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Anomalous electron transport in epitaxial NdNiO3 films
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The origin of simultaneous electronic, structural, and magnetic transitions in bulk rare-earth nickelates
(RENiO3) remains puzzling with multiple conflicting reports on the nature of these entangled phase transitions.
Heterostructure engineering of these materials offers unique opportunity to decouple the metal-insulator
transition (MIT) from the magnetic transition. However, the evolution of underlying electronic properties across
these decoupled transitions remains largely unexplored. In order to address this, we have measured Hall effect
on a series of epitaxial NdNiO3 films, spanning a variety of electronic and magnetic phases. We find that the
MIT results in only a partially gapped Fermi surface, whereas the full insulating phase forms below the magnetic
transition. In addition, we also find a systematic reduction of the Hall coefficient RH in the metallic phase of
these films with epitaxial strain and also a surprising transition to a negative value at large compressive strain.
The partially gapped, weakly insulating, paramagnetic phase is reminiscence of pseudogap behavior of high-Tc

cuprates. The precursor metallic phase, which undergoes transition to the insulating phase, is a non-Fermi liquid
with a temperature exponent n of resistivity of 1, whereas the exponent increases to 4/3 in the noninsulating
samples. Such a nickelate phase diagram with sign reversal of RH , a pseudogap phase, and non-Fermi-liquid
behavior is intriguingly similar to high-Tc cuprates, giving important guidelines to engineer unconventional
superconductivity in oxide heterostructures.

DOI: 10.1103/PhysRevB.99.235153

I. INTRODUCTION

The question about the nature of the metal-insulator tran-
sition (MIT) and spin ordering in the negative-charge-transfer
family of materials RENiO3 (RE = Pr, Nd, . . . , Lu, etc.) has
drawn significant interest in the pursuit of understanding the
ultimate connection among the underlying crystal structure
and electronic and magnetic orderings [1–23]. Independently,
there have been a number of interesting theoretical proposals
to realize high-temperature superconductivity through epi-
taxial engineering [24–27], leading to remarkable progress
in the synthesis and characterization of ultrathin films and
heterostructures of rare-earth nickelates (for recent progress
see Refs. [3,4] and references therein). Since the degeneracy
lifting between two eg orbitals of Ni3+ ions might lead to
a cupratelike one-band Fermi surface, orbital engineering of
RENiO3 has also been attempted in various heterostructure
forms [3,28–33]. However, to date, the maximum achieved
orbital polarization of nickelate heterostructures (∼25%) is
still significantly smaller than what is required to engineer
the material analog of high-Tc cuprates. Therefore, it is of
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paramount interest to find out if and how epitaxy can be
utilized to finally achieve cupratelike electronic structure in
RENiO3-based heterostructures.

Hall effect is an important measurement which provides
crucial information about the Fermi surface topology, the
carrier concentration, the anisotropy of the scattering rate,
and the chiral spin textures of quantum materials [34–37].
In connection to nickelates, earlier studies on bulk NdNiO3

(NNO) and PrNiO3 (PNO) powder samples demonstrated
the phenomenon of sign change of the Hall coefficient RH

across the metal-insulator transition [38]. Interestingly, such
evolution of RH has also been observed in several important
“bad” metals, including cuprates, vanadates, and ruthenates;
this phenomenon was attributed to multiple factors, including
structural transition, spin density wave (SDW) transition,
and charge density wave transition [39–42]. Therefore,
the simultaneous occurrence of MIT, structural transition,
and charge and magnetic ordering in bulk NNO and PNO
[6,43–45] inhibits the straightforward determination of the
primary factor responsible for such a drastic change in
RH . On the other hand, these simultaneous transitions can be
selectively decoupled or even suppressed by epitaxial strain in
ultrathin-film geometry [12,13,15,46–48]. Naturally, in such
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a situation one can expect that Hall effect measurement will
provide crucial information about the electronic and magnetic
transitions. Further, it is interesting to note that epitaxial strain
dramatically affects the electronic properties in the metallic
phase of nickelate films, as highlighted by the change in the
characteristic power exponents of resistivity, associated with
the non-Fermi-liquid behavior [46,47,49]. This observation
suggests that Hall effect measurements in the metallic phase
can probe the relative change in Fermi-surface topology
brought about by epitaxial strain [50].

In this paper, we report on the detailed Hall effect mea-
surements across several electronic and magnetic phases of
NNO, which have been realized in a series of epitaxially stabi-
lized high-quality ultrathin films on several single-crystalline
substrates. These measurements have revealed a direct link
between the sign change of RH and the onset of the E ′ antifer-
romagnetic (E ′-AFM [45]) transition, implying a SDW origin
of the puzzling E ′-AFM phase. Such a magnetic transition
driven by the Fermi surface reconstruction was predicted by
earlier theoretical works [7,8]. Moreover, the metallic phase
of the NNO film under large tensile strain exhibits unexpected
cupratelike linearly T dependent resistivity and T 2 depen-
dence of the cotangent of the Hall angle. The magnitude
of RH in the metallic phase shows a systematic decrease
with the underlying strain and remains positive down to the
lowest temperatures under moderate compressive strain. Upon
application of a large compressive strain, surprisingly negative
RH for (T > 60 K) emerges in the metallic phase, empha-
sizing a drastic change in the Fermi surface topology. The
decrease (increase) in hole (electron) concentration without
any chemical doping illustrates a strain-mediated self-doping
scenario, which is further verified by density functional theory
(DFT). Our further analysis using the DFT plus momentum-
resolved density fluctuation (MRDF) method found that the
suppression of E ′-AFM ordering by epitaxial strain can be
accounted by the suppression of Fermi surface nesting.

II. METHODS

Ultrathin films of NNO [15 unit cells (u.c.)] of high
structural and chemical quality were grown on several single-
crystalline substrates [see Fig. 1(a)]: SrTiO3 (STO), NdGaO3

(NGO), SrPrGaO4 (SPGO), SrLaAlO4 (SLAO), and YAlO3

(YAO). The details of the growth procedure can be found in
Ref. [46]. The in-plane pseudocubic lattice constants of all
the substrates used and the corresponding strain ε values are
summarized in Fig. 1(b). The layer-by-layer growth was mon-
itored by in situ reflection high-energy electron diffraction
(see the Supplemental Material [51]), and the desired epitaxial
growth along a pseudocubic [001] direction was confirmed
by x-ray diffraction [51]. A sample for cross-section scan-
ning transmission electron microscopy (STEM) measurement
was prepared by a focused ion beam with Ga+ ions fol-
lowed by Ar+ ion nanomilling. High-angle annular dark-field
(HAADF) imaging was achieved with a JEOL ARM200 mi-
croscope equipped with two aberration correctors. Figure 1(c)
shows a characteristic HAADF-STEM image taken across the
NNO/NGO interface along the [100] direction. The atomic
column intensity in the HAADF-STEM imaging varies with
the atomic number as ∝Z1.7; that is, heavier atoms indicate

(a) (b)

(c)

FIG. 1. (a) NdNiO3 thin film on a single-crystalline substrate.
(b) Pseudocubic in-plane lattice constant for the substrates used
in this work and the corresponding epitaxial strain for NNO.
(c) HAADF-STEM image (with false color) of a 20-u.c. NdNiO3

film on a NdGaO3 substrate.

brighter columns. As marked by the dashed line, the NGO
substrate terminates with a NdO layer with a practically atom-
ically sharp interface, which further testifies to the excellent
registry between the sample and substrate. The dc resistivity
and Hall effect measurements were carried out in four-probe
van der Pauw geometry using a Quantum Design physical
property measurement system. To evaluate RH , magnetic field
(H) was swept between ±5 T at different T . In the absence
of an anomalous Hall contribution, while the intrinsic Hall
resistance Rxy should be zero at H = 0 and asymmetric with
the magnetic field sweep, the finite width of the contacts
adds an additional symmetric part in Rxy around H = 0 with
a vertical offset [52,53]. These parasitic contributions were
corrected to extract intrinsic Rxy, and three typical sets of
such corrected Rxy curves as a function of H for different T
are presented in the Supplemental Material [51]. As clearly
seen, after correction, Rxy remains linear within the ranges
of magnetic field H used in this work; the Hall coefficient is
evaluated as RH = t (dRxy/dH ), where t is the film thickness.

To gain further insight into the change in RH in the
metallic phase of the samples as a function of epitaxial
strain, we performed DFT calculation using the Vienna Ab
initio Simulation Package (VASP) [54,55] within the gener-
alized gradient approximation + U of the Perdew-Burke-
Ernzerhof parametrization [56]. Projected augmented-wave
[57,58] pseudopotentials were used to describe core electrons.
We use U = 3.5 eV, which is larger than the values of U
used in the self-energy calculation. This is expected since the
bare U used in the self-energy calculation is further multiplied
by various components of the susceptibility to provide the
effective many-body potential in this calculation. The elec-
tronic wave function is expanded using plane waves up to
a cutoff energy of 500 eV. Brillouin zone (BZ) sampling is
done by using a (12 × 12 × 6) Monkhorst-Pack k grid. Like
in Ref. [46], NdNiO3 crystal structures have been constrained
to the P4/mmm space group in our calculation, and A-type
antiferromagnetic spin ordering on the Ni sublattice has been
imposed, instead of the complex E ′-AFM spin configura-
tion. Octahedral tilts/rotations and breathing mode distortions
have also been omitted in our calculations, and the effect of
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FIG. 2. (a)–(c) Temperature dependence of the dc resistivity of a 15-u.c. NNO film under tensile strain (top panel) and the variation of RH

(bottom panel). The right axis of the bottom panel of (a) and (b) corresponds to a d (lnρxx )/d (1/T ) vs T plot.

substrates has been folded into the experimental lattice con-
stants. Despite these constraints, such a DFT approach was
shown to successfully reproduce the experimentally observed
band structure and Fermi surface topology of NNO thin films
on different substrates [59]. The effects of electronic correla-
tions on the band structure have been investigated by DFT and
DFT + self-energy corrections, obtained with MRDF theory
(details of this calculation are given in the Supplemental
Material) [59–62].

III. RESULTS AND DISCUSSION

A. Hall coefficient across electronic and magnetic transitions

The top panels of Figs. 2(a)–2(c) show the temperature-
dependent resistivity of NNO films under tensile strain. As
reported earlier [46,47], NNO films under tensile strain show
the first-order MIT. The metal-insulator transition tempera-
ture TMIT (defined as the temperature where dρxx/dT = 0)
and magnetic transition temperature TN [evaluated from the
d (lnρxx )/d (1/T ) vs T plot on the right axis of the bottom
panel of Figs. 2(a) and 2(b)] [63] of these films are listed in
Table I. Note that the lower value of TMIT compared to the

TABLE I. Metal-insulator transition temperature TMIT and anti-
ferromagnetic ordering temperature TN , evaluated from ρxx vs T data.
c and h correspond to cooling and heating cycles, respectively.

Film T c
MIT (K) T h

MIT (K) T c
N (K) T h

N (K)

NdNiO3 on SrTiO3 145 155 90 ± 5 110 ± 5
NdNiO3 on NdGaO3 170 175 140 155

bulk NNO TMIT = TN ∼ 200 K was linked to the effect of
epitaxial strain (bandwidth control) and reduced dimension-
ality (quantum confinement) [46]. Moreover, previous reports
using resonant x-ray scattering (RXS) on such NNO films
confirmed the absence of both bulk-like charge ordering and
lattice symmetry change across the MIT [13,15]. Separation
between TMIT and TN of these samples offers a unique temper-
ature window to examine the evolution of RH across all three
phases: paramagnetic metal, paramagnetic insulator, and anti-
ferromagnetic insulator (AFI) without the influence of charge
disproportionation and structural transition. While a bulk-like
MIT and magnetic transition are expected in an epitaxial NNO
film under a very small tensile strain of +0.3%, surprisingly,
the film shows only weakly insulating, paramagnetic behavior
at low temperature [46] [see top panel in Fig. 2(c)].

In the following, we discuss the overall response of RH

across the electronic and magnetic transitions of these films.
The temperature dependence of ρxx and RH in the metallic
phase will be presented later in the text. As immediately
seen in Figs. 2(a)–2(c), at room temperature RH is holelike.
Although the electronic structure of the system is expected to
be drastically different across the metal-insulator transition,
RH exhibits only a slight increase across TMIT for the NNO
film on NGO and STO. Most interestingly, RH switches to
n-type around 100 K and 120 K for the STO and NGO cases,
respectively, which are remarkably close to the respective TN

for E ′-AFM ordering. A similar sign change of RH across
TN was also observed in the 2EuNiO3/1LaNiO3 superlat-
tice, which has monoclinic symmetry in both metallic and
insulating phases and does not exhibit any charge ordering
transition [21]. RH maintains holelike behavior even in the
weakly insulating state for the film grown on the SPGO
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substrate, where earlier RXS experiments [46] clearly ruled
out the appearance of E ′-type magnetic ordering. All of these
observations clearly point to some large changes in the Fermi
surface topology being responsible for the appearance of E ′-
type antiferromagnetic ordering in these materials.

The mechanisms of the MIT and E ′-type AFM ordering
of RENiO3 are still heavily debated [5–18,20–23]. Most
recently, the MIT mechanism was attributed to the
d8L + d8L → d8 + d8L2 bond disproportionation (BD)
transition (here L denotes a ligand hole in O p bands)
[5,10,11,14,17,21,64]. Apart from the BD-induced transition
scenario, the importance of Mott physics in the realization
of the insulating phase was found in optical conductivity
measurements [9,64]. Another unexpected result was revealed
in the recent valence band photoemission measurement,
which showed the presence of residual intensity at EF even at
very low T , thus signaling that some parts of the Fermi surface
still survive deep in the insulating phase [65]. Such a notion
of a partially gapped Fermi surface, akin to the pseudogap
phase of high-Tc cuprates, ruthenates, pnictides, etc. [66–68],
was also inferred for NNO from infrared spectroscopy [9]
and tunneling spectroscopy measurement [69].

Since RH is magnetic field independent within the range of
magnetic field used in the present study, it can be expressed as
RH = (npμ

2
p − neμ

2
e )/e(npμp + neμe)2, assuming one elec-

tron band and one hole band contribute to the electrical trans-
port, where np (ne) is the hole (electron) density and μp (μe)
is the mobility of the hole (electron) [70]. The positive sign of
RH in the paramagnetic metallic phases [48,53,71] originates
from the larger volume of the hole pockets (vp) compared to
that of the electron pockets (ve) as observed in angle-resolved
photoemission spectroscopy (ARPES) experiments [59,72].
A small increase of RH upon entering the insulating phase
suggests that the BD transition opens only a partial gap in
the Fermi surface. ARPES measurement [72] found a strong
instability at q = (1/4, 1/4, 1/4)p.c., which also coincides with
the magnetic wave vector for E ′ ordering. Thus, the nesting
of dominant hole pockets in the BD phase opens a gap in
the hole Fermi surface and results in the emergence of the
E ′-AFM phase [7,8,12,48,53,73], with the remaining electron
pockets contributing to the transport to result in the observed
switching of RH across TN . Once the BD phase and E ′-AFM
ordering set in, they act synergetically to grow together with
the decrease of thermal fluctuations [74]. Complementary
experiments, like ARPES measurements at different T , are
required to fully understand the evolution of RH with T in
the AFI phase. On lowering tensile strain, the suppression of
the Fermi surface superstructure at (1/4, 1/4, 1/4)p.c. is found
to be responsible for the absence of the E ′-AFM phase in the
NNO film on a SPGO substrate, where RH remains positive
in such a paramagnetic BD phase (results are shown in the
Supplemental Material [51]).

B. ρxx and RH in the metallic phase

Next, we explore magnetotransport behavior in the metallic
phase. Contrary to the expected T 2 dependence of resistivity
at low temperature for a Fermi liquid, ρxx in the metallic
phases of NNO under tensile strain shows linear T -dependent
behavior (see the Supplemental Material [51]). As reported

FIG. 3. (a) Temperature dependence of the dc resistivity for
15-u.c. NNO films under compressive strain. (b) Temperature
dependence of RH in the paramagnetic metallic phase of the NNO
films. (c) Relation of RH (top panel) and carrier density (bottom
panel) with strain at 300 K. (d) cot θH for the NNO film on a STO
substrate as a function of T 2. The dotted line represents the T 2

dependence.

earlier [46], the electronic and magnetic transitions can be en-
tirely suppressed by the application of compressive strain [see
Fig. 3(a)]. Interestingly, under compressive strain ρxx shows
T 4/3 dependence over a broad range of temperatures and then
switches to linear T behavior [51]. Such non-Fermi-liquid
behavior has been observed in the normal phase of several
unconventional superconductors, including cuprates, organic
superconductors, pnictides, heavy fermions, etc. [75–78], and
its intrinsic origin is still unknown [79,80].

The overall behavior of RH in the metallic phase is summa-
rized in Fig. 3(b). As can be seen, the NNO film grown on the
SLAO substrate (−1.2%) exhibits a p-type metallic behavior
over the entire temperature range. With the further increase
of compressive strain (NNO on YAO), RH surprisingly be-
comes negative even at 300 K. A systematic relation between
RH |T =300K and ε can be further inferred from the top panel
of Fig. 3(c). Such strain-mediated change in carrier density
shown in Fig. 3(c) is a hallmark of the self-doping effect [51].

For a normal metal, RH generally becomes temperature
independent for T > 0.2–0.4 �D (�D is the Debye temper-
ature) [81]. Since, for RENiO3, �D ∼ 420 K [82], a strong
T -dependent RH in the metallic phase of the NNO film on
STO requires some special consideration. For this purpose we
recall that in hole-doped cuprates the strong T dependence of
RH is commonly discussed in terms of the Hall angle cot θH =
ρxx/(HRH ). The T 2 dependence of the cot θH , observed
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FIG. 4. (a) and (b) Computed FS topology for the two representative samples of NNO/STO and NNO/YAO. a in the x and y axes of these
graphs corresponds to the in-plane pseudocubic lattice constant of the substrate. For the z axis, c ∼ 2cp.c., where cp.c. is the out-of-plane lattice
constant of the NNO film. Details of the Brillouin zone are discussed in the Supplemental Material [51]. (c) FS volumes for electron (triangle)
and hole (circles) pockets compared for all samples without (top panel) and with (middle panel) self-energy corrections. The bottom panel
compares the difference between the hole and electron pocket volumes for calculations without (solid diamonds) and with (open squares)
self-energy effects. (d) Comparison of the difference between the two FS volumes with the experimental value of the effective carrier density
obtained from the Hall effect.

in hole-doped cuprates around optimal doping, has been
interpreted as a signature of spin-charge separation or the
result of anisotropic scattering rates [81,83–86]. However,
RH becomes T independent in lightly hole doped cuprates,
and consequently, cot θH follows the T dependence of ρab

[35]. Based on these results, we can speculate that the T 2

dependence of cot θH [Fig. 3(c)] and the linear T depen-
dence of ρxx for the NNO film on STO implies a strong
connection to the “strange-metal” phase of high-Tc cuprates.
As shown in Fig. 3(b), with the decrease of hole concen-
tration, RH becomes almost T independent in the metallic
phase of the NNO film on NGO and at high temperatures
for other compressive substrates. The sharp increase in RH

below 100 K in compressively strained NNO can be attributed
to the emergence of the pseudogap phase [69,87], which is
observed in many cuprates and yet is a poorly understood
phenomenon [35,84,88–90]. In addition, the sign change of
RH in the pseudogap phase suggests that there is a coexistence
of electron and hole Fermi surface pockets with different
mobilities, as also seen in electron- and hole-doped cuprates
[39,91–93]. Our result further implies that the hole pocket
has higher mobility compared to the electron pocket, which
is consistent with prior ARPES data [72].

C. DFT calculation

In order to gain insight into the strain-induced modulation
of RH in the metallic phase shown in Fig. 3(c), we have

calculated the Fermi surface (FS) of NNO for different values
of ε, listed in Fig. 1(b). In all cases, we obtain a character-
istic FS topology which consists of the electron pocket at
the center of the BZ and hole pockets at the zone corners.
The computed FSs shown in Figs. 4(a) and 4(b) for large
tensile (STO) and large compressive (YAO) strain exhibit
the characteristic reduction of the three-dimensionality of
the electron pocket (the electron pocket is almost cylindri-
cal for NNO on YAO) as a function of strain. In Figure
4(c), we summarize the evolution of FS volumes for the
two pockets. As seen, despite the gradual loss of three-
dimensionality in Fermi surface between NNO under +2.8%
and NNO under −2.4%, the electron pocket volume remains
essentially unchanged. On the other hand, the hole pocket
volume is larger than the electron pocket volume for all
cases except for NNO on YAO. This is the key mechanism
for the sign change in the Hall coefficient at high temper-
atures where the paramagnetic metallic state appears in all
samples.

Since Mott physics is clearly important in driving anti-
ferromagnetic and insulating phases of nickelates [9,22], we
have further tested the above DFT results with the inclu-
sion of the self-energy correction due to electron-electron
correlations. We compute the complex self-energy effects
due to density-density fluctuations within the DFT+MRDF
theory [59–62]. The MRDF method directly incorpo-
rates the materials-specific DFT band structure and solves
the Hubbard model (with intra- and interband Hubbard
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interactions) for the electron-electron correlation part. The
electron correlations which arise due to spin and charge
density fluctuations are computed within the random-phase
approximation. The feedback effects of the correlation to
the electronic spectrum are captured within the fluctuation-
exchange method and quantified by band- (ν), momentum-
(k), and frequency- (ω) dependent complex self-energy
�ν (k, ω) corrections. We invoke self-consistency in such
a way that the spin and charge correlation functions and
the electronic Green’s function include the self-energy cor-
rections until the convergence in the self-energy value is
reached [51].

The interacting Fermi surface is defined by the poles of
the interacting Green’s function at ω = 0, which is obtained
from the self-consistent solution of εν

kF
+ �′

ν (kF, ω = 0) = 0,
where εν

k denotes the νth DFT band at momentum k and
�′

ν represent the real parts of the self-energy. We note that
since self-energy is momentum dependent, the above solution
can lead to a band-dependent change in shape of the Fermi
surface. In what follows the k-dependent self-energy causes a
nonrigid-band shift of the Fermi surface, yet the total Fermi
surface volume remains unchanged. This FS volume calcu-
lated with the self-energy dressed bands is shown in Fig. 4(c)
(middle panel). As seen, we obtain a nonmonotonic behavior
of the FS volume across different samples. However, in all
cases, we find a one-to-one correspondence with the noninter-
acting FS volume, in that the electron pocket volume is lower
than that of the hole pocket one, except for NNO on YAO.
Thus, a strain-induced n-type metallic phase of the NNO film
results from the change in relative FS volume by compressive
epitaxy.

To further testify that the estimated effective FS volume
δvFS truly corresponds to the experimentally observed switch-
ing in RH as a function of ε, we plot δvFS as a function of
the difference in carrier concentration, δn = np − ne (np and
ne have been estimated from experimentally determined RH

at 300 K). The linear relation between δvFS and δn shown in
Fig. 4(d) clearly testifies to the validity of our approach to
capture the experimental observations.

IV. CONCLUSIONS

To summarize, we have synthesized and measured the
Hall effect on a series of ultrathin NdNiO3 films. The selec-
tive suppression of the simultaneous transitions in NdNiO3

films through epitaxial strain engineering enables us to
probe the paramagnetic metallic, paramagnetic insulating, and
antiferromagnetic insulating phases separately, without any
detrimental influence of structural and charge ordering
transitions. This approach reveals an unusual sign change in
Hall coefficient across the E ′-type antiferromagnetic transi-
tion. The appearance of such a spin density wave transition
from a paramagnetic insulating phase signals that the bond-
disproportionation transition creates a partially gapped Fermi
surface. Epitaxial strain also drastically changes the relative
volume between the hole and electron parts of the Fermi
surface, resulting in a strain-driven sign change in RH in the
metallic phase of NNO. Under compressive strain, all of the
NNO films exhibit a non-Fermi-liquid behavior with algebraic
power exponents, whereas the film under large tensile strain
shows magnetotransport behavior akin to the strange-metal
phase of optimally doped high-Tc cuprates. While supercon-
ductivity remains elusive in the nickelate heterostructures so
far, these systems host several remarkable high-Tc cuprate
signatures, including the Zhang-Rice state, pseudogap, self-
doping, non-Fermi-liquid behavior with linear T resistivity,
and spin-density wave.
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