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This work reports on the emergence of quantum Griffiths singularity (QGS) associated with the
magnetic field induced superconductor-metal transition (SMT) in unconventional NdgSr,NiO,
infinite layer superconducting thin films. The system manifests isotropic SMT features under both in-
plane and perpendicular magnetic fields. Importantly, after scaling analysis of the isothermal
magnetoresistance curves, the obtained effective dynamic critical exponents demonstrate divergent
behavior when approaching the zero-temperature critical point B}, identifying the QGS characteristics.
Moreover, the quantum fluctuation associated with the QGS can quantitatively explain the upturn of the
upper critical field around zero temperature for both the in-plane and perpendicular magnetic fields in
the phase boundary of SMT. These properties indicate that the QGS in the Nd;gSry,NiO, super-
conducting thin film is isotropic. Moreover, a higher magnetic field gives rise to a metallic state with the
resistance-temperature relation R(7) exhibiting In7 dependence among the 2-10 K range and 77
dependence of resistance below 1.5 K, which is significant evidence of Kondo scattering. The interplay
between isotropic QGS and Kondo scattering in the unconventional Nd, gSr(,NiO, superconductor can
illustrate the important role of rare region in QGS and help to uncover the exotic superconductivity

mechanism in this system.
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The unconventional superconductivity in infinite-layer
nickelates [1] resembles cuprate superconductors and have
generated great research interest recently [2—17]. Although
theoretical research predicts antiferromagnetic correlations
in the NiO, plane [5,18-22], unlike cuprate superconduc-
tivity, the ground states in the parent NdNiO, and LaNiO,
do not exhibit antiferromagnetic long-range order and show
metallic behavior [23,24]. Features of short-range magnetic
order or spin glass are found in various experimental
works [25-28]. These differences between nickelate and
cuprate superconductivity may be ascribed to the combi-
nation of self-doped Mott physics and the Kondo effect in
nickelates [4,11,14,29-31], which requires further exper-
imental evidence to confirm.

The pronounced inhomogeneities, such as impurities and
defects originating from the ex sifu growth of nickelate
superconducting samples [1,32-36], may also disrupt the
long-range antiferromagnetic order. Moreover, scanning
transmission electron microscopy experiments also report
the vertical structural defects of the Ruddlesden-Popper
type formed on top of the sample surface [35,37,38]. Such
quenched disorder effects can dramatically change the
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universality of critical behavior of superconductor-metal
transition (SMT) and give rise to quantum Griffiths
singularity (QGS) [39—47], as a generalization of classical
Griffiths singularity [48]. However, the magnetic field
induced QGS is mainly present in conventional super-
conductors [40-45,49,50]; whether this exotic quantum
critical phenomenon can exist in unconventional super-
conductors is still unexplored.

Here, we report the observation of the isotropic QGS
associated with SMT under both in-plane and perpendicular
magnetic fields in unconventional NdgSr,,NiO, super-
conducting thin film. The QGS characteristics are verified
by finite-size scaling analysis of magnetoresistance under
these two cases, and the obtained zero-temperature critical
magnetic fields (B?) of QGS exhibit isotropic features,
largely different from QGS behaviors in conventional
superconductors [49,50]. Moreover, the QGS fluctuation
can provide quantitative explanations for the pronounced
upturn of upper critical field (H,,) in the phase boundary
of SMT, which shares similar features with previously
reported H, [51-54]. Such isotropic QGS features
may originate from the competition of superconducting
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fluctuation and Kondo scattering in Nd, gSr,,NiO, super-
conducting thin films and generate further investigation on
QGS in unconventional superconductors.

The infinite-layer Nd,gSry,NiO, thin films were
fabricated by pulsed-laser deposition of the perovskite
Nd( gSr;,NiO3; on (001)SrTiO; substrates, followed by
soft-chemistry reduction [55]. Standard four probe method
was utilized to perform the transport measurements. The
high magnetic field (0-36 T) measurements were carried
out by Hefei Steady-State High Magnetic Field Facilities
in High Magnetic Field Laboratory, Chinese Academy of
Sciences and University of Science and Technology of
China [55]. As shown in Fig. 1(a), we have used the
Aslamazov-Larkin (AL) formula to determine the super-
conducting transition temperature 72" [70]. The obtained
TAL of a typical 7.6-nm-thick Nd, ¢Sr,,NiO, supercon-
ducting film is about 7.72 K and close to the temperature
corresponding to 0.5R,,. T2, about 3.00 K, is identified as
the temperature at which the R, drops beyond the meas-
urement limit. The measured /-V characteristics at different
temperatures are shown in Fig. 1(b), where the critical
current density Jc (voltage criterion ~0.1 V/cm)
approaches 9.63 x 10* Acm™ at T = 2 K. With increas-
ing magnetic field to large value, the superconductivity is
suppressed. The isomagnetic R, (7) shows that sheet
resistance changes very slightly at the ultralow temper-
atures with a zero-temperature critical field (around 19 T),
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FIG. 1. Magnetic field induced SMT. (a) Temperature depend-
ence of sheet resistance R,(T) under zero magnetic field. The
dashed red line is the fits to 2D AL formula for a representative
resistive transition. (b) Electric field (E) versus current density (/)
characteristics for varying temperature. The enlarged image is
shown in the inset to achieve high accuracy. Isomagnetic R (T)
curves under in-plane (c) and perpendicular (d) magnetic fields.
The insets are the enlarged views in low-temperature regime with
a magnetic field range of 18-36 T. The red circles indicate the R
platforms of 19.5 T and 19.0 T at the lowest temperatures, under
the in-plane and perpendicular magnetic field, respectively.

as shown in Figs. 1(c) and 1(d). We can see more clearly
from the insets of Figs. 1(c) and 1(d) that a resistance plateau
(indicated by the red circles) appears when the in-plane
magnetic field (B,,) is about 19.5 T and the perpendicular
magnetic field (B | ) is about 19.0 T. The isotropic features of
the critical field are largely different from those anisotropic
features in conventional two-dimensional superconductors
[44,71-73]. As the magnetic field increases further, the sheet
resistance continues to increase with the decrease of temper-
ature at extremely low temperatures, namely a weakly
localized metal behavior [42,49,50,74]. Thus, the thin film
undergoes a quantum phase transition from a superconduct-
ing state to a metal with a critical resistance (426.0 € for in-
plane, 432.7 Q for perpendicular magnetic field) much
smaller than the quantum resistance h/4e> ~ 6.45 kQ (here
h is the Planck constant and e is the elementary charge), as
shown in the insets of Figs. 1(c) and 1(d).

The magnetoresistance R (B) curves measured at differ-
ent temperatures cross each other, as shown in Fig. S2 of
the Supplemental Material. However, as shown in Figs. 2(a)
and 2(b) for the low temperature regime (< 3 K), R (B)
curves intersect with each other to form a cross line in a
transition region rather than a critical point. Figures 2(c)
and 2(d) show the intersection points of the two adjacent
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FIG. 2. (a) Ry(B) curves at various temperatures ranging from

0.3 to 2.4 K under in-plane magnetic field. The inset is the
experimental configuration. The direction of the magnetic field
is applied along [010], perpendicular to the direction of the
current applied along [100]. (b) R,(B) curves measured under
perpendicular magnetic field at various temperatures from 0.3 to
2.2 K. The red circles in (c) and (d) show the cross points of the
isothermal magnetoresistance curves at every two adjacent
temperatures under in-plane and perpendicular magnetic field,
respectively. And the red solid lines are the fitting curves based on
the activated scaling analysis, and the fitting parameters are given
in Table S-III. [55]. The blue circles in (c) and (d) show the
temperature dependence of H3%, denoting the field strength at
which the resistivity reaches 90% of the normal state.
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obtained under in-plane and perpendicular magnetic field,
respectively [data extracted from Figs. 2(a) and 2(b)].
The continuous crossing points, shown as the red circles
in the Figs. 2(c) and 2(d), are completely different from the
conventional SMT and exhibit a QGS behavior.
Remarkably, the anomalous upturns of H, | (T) and
H, ;/(T) below 2 K are obviously beyond the conventional
Werthamer-Helfand-Hohenberg  and ~ Klemm-Luther-
Beasely theories [75,76]. Based on the activated scaling
analysis of QGS [77], for both in-plane B.,, —T and
perpendicular B.;, —T curves as shown by the solid
red lines in Figs. 2(c) and 2(d), we use the relation
(B: — B.(T))/B: « u[ln(T*/T)]~"/**=> (1) to fit the phase
boundary B..(T) [49]. Here T* is the temperature of quantum
critical fluctuation, u is the leading irrelevant scaling
variable, and y > 0 is the associate irrelevant exponent.
Figures 2(c) and 2(d) also demonstrate the low temper-
ature dependences of H)3” and Hggjo/, which correspond

to the field strength at which the resistivity reaches 90% of
the normal state under in-plane and perpendicular magnetic
field, respectively. The H%3*(T) and HX%(T) can also be
well fitted by the activated scaling analysis [55]. The
quantitative fit to both the phase boundaries H,  (7T)
and H, ;/(T) by the activated scaling analysis indicates
the presence of QGS at extremely low temperatures.

In order to gain more information on the QGS, we utilize
the finite-size scaling analysis to obtain the effective critical
exponents, and the resistance takes the scaling form
[40,42,49,50]: R,(B.T) = R.f[|B — B.|T~"/%*] (2). Here,
z is the effective dynamical critical exponent, and v is the
correlation length exponent, f[] is an arbitrary function of B
and T with f[0] = 1, and (R, B.) denotes the crossing
point of magnetoresistance curves R (B) at given temper-
ature region. For both the in-plane and perpendicular
magnetoresistance curves, five representative crossing
points with the corresponding R (B) curves are shown
in Fig. S7 in the Supplemental Material [55], and the finite-
size scaling analysis gives the effective critical exponent zv.
The error bars representing the width of the zv value
in Figs. 3(a) and 3(b) are acquired by considering both
measurement and instrumental errors [78] during the
scaling analysis [55]. The effective critical exponent zv > 1
follows the activated scaling law [79]: zv e |B— B:|7%¢ (3),
when approaching characteristic field B} and zero temper-
ature [Figs. 3(a) and 3(b)]. Surprisingly, the characteristic
magnetic fields B, // and B | in Figs. 3(a) and 3(b) are very
close. This isotropic QGS features are distinguished from
the anisotropic QGS in previous experimental works,
with the ratio of in-plane/perpendicular critical field
Bj///B;*L ~4.9 [49] and Bj///le ~ 154 [50]. Such
isotropic  QGS indicates that a certain microscopic
mechanism beyond the vortex physics may dominate the
critical behavior in the magnetic field driven SMT of
Ndg gSry,NiO, thin films.
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FIG. 3. The effective critical exponent zv obtained from finite-

size scaling analysis. The solid red lines show fitting curves based

on the activated scaling law and gives B; = 20.0 T in in-plane

magnetic field (a) and B} = 18.8 T in perpendicular magnetic

field (b), respectively (see the vertical dashed red lines). The
horizontal dashed magenta lines show zv = 1.

The infinite layer Nd;gSry,NiO, superconducting
thin film shows the isotropic H,., at low temperatures, as
shown in Figs. S5 and S6 [55], consistent with previous
studies [51-53]. The coherence length &,,(0) = 50.9 +
0.2 A and the superconducting thickness d = 180 +6 A,
are extracted from data around 7, based on the Ginzburg-
Landau theory [55]. Here, the deduced superconducting
thickness d is about 2.4 times of the physical thickness
(dexp ~ 7.6 nm) of the film. Previously, the QGS are
observed in conventional superconducting thin films with
quenched disorder [42,44,45,49,50,77,80,81]. The in plane
and perpendicular B} of the QGS in conventional two-
dimensional superconductors are anisotropic [49,50].
However, in unconventional nickelate superconducting thin
films, the observed isotropic QGS with nearly similar
zero-temperature critical field B cannot be understood
by mean-field analysis and vortex physics, but indicates an
unconventional microscopic origin.

To uncover the mechanism of isotropic QGS, we inves-
tigate the behavior of the metal state under high magnetic
field (> B}). For temperatures below 10 K down to 3 K,
the sheet resistance shows the In 7 dependence, as shown
in Figs. 4(a) and 4(b). Moreover, for temperatures below
~1.5 K, the high-field resistance clearly follows a T2
temperature dependence [insets of Figs. 4(a) and 4(b)], a
clear feature of Kondo scattering [82,83]. These Kondo
scattering features in NdgSr,,NiO, samples are similar
to previous results in underdoped Nd;_,Sr,NiO, samples
[30], and help to illuminate the microscopic mechanism
of the superconducting mechanism based on the extended
t-J model with local Kondo interaction (z-J-K model) [4].
The schematic’s physical pictures are shown in Figs. 4(c)
and 4(d). The Kondo scattering between the mobile
carrier of Nd/Sr and the local spin of Ni give rise to a
Kondo singlet, which can also be considered as doublon.
The doping effect results in a holon on a certain Ni site.
Without a magnetic field, the superconducting fluctuation
between these bosons (doublon and holon) can lead to
boson condensation, and dramatically change the R (T)
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FIG. 4. The high-field temperature dependence of normalized
sheet resistance of Nd(gSry,NiO, film under in-plane (a) and
perpendicular (b) magnetic field, respectively. The blue triangles,
green circles, and black squares represent renormalized sheet
resistance R (7T)/R(0.5 K) under magnetic field 21, 27, and
36 T, respectively. The pink lines represent the In 7’ dependence
of R, for temperatures below 10 K to 3 K. Insets in (a) and
(b) show the 72 behavior of R, in the lowest temperature regime.
(¢),(d) The illustrations of the #-J-K model [4] on a two-
dimensional square lattice of NiO, plane in Nd,g¢Sry,NiO,
under zero and high magnetic field B, respectively. The red balls
with blue arrows represent the local spin 1/2 on the Ni site,
interacting with its adjacent Ni spins through Heisenberg super-
exchange coupling J. The yellow ball with an arrow denotes the
electron of Nd, which couples to a Ni spin by the Kondo coupling
K, to form a Kondo singlet (doublon). Red open circle represents
Ni 3d® configuration (holon). The t and t, represent the hopping of
holon and doublon, respectively. The light blue area in (c) repre-
sents the superconducting pairing between doublon and holon,
which is broken down under high magnetic field, and the gray
black cluster in (c) and (d) represents the Kondo cloud.

behavior from the Kondo scattering into a superconductor
[55]. As a result, the local spin of Ni cannot give rise to
resonance of the Yu-Shiba-Rusinov state, which is con-
sistent with recent reports of STM experimental phenom-
ena [34,84]. As the magnetic field strength increases, the
superconducting coherence is destroyed, and the Kondo
scattering characteristics reemerge. Meanwhile, around the
phase boundary of SMT, the inhomogeneous distribution of
the Kondo singlet gives rise to a superconducting island,
and quantum percolation between these islands results in
large rare regions. Thus, the formation of rare regions in
Nd, §Sr(,NiO, superconducting thin film is irrelevant to the
direction of an applied magnetic field, which is distinctive
from those cases in conventional two-dimensional super-
conductors [42,44,45,49,50,77,80,81]. The observation of
isotropic QGS in a nickelate superconductor may generate
further research interest on the interplay between local
magnetic moment and superconducting fluctuation in uncon-
ventional superconductors.

In conclusion, we systematically investigate the SMT
driven by magnetic field in the unconventional
Nd, gSrg,NiO, superconductor. The finite-size scaling
analysis shows strong evidence for the emergence of
isotropic QGS under both in-plane and perpendicular
magnetic fields. Moreover, the QGS-type activated
scaling analysis can quantitatively explain the upturn of
H ., around zero temperature. The observed isotropic QGS
in NdSr;,NiO, superconductor not only demonstrates
the exotic quantum characteristics due to the superconduct-
ing fluctuation and Kondo scattering but can further arouse
interest on quantum criticality in nickelate superconductors
and other strong correlated superconducting systems.
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