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Superconducting nickelates are a new family of strongly correlated electron materials with a phase
diagram closely resembling that of superconducting cuprates. While analogy with the cuprates is natural,
very little is known about the metallic state of the nickelates, making these comparisons difficult. We probe
the electronic dispersion of thin-film superconducting five-layer (n ¼ 5) and metallic three-layer (n ¼ 3)
nickelates by measuring the Seebeck coefficient S. We find a temperature-independent and negative S=T
for both n ¼ 5 and n ¼ 3 nickelates. These results are in stark contrast to the strongly temperature-
dependent S=T measured at similar electron filling in the cuprate La1.36Nd0.4Sr0.24CuO4. The electronic
structure calculated from density-functional theory can reproduce the temperature dependence, sign, and
amplitude of S=T in the nickelates using Boltzmann transport theory. This demonstrates that the electronic
structure obtained from first-principles calculations provides a reliable description of the fermiology of
superconducting nickelates and suggests that, despite indications of strong electronic correlations, there are
well-defined quasiparticles in the metallic state. Finally, we explain the differences in the Seebeck
coefficient between nickelates and cuprates as originating in strong dissimilarities in impurity concen-
trations. Our study demonstrates that the high elastic scattering limit of the Seebeck coefficient reflects only
the underlying band structure of a metal, analogous to the high magnetic field limit of the Hall coefficient.
This opens a new avenue for Seebeck measurements to probe the electronic band structures of relatively
disordered quantum materials.
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I. INTRODUCTION

Unconventional superconductivity remains one of the
most active and challenging subfields of strongly correlated
electron research, with cuprates posing some of the
toughest experimental and theoretical challenges over the
past three decades [1]. The origin of high-Tc supercon-
ductivity in the cuprates remains a mystery in part due to

the complex interplay of several competing states and
relatively strong disorder. One approach to understanding
the physics of high-Tc is to replace copper entirely, for
example, with ruthenium or nickel while maintaining the
same square-lattice, transition metal oxide motif. Sr2RuO4

is a success of this approach [2], but it does not share the
complex phase diagram of the cuprates.
The recent discovery of superconductivity in strontium-

doped NdNiO2 [3–5] and stoichiometric Nd6Ni5O12 [6]
presents an opportunity to explore the key ingredients for
unconventional superconductivity by contrasting the physi-
cal properties of the nickelates with the cuprates. The
nickelates contain cupratelike NiO2 planes, and the family
we study here is Ndnþ1NinO2nþ2, where n indicates the
number of NiO2 planes per unit cell [7–11]. While nickel in
the n ¼ ∞ member of the series—NdNiO2—has the same
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nominal 3d9 electronic configuration as copper does in the
cuprates, the finite-n members have the nominal configu-
ration of 3d9−δ, where δ ¼ 1=n. This offers a mechanism
for exploring the hole-doped phase diagram without
introducing cation disorder.
Superconducting nickelates exhibit many similarities with

the cuprates. These include a phase diagram with a super-
conducting dome maximized around similar 3d8.8 electron
concentrations, evidence for a nodal superconducting
gap [12], magnetism [13,14], charge density waves [15,16],
and even a strange metal phase [17] [Fig. 1(a)].
Conspicuously absent from this list are experimental com-
parisons of the electronic structure. To understand which
aspects of the electronic dispersion are favorable for uncon-
ventional superconductivity, one must first understand how
electrons interact in the normal metallic state.

The central difficulty is that most of the experimental
techniques used to study electronic structures are incom-
patible with current superconducting nickelate samples.
There have been attempts to measure the angle-integrated
density of states [19], and there are recent angle-resolved
photoemission spectroscopy (ARPES) measurements on
nonsuperconducting, single-crystal nickelates [20], but
ARPES remains out of reach for superconducting nickelate
films due to surface quality issues. Similarly, quantum
oscillations require metals with a defect density lower than
what is currently available in even the cleanest films. This
calls for the use of other techniques that are sensitive to the
electronic structure and that are compatible with higher
levels of elastic scattering from defects and with thin films.
Thermoelectricity—as measured by the Seebeck coef-

ficient S—provides an alternative to probe the electronic
band structure of a material. Unlike electrical transport,
which is sensitive only to the electronic states in the
immediate vicinity of the Fermi energy (EF) [Fig. 2(a)],
the Seebeck effect is sensitive to details of the electronic
dispersion away from EF. Specifically, the Seebeck coef-
ficient reflects the asymmetry of the dispersion above and
below EF—it probes the asymmetry between occupied and
unoccupied states [Fig. 2(b)], also called particle-hole
asymmetry or energy asymmetry [21,22]. In general, the
Seebeck coefficient is defined by both the band structure
and the energy dependence of the scattering rate. However,
we demonstrate that this coefficient is determined only by
the band structure in the disordered limit, which is
analogous to how the Hall coefficient becomes independent
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FIG. 1. (a) Schematic temperature versus 3d electron count
phase diagrams of cuprates (top) and nickelates (bottom). Differ-
ent phases are displayed: superconducting phase (SC, dark gray),
strange metal (light gray delimited by dashed lines [17,18]), and
antiferromagnetism (AFM). The location in these phase diagrams
of the studied sample are represented by vertical dashed lines
Nd6Ni5O12 (Ni1.2þ: d8.8, red) and Nd4Ni3O8 (Ni1.33þ: d8.67,
green), indicated as n ¼ 5 and n ¼ 3, respectively, Nd-LSCO
p ¼ 0.24 (purple), and Bi2201 p ¼ 0.23 (orange). (b) In-plane
resistivity vs T at B ¼ 0 T of Nd6Ni5O12 (n ¼ 5 nickelate, red)
and Nd4Ni3O8 (n ¼ 3 nickelate, green) as measured by
Pan et al. [6].

(a) (b)
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FIG. 2. Sketch of a band dispersion, highlighting the electronic
states that contribute the most to (a) resistivity and (b) the
Seebeck coefficient, as indicated by the color gradients. The
states are selected by the weighting factors ½−ðdf=dEÞ� and
−Eðdf=dEÞ from Eq. (B1) for the resistivity and Eq. (B2) for the
thermoelectric coefficient, respectively, at a given temperature T.
The states that contribute most to the resistivity (Seebeck
coefficient) are located at the Fermi level (on either side of the
Fermi level). In the case of the Seebeck coefficient, the con-
tributions of states above the Fermi level are subtracted from the
contributions of states below the Fermi level—hence, the See-
beck coefficient is a measure of the particle-hole asymmetry.
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of scattering rate in the high-field limit. As the high-field
limit is usually inaccessible in most metals, this makes the
Seebeck effect a new powerful probe of the electronic
dispersion of relatively disordered materials.
To investigate the electronic structure of the nickelates,

we measure the Seebeck coefficient of a superconducting
five-layer nickelate Nd6Ni5O12 (n ¼ 5 nickelate) with a
transition onsetting at Tc ≈ 10 K [Fig. 1(b)]—as well as a
more-overdoped, nonsuperconducting, three-layer nickel-
ate Nd4Ni3O8 (n ¼ 3 nickelate) for comparison [Fig. 1(b)].
We find that both the n ¼ 5 and n ¼ 3 nickelates share a
similar temperature-independent, negative S=T. We show
the electronic dispersion obtained from density-functional
theory (DFT) accounts for both the magnitude and sign of
the temperature-independent Seebeck coefficient for the
two compounds when calculated in the disordered limit.
To justify the disordered limit, we compare the nickelate

data to previous measurements of the Seebeck coefficient in
hole-doped cuprates with a similar electron count to the
n ¼ 5 nickelate. First, we compare with measurements
performed on a single crystal of La1.36Nd0.4Sr0.24CuO4

(Nd-LSCO p ¼ 0.24) [21] with a Seebeck coefficient that
is positive and qualitatively different from that of the
nickelates. Second, we compare with measurements per-
formed on a single crystal of ðBi; PbÞ2ðSr;LaÞ2CuO6þδ

(Bi2201 p ¼ 0.23) [22,23] with an almost identical
Seebeck coefficient to the nickelates. Despite their dispar-
ities, we show that the differences in Seebeck coefficients
between nickelates and cuprates come from strong dis-
similarities in impurity concentrations and not necessarily
from fundamental differences in the nature of the metallic
state. Despite the presence of strong electronic correlations,
the success of DFT and semiclassical transport calculations
in our study provides evidence of well-defined quasipar-
ticles responsible for charge and heat transport in both
nickelates and cuprates.

II. METHODS

A. Samples

The perovskitelike parent Ndnþ1NinO3nþ1 films (n ¼ 5
and n ¼ 3) are synthesized by molecular beam epitaxy on
(110)-orientated NdGaO3. The growth process uses distilled
ozone, substrate temperatures of approximately 650–690 °C,
and the NdNiO3 calibration procedure described in
Ref. [24]. This synthesis is followed by a reduction process
contained in a sealed glass ampoule, optimized with a
process at approximately 290 °C lasting three hours in order
to reach the square-planar Ndnþ1NinO2nþ2 phases (this
process is similar to the procedure in Ref. [6]). Using an
electron-beam evaporator, contacts consisting of a 10 nm
chromium sticking layer and 150 nmof gold are deposited in
a Hall bar geometry such that the applied thermal gradient
and measured Seebeck voltage are along the [001] direction
of the substrate.

The substrate material NdGaO3 has a high thermal
conductivity that increases 30-fold between room temper-
ature and about 30 K [25], weakening the applied thermal
gradient along the nickelate film. To mitigate this effect, we
polish the NdGaO3 substrate to reduce its thickness from
500microns down to approximately 100–150 microns using
diamond lapping film. This serves to increase the thermal
gradient that generates the Seebeck voltage, which allows us
to measure the Seebeck effect down to approximately 60 K,
below which the thermal gradient becomes too small and the
experiment cannot be performed reliably. This process
necessarily involves a brief heat exposure during sample
mounting. We minimize the degradation risk to the
sample [26] by using low-temperature crystal wax and
mounting in an argon glove box; resistivity measurements
taken before and after polishing showno substantial changes.

B. Measurements

Wemeasure the Seebeck coefficient using an ac technique
used previously for cuprates [21]. An ac thermal excitation is
generated by passing an electric current at frequency
ω ∼ 0.1 Hz through a 5 kΩ strain gauge used as a heater
to generate a thermal gradient in the sample.While the heat is
carried primarily by the substrate, this also generates a
thermal gradient ΔTac along the film. We detect this ac
thermal gradient at frequency 2ω, as well as the absolute
temperature shift, using two type-E thermocouples. An ac
Seebeck voltage ΔVac is also generated at a frequency 2ω in
response to the thermal gradient. We measure this voltage
with phosphor-bronze wires attached to the same contacts
where the thermocouples measure ΔTac: This eliminates
uncertainties associated with the geometric factor.
The thermocouple and Seebeck voltages are amplified

using EM Electronics A10 preamplifiers and detected using
a MCL1-540 Synktek lock-in amplifier at the thermal
excitation frequency 2ω. The Seebeck coefficient is then
given by S ¼ −ΔVac=ΔTac. The frequency ω is adjusted so
that the thermoelectric voltage and the thermal gradient
remain in phase.

C. Band structure calculations

The paramagnetic electronic structure of the n ¼ 5 and
n ¼ 3 layered nickelates is calculated using DFT combined
with the projector augmented wave method, as imple-
mented in the Vienna ab initio simulation package [27]. We
use a pseudopotential that treats the Nd 4f electrons as core
electrons. The in-plane lattice parameters are set to match
the NdGaO3 substrate, and we optimize the out-of-plane
lattice parameter. See Appendix A for more details on the
band structure calculations.

D. Boltzmann transport

We fit a tight-binding model (Tables I and II) to the
DFT band structure calculated for the nickelates (Fig. 6).
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We combine the tight-binding model and Boltzmann
transport theory to calculate the Seebeck coefficient. We
apply the same algorithm that was used successfully in the
cuprates [21,28–30] to numerically evaluate the Seebeck
coefficient for the nickelates.

III. RESULTS

A. Seebeck coefficient

Figure 3(b) shows the in-plane Seebeck coefficient of
both the n ¼ 5 and n ¼ 3 samples. Both samples show an
S=T that is similar in magnitude, negative, and independent
of temperature. We reproduce the Seebeck coefficient of the
n ¼ 5 layer nickelate on a second sample (Appendix C),
and the measured S=T of the n ¼ 3 sample is similar to

what was measured previously on the three-layer nickelate
La4Ni3O8 above its metal-to-insulator transition at
105 K [31].
The Seebeck coefficients of both nickelate samples are

also comparable in magnitude and sign to that of the
overdoped cuprate Bi2201 p ¼ 0.23 [22]. All of these
measurements contrast with the optimally doped cuprate
Nd-LSCO p ¼ 0.24 [21], whose Seebeck coefficient is
strongly temperature dependent and changes sign near
room temperature [Fig. 3(b)]. Both cuprates have a similar
electron count to the n ¼ 5 nickelate.
The Seebeck coefficient in overdoped cuprates has been

a puzzle for decades, with most cuprates showing a positive
Seebeck coefficient similar to Nd-LSCO at low temperature
but Bi2201 showing a negative Seebeck coefficient. Our
analysis is able to account for the differences in sign
between Bi2201 and Nd-LSCO and explain the temper-
ature dependence of Bi2201 for the first time, presenting a
unified picture of the Seebeck coefficient across nickelates
and overdoped cuprates.

B. Boltzmann calculations

We perform Boltzmann transport calculations to interpret
the temperature dependence and the negative sign of S=T in
both the n ¼ 5 and n ¼ 3 nickelates (see Appendix B for
more details). For a free-electronmodel (i.e., a circular Fermi
surface), the sign of the Seebeck coefficient reflects the sign
of the charge carriers—hole (positive) or electron (negative)
—which is similar to theHall coefficient. For a real material,
the Seebeck coefficient is sensitive to the particle-hole
asymmetry of the electronic dispersion [Fig. 2(b)], as well
as to the particle-hole asymmetry of the scattering rate, and
the resulting Seebeck coefficient can be of either sign.
To perform Boltzmann transport calculations of the

Seebeck coefficient, we require the electronic band disper-
sions for each material. For n ¼ 5 and n ¼ 3 nickelates, we
fit a tight-binding model EðkÞ to the calculated DFT band
structure [6,10,11]. For both materials, a single dx2−y2 band
perNiO2 layer crossesEF [Figs. 4(a) and 4(d)]. For then ¼ 5
compound, one additional band of Nd character crosses EF
while for the n ¼ 3material the Nd bands are well above the
Fermi level (see Appendix A for more details). For the
cuprates, we use the tight-binding models obtained from
fitting angle-dependent magnetoresistance and ARPES for
Nd-LSCO [28,32] and ARPES for Bi2201 [22] [Figs. 4(g)
and 4(j)]. The tight-binding model EðkÞ provides the
velocities v ¼ ð1=ℏÞ∇kEðkÞ that serve to calculate the
Seebeck coefficient.
We obtain excellent agreement between the calculated

and measured S=T for the nickelates by using the DFT
band dispersions and a constant (energy- and temperature-
independent) scattering rate 1=τ0 [Figs. 4(c) and 4(f)]. We
justify this choice of scattering rate below.
For the cuprates, the calculationswith a constant scattering

rate predicts also exactly the right magnitude and sign for

T-T+

Vs
Q
.

(b)

(a)

FIG. 3. In-plane Seebeck coefficient plotted as S=T vs T of
(a) nickelates n ¼ 5 (red) and n ¼ 3 (green) at B ¼ 0 T;
(b) cuprates Nd-LSCO p ¼ 0.24 (purple) measured by Gourgout
et al. [21] at B ¼ 16 T (a field large enough to suppress
Tc ¼ 11 K) and Bi2201 p ¼ 0.23 measured by Kondo et al.
at B ¼ 0 T (orange). The Seebeck coefficient always goes to zero
at zero temperature; we plot S=T to facilitate easier comparison
between different materials. The inset in (a) shows a schematic of
the experimental setup. A heater attached to one end of the
sample applies a heat current Q̇. The heat current sets up a
thermal gradient ΔT ¼ Tþ − T−, where Tþ (T−) is the hot (cold)
temperature. A voltage drop ΔVs develops in response to ΔT.
The Seebeck coefficient is given by S ¼ −ΔVs=ΔT.
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Bi2201; while the constant scattering rate calculation for Nd-
LSCO gets both the sign and the temperature dependence
incorrect. To obtain agreement between the Nd-LSCO data
and Boltzmann transport calculations, an inelastic, particle-
hole asymmetric scattering rate must be invoked [Fig. 4(l)
from Gourgout et al. [21] ]. In this case, the scattering rate is
not only energy dependent in Nd-LSCO p ¼ 0.24 [denoted
1=τðϵÞ], but is also linear in energy, with a different slope
above and below the Fermi energy (see Appendix B and
Gourgout et al. [21] for more details).

IV. DISCUSSION

A. Effect of impurity scattering

The stark difference in S=T between the nickelates and
cuprates is somewhat surprising given the similarity of their
electronic structures. These compounds have predominantly

3d9 bands crossing the Fermi energy, and the curvatures of
the Fermi surfaces are not all that different—the single Fermi
surface in Nd-LSCO essentially interpolates between the
hole and electronlike Fermi surfaces found in the multilayer
nickelates [Figs. 4(a)–4(c)]. Given that the band structure is
largely temperature independent, the disparities in S=T
between the two families must originate in a difference in
the scattering rate.
To understand this difference, we examine the relative

amounts of disorder in the cuprate and nickelate samples by
comparing the residual resistivities ρ0. For the n ¼ 5 and
n ¼ 3 nickelates, ρ0 ¼ 1450 μΩ cm and 920 μΩ, respec-
tively, as measured by Pan et al. [6], which is significantly
larger than the ρ0 ¼ 23 μΩ cm of Nd-LSCO p ¼ 0.24 [33]
and ρ0 ≈ 120 μΩ cm of Bi2201 p ¼ 0.23 [23,34,35].
To quantify the disorder, we use the same Boltzmann
transport framework we use to calculate S=T to fit the
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FIG. 4. Electronic band structures (top), Fermi surfaces (middle), and calculated Seebeck coefficient (bottom) plotted as S=T vs T for
(a)–(c) n ¼ 5 nickelate; (d)–(f) n ¼ 3 nickelate; (g)–(i) cuprate Bi2201 p ¼ 0.23; and (j)–(l) cuprate Nd-LSCO p ¼ 0.24. The DFT
calculated bands for the n ¼ 5 nickelate include five sheets of Ni dx2−y2 character (one electronlike, four holelike) centered around (0,0)
and one Nd-d band (dashed) centered at the zone corner. The DFT calculated bands for the n ¼ 3 nickelate include three sheets of Ni
dx2−y2 (one electronlike, two holelike). The band for Nd-LSCO is obtained from angle-dependent magnetoresistance [28], in agreement
with ARPES [32] measurements. The band for Bi2201 is obtained from ARPES measurements [22]. The bottom panels compare the
measured Seebeck coefficient to the one calculated from the material’s bands using Boltzmann transport and a constant elastic scattering
rate 1=τ0. (l) for Nd-LSCO p ¼ 0.24 also displays calculations with a total scattering rate that includes an elastic part 1=τ0 and a particle-
hole asymmetric part, 1=τðϵÞ, which is shown to reproduce the experimental positive Seebeck coefficient by Gourgout et al. [21].

ELECTRONIC BAND STRUCTURE OF A SUPERCONDUCTING … PHYS. REV. X 14, 041021 (2024)

041021-5



elastic scattering rate 1=τ0 to ρ0 for each material. We find
that 1=τ0 is approximately 350 times higher for the n ¼ 5
nickelate and 180 times for n ¼ 3, compared to Nd-LSCO
p ¼ 0.24 (1=τ0 ¼ 10 ps−1).
In the disordered limit, the scattering rate is predomi-

nately energy independent (elastic), 1=τ0 ≫ 1=τðϵÞ; the
Seebeck coefficient becomes independent of scattering
because it is the ratio of two quantities that are proportional
to the scattering time: S ¼ α=σ, with the Peltier coefficient
α ∝ τ0 and the electrical conductivity σ ∝ τ0 (more details
are given in Appendix B). The high ρ0 and the measured
temperature-independent S=T suggest that elastic scattering
is indeed dominant in the nickelates, whereas we know the
inelastic scattering plays a dominant role in the physics of
Nd-LSCO [21]. The cuprate Bi2201, with a significantly
higher level of disorder than Nd-LSCO, lies also in the
disordered limit like the nickelates, which is confirmed by
its temperature-independent S=T.
To further illustrate this argument, we recalculate the

Seebeck coefficient for Nd-LSCO p ¼ 0.24 with the total
scattering rate 1=τ0 þ 1=τðϵÞ from Gourgout et al. [21],
where we increase the relative amount of elastic scattering
1=τ0 compared to the amount of inelastic scattering 1=τðϵÞ,
going from the clean limit of Nd-LSCO to the disordered
limit of the nickelates. Increasing 1=τ0 from 10 to 3500 ps−1

while holding 1=τðϵÞ fixed, the calculated S=T drops to a
temperature-independent, negative value—very similar to
what we measure in the nickelates [Fig. 5(a)] and what is
measured for Bi2201. This confirms that the nickelate films
and Bi2201 are dominated by elastic scattering, and, in this
limit, S=T directly reflects the properties of the electronic
bands rather than the energy dependence of the scattering
rate. This proves the effectiveness of our approach to probe
the electronic band dispersion of the nickelates using the
Seebeck coefficient in the disordered limit. Note that the
elastic scattering rate in the infinite-layer nickelates is about
10 times smaller [17] than in the n ¼ 5 nickelate. However,
Fig. 5(b) shows that the infinite-layer nickelates are still in
the limit where the elastic scattering rate dominates over
the energy-asymmetric scattering and, thus, should also
exhibit a negative and temperature-independent Seebeck
coefficient.
Retrospectively, we can understand that the differences in

S=T between cleaner cuprates like Nd-LSCO [21] and
LSCO [36] and dirtier cuprates like Bi2201 [22] comes only
from the differences in impurity concentrations. The residual
resistivity in Bi2201 is typically 5–20 larger [34,35] than in
LSCO and Nd-LSCO, and the Seebeck coefficient in over-
doped Bi2201 is, therefore, similar to the ones measured in
the nickelates (Fig. 10 and Appendix G).
Fortuitously, the larger level of elastic disorder in the

nickelates makes the Seebeck coefficient entirely insensi-
tive to the scattering rate; similar to the high-field limit of
the Hall coefficient, the high-elastic-scattering limit of S=T
reflects only the underlying electronic band structure.

The idea that the Seebeck coefficient is solely deter-
mined by the electronic band structure in the disordered
limit is further supported by two additional examples from
the literature: the infinite-layer superconducting nickelate
Nd0.8Sr0.2NiO2 [37] and the delafossite PdCoO2 [38].
Quirk et al. [37] measured the Seebeck effect in
Nd0.8Sr0.2NiO2. This film had a residual resistivity of
ρ0 ∼ 800 μΩ:cm—similar to our three-layer nickelate sam-
ple and also in the disordered limit. We use Boltzmann
transport and a tight-binding model based on the ARPES

FIG. 5. Calculated Seebeck coefficient of Nd-LSCO p ¼ 0.24,
plotted as S=T (a) as function of temperature and (b) as a function
of elastic scattering 1=τ0 at T ¼ 4 K. For both, the total scattering
rate is given by the 1=τ0 þ 1=τðϵÞ. In the top, the limit of
dominant inelastic scattering rate represents 1=τ0 ∼ 1=τðϵÞ (pur-
ple) and of dominant elastic scattering 1=τ0 ≫ 1=τðϵÞ (red). In
the “clean” limit (purple), we use the elastic scattering rate
extracted from angle-dependent magnetoresistance [28] on Nd-
LSCO p ¼ 0.24, which gives 1=τ0 ¼ 10 ps−1. In the disordered
limit (red), we use the elastic scattering rate extracted from the
residual resistivity of the n ¼ 5 nickelate, which is
1=τ0 ¼ 3500 ps−1. In (b), the gray line is obtained from the
Nd-LSCO p ¼ 0.24 calculations at T ¼ 4 K—that include
1=τ0 þ 1=τðϵÞ, by changing the values of τ0. The n ¼ 5 nickelate
is placed on that curve in regard to its elastic scattering rate value
to illustrate its disordered limit.
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experiments of Sun et al. [39] to calculate the Seebeck
coefficient. We find excellent agreement between the
Seebeck data of Quirk et al. [37] and calculations in the
disordered limit (see Fig. 9 and Appendix F).
Yordanov et al. [38] measured the Seebeck effect in thin

films of the delafossite PdCoO2. These films were also in
the disordered limit, with a residual resistivity 1000 larger
than in single-crystal samples. Yordanov et al. [38] fol-
lowed a procedure similar to the one we took for the five-
layer and three-layer nickelates: They used the band
structure from DFT and a standard Boltzmann transport
package (that uses elastic scattering by default) to evaluate
the Seebeck coefficient. They find perfect agreement
between the measurements and the calculations. While
Yordanov et al. [38] did not connect the success of their
calculations to the disordered limit and the constant
scattering rate hypothesis, this is another example of the
broader validity of our conclusions.

B. Quasiparticles

T-linear and T þ T2 resistivity was recently reported
down to the lowest temperature in infinite-layer
nickelates [17] and Nd3Ni2O7 [40] under pressure. This
suggests a strange-metal phase is present in the nickelates.
A T þ T2 fit of its resistivity (Fig. 8)—as standardized in
cuprates [18]—suggests that the n ¼ 5 nickelate is in
proximity to this strange metal regime. While some theories
propose that the strange metal regime is a phase without
quasiparticles [41], the equally good determination of the
Seebeck coefficient for both the n ¼ 5 or n ¼ 3 nickelates
based on a semiclassical Boltzmann transport suggests that
this is not the case here. This is in line with the success of
several recent studies in cuprates that have demonstrated
the validity of the semiclassical approach to describe
transport in strange metals [21,28–30] and Fermi
liquids [36]. In addition, our study suggests that the band
structure of the nickelates as calculated by DFT is a reliable
description of the electronic structure of these materials,
despite the absence of ARPES measurements to date.

V. SUMMARY

We report the first Seebeck effect study of superconduct-
ing nickelates. We used the Seebeck coefficient in the
disordered limit to probe the electronic band structure of
both a superconducting five-layer nickelate as well as
metallic three-layer nickelate. We find the measured
Seebeck coefficient is well described by the band dispersion
calculated with DFT, combined with semiclassical transport
calculations. The calculated S=T reproduces the amplitude,
sign, and temperature dependence of the measured Seebeck
coefficient, a rare achievement in predicting transport
coefficients in quantum materials, and demonstrates that
we have been able to probe the nature of the electronic states
in superconducting nickelates—the first report of its kind.

Because of the similar electronic band structures
between the nickelates and cuprates, we compare the
Seebeck effect in the nickelates with Nd-LSCO—a cleaner
cuprate—and Bi2201—a more disordered cuprate. We find
that the Seebeck coefficient for Bi2201 is in perfect
agreement with experimental and theoretical data for
nickelates. In the case of Nd-LSCO, however, we find a
qualitative disagreement despite similarities in the elec-
tronic structure of the families. We show that the higher
level of disorder present in nickelate thin films and in
Bi2201, compared to Nd-LSCO, explains this difference.
As a corollary to our main result, our study highlights that

the disordered limit of the Seebeck effect is a powerful and
scattering-rate-independent probe of the electronic structure.
This is opposite of other transport coefficients like the Hall
effect, whose interpretation is opaque in the high scattering
rate limit, especially for materials with anisotropic Fermi
surfaces like the nickelates. This opens a new avenue of
applications for the Seebeck effect in quantum materials by
intentionally disordering otherwise-clean materials—for
example, with electron irradiation—to access intrinsic infor-
mation about their electronic structure.
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APPENDIX A: DFT COMPUTATIONAL DETAILS

Density-functional theory calculations for the n ¼ 5 and
n ¼ 3 nickelates are performed using the projector aug-
mented plane-wave method as implemented in the VASP

code [27]. For the exchange-correlation functional, we
have used the Perdew-Burke-Ernzerhof version of the
generalized gradient approximation [42]. The reduced
Ruddlesden-Popper nickelates crystallize in a tetragonal
structure where we have fixed the in-plane lattice constants
to match those of the NdGaO3 substrate. The out-of-plane
lattice constants are optimized and agree with the exper-
imental values, namely, c ¼ 25.4 Å and c ¼ 38.8 Å for the
n ¼ 5 and n ¼ 3materials, respectively [6]. The size of our
plane-wave basis is determined by an energy cutoff of
Ecut ¼ 500 eV, and integration in the Brillouin zone is
performed on a 12 × 12 × 12 k-mesh for both materials.
Figure 6 provides a brief summary of the paramagnetic

electronic structure of the n ¼ 5 and n ¼ 3 nickelates. The
band structures reveal a dx2−y2 band per NiO2 layer crossing
the Fermi energy (EF), akin to the multilayer cuprates.
Interestingly, for the five-layer nickelate, there are addi-
tional electron pockets at the Brillouin zone corners (M
and A) coming from the rare-earth bands. For the three-
layer material, these “spectator” bands sit above EF.
Indeed, the orbital-resolved density of states reveals the
dominant states are of Ni-dx2−y2 character around the EF.
The Ni-dz2 and Ni-t2g (t2g ≡ fdxy; dxz; dyzg) states are
positioned well below EF and do not play a significant
role in the low-energy physics of these materials. For a
complete description of the electronic structure of the
reduced Ruddlesden-Popper nickelates, see Refs. [10,11].

APPENDIX B: BOLTZMANN CALCULATIONS

The Seebeck coefficient is given by the ratio of the
Peltier coefficient αii to the electrical conductivity σii (with
i ¼ x, z), Si ¼ αii=σii, where

σii ¼
Z

∞

−∞
dϵ

�
−
∂fðϵÞ
∂ϵ

�
σiiðϵÞ; ðB1Þ

αii ¼
Z

∞

−∞
dϵ

��
−
∂fðϵÞ
∂ϵ

�
ϵ

T

�
σiiðϵÞ
−e

ðB2Þ

with e the electron charge, fðϵÞ the Fermi-Dirac distribu-
tion, and

σiiðϵÞ ¼ 2e2
Z Z Z

BZ

d3k
ð2πÞ3 viðk⃗Þ

2τðk⃗; ϵÞδðϵ − Eðk⃗ÞÞ; ðB3Þ

where viðk⃗Þ is the component of the quasiparticle velocity
in the i direction, τðk⃗; ϵÞ is the quasiparticle lifetime
depending on both momentum k⃗ and energy ϵ, and Eðk⃗Þ
is given by a tight-binding model.
In order to calculate Seebeck coefficient of the n ¼ 5 and

n ¼ 3 nickelates, we fit a tight-binding model Eðk⃗Þ to the
band dispersion calculated by DFT with

Eðk⃗Þ ¼ −μ − 2t½cosðkxaÞ þ cosðkyaÞ�
− 4t0 cosðkxaÞ cosðkyaÞ
− 2t00½cosð2kxaÞ þ cosð2kyaÞ� ðB4Þ

with a ¼ 3.91 Å (3.86 Å) and c ¼ 38.8 Å (25.4 Å) the
lattice constants for the n ¼ 5 (n ¼ 3) nickelate. The
hopping parameters are found in Tables I and II.
Two assumptions go into the Boltzmann calculations that

have quantitative effects on the calculated value of S=T.
First, we assume that the scattering rate is the same on all
bands. Because the Fermi velocity is of a similar magnitude
on all bands, and because the strong elastic scattering is
likely dominated by impurities that fix a real-space mean
free path, it is reasonable to assume that the elastic mean
free path is similar on all bands. This assumption introduces
some uncertainty into the absolute value of S=T but does

FIG. 6. (a) Band structure and (b) orbital-resolved density of states for the Ni(3d) shell within DFT for the trilayer nickelate (n ¼ 3).
(c),(d) The same as (a),(b) for the quintuple-layer nickelate (n ¼ 5), respectively.
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not change it qualitatively as long as the scattering is not
radically different (e.g., smaller by a factor of 10 or more)
on one of the bands.
Second, we assume that the bandwidth calculated by

DFT is the correct one. In real materials, electron-electron
interactions tend to lower the overall bandwidth, which, in
turn, reduces our tight-binding bandwidth t and, thus,
increases the calculated jS=Tj. While a proper measure-
ment of the bandwidth is not available for these films, it is
known that DFT has overestimated the bandwidth in
lanthanum-based cuprates by about a factor of 2 [28,43].
We incorporate a factor of 2 uncertainty in the bandwidth
into our calculated S=T in Figs. 4(d) and 4(e).

APPENDIX C: SAMPLE COMPARISON
OF n= 5 NICKELATES

Here, we compare the Seebeck coefficient of two samples
of n ¼ 5 nickelate (Fig. 7). The superconducting sample is
measured only down to 100 K due to having a thicker
substrate, which makes it impossible within the temperature
resolution to generate a sizable thermal gradient below that
100 K to measure the Seebeck effect. Indeed, the thermal
conductivity of the substrate, NdGaO3, increases dramati-
cally at low temperature, short-circuiting any attempt to
generate a thermal gradientwith a reasonable amount of heat.
The second sample is grown in similar conditions but does
not exhibit superconductivity due to the sensitivity of the
superconducting state to few percent changes in the cation
stoichiometry. We are able to reduce the thickness of that
sample substrate down to 150 microns to be able to measure
the Seebeck effect down to lower temperature approximately
60 K on this sample. Fortunately, the Seebeck coefficients

between the two samples are very similar and agree towithin
15%. This difference may be accounted for by the varying
levels of cation disorder introduced during the MBE syn-
thesis of the two samples, as well as by the randomness
inherent to the chemical reduction process used in the
synthesis of all square-planar nickelates. Nevertheless, the
overall reproducibility confirms that the normal state is
similar between these samples.

APPENDIX D: RARE-EARTH BAND

One significant difference between the two nickelates is
the presence of a neodymium band crossing the Fermi level
for the superconducting, five-layer nickelate. The role of this
band is unknown—whether it contributes significantly to the
conductivity or even to the superconducting pairing [44]. To
include the neodymium band in the Boltzmann transport
calculations changes from S=T ¼ −37.2 nV=K2 with it to
S=T ¼ −33.4 nV=K2 without. This 10% difference is likely
to remain undetected within the experimental error bars.
Therefore, it is difficult to conclude whether the rare-earth
band participates in the measured Seebeck coefficient, as
calculations indicate its contribution remains marginal. This
could suggest that the neodymium band does not play a
dominant role in the metallic state of the five-layer super-
conducting nickelate, which, in turn, suggests that it may not
play a role in the superconductivity.

APPENDIX E: RESISTIVITY
OF THE NICKELATES

While T-linear resistivity at high temperature is found in
conventional metals like copper, because electrons scatter
quasielastically off of phonons, this mechanism fades away
at low temperature, and this behavior does not persist down
to T ¼ 0. The term “strange metal” within the community
of strongly correlated electron systems describes a metal

TABLE I. Tight-binding parameters from the bands of n ¼ 5
nickelate obtained from a fit to the band dispersion calculated by
DFT [24].

Band μ=t t (meV) t0=t t00=t

Ni 1 −1.101 396.6 −0.1833 0.1042
Ni 2 −1.216 400.5 −0.1458 0.0855
Ni 3 −0.765 420.9 −0.2597 0.1075
Ni 4 −0.839 425.1 −0.2483 0.0947
Ni 5 −0.906 417.1 −0.2297 0.0795

Nd 3.157 −650.0 0 0

TABLE II. Tight-binding parameters from the bands of n ¼ 3
nickelate obtained from a fit to the band dispersion calculated by
DFT [24].

Band μ=t t (meV) t0=t t00=t

Ni 1 −1.384 410.4 −0.1532 0.0719
Ni 2 −1.037 426.2 −0.2505 0.1071
Ni 3 −1.138 422.1 −0.2205 0.0988

FIG. 7. S=T as a function of temperature of two different n ¼ 5
nickelate samples. The first sample is a superconducting nickelate
thin film with a substrate thickness of 500 microns. The non-
superconducting nickelate has a reduced substrate thickness
down to 150 microns.
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whose resistivity remains linear in temperature down to
T ¼ 0 [45,46], an inexplicable behavior to date. Here, we
focus on the T-linear component of the resistivity in the
T → 0 limit, because it is unambiguously strange.
There are two caveats to demonstrate that the n ¼ 5

nickelate is a strange metal. First, superconductivity masks
the T ¼ 0 limit of the resistivity. For this reason, we fit the
resistivity at B ¼ 9 T down to the lowest temperature above
Tc. Reaching a higher field is difficult, as the sample tends to
move in a magnetic field because of the torque in the
substrate NdGaO3. Second, the resistivity is not purely linear
in temperature, nor is it purely quadratic. However, claiming
that the n ¼ 5 nickelate is in the strange metal regime of the
nickelates’ phase diagram comes from its T þ T2 resistivity
fitted over a decade from 6 to 60 K. The definition of the
“strangemetal regime” used in cuprates [18], iron-based [47]
and organic superconductors [48], consists of the observation
of a T þ T2 resistivity with a significant T-linear component
that persists down to T ¼ 0. Perfectly T-linear resistivity is
observed only at a particular doping in these materials—
away from this doping, the resistivity gains a T2 component.
The strange metal regime has now also been reported in

doped, infinite-layer nickelateswithT-linear,T þ T2, andT2

resistivities [17] [Fig. 8(b)] and Nd3Ni2O7 [40]. Therefore,
the strange metal regime in the nickelates follows the same
doping dependence observed in the cuprates, iron-based and
organic superconductors.
The fit of the resistivity of the n ¼ 5 nickelate sample

includes a significant T-linear component and can be
described by ρðTÞ¼ρ0þa1Tþa2T2 as shown in Fig. 8(a),
with values ρ0 ¼ 1450 μΩ cm, a1 ¼ 8.1 μΩ cm=K, and
a2 ¼ 0.0695 μΩ cm=K2. And by comparison, the temper-
ature dependence of the resistivity is very similar to the one of
Nd1−xSrxNiO2 x ¼ 0.1875 [17], a doping with T þ T2

behavior (Fig. 8).

(b)

(a)

FIG. 8. Resistivity ρ as a function of temperature for (a) n ¼ 5
nickelate in B ¼ 0 and 9 T and (b) n ¼ 5 nickelate and infinite-
layer nickelate Nd1−xSrxNiO2 x ¼ 0.1875 in B ¼ 0 [17]. Both
materials are in the strange metal regime, as demonstrated by
their T þ T2 resistivity.

FIG. 9. Electronic band structure (top), Fermi surface (middle),
and calculated Seebeck coefficient plotted as S=T vs T (bottom)
for the infinite-layer nickelate RE0.8Sr0.2NiO2 at doping x ¼ 0.2,
with RE ¼ La or Nd. The electronic band structure and the
Fermi surface are measured by ARPES [39] on La0.8Sr0.2NiO2.
It includes two sheets: a large Ni dx2−y2 sheet that evolves
from holelike to electronlike along kz (full line) and a three-
dimensional electron pocket centered at Brillouin zone corner
(dashed line). The bottom compares the measured Seebeck
coefficient on Nd0.8Sr0.2NiO2 [37] to the one calculated from
the band structure using Boltzmann transport and a constant
elastic scattering rate 1=τ0.
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APPENDIX F: SEEBECK COEFFICIENT
IN INFINITE-LAYER NICKELATES

The Seebeck coefficient was recently measured in the
infinite-layer nickelate Nd1−xSrxNiO2 [37] at doping
x ¼ 0.2. The measured film has a large residual resistivity
of ρ0 ∼ 800 mΩ:cm, which, as we show below, places it in
the same disordered limit as the n ¼ 5- and n ¼ 3-layer
nickelates.
We use the electronic dispersion obtained from

recent ARPES measurement on La1−xSrxNiO2 at doping
x ¼ 0.2 [39]—the same doping measured in the Seebeck
experiments—with an identical crystal structure but with a
different rare-earth that contributes only marginally to the
transport (see Appendix D). Here, Sun et al. [39] was able
to show that the ARPES electronic dispersion is in good
agreement with the DFT calculations on the same material,
corresponding to the hybridization of a nickel d band with a
La band (Fig. 9, top).
Combining the ARPES electronic dispersion and

Boltzmann transport, we compute S=T and find a value
in excellent agreement with the experiment (Fig. 9, bot-
tom), similar to what we found for the n ¼ 5-, n ¼ 3-layer
nickelates, and Bi2201. By computing the resistivity, we
are able to show that the residual resistivity of ρ0 ∼
800 mΩ:cm from Quirk et al. [37] corresponds to a
scattering rate 1=τ0 ∼ 3000 ps−1. Figure 5(b) places it in
the same ballpark as n ¼ 5-layer nickelate, i.e., in the
disordered limit. This further supports our conclusion that
Seebeck measurements in the disordered limit are sensitive
only to the shape of the electronic band structure.

APPENDIX G: SEEBECK COEFFICIENT
IN CUPRATES

The doping range accessible can vary enormously from a
cuprate compound to another, and finding a cuprate sample
that shares the same electronic phase as the n ¼ 5 and
n ¼ 3 nickelates and whose Seebeck coefficient has been
measured is not a trivial task. This is why we choose
the comparison with Nd-LSCO p ¼ 0.24 and Bi2201
p ¼ 0.23, which are metallic and free from the pseudogap
phase and charge order, similarly to the nickelates.
The Seebeck effect has been measured for p < 0.24 as

well in Nd-LSCO by Gourgout et al. [21], where Nd-LSCO
is in the pseudogap phase with a Fermi surface trans-
formation happening at p� ¼ 0.23 [29]. Below p�, the
behavior of S=T remains similar to that of Nd-LSCO
p ¼ 0.24, meaning positive and strongly temperature
dependent, with a larger amplitude.
Badoux et al. [49] measured the Seebeck effect in LSCO

between p ¼ 0.07 and p ¼ 0.15—a very different regime
than Nd-LSCO p ¼ 0.24 and the nickelates. Above the
charge density wave onset temperature, S=T is temperature
dependent and positive like Nd-LSCO. However, below the
charge ordering temperature, S=T becomes negative and

remains strongly temperature dependent down to T ¼ 0. In
contrast, in Jin et al. [36], the authors report Seebeck data
on very overdoped LSCO p ¼ 0.33, doping where the
resistivity is quadratic in temperature and the Seebeck
coefficient is qualitatively similar to Nd-LSCO p ¼ 0.24
but with a lower amplitude.
The closest comparison to the Seebeck effect found in

the nickelates in this study is in the overdoped cuprate
ðBi; PbÞ2ðSr;LaÞ2CuO6þδ (Bi2201) [22]. At high doping
p > 0.23, the Seebeck effect S is reported linear in
temperature and negative—exactly as we find in the
nickelates. We show this striking comparison in Fig. 10.
Bi2201 is significantly more disordered than LSCO and
Nd-LSCO, with typically residual resistivities ρ0 ∼
120 μΩ cm or more [35], which is 5–20 times larger than
LSCO and Nd-LSCO, meaning the samples come with
much higher elastic scattering from defects.
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Laliberté, C. Collignon, A. Ataei, M. Dion, J. Zhou, D.
Graf, M. J. Lawler, P. A. Goddard, L. Taillefer, and B. J.
Ramshaw, Fermi surface transformation at the pseudogap
critical point of a cuprate superconductor, Nat. Phys. 18,
558 (2022).

G. GRISSONNANCHE et al. PHYS. REV. X 14, 041021 (2024)

041021-12

https://doi.org/10.1103/PhysRevLett.125.147003
https://doi.org/10.1103/PhysRevLett.125.147003
https://doi.org/10.1038/s41563-021-01142-9
https://doi.org/10.1038/s41563-021-01142-9
https://doi.org/10.1021/ic701480v
https://doi.org/10.1021/ic701480v
https://doi.org/10.1103/PhysRevLett.102.046405
https://doi.org/10.1103/PhysRevLett.102.046405
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevLett.104.206403
https://doi.org/10.1103/PhysRevB.104.035148
https://doi.org/10.1103/PhysRevB.104.035148
https://doi.org/10.1103/PhysRevB.106.115132
https://doi.org/10.1103/PhysRevB.106.115132
https://doi.org/10.1103/PhysRevX.10.011024
https://doi.org/10.1126/science.abd7726
https://doi.org/10.1038/s41567-022-01684-y
https://doi.org/10.1038/s41567-022-01660-6
https://doi.org/10.1038/s41563-022-01330-1
https://doi.org/10.1038/s41586-023-06129-x
https://doi.org/10.1126/science.1165015
https://doi.org/10.1126/science.1165015
https://doi.org/10.1016/j.matt.2022.01.020
https://doi.org/10.1016/j.matt.2022.01.020
https://arXiv.org/abs/2207.13633
https://doi.org/10.1103/PhysRevX.12.011037
https://doi.org/10.1103/PhysRevB.72.024533
https://doi.org/10.1103/PhysRevB.72.024533
https://doi.org/10.1103/PhysRevMaterials.6.044804
https://doi.org/10.1103/PhysRevMaterials.6.044804
https://doi.org/10.1103/PhysRevMaterials.6.055003
https://doi.org/10.1088/0022-3727/34/6/302
https://doi.org/10.1007/s11433-021-1871-x
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1038/s41586-021-03697-8
https://doi.org/10.1038/s41567-022-01514-1
https://doi.org/10.1038/s41567-022-01514-1


[30] A. Ataei, A. Gourgout, G. Grissonnanche, L. Chen, J.
Baglo, M.-E. Boulanger, F. Laliberté, S. Badoux, N. Doiron-
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Lizaire, B. Vignolle, D. Vignolles, H. Raffy, Z. Z. Li, P.
Auban-Senzier, N. Doiron-Leyraud, P. Fournier, D. Colson,
L. Taillefer, and C. Proust, Universal t-linear resistivity and
Planckian dissipation in overdoped cuprates, Nat. Phys. 15,
142 (2019).

[47] L. Fang, H. Luo, P. Cheng, Z. Wang, Y. Jia, G. Mu, B. Shen,
I. I. Mazin, L. Shan, C. Ren, and H.-H. Wen, Roles of
multiband effects and electron-hole asymmetry in the
superconductivity and normal-state properties of
BaðFe1−xCoxÞ2As2, Phys. Rev. B 80, 140508(R) (2009).

[48] N. Doiron-Leyraud, P. Auban-Senzier, S. René de Cotret, C.
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