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A. Sample preparation and characterization

The perovskite precursor samples are grown by pulsed laser deposition on single crystal SrTiO3 substrates. The

substrates are annealed prior to growth for 30-70 minutes at 930 ◦C in an oxygen partial pressure of 5 × 10−6 Torr.

The nickelate film and SrTiO3 capping layer are grown at 570 ◦C in an oxygen partial pressure of 0.2-0.25 Torr from

polycrystalline pressed powder targets. The excimer laser has a spot fluence of 2 Jcm−2 and is operated at 4 Hz.

Nd0.825Sr0.175NiO3 is grown on one 10 × 10 mm substrate while Pr0.8Sr0.2NiO3, La0.8Sr0.2NiO3 and LaNiO3 are

synthesized in 3-4 growths on substrates with 5 × 5 mm dimensions.

The perovskite films are then cut in half and reduced to the infinite-layer phase. For this, they are embedded in

0.1 g of CaH2 powder and heated to 240 - 260 ◦C typically multiple times until the correct phase is observed by x-ray

diffraction (XRD). The total reduction time varies from 2 - 12 hours.

Fig. S1 shows the XRD normal θ-2θ scans around the 002 diffraction peak after the final reduction of each piece of

the mosaic for each sample.

The robustness of the SrTiO3 capping layer to the reduction, i.e., that it retains the same perovskite structure and

that it is insulating, is verified by XRD and two-point resistance on the sample surface.

Transport measurements were carried out in a six-point geometry through Al wire-bonded contacts. Fig. S2 shows

the resistivity as a function of temperature for all the pieces of each sample mosaic (note that the Nd0.825Sr0.175NiO2

mosaic consists of two pieces only but transport measurements were made at two different locations on each sample).

Panels a-d are over the full temperature range measured while panels e-h focus on the low temperature behavior. The

superconducting transitions for the Sr-doped samples are clearly observed between 5 and 15 K while LaNiO2 exhibits

either weakly insulating behavior or a resistivity downturn below 10 K suggesting proximity to a superconducting

ground state.
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Supplementary Figure 1: X-ray diffraction of the infinite-layer films. a-d θ-2θ scans around the 002 diffraction

peak of each sample from the mosaic of Nd0.825Sr0.175NiO2, Pr0.8Sr0.2NiO2, La0.8Sr0.2NiO2 and LaNiO2 respectively.
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Supplementary Figure 2: Transport properties. a-d Resistivity up to 300 K for all the films. e-h Low

temperature resistivity behavior for the same films.

Table SI summarizes the mean thicknesses and critical temperatures of the sample mosaics. The nickelate thicknesses

are obtained from the XRD θ-2θ peak widths via the Scherrer approximation [1]. The perovskite SrTiO3 capping

layer thicknesses were determined by fitting with a multilayer simulation [2]. Tc is defined as the temperature of

maximum derivative of the resistivity.

Infinite-layer nickelate films prepared in the same conditions have previously been characterized in terms of structure,

transport and composition [3–6]. Collectively, they show high fidelity in Sr doping as probed by the evolution of the
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Sample Nickelate thickness (nm) Nickelate c-axis lattice parameter (Å) SrTiO3 cap thickness (nm) Tc (K)

Nd0.825Sr0.175NiO2 7.0 3.363 20.0 8.4

Pr0.8Sr0.2NiO2 7.7 3.405 9.6 10.5

La0.8Sr0.2NiO2 7.7 3.443 13.6 9.1

LaNiO2 9.1 3.391 8.9 -

Supplementary Table I: Mean sample properties.

lattice parameters, Hall coefficient, and spectroscopy. Sample-to-sample variations in resistivity which originate from

variations in the distribution of extended defects (largely Ruddlesden-Popper-type faults) have been reported [3].

In all cases, while we cannot exclude the rare occurrence of ferromagnetic inclusions and defects, they are certainly

restricted to a negligibly small volume fraction to rule out their contribution to the µSR studies here.

To calculate the optimal implantation energy, Monte Carlo simulations were performed using the TRIM.SP code

[7]. The energies found to maximize the implantation in the nickelate layers strongly depend on the thickness of the

SrTiO3 capping layer and the density of the nickelate layer and so have to be determined by separately inputting the

nominal densities and measured thicknesses of each sample. They are found to be 4.5 keV, for Nd0.825Sr0.175NiO2,

2.3 keV for Pr0.8Sr0.2NiO2, 2.8 keV for La0.8Sr0.2NiO2 and 2.3 keV for LaNiO2.

B. Run log

Tables SII, SIII and SIV contain a comprehensive list of all the low-energy muon (LEM) measurements performed

in zero field, in a weak transverse field (wTF) as a function of temperature and in wTF as a function of energy

respectively. For clarity the measurements are also indexed with the conditions. The run number and year can be

used to call the asymmetry histogram files on musruser.psi.ch.

Sample T (K) E (keV) B (mT) Run no. Year

Nd0.825Sr0.175NiO2 5 4.5 0 3822 2020

100 4.5 0 4782 2021

250 4.5 0 3828 2020

Pr0.8Sr0.2NiO2 5 2.25 0 4750 2021

100 2.25 0 4771 2021

150 2.25 0 4772 2021

250 2.25 0 4770 2021

La0.8Sr0.2NiO2 4.7 2.75 0 4708 2021

100 2.75 0 4785 2021

250 2.75 0 4722 2021

LaNiO2 4.5 2.25 0 4727 2021

100 2.25 0 4787 2021

250 2.25 0 4747 2021

320 2.25 0 4789 2021

Supplementary Table II: µSR run log index for zero field asymmetry histograms.
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Sample T (K) E (keV) B (mT) Run no. Year

Nd0.825Sr0.175NiO2 5 4.5 10 3812 2020

10 4.5 10 3811 2020

25 4.5 10 3810 2020

37.5 4.5 10 3827 2020

50 4.5 10 3809 2020

100 4.5 10 3808 2020

150 4.5 10 3807 2020

200 4.5 10 3806 2020

250 4.5 10 3829 2020

Pr0.8Sr0.2NiO2 5 2.25 10 4749 2021

8 2.25 10 4751 2021

15 2.25 10 4752 2021

27.5 2.25 10 4760 2021

40 2.25 10 4761 2021

50 2.25 10 4762 2021

75 2.25 10 4763 2021

100 2.25 10 4764 2021

125 2.25 10 4765 2021

150 2.25 10 4767 2021

175 2.25 10 4768 2021

200 2.25 10 4769 2021

225 2.25 10 4768 2021

250 2.25 10 4769 2021

La0.8Sr0.2NiO2 4.7 2.75 10 4707 2021

15 2.75 10 4709 2021

20 2.75 10 4706 2021

30 2.75 10 4715 2021

40 2.75 10 4716 2021

50 2.75 10 4717 2021

75 2.75 10 4718 2021

100 2.75 10 4719 2021

150 2.75 10 4720 2021

200 2.75 10 4705 2021

250 2.75 10 4721 2021

LaNiO2 4.5 2.25 10 4726 2021

8 2.25 10 4728 2021

15 2.25 10 4729 2021

27.5 2.25 10 4737 2021

40 2.25 10 4738 2021

50 2.25 10 4739 2021

75 2.25 10 4740 2021

100 2.25 10 4741 2021

125 2.25 10 4742 2021

150 2.25 10 4743 2021

175 2.25 10 4744 2021

200 2.25 10 4725 2021

225 2.25 10 4745 2021

250 2.25 10 4746 2021

Supplementary Table III: µSR run log index for weak transverse field asymmetry histograms at various

temperatures.
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Sample T (K) E (keV) B (mT) Run no. Year

Nd0.825Sr0.175NiO2 15 2.7 10 4773 2021

15 3.7 10 4774 2021

15 4.7 10 4776 2021

15 5.2 10 4775 2021

15 5.7 10 4777 2021

15 7.8 10 4778 2021

15 9.9 10 4779 2021

15 12 10 4780 2021

15 14 10 4781 2021

Pr0.8Sr0.2NiO2 15 2.25 10 4752 2021

15 3.25 10 4753 2021

15 4.25 10 4754 2021

15 5.25 10 4755 2021

15 7 10 4756 2021

15 10 10 4757 2021

15 12 10 4758 2021

15 14 10 4759 2021

La0.8Sr0.2NiO2 15 2.75 10 4709 2021

15 3.75 10 4710 2021

15 4.75 10 4711 2021

15 5.75 10 4723 2021

15 7 10 4712 2021

15 10 10 4713 2021

15 12 10 4724 2021

15 14 10 4714 2021

LaNiO2 15 2.25 10 4729 2021

15 3.25 10 4730 2021

15 4.25 10 4731 2021

15 5.25 10 4732 2021

15 7 10 4733 2021

15 10 10 4734 2021

15 12 10 4735 2021

15 14 10 4736 2021

Supplementary Table IV: µSR run log index for weak transverse field asymmetry histograms at various

implantation energies.

C. Low-Energy µSR

1. Low-energy muon spectra in the first 50 ns

In the context of µSR studies on magnetic materials in the ordered state, often a strong initial depolarization is

found in the zero field spectra. In the transverse field geometry this is often referred to as a loss in asymmetry. In

case of the low-energy µSR (LEM) setup this needs a more detailed discussion due to experimental limitations that

affect the spectra in the first 50 ns. The left side of Fig. S3 depicts the current LEM setup. The muon start counter

(M -counter, trigger) registers an incoming µ+. From there, the low-energy µ+ has to travel 563mm before hitting the

sample. After the muon start counter, the low-energy muons have a spread in energy of about 450 keV (compared to a
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mean kinetic energy of ≃ 10.5 keV for the experiments discussed here). This spread in energy leads to a time-of-flight

distribution between the muon start counter and the sample position. On top of this, there are also valid decay events

possible, as sketched in Fig. S3a. Namely, a muon is registered by the muon start counter and on its way to the sample

it decays in the region of the last electrostatic focusing element labeled as “Ring Anode”. The corresponding positron

is registered by one of the positron detectors, hence this looks like a valid event, yet it is external to the sample.

Due to the time-of-flight distribution this event might be present in the counts after the time zero, t0. Since the

ring anodes absorb the low-energy positrons, these parasitic events carry a higher polarization (asymmetry) [8]. To

illustrate this effect, Fig. S3b shows zero field spectra at early times of Ag and Nd0.825Sr0.175NiO2, with the latter in

the paramagnetic state. The region in which the LE-µSR spectra are influenced by the time-of-flight decay is 50−70 ns,

shaded in gray, depending on the transport energy of the low-energy muons. As a consequence, depolarization rates
>∼ 15−20µs−1 are difficult to be determined, and only are meaningful if deduced from a temperature scan. The latter

is possible since the time-of-flight decay asymmetry enhancement is temperature-independent.

Positron
Detector
Assembly

μ+ Start counter

e+

μ+

Ring Anode

Sample

2

Ag
Nd0.825Sr0.175NiO2

a b

Supplementary Figure 3: Left: Last section of the LEM setup starting from the muon start counter. Right: zero

field spectra at early times for Ag (T = 200K, E = 6keV) and Nd0.825Sr0.175NiO2 (T = 250K, E = 4.5 keV).
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Fig. S4 shows short time zero field time spectra for Nd0.825Sr0.175NiO2, E = 4.5 keV, for T = 250K and T = 5K. The

shaded area shows again the region with mixed polarization from the sample and the time-of-flight decay. It is clearly

visible that there is a loss in polarization for the T = 5K data compared to the paramagnetic state at T = 250K.

However, since it is very hard to convincingly separate out the time-of-flight contribution from the sample physics

for t ≤ 0.05 − 0.07µs, we do not try to interpret the fast depolarization part, other than the loss in asymmetry as

function of the temperature.
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Supplementary Figure 4: Short time zero field µSR time spectrum for Nd0.825Sr0.175NiO2, E = 4.5 keV. It is

apparent that there is a loss in asymmetry at t ≥ 50 ns.

2. Zero field parameters

Comment on the chosen zero field fit function: Often no zero field precession is observed in the magnetically

ordered state, either because there are too many muon sites present, the internal field distribution is too broad, or

the precession frequency is too high to be observed. For the current LE-µSR setup the highest observable frequency

is on the order of ∼ 60MHz. In the absence of a coherent zero field precession signal, often the data in the magnetic

state can be analyzed by a bi-exponential decay of the form:

AZF(t) = A0

[
(1− α)e−λFt + αe−λSt

]
+Abkg, (1)

where A0 is the zero field asymmetry, and Abkg a potentially present background contribution. λF and λS are a fast

and slow depolarization rate. α is the fraction of the slow decaying part (for a powder sample, with a single muon

site, α = 1/3)

Fits to the zero field functions with the bi-exponential Eq. S(1) yield poor χ2 values. The reason for this is the very

pronounced curvature of A(t) at low temperature, and the setup related time-of-flight decay described in Sec. C 1.

Therefore we chose Eq.(1) in the main text, where the slow part is of stretched exponential form, to analyze the zero

field data.
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Supplementary Figure 5: a Asymmetry parameter of the zero field fit given at t = 0.07µs versus temperature.

This is the start time for which the time-of-flight contribution is not present anymore. b Zero field depolarization

rate, λ, versus temperature for all samples.

The parameters described here are defined in Eq. (1) of the main text. The left side of Fig. S5 shows the zero

field asymmetry parameter, A0, as function of temperature. A0 is evaluated at the initial time of the fit, t = 0.07µs,

in order to avoid the time-of-flight contribution as described in Sec. C 1. There is a clear loss in asymmetry at low

temperature compared to the paramagnetic state which is strong indication for magnetic correlations. The right side

of Fig. S5 depicts the zero field depolarization rate, λS, as a function of T . For all the investigated samples, there is

an increase of λS towards lower T . This, together with the zero field parameters A0, and β (Fig. 2e of the main text)

suggests that the low temperature state is likely either an ordered or disordered magnetic ground state.

3. LE-µSR depth analysis of nickelate films

This section addresses the modeling of the energy-dependent asymmetry presented in Fig. 4 of the main text. When

taken together with the stopping profiles obtained from simulation, an example of which is displayed in Fig. 1 of the

main text, the energy-dependence can be represented as a depth-dependence. Here we construct a minimal model of

step-changes in asymmetry within the multilayer samples in order to reconstruct the measured depth-dependence by

fitting to the experimental data points. Note that the experimental asymmetries plotted in Fig. 4 of the main text

have been corrected from the initial output of the decaying cosine fit by subtracting the asymmetry deriving from the

muons lost to backscattering at low energies. The function subtracted as correction is Ac = 0.22e−E/1.26 + 0.0019,

where E is in keV.

Fig. S6 shows the resulting best fit parameters to the minimal model of discontinuous asymmetry changes within

the multilayer samples as function of sample depth. The error associated with the fit parameters is indicated by the

line thickness, and the position of the nickelate layer is represented. The same information is presented in Table SV.

A′
RNO and A′

STO are the asymmetries found for the nickelate and the SrTiO3 respectively while dl is the depth from

the chemical interface that the nickelate asymmetry is allowed to penetrate.

Table VI contains the resulting fit parameters and respective χ2 for the Pr0.8Sr0.2NiO2 sample. The goal of the fits

is to show the sensitivity of the model to the magnetic volume fraction within the different layers. Here the χ2 can be

compared when fixing the wTF asymmetry on the nickelate layer, and the depth at which the asymmetry transitions

from the nickelate to the SrTiO3 value.

In Fig. 4 of the main text the solid lines correspond to model a), the best fit where the nickelate asymmetry is

allowed to leak. The dashed lines of Fig. 4 in the main text correspond to model b) where the asymmetry is restricted
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Supplementary Figure 6: Depth variation of the wTF asymmetry obtained by fitting the corresponding muon

implantation energy dependence for a Nd0.825Sr0.175NiO2, b Pr0.8Sr0.2NiO2, c La0.8Sr0.2NiO2, and d LaNiO2

respectively. The width of the colored lines indicates the standard deviation of the fit parameters. The gray region

represents the position of the nickelate layer.

to change at the chemical interface only.

Sample A′
RNO A′

STO dl

Nd0.825Sr0.175NiO2 0.0195 ± 0.0005 0.0495 ± 0.0005 4.5 ± 1.5

Pr0.8Sr0.2NiO2 0.0040 ± 0.0010 0.0404 ± 0.0004 8.2 ± 0.7

La0.8Sr0.2NiO2 0.0100 ± 0.0010 0.0516 ± 0.0005 5.2 ± 0.7

LaNiO2 0.0088 ± 0.0007 0.0454 ± 0.0005 6.5 ± 0.2

Supplementary Table V: Fit parameters obtained assuming a sharp transition in asymmetry at finite depth

below the chemical film/substrate interface. A′
RNO and A′

STO are the asymmetries measured in the nickelate and

SrTiO3 layers, respectively, and dl indicates how far A′
RNO extends into the substrate.

A′
RNO A′

STO dl (nm) χ2

a 0.004 0.0404 ± 0.0004 8.2 0.54

b 0.02 0.0327 ± 0.0003 0 166.39

c 0.004 0.0352 ± 0.0003 0 56.82

d 0.004 0.0372 ± 0.0004 3 23.57

e 0.004 0.0392 ± 0.0004 6 3.94

Supplementary Table VI: Parameters obtained by fitting the minimal model to the energy-dependent wTF

asymmetry of Pr0.8Sr0.2NiO2. a Best fit i.e. the parameters plotted in Fig. S6 and presented in Table SV. b Fit

obtained when fixing the width of the nickelate layer, i.e. dl = 0 nm. c) Fit obtained by fixing dl = 0 nm and A′
RNO

fixed to the best fit value from a. d,e Fits obtained by fixing dl to increasing values.
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