was obtained for
2Δ ’ 75 cm�1 and a normal state DC conductivity of 100 Ω�1cm�1.

Note that the fitted value of σ0 is more than one order of mag-
nitude smaller than the 3000 Ω�1cm�1 obtained independently from
electrical transport. To improve on the fit, we next considered that
uncondensed quasiparticles are likely to persist down to zero tem-
perature due to nodal excitations if the gap symmetry is lower than s,
an effect not included in the Mattis-Bardeen fit above. We tested this
hypothesis by adapting the fit to a nodal d-wave superconductor in the
dirty limit and with a residual metallic Drude peak56 (see Supplemental
Information). This model assumes that a part of the spectral weight at
low frequencies arises fromuncondensed quasiparticles, amechanism
that has been used to explain missing superfluid density in cuprates56.
As shown in Fig. 4a, this model fits the data with the same value of the
superconducting gap (2Δ ’ 75 cm�1) and an improved estimate of the
normal-state conductivity (�500 Ω�1cm�1). In addition, it fits well the
temperature-dependent spectra (see Fig. 4b) by letting the contribu-
tion of uncondensed quasiparticles increase with T .

Although the model above broadly captures the normal state
conductivity, the remaining difference could be adapted by assuming
that the superconductor is spatially inhomogeneous, with super-
conducting and normal state coexisting in different regions of the
sample. As shown in the Supplemental Information, all spectra could
be fitted with the correct value of the conductivity of the normal state
of σ0 ’ 3000Ω�1cm

�1
by tuning the filling fraction between normal

and superconducting regions57. In spite of possible inclusion of normal
regions, the observation of robust zero resistance at high magnetic
fields, bolstered with a high critical current density and a large dia-
magnetic screening signal from mutual inductance measurement,
demonstrates the bulk nature of superconductivity in our samples (see
Supplemental Information). While this strongly suggests d-wave pair-
ing through the persistence of low-frequency spectral weight
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inconsistent with fully-gapped s-wave superconductivity, momentum-
resolved gap measurement techniques are expected to add clarity to
the nature of the superconducting gap.

In the aggregate, regardless of themodel used, the gap amplitude
2Δ is consistently estimated as 2Δ ’ 75 cm�1 (9.3meV). This value is
about two times greater than that reported for NSNO13,14, resulting in a
gap-to-Tc ratio of 2Δ=kBTc ’ 5� 6, in the same range as reported for
the hole doped cuprates in the overdoped range51–53. The large gap-to-
Tc ratio may plausibly explain the unusually high upper critical field

reported here in NENO and in La-based nickelates20,22. While the mea-
sured 2Δ=kBTc does not fully align with the ratio estimated from the
Pauli limit violation, the discrepancy likely arises from the distinction
between zero-field FTIR measurements and high-field transport mea-
surements, suggesting that the superconducting gap may be
magnetic-field-dependent due to interactions of Eu magnetic
moments with superconductivity.

The large difference in pairing strength between NSNO and NENO
demonstrates that Eu substitution in the RE layer can be an effective
method for modifying the superconducting gap size in the Nd-based
nickelates. The presence of Eumagneticmoments and Eu-Ni exchange
interactions may indirectly influence the Ni-Ni magnetic exchange
interactions58, and facilitate strong coupling, while Nd-Ni and Sr-Ni
exchange interactions are negligible (smaller than 0.1meV based on
our DFT calculations). Furthermore, the smaller ionic radius of Eu2+/
Eu3+ relative to Sr2+ is suggested to reduce the NiO2 plane separation
and strengthen the pairing interaction through dimensionality
control59–61, with the observation of a Tc above 35 K in the smaller RE
size infinite layer nickelate Sm1-x-y-zCaxSryEuzNiO2

6. The reported c-axis
lattice constant in NENO is smaller by 0.05 Å compared to NSNO5,62,
which may contribute to the observed increase in pairing strength
in NENO.

In conclusion, we show that NENO thin films exhibit magnetic-
field-enhanced superconductivity driven by a Jaccarino-Peter-type
effect, in which the exchange fields from local magnetic moments of
Eu ions reduce the effective field acting on the superconducting states
in the Ni dx2-y2 orbital. This behavior is the first indication of a strong
interaction between Eu dopants and the superconducting state. The
anomalously high Hc2 exceeding the Pauli limit, in conjunction with a
large 2Δ=kBTc ’ 5� 6measured by infrared spectroscopy, confirms a
strong coupling superconductivity mechanism in the Eu doped
NdNiO2, in stark contrast to the weak coupling mechanism suggested
for the Sr doped NdNiO2. The reflectivity data in NENO fits well to a
dirty node-line d-wave pairing model. These observations reveal a
pairing energy scale that is similar to values in the strongly coupled,
hole-doped cuprates. The distinct superconducting characteristics of
NENO compared to NSNO highlight the potential of dopants like Eu to
tune the electronic structure in infinite-layer nickelates. Specifically, Eu
magnetic moments can be manipulated to control superconducting
states, and Eu substitution in the rare-earth layer offers a new dimen-
sion to tune superconducting pairing strength, an essential factor in
understanding high-Tc nickelates6.

Methods
Thin film growth and characterization
Thin films of Nd1-xEuxNiO3 are grown to a thickness of 18-21 unit cells
(uc) on as-received commercial 5 × 5mm LSAT (001) substrates (from
CrysTec) using molecular beam epitaxy (MBE). The substrates are
cleaned at 605 °C by using an activated oxygen source at a chamber
pressure of 8 × 10−6Torr for 15minutes prior to thin film synthesis. The
thin films are grown under the same conditions as for the plasma
cleaning process. After growth, the films are cooled in activated RF
plasma oxygen to 150 °C to eliminate oxygen vacancies. The thin film
Nd1-xEuxNiO3 is kept in the chamber for in-situ reduction usingmetallic
Al in a process as described in ref. 63.

θ-2θ scans (see Supplemental Information) of thefilms around the
(002) pseudo-cubic peak show a lattice constant corresponding to 112
phase and finite size oscillations visible in all the curves, indicating the
high crystallographic quality of the films. X-ray diffraction data shows
the c-axis lattice constant of 3.31 Å in NENO with small doping
dependence.

Transport measurement at high magnetic fields
For angular magnetoresistance measurements, the samples were
contacted using wire-bonded aluminum wires in a Hall bar geometry.

0 50 100 150 200 250
Wavenumbers (cm−1)

0.996

1.000

1.004

1.008

1.012

N
or

m
al

iz
ed

 R
ef

le
ct

iv
ity

9.3 meV

20 K
15 K
8 K
5 K

0 50 100 150 200 250
Wavenumbers (cm−1)

0.996

1.000

1.004

1.008

1.012
N

or
m

al
iz

ed
 R

ef
le

ct
iv

ity
9.3 meV

LSAT
NENO/LSAT

b

a

Fig. 4 | Evidence of unconventional pairing from optical measurements of the
superconducting gap. a Reflectivity of the LSAT substrate (blue circles) and the
NENO/LSAT film (red circles) measured at T = 3:5K, normalized by the same
quantity measured at 22.5 K (i.e., above the NENO superconducting TC ). The solid
line is a multilayer fit (see main text) in which the superconducting response of
NENO was modeled by an s-wave Mattis-Bardeen model. The dashed line corre-
sponds to a d-wave Mattis-Bardeen fit in the presence of residual uncondensed
quasiparticles. The gap size was set to 75 cm�1 for both fits. The extracted normal
state conductivity was 100 Ω�1cm�1 and 500 Ω�1cm�1 for s- and d-wave fits,
respectively. Note that in both fits the substrate phonon parameters were kept
fixed, so the contribution at ~170 cm−1 is mainly attributable to a change in multi-
layer reflectivity at the LSAT phonon frequency due to the opening of the super-
conducting gap inNENO.bTemperaturedependenceof the normalized reflectivity
of NENO/LSAT (colored circles). The fits were calculated with the same d-wave
Mattis-Bardeen model as the dashed line in (a). The gap was kept fixed, while the
contribution of uncondensed quasiparticles was allowed to increase with tem-
perature (see also Supplemental Information).
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The high-field measurements were conducted at NHMFL DC Field
Facility in Tallahassee, with 35 T and 41 T resistive magnets and tem-
perature from 2K to 21 K using the He-3 insert. The different orienta-
tions of the magnetic field with respect to the plane of the films were
achieved by using a sample probe with a rotator. Resistance was
measured in Delta mode using a synchronized set of Keithley 6221
current source and Keithley 2812 A nanovoltmeter64. The magnetic
field was swept from zero to maximum fields at the rate of 3 T per
minute while voltage and current data were collected. Here, we define
the upper critical field Hc2 as themagnetic field at which the resistance
increases to 50% of the normal state resistance (Rn) just above the
critical temperature (Tc). Temperature was controlled using a
PID controller with input from a capacitive thermometer mounted
near the sample stage. This type of thermometer is known for having
almost no field dependency, which is ideal for high magnetic field
measurements.

The measurements in pulsed magnetic fields were conducted at
NHMFL Pulsed Field Facility in Los Alamos National Laboratory. Four-
wire electrical resistance measurements were performed in a 65 T
short pulse magnet with He-4 cryostat on a probe with in situ rotating
capabilities65. The sample resistance wasmeasured using pulsed direct
current (DC) method based upon a modified form of the approach
described in ref. 66. Typical current durations were on the order
of ~10μ s.

Data presentation: For each Eu concentration and field orienta-
tion,magnetoresistanceR(H)datawere collected at 11-16 temperatures
per data set (See Supplemental Information for R(H) data). For pulsed
field measurement, each R(H) data curve was assigned the corre-
sponding thermometer reading at the start of the pulse. For DC field
measurement, we used temperature reading from a capacitive ther-
mometer mounted near the sample stage. To facilitate direct com-
parison across samples and different measurement setup, we
represented the data as the colormaps in Fig. 2. The R(H) curves were
resampled onto a common field grid with 0.25 T steps by selecting the
nearest measured point to each grid value. The resulting (T, B, R) tri-
plets from all temperatures were combined and interpolated using a
natural neighbor interpolation function, producing a smooth resis-
tance surface R(T,B), which is then represented as colormaps as in
Fig. 2. The upper critical field Hc2(T) was extracted for resistance
thresholds corresponding to fractions of the normal-state resistance
Rnby identifying all grid points whereR(T,B)matched the target within
±0.001 of the target resistance.

The uncertainty from this process is checked by removing indi-
vidual data points from the input set, re-interpolating R(T,B) and
comparing the resultingHc2(T) values with the originals. Thismeasures
the sensitivity of the interpolation to data sparsity and local irregula-
rities in the sampling grid. This type of uncertainty becomes significant
in regions whereR(T) relationship becomes non-linear, i.e. in vicinity of
the superconducting transition and near zero resistance and less sig-
nificant at the middle of the transition where R(T) is almost linear and
where we sample Hc2(T) data.

X-ray diffraction
X-ray diffraction (XRD) of the samples is taken using a rotating anode
high-resolution X-ray diffractometer (Rigaku SmartLab). The X-ray
energy is fixed at the Cu-Kα energy of 8.04 keV.

Fourier-transform infrared spectroscopy
We measured reflectivity spectra with a Bruker Vertex 80v Fourier
transform spectrometer in quasi-normal incidence geometry. As a
source, we used an in-built Hg arc lamp. The total measurement range
of �10−800 cm−1 was covered by detecting the far-infrared radiation
with two different bolometers with working temperatures of 4.2 K and
1.6 K for the ranges above and below �40 cm−1, respectively. The
absolute reflectivities (see Supplemental Information) were obtained

by taking the ratio at a given temperature between the reflected
spectrum from the sample (either bare LSAT or NENO/LSAT) and that
from a gold reference placed next to it. To this end, the sample holder
wasmounted on the cold finger of a He flow cryostat, equipped with a
motorized stage.

In the case of temperature-dependent normalized reflectivity, to
reduce the experimental error arising from changing the sample
position, the spectra were measured on a fixed spot on the sample
while the temperature was varied54. Then, these were normalized by a
reference spectrum taken at 22.5 K. This temperaturewas chosen to be
slightly above 21 K, the onset temperature of superconductivity in
NENO, identified by DC transport measurements.

DFT calculations
All DFT calculations were performed using the Vienna ab initio simu-
lation package (VASP) software67 with ECUT= 520 eV, and 8×8×6 k-grid
sampling for

ffiffiffi

2
p

×
ffiffiffi

2
p

×2 supercell, and the exchange-correlation
effects were treated using the strongly-constrained-and-appropriately-
normed (SCAN) meta-GGA functional68. Spin-orbit coupling effects
were included self-consistently.Weuse a

ffiffiffi

2
p

×
ffiffiffi

2
p

×2 supercell to allow
spontaneous spin ordering along in-plane or out-of-plane directions.
The ground state obtained in the DFT calculation is a C-AFMmagnetic
configuration18. We then computed the tight-binding Kohn-Sham
Hamiltonian on the maximally localized Wannier basis as extracted
from our DFT calculations using the Wannier90 software69. The Wan-
nier basis includes all 3d- and the 4pz-orbitals of Ni, all p-orbitals of O,
and all f-orbitals of Eu and Nd, which are sufficient to describe the
bands near the Fermi level from −4eV to 2 eV as well as the dominant
magnetic moments (see Supplemental Information for details). Next,
the Wannier tight-binding model was mapped to a Heisenberg model
using the TB2J software70, which directly provides the exchange
interactions and allows us to compute the corresponding effective
exchange field on the Ni band conduction electrons.

Data availability
Data generated and analyzed during the current study are available
from the corresponding authors upon reasonable request.
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