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Infinite-layer nickelates R1_5SrzNiO2 (R = La, Pr, Nd) are a new class of superconductor with
structural similarities to cuprates. Although long-range antiferromagnetic order has not been ob-
served for these materials, magnetic effects such as antiferromagnetic spin fluctuations and spin-
glass behavior have been reported. Different experiments have drawn different conclusions about
whether the pairing symmetry is s-wave or d-wave. In this work, we applied a scanning supercon-
ducting quantum interference device (SQUID) to probe the magnetic behavior of film samples of
three infinite-layer nickelates (Lag.s5Sr0.15NiO2, Pro.gSro.2NiO2, and Ndo.7755r0.225NiO2) grown on
SrTiOs (STO), each with a nominal thickness of 20 unit cells. In all three films, we observed a
ferromagnetic background. We also measured the magnetic susceptibility above the superconduct-
ing critical temperature in Prg.gSrg.2NiO2 and Lag.s55r0.15NiO2 and identified a non-Curie-Weiss
dynamic susceptibility. Both magnetic features are likely due to NiO, nanoparticles. Addition-
ally, we investigated superconductivity in Prg sSrp.2NiOg and Ndg.775510.225NiO2, which exhibited
inhomogeneous diamagnetic screening. The superfluid density inferred from the diamagnetic sus-
ceptibility in relatively homogeneous regions shows T-linear behavior in both samples. Finally, we
observed superconducting vortices in Ndo.775510.225NiO2. We determined a Pearl length of 330 pm
for Ndo.7755r0.225NiO2 at 300 mK both from the strength of the diamagnetism and from the size and
shape of the vortices. These results highlight the importance of considering NiO, particles when
interpreting experimental results for these films.

Since their discovery in 2019 [1], superconducting infinite-layer nickelates have attracted tremendous attention [2—
6]. These nickelates are structural analogs of cuprates; however, they exhibit electronic and magnetic differences
[7]. Transport and spectroscopy investigations have revealed their multi-band electronic nature [8-14]. Theoretical
calculations of the antiferromagnetic exchange coupling J; range from very weak, at 10 meV [15, 16], up to 100
meV [17-23]. Nuclear magnetic resonance (NMR) on powdered Ndg g5Srg.15NiO2 [24] has indicated short-range
antiferromagnetic fluctuations, obtaining a J; on the order of 10 meV. Similarly, Raman spectroscopy on bulk NdNiO,
[25], and resonance inelastic X-ray scattering (RIXS) on thin-film NdNiOy [26] have demonstrated J; values of 25
and 63.6 meV. However, there has been no evidence reported of long-range antiferromagnetic order. Muon spin
rotation/relaxation (#SR) has demonstrated multiple intrinsic magnetic orders in different temperature ranges [27].
Some theories predict d-wave pairing symmetry of the superconducting order parameter, similar to cuprates [28-31],
yet other calculations have suggested that the doping level and surface termination might result in s-wave or (s+d)-
wave pairing[32, 33]. Tunnel-diode-oscillator and single-particle tunneling spectroscopy studies on various samples have
shown s-wave pairing in Ndg gSrp 2NiOs, (s+d)-wave pairing in Lag gCag 2NiOs [34], and a spatially inhomogeneous
mixture of s-wave and d-wave pairing in Ndg gSrg2NiO3 [35]. In contrast, two-coil mutual-inductance measurements
of the superfluid density ngs have demonstrated T-linear behavior at low temperatures indicating the presence of nodes
consistent with d-wave pairing symmetry in Lag gSrg2NiOg and Prg gSrgoNiOy [36]. These seemingly inconsistent
results raise the question of whether the magnetism and ng are homogeneous.

In this work, we have applied a scanning superconducting quantum interference device (SQUID) to study the local
magnetic response of three thin-film nickelates, Ry_,Sr,NiOs (R = La, Pr, Nd), grown by pulsed laser deposition
on SrTiO3 (STO). First, we discuss the main magnetic features that we observe: diamagnetism, as expected for
superconductors, and an inhomogeneous ferromagnetic background. Second, we explain the basis for attributing this
ferromagnetic background to NiO, particles. Third, we analyze the dynamic diamagnetic susceptibility to extract
the Pearl length and its temperature dependence. Finally, we further investigate the static magnetic signal and show
that, by subtracting the ferromagnetic background, we can observe superconducting vortices, which is a necessary
condition for further phase-sensitive studies in tricrystals for determining the superconducting order parameter [37].



Our SQUIDs are capable of revealing magnetic impurities and diamagnetic screening inhomogeneities. The SQUID
gradiometer used in this report has a circular pickup loop with an inner diameter of 6 um and a concentric field
coil that provides a local magnetic field [38]. The pickup loop records the sample’s static magnetic field [direct
current (DC) magnetometry in units of flux quanta ®, = hc/2e] and enables two-coil measurements with a current
through the field coil [alternating current (AC) susceptometry in flux quanta per ampere ®q/A]. Previous works
have demonstrated that our SQUIDs can measure magnetic dipoles [39], vortices [40], flux quantization [37], and
inhomogeneous diamagnetic screening [41], among other phenomena. By identifying local (tens of microns) regions
with more homogeneous screening, we can determine the local ng in relatively homogeneous regions of the film.

We studied one control sample and three ~6.7-nm-thick nickelate films (Lag g5Srg.15NiO2, Prg gSrg2NiOz, and
Ndg.775510.225NiO2) on STO. All four samples, including the control sample, have a few-layer STO cap and have gone
through topotactic reduction, as described in [42]. Electronic transport characterizations on these samples confirmed
zero-resistance superconducting critical temperatures of 5.1 K and 7.8 K for Ndg.77551¢.225NiO2 and Prg.gSrg.oNiOs,
respectively. Lag g59rg.15NiO2 has an onset resistance drop at approximately 8 K, but does not show a zero-resistance
transition until 2 K [43].

Figure 1 presents images of AC magnetic susceptibility [Figs. 1(a)-(c)] and DC magnetometry [Figs. 1(d)-(f)] for
the three nickelate films.

In Ndg.775510.225NiO5 and Pr( gSrp.oNiOs at T = 0.3 K, below the superconducting critical temperatures 7., we
observed diamagnetic screening as expected [Figs. 1(a) and (b)]. (In this paper, we use the convention that diamagnetic
screening is reported in negative (/A and is plotted in a red—yellow colormap [Figs. 1(a) and (b)], while paramagnetic
screening is reported in positive ®/A and is plotted in a green—yellow colormap [Fig. 1(c)].) The diamagnetic screening
in Ndg,775510.205NiO2 and Prg gSrg 2 NiOs shows two types of inhomogeneities: cross-shaped features in both samples
[Figs. 1(a) and (b)] and donut-shaped features in otherwise relatively homogeneous regions of Ndg 775510 225NiOg
[Fig. 1(a)]. The cross-shaped features are similar in size and shape to features that are visible in optical microscopy
across all superconducting nickelates [43]. The donut-shaped features in Ndg 775S10.225NiO2 indicate a point-like
feature with greatly reduced diamagnetic response in the film, convolved with our sensor geometry.

In Lag g5Sr0.15NiO9 at T = 3 K [Fig. 1(c)], above T, we see a relatively uniform paramagnetic response. There is
a small feature in the upper right corner of the image that shows a larger paramagnetic response. This feature may
be due to a small contaminating particle on the surface.

Surprisingly, we see an inhomogeneous ferromagnetic background in all three films [Figs. 1(d)-(f)]. The absence
of similar inhomogeneous ferromagnetism in the control substrate, as shown in the supplemental material, indicates
that the ferromagnetic background originates from the nickelate film.

To investigate the origin of the ferromagnetic background, we conducted atomic force microscopy and transmission
electron microscopy. Atomic force microscopy demonstrated submicron-sized particles on the surfaces of each measured
nickelate sample. Cross-sectional scanning transmission electron microscopy on Ndg.7755r0.205NiO5 identified these
particles as NiO, nanoparticles at the interface between the nickelate film and the STO cap [43]. Bulk NiO is an
antiferromagnet, yet it is well established that NiO, nanoparticles can be single-domain ferromagnets with a magnetic
moment of mg [44-48] .

Therefore, we use a random dipole model to model the shape and magnitude of the observed features. We assume
2.8 Bohr magneton (up) for each NiO, unit, based on three recent reports [46-48], giving each nanoparticle in the
model a magnetic moment of mg = 240,000 pp [43]. The model also assumes 37.5 nanoparticles/um?, based on
atomic force microscopy, with random locations. We model each NiO,, particle as a single dipole of my with a random
in-plane orientation and a random (z,y) location in the simulation area. Figure 1(g) presents simulation results at
the fitted scanning height, as discussed below, for the data shown for Lag g5Sro.15NiO2 [Fig. 1(f)]. The simulation
qualitatively captures the magnitude and spatial size of the observed ferromagnetic features.

Based on our observations of NiO, nanoparticles and the agreement between the experimental ferromagnetic back-
ground data and a model based on NiO, nanoparticles, the ferromagnetic background may be due to extrinsic NiO,
nanoparticles.

Given the presence of these ferromagnetic nanoparticles as a complicating factor in our films, we further investigated
their magnetic behavior. Ferromagnetic nanoparticles are known to exhibit superparamagnetism, where the magnetic
moments of single-domain nanoparticles appear to be frozen below a blocking temperature Tz and collectively behave
as a paramagnet above Tz because of thermal activation [49]. We observed similar blocking behaviors in local AC
susceptibility and consecutive magnetometry scans, as shown in Fig. 2. We obtained the local magnetic susceptibility
X, related to relative magnetic permeability by u = x + 1, by fitting the susceptometry signal as a function of height.
Techniques for determining magnetic properties, such as the magnetic permeability p and superfluid density ng, by
fitting the susceptometry signal vs. height have been established in [50]. Figure 2(a) displays data for Lag g5Srg.15NiO2
at selected temperatures, fitted to a model of a uniform paramagnetic thin film [50]. The magnetic susceptibility x
of Lag.g55r9.15NiO2 and PrggSrp2NiOs is fitted at each temperature, as summarized in Fig. 2(b). Figures 2(c)—
(h) and Figs. 2(i)—(n) display the temperature evolution of the ferromagnetic background in Lag g5Srg.15NiO2 and
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FIG. 1. Diamagnetic screening in the presence of a ferromagnetic background. (a—c) Susceptometry images of
Nd0.775SI‘0,225N102 (T =0.3 K), Pro.gSI‘o_zNiOz (T =0.3 K), and Lao_s5Sr0_15N102 (T =3 K) The images Of Nd0.7758r0.225NiOg
and Prg.gSrp.2NiO2, which are below their respective critical temperatures, show diamagnetic screening, while the image of
Lag.s5510.15NiO2, which is above its critical temperature, shows paramagnetism. (d—f) Magnetometry images taken simultane-
ously with the susceptometry images. A planar background fit is subtracted from each scan. The variation in the sharpness of
the image from left to right in (a) is due to an imperfect scan plane. The estimated scan heights are 4.5 um (Ndg.7755r0.225NiO2),
3.1 um (Pro.gSrp.2NiO2), and 3.1 um (Lag.s5Sr0.15NiO2) with the bender voltage of 1 V [43]. (g) Simulated magnetometry
image of randomly positioned in-plane magnetic dipoles each carrying a magnetic moment of mo = 240,000u 5, with a density
of 37.5 /um?, at a scan height of 3.1 ym.
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FIG. 2. AC susceptibility and DC magnetometry consistent with superparamagnetism in extrinsic nanomagnetic particles. (a)
Susceptometry vs. bender voltage at 5, 10, 15, 20, 25, 30, and 35 K, fitted to the expected functional for a thin-film paramagnet.
The bender voltage is proportional to the SQUID-sample separation. (b) Temperature-dependent in-phase susceptibility of
Lag.g5510.15NiO2 and Pro.gSro.2NiO2, obtained at the locations marked in (d) and (j), respectively. Each plotted is determined
from a fit such as those shown in (a). (c) Temperature history for the magnetometry scans of Lag.s55r0.15NiO2 shown in
(d)—(h). (i) Temperature history for the magnetometry scans of Prg gSro.2NiOz shown in (j) —(n).

Pro.sSrg.2NiOag, respectively. The exact approach locations are indicated by markers in Figs. 2(d) and (j). An ensemble
of nanoparticles of uniform size will demonstrate a peak at the blocking temperature [49]. For Lag g5Sr.15NiO2, we
observe an upturn from the base temperature to 17 K before the curve flattens, as shown in Fig. 2(b). The lack of
a clear peak could be a result of a wide NiO, nanoparticle size distribution. In contrast, PrggSrg2NiOs does not
demonstrate a peak below 33 K, indicating that the blocking temperature could be higher. For Lag g55rg.15NiOa,
increasing the temperature from 3 K to 17 K does not significantly alter the ferromagnetic background, as exemplified
in the upper-left coral box in Figs. 2(d)—(f). However, increasing the temperature to 33 K, where the flattening in
susceptibility has occurred, and then cooling back to the base temperature results in a fading of the boxed feature, as
shown in Fig. 2(h). We also observed hysteresis, as highlighted by the purple box, where a magnetic feature persists
upon thermal cycling to 33 K, showing a slightly altered shape after cooling to 3 K. Pry gSrg 2NiO2, with a possible
blocking temperature above the highest measured susceptibility at 33 K, demonstrates similar blocking behaviors in



which the ferromagnetic background does not strongly deviate for thermal cycling below 39 K, but is greatly modified
when cycled to 125 K. This correlation between the ferromagnetic background in magnetometry and the seemingly
superparamagnetic blocking susceptibility provides additional evidence that the ferromagnetic background is caused
by magnetic nanoparticles.

Our results do not contradict previous works based on spectroscopic probes that demonstrated spin glass or short-
range antiferromagnetism in Nd, Pr, and La nickelate thin films on STO (uSR and RIXS) and powdered LaNiOq
(NMR) [26, 27, 51]. SQUID magnetometry cannot distinguish the existence or absence of antiferromagnetism, which
has zero uncompensated spin except at edges and domain walls, nor spin glasses, which have microscopic randomly
aligned spins, because both produce very small net magnetic flux. Searches for those orders would be better conducted
with scattering probes or with scanning probes with finer sensitivity, better spatial resolution, and/or simultaneous
measurement of sample topography, such as with probes such as spin-polarized scanning tunneling microscopy [52] or
magnetic force microscopy [53].

The formation of NiO, nanoparticles due to synthesis imperfection could originate from two aspects: imperfect
stoichiometry and lattice mismatch. Slight off-stoichiometry in the pulsed laser deposition plume could result in
segregation of excess ingredients near the top sample surface in the form of nanoparticles. Lattice mismatch could
also drive the formation of local defects to release the strain between the film and the substrate. One possible
explanation is that the formation of nanoparticles relaxes the tensile epitaxial strain, especially during the growth of
the initial perovskite RNiO3 phase on STO. Based on these interpretations, the nanoparticle density could be reduced
by selecting better lattice-matched substrates and more careful tuning of the synthesis stoichiometry.
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FIG. 3. Temperature dependence of the superfluid density. (a) Susceptometry vs. bender voltage measured over Prg.gSrg.2NiO2
at 2, 3,4, 5,6, 7, and 8 K, shown with fits to a model assuming a diamagnetic thin film as described in supplemental materials.
These fits determine the Pearl length A(T). (b-d) Fitted values of A(T' = 0)/A(T) vs. normalized temperature determined at
(b) the point in Ndg.775510.225NiO2 marked with a diamond in the inset, (c) the point in Prg.gSro.2NiO2 marked with a star in
the inset, and (d) the point in Prg sSrg.2NiO2 marked with a triangle in the inset. The solid markers with error bars denote 1/A
fitted from susceptibility approaches. The temperature dependence of 1/A was fitted to a nodal (dashed lines) and non-nodal
(solid lines) gap function model, with the best fits plotted. The zero-temperature Pearl length A(T = 0) from the nodal fit was
chosen as a normalization factor.

We next discuss the characterization of the diamagnetic response. In thin-film superconductors, the Pearl length
A = 2)\?/d, where X\ and d are the London penetration depth and film thickness, respectively, is the relevant length
for characterizing diamagnetic screening [40]. The superfluid density and Pearl length are related by the equation
ns = 2m*/puoAe?d, where g, m*, and e represent the vacuum permeability, effective charge carrier mass, and free
electron charge, respectively [54]. We fit our susceptibility vs. height data to a thin-film diamagnetic model as
described in the supplemental material to extract the temperature-dependent superfluid density ng(T'), denoted as
1/A(T) in the remainder of this report [50]. Our fitting model assumes a plane of uniform superfluid density. Therefore,
we measure in relatively homogeneous regions to avoid the inhomogeneities seen in [Figs. 1(a) and (b)]. Fig. 3(a)
demonstrates satisfactory fitting at low temperatures, where the diamagnetic response of the superconductor is the
main contribution to the susceptometry, and poor fitting near T., where the paramagnetic response [as shown in



(Fig. 2)] is larger and the diamagnetic response is smaller than at lower temperatures. Therefore, we only display
fitted A below 0.5 T, in Figs. 3(b)—(d). All susceptibility approaches were made in regions that demonstrate relatively
homogeneous diamagnetic screening over a range of tens of micrometers, as indicated on the inset of Fig. 3(b) - (d),
in the hope that the neighboring inhomogeneities would not affect the measurement of the superfluid density.

The temperature dependence of the superfluid density at low temperatures can indicate the presence of nodes in
the superconducting gap. We measured the temperature dependence of the superfluid density ns(T), or the inverse
Pearl length 1/A(T), at two locations on the Prg gSrp2NiOs film and one location on the Ndg 775510225 NiO2 film.
In the supplemental information, we describe fitting to two models: a d-wave model with resonance scattering, in
which the intermediate T-linear behavior crosses over to T2 dependence below a crossover temperature T** owing
to non-zero states near the Fermi surface [55], and an anisotropic s-wave model, in which n4(T) is exponential at
temperatures that are small compared with the minimum gap A, with a crossover to power-law-like behavior at
intermediate temperatures. We also show that the fitted crossover temperature 7% is close to or smaller than our
lowest measurement temperature, such that our data can also be described by a T-linear d-wave model [43]. In
Figs. 3(b)—(d), we display best fits to the model of a d-wave with scattering, labeled as “nodal,” and the anisotropic
s-wave model, labeled as “fully gapped.”

The fitted coefficients in all three locations agree with macroscopic mutual-inductance measurements [36, 43] and
are consistent with a T-linear temperature dependence from ~0.1 T, to ~0.3 T.. One location measured on the
Prg Srg.2NiO; film (Fig. 2(c)) may show a slight flattening, consistent with either a crossover to T2 or the existence
of a minimum gap, and we cannot rule out the existence of a crossover to T2 in Ndg.7755r0.225NiO2, as reported in
[36]. The fitted zero-temperature penetration depth A(T" = 0), converted from the Pearl length A(T' = 0), is similar
for both the nodal and fully gapped models for all measured regions. With the nominal assumption of 20 unit cells,
AT = 0) is in the range of 1.21-1.24 pm for the two points in PrggSrg2NiOg, in excellent agreement with [36]
[A(T =0) = 1.3 um]. Our data for the slightly more overdoped Ndg 775Sr0.225NiO3 fit to both a nodal model and a
fully gapped model, with a fitted A(T" = 0) of approximately 1.04 um in both models, similar to previous reports in
optimally doped Ndg gSrp2NiO2 [A(T' = 0)= 0.75 pm in [36] and A\(T' = 0)= 0.58-1.46 pm in [34]]. With a predicted
effective mass 2.8 times that of the free electron mass for Ndg gSrg 2 NiOy [29], the zero-temperature superfluid density
ns of our Ndg.7755r0.225NiO3 is estimated to be 7.33 x 1025 /m3.

We do not attempt to conclude s- or d-wave pairing symmetry from Figs. 3(b)—(d).

Our results show that two forms of heterogeneity play a role that should be considered in fitting future measurements
of ng. First, the susceptibility in Figs. 2(a) and (b) is dominated by the superparamagnetic susceptibility from NiO,
inclusions. Although this signal decreases as the temperature decreases below the nominal blocking temperatures,
it is still significant near 7., where the diamagnetic susceptibility is small. Because this paramagnetic susceptibility
resembles superparamagnetism with a broad distribution of blocking temperatures, neither the Curie-Weiss law nor
any other specific functional form should be used to subtract this contribution. At lower temperatures, however,
the paramagnetism decreases and the measured diamagnetism is two orders of magnitude larger; thus, we have more
confidence in our measured values of lower-temperature ns. The error associated with the paramagnetism in the
superfluid density fitting below 0.5 T is estimated to be less than 2%. Second, the line- and cross-shaped features in
the diamagnetic susceptibility [Figs. 1(a) and (b)] complicate the measurement of n, at all temperatures; our relatively
local measurement allows us to avoid those features to determine the low-temperature n;.

A natural question arises at this point: where are the superconducting vortices? By subtracting images below
the zero-resistance critical temperature T, (4.8 K for Ndg.775510.225NiO3) from a background scan taken above T,
Figure 4 reveals vortices in magnetometry images in two regions in Ndg 77551(.225NiO2. To control the number of
vortices in each image, we applied a small magnetic field by running a current I,qgnet through a hand-made coil
below the sample stage; the total magnetic field is the applied field, proportional to I,agnet, plus a stray background
field. Figures 4(a) and (b) present the temperature history of the sample for Figs. 4(c)—(i) and Figs. 4(j) and (k),
respectively. As the temperature history in Fig. 4(a) shows, we first heated the sample to 7 K, which is above T,
= 4.8 K. We then cooled in a field generated by Ipqgnet = 0.5 mA before taking the data in Fig. 4(c); reheated the
sample to 7 K and then cooled with Ip,qgnet = -0.5 mA before taking the data in Fig. 4(d); and heated the sample
to 6 K to take an image of the ferromagnetic background, which is subtracted from the other images. Six pointlike
features in Fig. 4(c) and two pointlike features in Fig. 4(d) are present. We identified these features as quantized
superconducting vortices. We then cooled to 4.7 K in nominally zero field, I,qgnet = 0 mA, where we did not observe
any vortices [Fig. 4(e)]; further cooled to a temperature of 1 K, at which 4 vortices appeared at different locations
[Fig. 4(f)]; and then gradually warmed up, observing that the vortices remained at the same locations from 1 K to 3 K
and then disappeared at 4 K [Figs. 4(f)—(i)]. We used a similar protocol in a different sample region [Figs. 4(b),(j), (k)]
and found that cooling in an applied field of I;nagnet = 2-mA introduced 11 vortices that disappeared upon zero-field
cooling (For details of vortex number counting, see Fig. S13).

The disappearance of vortices near T, and the re-emergence upon field cooling at alternative locations meet our
expectations. The vortex number counts as a function of the applied current through the magnet is shown in Fig.
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FIG. 4. Superconducting vortices. (a, b) Temperature and applied field history of two regions in Ndo.775Sr0.225NiO2. The red
dots are background scans, taken at 6 K (a) and 4 K (b). The dashed lines indicate field cooling. (c-k) Background-subtracted
magnetometry scans. The estimated scanning height is 4.6 pm. The vortices appear as yellow regions representing a local peak
in magnetic flux. (1) Number of vortices as a function of the cooling field, with corresponding scans labeled. The dashed line
shows the best linear fit.

4(1). This data is best fit by a linear slope of 3.57(0.12) /mA and an offset of 3.96 mA. Based on the geometry of
the hand-made magnet, we estimate that a 1 mA current should result in a change in the applied field of 6.7 mG
at the film, causing a flux change of 72 ym?G and therefore applying 3.48 ®; in the scan. This slope is in excellent
agreement with the experimental vortex number count. The fitted offset implies that the background field is 26.5 mG.

We determined the Pearl length by fitting the vortices in Fig. 4(k) and compared the values with the Pearl length
fitted from susceptibility approaches. The presence of a ferromagnetic background, in particular the residual back-
ground after an imperfect background subtraction, may alter the apparent shapes of the vortices. First, we subtracted
a continuous background fitted to a third-degree polynomial plane from Fig. 4(k) to better reveal vortices and an
anti-vortex, as shown in Fig. 5(a). Figure 5(b) displays a simulated Pearl vortex based on the parameters of a Pearl
length of 329(26) pm and a scan height of 4.6 um at 300 mK, as obtained from fitting the susceptibility approaches in
this region. The vortices and the antivortex in Fig. 5(a) sit in a background that originates from imperfect ferromag-
netic background subtraction. An example of such a background is presented in Fig. 5(c), with its location indicated
by the solid box in Fig. 5(a). The boxed features labeled 14 in Fig. 5(a) are vortices and are shown in Figs. 5(d)—(g).
Box 5 shows an anti-vortex, which has a different sign than the vortices. To extrapolate the Pearl length from vortex
images, we fitted the vortices in Figs. 5(d)—(g) by applying a two-parameter method to determine the most suitable
scan height and Pearl length [43]. The cross-sectional line of the Box 1 vortex fits is shown in Fig. S15(e). The fitted
Pearl lengths are indicated in Figs. 5(d)—(g). The fitting quality is represented by the difference between each vortex
and its best fit, denoted as the residual in Figs. 5(h)—(k). The shape and magnitude of the residuals are comparable
to the random background in Fig. 5(c). The Pearl lengths obtained by fitting from susceptibility approaches and
vortex images agree well.

Near the center of the Pearl vortex (r << A), the out-of-plane magnetic field diverges as 1/r, faster than an
Abrikosov vortex which follows In(r/A) [40]. In practice, this 1/r dependence means that the apparent width of the
vortex is much smaller than the Pearl length. The full width half maximum of a typical Pearl vortex with a Pearl
length of 350 um as seen by our SQUID at 4 um above can be estimated to be 8 pum [43].
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FIG. 5. Close-up view of Pearl vortices in Ndg.775Sr0.225NiO2 fitted to simulations. (a) Background-subtracted magnetometry
scan from Fig. 4(k). Five individual vortices (one of which is an antivortex) are boxed by dashed lines and labeled 1 through 5.
A random background acquired from a location away from the vortices is boxed by solid lines and labeled as BG. (b) Simulated
Pearl vortex with a Pearl length of A = 329 pum at a scan height of h = 4.6 um. (c) A region away from the vortices boxed
by the red lines in (a) is taken as a random background. (d—-g) Individual views of each vortex labeled in (a), with the fitted
Pearl length A indicated. The fitted scanning height hy from (d) to (g) is 4.8, 5, 5.2, and 5 pm. (h-k) Residuals of individual
vortex data subtracted from the simulation at the best fit. These residuals are similar in shape and strength to the random
background in (c).

In summary, we have conducted comprehensive scanning SQUID microscopy on superconducting infinite-layer
nickelate films grown by pulsed laser deposition on STO substrates. First, we observed a ferromagnetic background
[Figs. 1(d), (e), and (f)] whose behavior under thermal cycling is consistent with isolated superparamagnetic nanopar-
ticles (Fig. 2). We attributed this magnetic signal to extrinsic NiO, nanoparticles whose chemical composition was
identified by scanning transmission electron microscopy. The nanoparticle size and density were observed by atomic
force microscopy, which allowed us to compare data to simulations. The dynamic susceptibility of such nanoparticles
could complicate the interpretation of some bulk experiments for magnetic order and pairing symmetry. Second, we
identified diamagnetic screening [Figs. 1(b) and (d)] that appears inhomogeneous. Third, despite the ferromagnetic
background and diamagnetic inhomogeneity, we observed a T-linear temperature dependence of our locally measured
ng in Prg gSrp.oNiOg and Ndg 7755r0.205NiO2, although our data does not go to sufficiently low temperature to con-
clude s- or d-wave pairing symmetry. Fourth, we found superconducting vortices and demonstrated that the number
of these vortices is linear with respect to the applied magnetic field in the small-field regime. Finally, by analyzing
the shapes of isolated vortices, we obtained a fitted Pearl length that agrees well with the Pearl length fitted from
the AC susceptibility, with both methods yielding A = 330(30)um at 300 mK in a Ndg 7755r0.225NiO2 film with T,
= 4.5 K. Our results highlight the potential importance of external NiO, magnetic inclusions in the interpretation
of measurements on these and similar, and open new research directions, such as studying vortex dynamics and flux
quantization in superconducting nickelates.
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