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The quantum-critical origin of strange metals remains debated, particularly in
cuprates where T -linear resistivity emerges at the end of the pseudogap phase, a regime
without long-range order whose nature remains one of the largest mysteries of quantum
materials1,2. Superconducting infinite-layer nickelates provide a new platform to revisit
this issue, given their close similarities to cuprates. Here too, T -linear resistivity on-
sets at a critical doping x⋆ near the middle of the superconducting dome. Establishing
whether x⋆ is a quantum critical point (QCP)—a zero-temperature phase transition—
typically relies on the electronic specific heat Cel, which follows Cel/T ∝ log(T ) at a QCP,
rather than the constant behaviour of a conventional metal. However, the thin-film
form of infinite-layer nickelates precludes calorimetry. We therefore use the Seebeck
coefficient as a low-temperature proxy for specific heat per carrier. In La1−xSrxNiO2 at
x⋆, the high-temperature Seebeck response is quantitatively captured by the ARPES-
measured band structure, indicating well-defined quasiparticles. Below 60 kelvin, how-
ever, S/T develops a logarithmic divergence, S/T ∝ log(T ), persisting to the lowest tem-
perature once superconductivity is suppressed by B = 41.5 T. This identifies x⋆ as a
QCP terminating the underdoped phase. Finally, we find that the carrier density nd

of the Ni-dx2−y2 pocket drops from 1+x above x⋆ to x below, mirroring the hallmark of
the pseudogap phase in cuprates and iridates. These results point to a pseudogap-like
underdoped regime ending at x⋆, from which strange-metal behaviour emerges.

I. INTRODUCTION

The recurring pattern of strange metals in quantum materials, with persisting T -linear resis-
tivity defies the conventional theory of metals and remains one of the most challenging problem
of condensed matter research3,4. In addition, strange metals tend to precede high-temperature
superconductivity, indicating a common origin between the strange scattering of the electrons
in the normal state and their pairing, reinforcing the urge to an understanding5,6.

Often, if not always, strange metals seem to appear at a quantum critical point (QCP) –
a zero-temperature phase transition tuned by non-thermal parameters such as doping – that
marks the end of a phase. It has been largely documented in heavy-fermion7, iron-based8 and
organic9,10 superconductors, as well as ruthenates11, and magic angle twisted bilayer graphene12.
At a quantum critical point, the electronic specific heat diverges logarithmically in temperature
Cel/T ∝ log(T )1,11,13, because the entropy keeps rising as the material reaches the T → 0
limit – chasing a phase transition that would never happen. The quantum critical material
becomes scale invariant, which means that the temperature is, at that point, the only energy
scale of the system3,14,15, leading to a timescale τ ∼ ℏ/kBT/ℏ. In this scenario, the scattering

∗ gael.grissonnanche@polytechnique.edu

ar
X

iv
:2

51
0.

12
78

6v
2 

 [
co

nd
-m

at
.s

tr
-e

l]
  1

9 
Ju

l 2
02

6

mailto:gael.grissonnanche@polytechnique.edu
https://arxiv.org/abs/2510.12786v2


2

rate is naturally bounded at the Planckian limit16–18, resulting in the characteristic T -linear
resistivity of strange metals. Establishing experimentally that strange metals systematically
occur at quantum critical points would provide compelling evidence for their quantum-critical
origin and a natural framework for understanding their anomalous transport properties.

However, the universality of the link between strange metals and quantum criticality has been
questioned in hole-doped cuprates, where T -linear resistivity emerges at the endpoint p⋆ of the
pseudogap phase (Fig. 1d)—a regime without long-range magnetic order whose nature remains
unresolved (Fig. 1b). While p⋆ was proposed to be a genuine QCP, based on the logarithmic
divergence Cel/T ∝ log(T ) measured in Eu/Nd0.4La1.6−xSrxCuO4 (Eu/Nd-LSCO) (Fig. 1f)1,
it was also argued that this divergence could instead reflect the nearby van Hove singularity
in this family2—a far more conventional band-structure effect than quantum criticality, and
one with much less relevance to the broader problem of strange metals and high-temperature
superconductivity.

Superconducting infinite-layer nickelates19–21 provide a timely platform to revisit this ques-
tion, as they reproduce several key ingredients of the cuprates, including nodal superconduc-
tivity22,23, a correlated Ni-dx2−y2 band at the Fermi level24, and a high-doping Fermi-liquid
regime25. Crucially, they enter a strange-metal regime with T -linear resistivity at an onset
doping x⋆ located near the middle of the superconducting dome25, reminiscent of the cuprate
phenomenology (Fig. 1a,b). This makes nickelates a new setting in which to test whether
strange-metal behavior is tied to quantum criticality. Yet, direct evidence that x⋆ corresponds
to a quantum critical point is still lacking, and the nature of the low-doping phase that termi-
nates at x⋆ remains unresolved (Fig. 1a).

A way to test whether T -linear resistivity in infinite-layer nickelates (Fig. 1c) emerges from
quantum criticality is to track how the entropy evolves with temperature. However, since
these materials can only be stabilized as thin films (< 10 nm)26, conventional calorimetry is
ineffective here to track the evolution of entropy, as it primarily measures the response of the
underlying substrate. To circumvent this limitation, we turn to the Seebeck coefficient S, which
at low temperatures can be regarded as the specific heat per carrier – with S ∼ Cel/ne, n
the carrier density and e the electronic charge. In cuprates, both Cel/T

1 and S/T 27 show
the same logarithmic divergence in the strange metal regime and is supported by theory14,28 –
this behavior is also observed in electron-doped cuprates29, heavy fermions30, iron-based31 and
organic superconductors9 – demonstrating that the Seebeck effect can be used as a proxy for the
log(T ) dependence of the specific heat at a QCP (Fig. 1f). In this work, we find that strange
metal infinite-layer nickelates at the onset doping x⋆ of the strange metal behavior display the
same signature: once superconductivity has been suppressed with a large magnetic field, S/T
is found to diverge logarithmically S/T ∝ log(T ) as T → 0 in the normal state (Fig. 1e). This
behavior is only found at x⋆. Therefore, we conclude that the onset doping of T -linear resistivity
x⋆ is a quantum critical point.

We then turn to the nature of the low-doping phase below x⋆ in infinite-layer nickelates and
ask whether it is analogous to the pseudogap phase of hole-doped cuprates. In cuprates, the
defining phenomenology of the pseudogap phase is a loss of charge carriers below a crossover
temperature T ⋆, revealed by an upturn in the resistivity and by a sudden change in the zero-
temperature Hall coefficient RH(T → 0) as a function of doping. This change reflects a drop in
the carrier density of the Cu-dx2−y2 states from 1 + p holes per Cu above the critical doping
p⋆ to p below p⋆32,33. Strikingly, this occurs without the onset of long-range antiferromagnetic
order below p⋆.

In nickelates, both the resistivity upturn upon cooling and the sudden change in the Hall
coefficient below x⋆ are observed25, despite the absence of long-range order in the low-doping
regime. However, the multiband nature of infinite-layer nickelates complicates the direct obser-
vation of the evolution of the carrier-density nd in the Ni-dx2−y2 band across the QCP. Using a
two-band analysis constrained by the angle-resolved photoemission spectroscopy (ARPES) band
structure24, we find that nd collapses from 1 + x above x⋆ to x below, mirroring the hallmark
signature of the pseudogap phase in cuprates. We therefore conclude that the low-doping regime
of infinite-layer nickelates is a pseudogap-like state that terminates at the QCP x⋆, from which
the T -linear resistivity onsets, reinforcing the quantum-critical origin of strange metals.
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FIG. 1. Comparisons between infinite-layer nickelates (left) and hole doped cuprates. (a,b) Temper-
ature T versus hole doping x (p) phase diagram – x⋆ (p⋆) represents the onset doping of the T -linear
resistivity: (a) infinite-layer nickelate Nd1−xSrxNiO2 (NSNO) – reproduced from Lee et al.25 and (b)
hole-doped cuprate (Nd0.4)La1.6−xSrxCuO4 (Nd-LSCO/LSCO), with p = x – reproduced from Col-
lignon et al.33. T ⋆ (blue points) marks the deviation from a linear in temperature behavior towards
an upturn in resistivity. Lines are a guide to the eye; (c,d) In-plane resistivity ρ vs T in the strange
metal regime measured at zero field of (c) La1−xSrxNiO2 (LSNO) at x = x⋆ and (d) Nd-LSCO at
p = p⋆ (p = 0.24) (data reproduced from Daou et al.34); (e,f) Seebeck coefficient plotted as S/T vs
T on logarithmic scale for (e) LSNO at x = x⋆, and (f) Nd-LSCO at p = p⋆ (data reproduced from
Gourgout et al.27). The inset in (f) shows the electronic specific heat for Nd-LSCO at p = p⋆ plotted
as Cel/T vs T on a logarithmic scale (data reproduced from Michon et al.1). Dashed lines are guide for
the eye.

II. RESULTS

Seebeck effect. To determine whether the onset of the T -linear resistivity in infinite-layer
nickelates corresponds to a quantum critical point, we measure the Seebeck coefficient S as a
function of temperature in La1−xSrxNiO2 (LSNO) at x⋆ (for exact doping value, see Methods)
(Fig. 1c). The data reveal two distinct regimes: above 60 K, S/T is constant and negative,
whereas below this temperature it rises sharply, changes sign, and diverges upon cooling (Fig. 2).

We first focus on the temperature regime above 60 K. In a metal with well-defined quasi-
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FIG. 2. (a) Seebeck coefficient plotted as S/T vs T of LSNO at x = x⋆ on a logarithmic scale (sample
S1) for B = 0 T (blue points) and B = 41.5 T (red points). (b) S/T vs T for LSNO x = x⋆: data
(sample S2, red points) are compared to Boltzmann transport Seebeck calculations (blue line).

particles, S/T is governed by the particle–hole asymmetry of the electronic band dispersion
and is therefore expected to be temperature-independent in the most basic description. A
negative, constant S/T over a broad temperature range, with a comparable magnitude, has
been reported in related systems such as the five-layer nickelate Nd6Ni5O12 and the cuprate
(Bi,Pb)2(Sr,La)2CuO6+δ

35,36. In these materials, Boltzmann transport calculations based on
ARPES-derived or density-functional-theory (DFT) band structures quantitatively reproduce
the measured Seebeck coefficient, demonstrating that S/T directly reflects the electronic disper-
sion at the Fermi level27,35.
Applying the same approach to LSNO at x⋆, we compute S/T using the experimentally mea-

sured ARPES electronic dispersion24 within Boltzmann transport theory, following the method
of Grissonnanche et al.35. The calculation reproduces both the sign and magnitude of the mea-
sured S/T with quantitative accuracy (Fig. 2b), comparable to overdoped cuprates and multi-
layer nickelates that share a similar dx2−y2 band structure35. These results establish that the
high-temperature Seebeck coefficient in LSNO is set by the underlying electronic band structure,
indicating well-defined quasiparticles above 60 K despite the presence of T -linear resistivity.
To access the low-temperature behaviour of the Seebeck coefficient in the normal state of

LSNO at x = x⋆, we suppress superconductivity using a large magnetic field of B = 41.5 T,
sufficient to reach the normal state down to T → 0. Below 60 K, S/T exhibits a clear logarithmic
divergence, S/T ∝ log(T ) (Fig. 2a), over more than a decade in temperature – a hallmark
signature of quantum criticality. This establishes that the onset doping x⋆ of the strange-metal
regime coincides with a quantum critical point beneath the superconducting dome.
To test whether this behaviour is confined to x⋆, we examine neighbouring dopings. Mea-

surements at x > x⋆ and x < x⋆37, show no logarithmic divergence of S/T at low temperature
(Fig. 3c). Instead, in overdoped LSNO at x > x⋆, S/T saturates at low temperature and re-
covers at high temperature a value comparable to that observed at x = x⋆ in the quasiparticle
regime, consistent with conventional metallic behaviour away from criticality. The absence of
a log(T ) divergence on both sides of x⋆ demonstrates that quantum criticality is confined to a
narrow doping range centred at x⋆.

III. DISCUSSION

Origin of the quantum critical point. In infinite-layer nickelates, the QCP at x⋆ separates
two distinct metallic regimes. On the overdoped side (x > x⋆), the in-plane resistivity displays
strange-metal behaviour that smoothly evolves into a Fermi-liquid-like regime upon further
doping, without a phase transition (Fig. 3a). Consistently, the Hall coefficient extrapolated to
zero temperature is positive, RH(T → 0) > 025 (Fig. 9). On the underdoped side (x < x⋆),
the resistivity develops an upturn below a crossover temperature T ⋆ (Fig. 3a), while the zero-
temperature Hall coefficient becomes negative, RH(T → 0) < 025 (Fig. 9). Importantly, the
resistivity remains finite as T → 0, indicating that the upturn does not signal an insulating
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FIG. 3. Transport coefficients for doping on each side of the quantum critical point for infinite-layer
nickelates (left) and hole doped cuprates (right): underdoped (blue), at the critical doping (red) and
overdoped (green). (a,b) In-plane resistivity ρ vs T at B = 0 T. (a) Infinite-layer nickelate data of
LSNO at x = x⋆ (sample S2, red line), x > x⋆ (0.25, orange line), and x < x⋆ (0.04, blue line) (the last
doping is reproduced from37). (b) Cuprate data of Nd-LSCO at p < p⋆ (0.22, blue line), p = p⋆ (0.24,
red line) and LSCO p > p⋆ (0.33, orange line) (reproduced respectively from33,34,38). (c,d) Seebeck
coefficient plotted as S/T vs T on a logarithmic scale at different doping. (c) Infinite-layer nickelate
data of LSNO at x = x⋆ (sample S1) at B = 0 T (red squares) and B = 41.5 T (red circles), x > x⋆

(0.25, orange points) at B = 0 T, and x < x⋆ (0.04, blue points) at B = 0 T (the last one is reproduced
from37). (d) Cuprate data of Nd-LSCO at p < p⋆ at B = 16 T (0.22, blue points), p = p⋆ at B = 16 T
(0.24, red points) and LSCO p > p⋆ at B = 1 T (0.33, orange line) are reproduced from27,39. Scaling
factors for some curves were used for clarity.

ground state, but rather a transition between two metallic states with different effective carrier
densities. In this sense, transport points to a loss of carriers upon reducing doping below x⋆

and cooling below T ⋆, as commonly expected when an ordered phase induces a Fermi-surface
reconstruction. Yet, to date, no long-range order has been established in the low-doping regime
of infinite-layer nickelates, although signatures of short-range antiferromagnetism have been
reported40.

An upturn in the resistivity and a rapid change in the Hall coefficient are hallmark signatures of
hole-doped cuprates upon entering the pseudogap regime below a crossover temperature T ⋆ and
below a critical doping p⋆34 (Fig. 3a). In these materials, the pseudogap phase is characterized
by a loss of itinerant carriers without the onset of long-range order41. Because, only one band
crosses the Fermi level in cuprates—the Cu-dx2−y2 band—the carrier density can be inferred
directly from the zero-temperature Hall coefficient via RH(T → 0) = 1/(ne). Hall data then
reveal a sharp reduction in carrier density below p⋆32,33, from n = 1 + p holes per Cu above
p⋆ to n = p holes per Cu below p⋆ (Fig. 4b). This loss of one hole per Cu is what is expected
when the system enters an antiferromagnetic state, suggesting a close connection between the
pseudogap phase and antiferromagnetism42.

Assessing whether an analogous carrier-density change occurs in infinite-layer nickelates across
x⋆ is less straightforward using RH(T → 0), because two bands cross the Fermi level: a quasi-
two-dimensional, hole-like Ni-dx2−y2 band with carrier density nd, and a three-dimensional,
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electron-like rare-earth Nd-s band with carrier density ns, located respectively near the center
and the corners of the first Brillouin zone. Both theory43,44 and experiment45,46 indicate that
the carriers in the 2D d band are strongly correlated, whereas those in the 3D s band are
comparatively weakly correlated. We therefore adopt, as a first approximation, that the Nd-s
pocket evolves smoothly through x⋆ and take ns to be doping independent; we then use this
assumption to infer the evolution of nd across the QCP.

a b

FIG. 4. Carrier density as a function of doping across the quantum critical point in infinite-layer
nickelates (NSNO, right) and cuprates (YBCO, Nd-LSCO, left) (a) Carrier density nd of the Ni-dx2−y2

band (red points) as a function of hole doping x extracted from the Hall coefficient RH(T → 0) of
NSNO25 (Fig. 9) using a two-band model (Equation A3). The red line is a guide to the eye and the
dashed lines represent the x and 1 + x holes per Ni values; (b) Carrier density nd of the Cu-dx2−y2

band as a function of doping p extracted from the Hall coefficient using a single band model for YBCO
(blue points), Nd-LSCO (green points above p = 0.1), and LSCO (green points below p = 0.1) (data
reproduced respectively from Badoux et al.32 and Collignon et al.33). Solid lines are guides to the eye
and the dashed lines represent the p and 1 + p holes per Cu values.

To quantify this carrier loss, we extract the carrier density nd of the Ni-dx2−y2 pocket from
the zero-temperature Hall coefficient RH(T → 0) in Nd1−xSrxNiO2 (NSNO), using the Hall
data reported by Lee et al.25 (Fig. 8). We employ a two-band model comprising a hole-like d
band and an electron-like rare-earth s band. While such a model has been shown to capture
the temperature dependence of RH in overdoped infinite-layer nickelates37, here we restrict the
analysis to the T → 0 limit (see Methods). We find that nd drops abruptly across the QCP,
from 1+x above x⋆ to x just below x⋆ (Fig. 4a). This naturally accounts for the sign change to
negative RH(T → 0), as the hole-like d contribution becomes subdominant to the electron-like
s pocket below x⋆. The resulting collapse of nd mirrors the carrier-density drop observed across
the pseudogap critical point in cuprates32,33 and in iridates47.
This sudden drop in carrier density is puzzling in the absence of established long-range order.

Several studies report signatures of short-range magnetism at low doping48, with phenomenol-
ogy reminiscent of the cuprate pseudogap phase49,50. In cuprates, the pseudogap is variously
discussed in terms of antiferromagnetic correlations42, topological order51, or a fractionalized
Fermi liquid52. Therefore, the resistivity upturn and the drop in the carrier density of Ni-dx2−y2

carriers below x⋆, despite the absence of long-range order, point to a metal-to-metal transi-
tion driven by a partial suppression of the Ni-dx2−y2 degrees of freedom, closely paralleling the
defining transport phenomenology of the pseudogap phase in cuprates. We conclude that the
underdoped regime of infinite-layer nickelates is a pseudogap-like phase that terminates at the
quantum critical point x⋆.
The observation of quantum criticality at the endpoint x⋆ of a pseudogap-like phase in infinite-

layer nickelates reinforces the interpretation of p⋆ in cuprates as a genuine quantum critical
point and supports a universal connection between quantum criticality and T -linear resistivity
in both families. In the hole-doped cuprate Nd-LSCO, a logarithmic divergence of both the
Seebeck coefficient and the electronic specific heat was reported at p⋆1,27. It was later suggested
that this behavior could instead arise from the nearby van Hove singularity, which occurs at
a similar doping in that material2, although counterarguments have been put forward53. In
infinite-layer nickelates, no such van Hove singularity is present at x⋆24, yet the phenomenology
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and quantum-critical signatures closely parallel those of cuprates. Taken together, our results
strongly support the view that strange-metal physics is driven by quantum-critical fluctuations,
leading to T -linear resistivity and scattering at the Planckian limit14,15.
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Blanchet, J. Santana González, A. Botana, J. Mundy, and B. Ramshaw, Electronic Band Structure
of a Superconducting Nickelate Probed by the Seebeck Coefficient in the Disordered Limit, Physical
Review X 14, 041021 (2024).

[36] T. Kondo, T. Takeuchi, U. Mizutani, T. Yokoya, S. Tsuda, and S. Shin, Contribution of electronic
structure to thermoelectric power in (Bi,Pb)2(Sr,La )2CuO6+δ, Physical Review B 72, 024533
(2005).

[37] M. Osada, S. Imajo, Y. Seki, K. Ishida, T. Nojima, K. Fujiwara, K. Kindo, Y. Nomura, and
A. Tsukazaki, Systematic evolution of superconducting pairing strength and seebeck coefficients in
correlated infinite-layer la1-xsrxnio2, Science Advances 11, eadv6488 (2025).

[38] S. Nakamae, K. Behnia, N. Mangkorntong, M. Nohara, H. Takagi, S. J. C. Yates, and N. E. Hussey,
Electronic ground state of heavily overdoped nonsuperconducting La2−xSrxCuO4, Physical Review
B 68, 100502 (2003).

[39] H. Jin, A. Narduzzo, M. Nohara, H. Takagi, N. E. Hussey, and K. Behnia, Positive Seebeck coeffi-
cient in highly doped La2−xSrxCuO4 (x=0.33); its origin and implication, Journal of the Physical
Society of Japan 90, 053702 (2021).

[40] H. Lu, M. Rossi, A. Nag, M. Osada, D. F. Li, K. Lee, B. Y. Wang, M. Garcia-Fernandez, S. Agres-
tini, Z. X. Shen, E. M. Been, B. Moritz, T. P. Devereaux, J. Zaanen, H. Y. Hwang, K.-J. Zhou,
and W. S. Lee, Magnetic excitations in infinite-layer nickelates, Science 373, 213 (2021), publisher:
American Association for the Advancement of Science.

[41] G. Grissonnanche, O. Cyr-Choinière, J. Day, R. Liang, D. A. Bonn, W. N. Hardy, N. Doiron-
Leyraud, and L. Taillefer, No nematicity at the onset temperature of the pseudogap phase in the

https://doi.org/10.1093/nsr/nwaf373
https://doi.org/10.1103/7lqb-pjkm
https://doi.org/10.1103/7lqb-pjkm
https://doi.org/10.1038/s41563-023-01766-z
https://doi.org/10.1126/sciadv.adr5116
https://doi.org/10.1038/s41586-023-06129-x
https://doi.org/10.1557/s43579-025-00689-x
https://doi.org/10.1103/PhysRevX.12.011037
https://doi.org/10.1103/m23x-96cr
https://doi.org/10.1073/pnas.1817653116
https://doi.org/10.1103/PhysRevLett.104.096401
https://doi.org/10.1103/PhysRevLett.104.096401
https://doi.org/10.1103/PhysRevB.79.104504
https://doi.org/10.1103/PhysRevB.79.104504
https://doi.org/10.1038/nature16983
https://doi.org/10.1103/PhysRevB.95.224517
https://doi.org/10.1103/PhysRevB.95.224517
https://doi.org/10.1038/nphys1109
https://doi.org/10.1103/PhysRevX.14.041021
https://doi.org/10.1103/PhysRevX.14.041021
https://doi.org/10.1103/PhysRevB.72.024533
https://doi.org/10.1103/PhysRevB.72.024533
https://doi.org/10.1126/sciadv.adv6488
https://doi.org/10.1103/PhysRevB.68.100502
https://doi.org/10.1103/PhysRevB.68.100502
https://doi.org/10.7566/JPSJ.90.053702
https://doi.org/10.7566/JPSJ.90.053702
https://doi.org/10.1126/science.abd7726


9

cuprate superconductor ybco, Physical Review X 13, 031010 (2023).
[42] J. G. Storey, Hall effect and fermi surface reconstruction via electron pockets in the high-t c

cuprates, EPL (Europhysics Letters) 113, 27003 (2016).
[43] J. Karp, A. S. Botana, M. R. Norman, H. Park, M. Zingl, and A. Millis, Many-Body Electronic

Structure of NdNiO2 and CaCuO2, Physical Review X 10, 021061 (2020), publisher: American
Physical Society.

[44] H. Chen, A. Hampel, J. Karp, F. Lechermann, and A. J. Millis, Dynamical Mean Field Studies
of Infinite Layer Nickelates: Physics Results and Methodological Implications, Frontiers in Physics
10, 10.3389/fphy.2022.835942 (2022), publisher: Frontiers.

[45] M. Hepting, D. Li, C. J. Jia, H. Lu, E. Paris, Y. Tseng, X. Feng, M. Osada, E. Been, Y. Hikita,
Y.-D. Chuang, Z. Hussain, K. J. Zhou, A. Nag, M. Garcia-Fernandez, M. Rossi, H. Y. Huang,
D. J. Huang, Z. X. Shen, T. Schmitt, H. Y. Hwang, B. Moritz, J. Zaanen, T. P. Devereaux, and
W. S. Lee, Electronic structure of the parent compound of superconducting infinite-layer nickelates,
Nature Materials 19, 381 (2020), publisher: Nature Publishing Group.

[46] C. Li, Y. Chen, X. Ding, Y. Zhuang, N. Guo, Z. Chen, Y. Fan, J. Ye, Z. An, S. Sangphet,
S. Tang, X. Wang, H. Huang, H. Xu, D. Feng, and R. Peng, Observation of Electride-like s States
Coexisting with Correlated d Electrons in NdNiO2, Physical Review Letters 135, 116501 (2025),
arXiv:2507.04378 [cond-mat].

[47] Y.-T. Hsu, A. Rydh, M. Berben, C. Duffy, A. de la Torre, R. S. Perry, and N. E. Hussey, Carrier
density crossover and quasiparticle mass enhancement in a doped 5d Mott insulator, Nature Physics
20, 1596 (2024).

[48] H. Lu, M. Rossi, A. Nag, M. Osada, D. F. Li, K. Lee, B. Y. Wang, M. Garcia-Fernandez, S. Agres-
tini, Z. X. Shen, E. M. Been, B. Moritz, T. P. Devereaux, J. Zaanen, H. Y. Hwang, K.-J. Zhou,
and W. S. Lee, Magnetic excitations in infinite-layer nickelates, Science 373, 213 (2021), publisher:
American Association for the Advancement of Science.

[49] Y. Cui, C. Li, Q. Li, X. Zhu, Z. Hu, Y.-f. Yang, J. Zhang, R. Yu, H.-H. Wen, and W. Yu, NMR
Evidence of Antiferromagnetic Spin Fluctuations in Nd0.85 Sr0.15 NiO2, Chinese Physics Letters
38, 067401 (2021).

[50] D. Zhao, Y. Zhou, Y. Fu, L. Wang, X. Zhou, H. Cheng, J. Li, D. Song, S. Li, B. Kang, L. Zheng,
L. Nie, Z. Wu, M. Shan, F. Yu, J. Ying, S. Wang, J. Mei, T. Wu, and X. Chen, Intrinsic Spin
Susceptibility and Pseudogaplike Behavior in Infinite-Layer LaNiO2, Physical Review Letters 126,
197001 (2021).

[51] A. Eberlein, W. Metzner, S. Sachdev, and H. Yamase, Fermi Surface Reconstruction and Drop in
the Hall Number due to Spiral Antiferromagnetism in High-Tc Cuprates, Physical Review Letters
117, 187001 (2016), publisher: American Physical Society.

[52] S. Sachdev, The foot, the fan, and the cuprate phase diagram: Fermi-volume-changing quantum
phase transitions, Physica C: Superconductivity and its Applications 633, 1354707 (2025).

[53] M. Horio, K. Hauser, Y. Sassa, Z. Mingazheva, D. Sutter, K. Kramer, A. Cook, E. Nocerino, O. K.
Forslund, O. Tjernberg, M. Kobayashi, A. Chikina, N. B. M. Schröter, J. A. Krieger, T. Schmitt,
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was kept at 600◦C and the background pressure at 10−5 torr using distilled ozone as the oxidizing
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at 400◦C, with ramping rate of 10◦C/min.
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x = 0.20 doping marks the onset of T -linear resistivity, labeled as x⋆ in the rest of the manuscript.
All x = 0.20 samples were prepared the same way and all show similar resistivities (Fig. 5a).
The Seebeck effect was only measured at B = 41.5 T at the NHMFL for S1 and S3. One LSNO
x = 0.25 sample was also measured and labeled as x > x⋆ in Fig. 3. This sample was prepared
using the same methods as the x = 0.20 sample.
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reflecting intrinsic differences between growth techniques – in particular molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD) – as well as reduction conditions. Consequently, their
seem to be an inherent uncertainty concerning the exact doping level in those thin films.
In the present work, we determine the critical doping x⋆ from the onset of T -linear resistivity

in infinite-layer nickelates. In our MBE-grown LSNO films, we find x⋆ = 0.20. In contrast, for
PLD-grown samples of the same compound, Osada et al.37 report x⋆ ≈ 0.14–0.15. Similarly, for
PLD-grown Nd1−xSrxNiO2, Lee et al.25 find x⋆ = 0.15.
Contacts. Electrical contacts were made with ultrasonic wire-bonding and aluminum wires

directly on the surface of the film.
Electric measurements. Standard four-point configuration contacts was used on the sam-

ples to measure resistivity. Measurements were performed at both B = 0 T and B = 14 T using
a steady field applied parallel to the c-axis (normal to the NiO2 plane) in a Teslatron cryostat
(Oxford Instruments) and with a Synktek MCL lock-in amplifier.
Thermoelectric measurements. To measure the Seebeck effect, we used a 2ω AC method

at low frequency below 2ω = 1 Hz, described in27,35. For this, the heater (a 5 kΩ strain gauge)
was glued directly on one end of the sample, the thermal gradient ∆T = T+ − T− measured
with two type E thermocouples, and thermoelectric voltage ∆Vs was probed on the longitudinal
contacts used for resistivity in the same location as the thermocouples (Fig. 6). The sample was
grounded on the opposite side to the heater.
Experiment was performed in a steady magnetic field B applied parallel to the c-axis. At

École Polytechnique, the Seebeck voltage was measured with a Synktek MCL lock-in amplifier
while doing temperature steps. At the NHMFL, it was measured with a Stanford Research 860
lock-in amplifier and a maximum magnetic field of 41.5 tesla while sweep up in temperature.
The Seebeck coefficient S was obtained from :

S =
|∆Vs|eiϕS

|∆T |eiϕT
(A1)

with |∆Vs| (|∆T |) the modulus of the Seebeck voltage (thermal gradient) measured by the
lock-in, and ϕS (ϕT ) its phase, and ϕS ≡ ϕT (mod π).
Seebeck coefficient calculations. The Seebeck coefficient S was calculated using Boltz-

mann transport theory in the relaxation time approximation following the same method and
algorithm described in the cuprates27 and in 5- and 3-layer nickelates35. In the high temperature
regime, we use the constant scattering time approximation, which assumes that the energy de-
pendence of the scattering rate is subdominant, as demonstrated for other nickelates35. In this
approximation, S only depends on the band structure close to the Fermi level, and the scatter-
ing time τ drops out of the calculation. The band structure was obtained from a tight-binding
model derived from ARPES data (Fig. 7) measured on LSNO x = x⋆ by Sun et al.24.
Carrier density calculations. To extract the carrier density nd of the Ni-dx2−y2 pocket

as a function of doping x, we combine the Hall coefficient RH in the T → 0 limit with a two-
band model involving nd and ns, the carrier density associated with the Nd-s pocket. The
key assumption used to invert RH and obtain nd(x) is that ns is approximately independent of
doping. This is justified, to first order, by the three-dimensional and weakly correlated character
of the Nd-s pocket: (i) a two-band description captures the temperature dependence of the Hall
effect in overdoped samples37, and (ii) DFT calculations indicate only a weak doping evolution
of the s pocket, insufficient on its own to account for the large change in RH across x⋆54.
The Hall coefficient of a two-band model can be written as

RH =
V

e

ndµ
2
d − nsµ

2
s

(ndµd + nsµs)2
(A2)

with V = 3.962Å × 3.962Å × 3.268Å the unit cell volume, µd and µs the mobility of each
charge carrier, and e the elementary charge.
By definition, the mobility µ = eτ

m⋆ with τ the scattering time and m⋆ the effective mass. In
the T → 0 limit, we assume that the mean free path l0 at T = 0 is limited by the averaged
impurities distance, which translates as l0 = vdF τd = vsF τs. In this limit, the Hall coefficient
simplifies as
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RH(T → 0) =
V

e

nd − nsr
2

(nd + nsr)2
(A3)

with r =
mdv

d
F

msvs
F
, and md (ms) the effective mass and vdF (vsF ) the averaged Fermi velocity on

the Ni-dx2−y2 pocket (Nd-s pocket).

We obtain the effective masses and Fermi velocities directly from a tight-binding model fitted
from the band structure measured by APRES24 at x = 0.20. We obtain a ratio r = 3.3. From
inverting equation A3, we obtain nd as a function of doping x (Fig. 4a).

To extrapolate RH in the T → 0 limit from Ref.25, we perform a Gaussian-process regression
(GPR) using a radial-basis-function (RBF) kernel (Fig. 8). For each doping, the kernel length
scale and the noise level are optimized by maximizing the log marginal likelihood. The RBF
length scale is constrained to the range 50–100 K in order to preserve the influence of the lowest-
temperature data points on the extrapolation. We include an additional white-noise kernel, with
its variance constrained to 0.001–0.1 mm3/C, where the upper bound prevents the noise term
from washing out the structure in RH(T ). Uncertainties are taken as one standard deviation of
the GPR posterior.

In Fig. 4a, the error bar on nd is defined as the difference between the value extracted from
the posterior mean of RH(T → 0) and the value extracted from the corresponding lower one-
standard-deviation prediction. Implementation details follow the scikit-learn GPR package
documentation.
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EXTENDED DATA

a b

FIG. 5. Transport coefficient of different La1−xSrxNiO2 x = 0.20 (LSNO) samples used for this study.
(a) Comparison of the in-plane resistivity ρ vs T measured at zero field of sample S1 (red), S2 (blue)
and S3 (green). (b) Seebeck coefficient plotted as S/T vs T of sample S3 for B = 0 T (blue points) and
B = 32 T (red points).
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FIG. 6. Seebeck experiment. T+ is the temperature closest to the heater, T− is the temperature
farthest from the heater, ∆T is the temperature gradient between the two, ∆VS is the voltage response
of the sample and J is the heat current. (a) Sketch; (b) École Polytechnique setup; (c) NHMFL setup.
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FIG. 7. (a,b) Electronic dispersion of infinite nickelates based on the tight-binding model derived from
ARPES data24, for (a) kz = 0 and (b) kz = π/c; (c,d) Corresponding Fermi surfaces for (c) kz = 0 and
(d) kz = π/c.
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FIG. 8. Hall effect RH vs T of Nd1−xSrxNiO2 (NSNO) at different doping x. Full points are reproduced
from Lee et al.25. Empty points are extrapolated at T = 0 K through a Gaussian process regression.
The red shading represents one standard deviation from the regression’s mean prediction (dashed line).

FIG. 9. Hall effect RH vs doping x of Nd1−xSrxNiO2 (NSNO) in the limit T → 0. Data is extrapolated
from Lee et al.25 (Fig. 8). Lines are a guide to the eye.
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