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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 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 partially gapped Fermi surface, whereas full insulating phase forms below the magnetic transi-
tion. 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 negative value at large compressive strain. Partially
gapped weakly insulating, paramagnetic phase is reminiscence of pseudogap behavior of high Tc cuprates. The
precursor metallic phase, which undergoes transition to insulating phase is a non-Fermi liquid with the temper-
ature exponent (n) of resistivity of 1, whereas the exponent increases to 4/3 in the non-insulating samples. Such
nickelate phase diagram with sign-reversal of RH , pseudo-gap phase and non Fermi liquid behavior are intrigu-
ingly similar to high Tc cuprates, giving important guideline to engineer unconventional superconductivity in
oxide heterostructure.

I. INTRODUCTION

The question about the nature of metal-insulator transition
(MIT) and spin ordering in the negative charge transfer fam-
ily of materials RENiO3 (RE=Pr, Nd...Lu etc.) has drawn
a significant interest in the pursuit of understanding the ulti-
mate connection among the underlying crystal structure, elec-
tronic, and magnetic orderings1–23. Independently, there has
been a number of interesting theoretical proposals to real-
ize high temperature superconductivity through epitaxial en-
gineering24–28, leading to the remarkable progress in synthe-
sis and characterization of ultra-thin film and heterostructures
of rare-earth nickelates (for recent progress see Refs. 3 and
4 for review and the references therein). Since the degener-
acy lifting between two eg orbitals of Ni3+ ions might lead
to cuprate-like one band Fermi surface, orbital engineering
of RENiO3 have been also attempted in various heterostruc-
ture forms3,29–34. However, to-date maximum achieved orbital
polarization of nickelate heterostructures (∼25%) is still sig-
nificantly smaller than that which is required to architecture
the materials analog of high Tc cuprates. Therefore, it is of
a paramount interest to find out if and how epitaxy can be
utilized to finally achieve cuprate like electronic structure in
RENiO3 based heterostructures.

Hall effect is an important measurement which provides
crucial information about the Fermi surface topology, the car-
rier concentration, the anisotropy of scattering rate, and the
chiral spin textures of quantum materials35–38. In connec-

tion to nickelates, earlier studies on bulk NdNiO3 (NNO)
and PrNiO3 (PNO) powder samples demonstrated the phe-
nomenon of sign change of Hall coefficient (RH ) across the
metal-insulator transition39. Interestingly, such evolution of
RH has been also observed in several important ‘bad’ met-
als including cuprates, vanadates, and ruthenates; this phe-
nomenon was attributed to multiple factors including struc-
tural transition, spin density wave (SDW) transition, charge
density wave (CDW) transition40–43. Therefore, the simulta-
neous occurrence of MIT, structural transition, charge (CO)
and magnetic ordering in bulk NNO and PNO6,44–46 inhibits
the straightforward determination of the primary factor re-
sponsible for such drastic change in RH . On the other hand,
these simultaneous transitions can be selectively decoupled or
even suppressed by epitaxial strain in ultra-thin film geom-
etry12,13,15,47–49. Naturally, in such situation one can expect
that the Hall effect measurement will provide crucial infor-
mation about the electronic and magnetic transitions. Further,
it is interesting to note that epitaxial strain dramatically af-
fects the electronic properties in the metallic phase of nick-
elate films as highlighted by the change in the characteristic
power-exponents of resistivity, associated with the non-Fermi
liquid behavior47,48,50. This observation suggests that Hall ef-
fect measurements in the metallic phase can probe the relative
change in Fermi surface topology brought about by epitaxial
strain51.

In this paper, we report on the detailed Hall effect mea-
surements across several electronic and magnetic phases of
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NNO, which have been realized in a series of epitaxially stabi-
lized high-quality ultra-thin films on several single crystalline
substrates. These measurements have revealed a direct link
between the sign change of RH and the onset of E′ anti-
ferromagnetic (E′-AFM46) transition implying a SDW (spin
density wave) origin of the puzzling E′-AFM phase. Such
magnetic transition driven by the Fermi surface reconstruction
has been predicted by earlier theoretical works7,8. Moreover,
metallic phase of the NNO film under large tensile strain ex-
hibits unexpected cuprate-like linearly T -dependent resistiv-
ity and T 2 dependence of cotangent of Hall angle. The magni-
tude of RH in the metallic phase shows a systematic decrease
with the underlying strain and remains positive down to low-
est temperatures under moderate compressive strain. Upon
application of large compressive strain, surprisingly negative
RH (T > 60 K) emerges in the metallic phase, emphasiz-
ing a drastic change in Fermi surface topology. The decrease
(increase) in hole (electron) concentration without any chem-
ical doping illustrates a strain mediated self-doping scenario,
which is further verified by density functional theory (DFT).
Our further analysis using DFT+MRDF (momentum resolved
density fluctuation) method found that the suppression of E′-
AFM ordering by epitaxial strain can be accounted by the sup-
pression of Fermi surface nesting.

II. METHODS

Ultra-thin films of NNO (15 unit cell=u.c.) of high struc-
tural and chemical quality have been 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. 47. The in-plane pseudocubic lattice constants of all used
substrates and the corresponding strain (ε) values are summa-
rized in Fig. 1(b). The layer-by-layer growth has been moni-
tored by in-situ RHEED (see supplemental52) and the desired
epitaxial growth along a pseudo-cubic [0 0 1] direction has
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FIG. 1. (a) NdNiO3 thin film on 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 NdGaO3

substrate.

been confirmed by X-ray diffraction52. A sample for cross-
section STEM (scanning transmission electron microscopy)
measurement has been prepared by a focused ion beam with
Ga+ ions followed by Ar+ ions nano-milling. High-angle an-
nular dark-field (HAADF) imaging has been achieved with
a JEOL ARM200 microscope equipped with two aberration
correctors. Figure 1(c) shows a characteristic HAADF-STEM
image taken across the NNO/NGO interface along [1 0 0] di-
rection; The atomic column intensity in the HAADF-STEM
imaging varies with the atomic number as ∝ Z1.7, i.e. heav-
ier atoms indicate brighter columns. As marked by the dashed
line, the NGO substrate terminates with the NdO layer with
practically atomically sharp interface which further testifies
for the excellent registry between the sample and substrate.
dc resistivity and Hall effect measurements have been carried
out in four-probe van der Pauw geometry using a Quantum
Design PPMS (Physical Property Measurement System). For
evaluatingRH magnetic field (H) has been swept between±5
T at different T . In the absence of anomalous Hall contribu-
tion, while the intrinsic Hall resistance (Rxy) should be zero
at H = 0 and asymmetric with magnetic field sweep, the finite
width of contacts adds an additional symmetric part in Rxy
about H = 0 with a vertical offset53,54. These parasitic contri-
butions were corrected to extract intrinsic Rxy and three typ-
ical sets of such corrected Rxy curves as a function of H for
different T are presented in the Supplemental 52. As clearly
seen, after correction Rxy remains linear within the ranges of
magnetic field (H) used in this work; Hall coefficient has been
evaluated as RH = t(dRxy/dH) where t is the film thickness.

To gain further insight of the change in RH in the metal-
lic phase of the samples as a function of epitaxial strain, we
have performed density functional theory (DFT) calculation
using the Vienna ab-initio simulation package55,56 within the
GGA+U of PBE parametrization57. Projected augmented-
wave (PAW)58,59 pseudo-potentials were used to describe core
electrons. We use U = 3.5 eV, which is larger than the val-
ues of U used in the self-energy calculation. This is expected
since the bare U used in the self-energy calculation is fur-
ther multiplied by various components of the susceptibility
to provide the effective many-body potential in this calcula-
tion as detailed below. The electronic wave-function is ex-
panded 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. Similar to Ref. 47, NdNiO3 crystal
structures have been constrained to P4/mmm space group in
our calculation andA type antiferromagnetic spin ordering on
Ni sublattice has been imposed, instead of complex E′-AFM
spin configuration. Octahedral tilts/rotations and breathing
mode distortions have been also omitted in our calculations
and the effect of substrates have been folded in to the experi-
mental lattice constants. Despite these constraints, such DFT
approach was shown to successfully reproduce the experimen-
tally observed band structure and Fermi surface topology of
NNO thin films on different substrates60. The effects of elec-
tronic correlations on the band structure have been investi-
gated by DFT and DFT+self energy corrections, obtained by
MRDF theory (details of this calculation are in Supplemental
Information)60–63.
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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 cycle, respectively.

Film T c
MIT Th

MIT T c
N Th

N

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

III. RESULTS AND DISCUSSIONS

A. Hall coefficient across electronic and magnetic transitions

The upper panels of Fig. 2(a)-(c) show the temperature de-
pendent resistivity of NNO films under tensile strain. As re-
ported earlier47,48, NNO films under tensile strain show the
first order MIT. Metal-insulator transition temperature TMIT

[defined as the temperature where dρxx/dT=0] and magnetic
transition temperature TN [evaluated from d(lnρxx)/d(1/T )
vs. T plot (right axis of lower panel of Fig. 2(a)-(b))64 ] of
these films are listed in Table-I. Note, lower value of TMIT

compared to the bulk NNO TMIT = TN ∼ 200 K were linked
to the effect of epitaxial strain (bandwidth control) and re-
duced dimensionality (quantum confinement) 47. Moreover,
previous reports using resonant X-ray scattering (RXS) on
such NNO films have confirmed the absence of both bulk-
like charge ordering and lattice symmetry change across the
MIT13,15. Separation between TMIT and TN of these sam-
ples offers a unique temperature window to examine the evo-
lution of RH across all three phases: paramagnetic metal
(PM), paramagnetic insulator (PI) and antiferromagnetic in-
sulator (AFI) without influence of charge disproportionation
(CD) and structural transition. While a bulk-like MIT and
magnetic transition is expected in epitaxial NNO film under
very small tensile strain of +0.3%, surprisingly the film shows
only weakly insulating, paramagnetic behavior at low temper-
ature47 [see upper panel in Fig. 2(c)].

In the following, we discuss 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 latter in the text. As immediately seen in
Fig. 2(a)-(c) at room temperature RH is hole-like. Though
the electronic structure of the system is expected to be dras-
tically different across the metal-insulator transition, RH ex-
hibits 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 STO and NGO cases respectively,
which are remarkably close to the respective TN for E′-AFM
ordering. Similar sign change of RH across TN has been also
observed in 2EuNiO3/1LaNiO3 superlattice, which has mon-
oclinic symmetry in both metallic and insulating phase and
does not exhibit any charge ordering transition21. RH main-
tains hole-like behavior even in the weakly insulating state for
the film grown on SPGO substrate, where earlier RXS experi-
ments47 had clearly ruled out the appearance of E′-type mag-
netic ordering. All of these observations clearly point at some
large changes in the Fermi surface topology to be responsible
for the appearance for E′-type antiferromagnetic ordering in

these materials.
The mechanisms of the MIT and E′ type AFM ordering

of RENiO3 is still heavily debated5–18,20–23. Most recently,
the MIT mechanism has been attributed to the d8L+ d8L →
d8+d8L2 bond disproportionation (BD) transition (here L de-
notes a ligand hole in O p bands)5,10,11,14,17,21,65. Apart from
the BD induced transition scenario, the importance of Mott
physics in realization of the insulating phase has been found
in optical conductivity measurements9,65. Another unexpected
result was revealed in the recent valence band photoemission
measurement which showed the presence of residual intensity
atEF even in very low T thus signalling that some parts of the
Fermi surface still survive deep into the insulating phase66.
Such notion of a partially gapped Fermi surface, akin to the
pseudogap phase of high Tc cuprate, ruthenates, pnictides
etc.67–69 was also inferred for NNO from IR spectroscopy9

and tunneling spectroscopy measurement70.
Since RH is magnetic field independent within the range of

magnetic field used in this present study it can be expressed
as RH = (npµ

2
p − neµ

2
e)/e(npµp + neµe)

2, assuming one
electron band and one hole band are contributing to the elec-
trical transport, where np (ne) is the hole (electron) density
and µp (µe) is the mobility of the hole (electron)71. The pos-
itive sign of RH in the paramagnetic metallic phases49,54,72

originates from the larger volume of the hole pockets (vp)
compared to the electron pockets (ve) as observed in ARPES
experiments60,73. Small increase ofRH upon entering into the
insulating phase suggests that the BD transition opens only a
partial gap in Fermi surface. ARPES measurement73 found a
strong instability at q = (1/4, 1/4, 1/4)p.c., which also coin-
cides with the magnetic wave-vector for E′ ordering. Thus
the nesting of dominant hole pockets in BD phase opens gap
in the hole Fermi surface and results in the emergence of E′-
AFM phase7,8,12,49,54,74 with the remaining electron pockets
contributing to the transport to result the observed switching
of RH across TN . Once BD phase and E′-AFM ordering set
in , they act synergetically to grow together with the decrease
of thermal fluctuations75. Complimentary experiments, like
ARPES measurements at different T are required to fully un-
derstand the evolution of RH with T in AFI phase. On low-
ering of 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 E′-AFM phase in NNO film on SPGO sub-
strate where RH remains positive in such paramagnetic BD
phase (results are shown in the Supplemental52).

B. ρxx and RH in metallic phase

Next we explore magneto-transport behavior in the metallic
phase. Contrary to the expected T 2 dependence of resistiv-
ity at low temperature for a Fermi liquid, ρxx in the metallic
phases of NNO under tensile strain show linear T dependent
behavior (see Supplemental52). As reported earlier47, the elec-
tronic and magnetic transitions can be entirely suppressed by
the application of compressive strain [see Fig. 3(a)]. Interest-
ingly, under compressive strain ρxx shows T 4/3 dependence
over a broad range of temperatures and then switches to linear
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FIG. 2. Temperature dependence of dc resistivity of 15 u.c. NNO film under tensile strain in upper panel of (a)-(c). The variation of RH are
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T behavior52. Such non Fermi liquid behavior has been ob-
served in the normal phase of several unconventional super-
conductors including cuprates, organic superconductor, pnic-
tides, heavy-fermions etc.76–79 and its intrinsic origin is still
unknown80,81.

The overall behavior of RH in the metallic phase is sum-
marized in Fig. 3(b). As seen, the NNO film grown on
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 upper panel
of Fig. 3(c). Such strain mediated change in carrier density
shown in Fig. 3(c) is a hallmark of the self-doping effect52.

For a normal metal, RH generally becomes temperature in-
dependent for T > 0.2-0.4 ΘD (ΘD is Debye temperature)82.
Since forRENiO3 ΘD ∼ 420 K83, strong T dependentRH in
the metallic phase of NNO film on STO requires some special
consideration. For this purpose we recap that in hole doped
cuprates the strong T dependence of RH is commonly dis-
cussed in terms of the Hall angle cot θH=ρxx/(HRH ). The T 2

dependence of the cot θH , observed in hole-doped cuprates
around optimal doping has been interpreted as a signature
of spin-charge separation or result of anisotropic scattering
rates82,84–87. However, RH becomes T -independent in lightly
hole doped cuprates and consequently cot θH follows the T
dependence of ρab36. Based on these results, we can spec-
ulate that T 2 dependence of cot θH [Fig. 3(c)] and linear T
dependence of ρxx for the NNO film on STO implies a strong
connection with the ‘strange metal’ phase of high Tc cuprates.
As shown in Fig. 3(b), with the decrease of hole concentra-
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tion, RH becomes almost T independent in the metallic phase
of NNO film on NGO and at high temperatures for other com-
pressive substrates. Such sharp increase in RH below 100 K
in compressively strained NNO can be attributed to the emer-
gence of the pseudogap phase70,88, which is observed in many
cuprates and yet a poorly understood phenomena36,85,89–91. In
addition, the sign change of RH in pseudogap phase suggests
that there is coexistence of electron and hole Fermi surface
pockets with different mobility, as also seen in electron and
hole doped cuprates40,92–94. Our result further implies that the
hole pocket has higher mobility compared to electron-pocket,
which is consistent with prior ARPES data73.

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 cal-
culated Fermi surface (FS) of NNO for different values of ε,
listed in Fig. 1(b). In all cases, we obtain a characteristic FS
topology which consists of the electron-pocket at the center
of the BZ and hole pockets at the zone corners. The com-
puted FSs shown in Figs. 4(a) and 4(b) for large tensile (STO)
and large compressive (YAO) strain exhibit the characteris-
tic reduction of the 3-dimensionality electron pocket (electron

pocket is almost cylindrical 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% vs. NNO under -2.4%, the electron pocket vol-
ume remains essentially unchanged. On the other hand, the
hole pocket volume is larger than 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 temperatures
where paramagnetic metallic state appears in all samples.

Since Mott physics is clearly important in driving antifer-
romagnetic and insulating phases of nickelates9,22, we have
further tested the above DFT results with the inclusion 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 theory60–63. The
MRDF method directly incorporates the materials-specific
DFT band structure and solve the Hubbard model (with intra
and inter band Hubbard 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 is captured within the
fluctuation-exchange (FLEX) method and quantified by band
(ν), momentum (k) and frequency (ω) dependent complex
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self-energy Σν(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
corrections until the convergence in the self-energy value is
reached52.

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 ενkF

+ Σ′ν(kF, ω = 0) = 0

where ενk denotes the νth DFT band at momentum k and Σ′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 sur-
face. In what follows the k−dependent self-energy causes a
non-rigid-band shift of the Fermi surface, yet the total Fermi
surface area remaining unchanged. This FS volume calculated
with the self-energy dressed bands is shown in Fig. 4(c) mid-
dle panel). As seen, we obtain a non-monotonic behavior of
the FS volume across different samples. However, in all cases,
we find a one-to-one correspondence to the non-interacting FS
volume, in that the electron pocket area is lower than that of
the hole -pocket one, except for NNO on YAO. Thus, strain
induced n-type metallic phase of NNO film results from the
change in relative FS volume by compressive epitaxy.

To further testify that the estimated effective FS vol-
ume (δvFS) truly correspond to the experimentally observed
switching in RH as a function of ε, we plot δvFS as a func-
tion of the difference in carrier concentration, δn=np-ne (np,
ne have been estimated from experimentally foundRH at 300
K). The linear relation between δvFS and δn shown in Fig.
4(d) clearly testifies for the validity of our approach to cap-
ture the experimental observations.

IV. CONCLUSIONS

To summarize, we have synthesized and measured Hall ef-
fect on a series of ultra-thin NdNiO3 films. The selective

suppression of the simultaneous transitions in NdNiO3 films
through epitaxial strain engineering enable us to probe the
paramagnetic metallic, paramagnetic insulating and antiferro-
magnetic insulating phases separately, without any detrimen-
tal influence of structural and charge ordering transitions. This
approach reveals an unusual sign change in Hall coefficient
across the E′-type antiferromagnetic transition. The appear-
ance of such spin density wave transition from a paramag-
netic insulating phase signals that the bond-disproportionation
transition creates a partially gapped Fermi surface. Epitax-
ial strain also drastically changes the relative volume between
hole and electron parts of the Fermi surface, resulting in a
strain driven sign change inRH in the metallic phase of NNO.
Under compressive strain, all of the NNO films exhibit a non-
Fermi liquid (NFL) behavior with algebraic power exponents
whereas the film under large tensile strain shows magneto-
transport behavior akin to the ‘strange metal’ phase of opti-
mally doped high Tc cuprates. While superconductivity re-
mains elusive in the nickelate heterostructures so far, these
systems host several remarkable high Tc cuprate signatures
including Zhang-Rice state, pseudogap, self-doping, NFL be-
havior with linear T resistivity, and spin-density wave.
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