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Phase coexistence near the metal-insulator transition in a compressively strained NdNiO3 film
grown on LaAlO3: Scanning tunneling, noise, and impedance spectroscopy studies
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We report an observation of phase coexistence near the metal-insulator transition (MIT) in a film of NdNiO3

grown on crystalline substrate LaAlO3. This was established through a combination of three techniques, namely,
scanning tunneling spectroscopy, 1/f noise spectroscopy, and impedance spectroscopy experiments. The spatially
resolved scanning tunneling spectroscopy showed that the two coexisting phases have different types of density of
states (DOS) at the Fermi level. One phase showed a depleted DOS close to EF with a small yet finite correlation
gap, while the other coexisting phase showed a metal-like DOS that had no depletion. The existence of the phase
separation leads to a jump in the resistance fluctuation (as seen through 1/f noise spectroscopy) at the transition,
and, notably, the fluctuation becomes non-Gaussian when there is a phase separation even in the metallic phase.
This was corroborated by the impedance spectroscopy, which showed a broad hump in capacitance at the transition
region as a signature of the existence of two phases that have widely different electrical conductivities. The phase
separation starts well within the metallic phase much above the transition temperature and makes the sample
electronically “inhomogeneous” in nanoscopic scale close to the transition. We discuss certain scenarios that lead
to such a phase separation in the general context of strongly correlated oxides.
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I. INTRODUCTION

The metal-insulator transition (MIT) in oxides is a topic
of considerable current interest despite a long tradition of
investigations in this area [1–4]. In this class of systems, rare-
earth nickelates (RNiO3) form a special class [5–8]. RNiO3 is
a strongly correlated system that shows a temperature-driven
first-order MIT. The MIT can be tuned by substitutional doping
and oxygen stoichiometry change, static or dynamic strain, and
ion irradiation [9–13]. In RNiO3, when R = La, the material
is metallic at all temperatures. In some cases, even in LaNiO3,
disorder or cationic substitution in the Ni site (like Co or Mn)
can lead to a composition-driven transition from a metallic
state to an insulating state [14,15]. For all other rare-earth
elements (R), there exist temperature-driven MITs where the
value of the transition temperature (TMI) increases as the rare-
earth ionic size decreases [8]. The transition to an insulating
state is accompanied by the onset of antiferromagnetic spin
order and also a structural transition. In recent years, the issue
of MIT in NdNiO3 has been revisited, particularly in strained
thin films, through measurements of optical conductivity,
electron spectroscopy, and x-ray absorption spectroscopy
[16–18]. These investigations have shown that the transition
cannot be described by either a typical Mott-Hubbard tran-
sition or a charge ordering transition, and, in reality, it may
represent a convolution of both. It has been shown that the onset
of the insulating state involves a transfer of charge density from
Ni 3d to Nd 5d, leading to opening of an energy gap [16,17].

In this paper, we report a new observation: In metallic
films of NdNiO3 (NNO) grown on LaAlO3 (LAO) substrate
(referred as NNO/LAO), two phases coexist, as observed using
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spatially resolved scanning tunneling spectroscopy (STS),
supported by such probes as 1/f noise spectroscopy and
impedance spectroscopy. We find that even in the metallic
phase of NdNiO3 (T > TMI), as the insulating state is ap-
proached on cooling (T → TMI), the density of electronic
states (DOS) at the Fermi level (EF) is not spatially homo-
geneous and shows a depletion at pockets. Broadly, there are
two phases that coexist in the film: a normal metallic phase,
which has no depletion in DOS, and another phase having
depletion in DOS. This observation has been enabled by the
spatial resolution of STS, which is not possible to obtain in
barrier-type tunneling experiments as done in the past. It is
noted that the formation of nanoscopic insulating domains
in NdNiO3 film grown on NdGaO3 has been observed using
photoemission electron microscopy very recently. However,
the insulating domain starts growing just below TMI [19]. The
coexisting phases make the material “inhomogeneous” on a
nanoscopic scale (few tens of nanometers), where the two
coexisting phases evolve as the temperature is lowered and the
MIT is approached. We also show that this inhomogeneous
behavior, as observed through the coexistence of two phases in
STS, is also observed in very sensitive 1/f noise spectroscopy,
which shows that the noise magnitude is extremely enhanced
at the transition region, with a shift of spectral weight to
lower frequency, and there is also an appearance of a strong
non-Gaussian component. We further strengthen this claim
by observation of a peak in the dielectric permittivity of
the film at TMI that establishes the existence of internal
boundaries between phases with differing conductivities. The
three observations together present a distinct view of the MIT
in nickelates.

In correlated oxides like manganites, which show metallic
conductivity, albeit with low value, there is clear evidence of
depletion of DOS at the Fermi level (EF), as has been observed
in tunneling experiments using a barrier-type junction [20,21].
In NdNiO3, a recent experiment reported depletion of DOS
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even in the metallic state (T > TMI) before the insulating
state sets in, with a small but clear hard gap [22]. Even
in metallic LaNiO3, there is evidence for depletion in DOS
when the film is disordered, primarily arising from electron-
electron interactions [14]. In the context of LaNiO3, with Mn
substitution at the Ni site, it has been shown that a hard gap,
although small (∼10 meV), can open up at the MIT [23].
Thus, there is ample evidence that there can be depletion of
the DOS in such correlated oxides, even in the metallic state,
and as the transition to the insulating state is approached, a
hard gap may open up in the DOS. There are also theoretical
predictions that in correlated metals, the DOS at EF may show
depletion [24]. The present investigation adds a new dimension
to this and shows that the depletion of DOS at EF has a
spatial dependence that can coexist with a normal conducting
phase.

The MIT in NNO is strongly modified by the strain that
is created by growing films on substrates with different lattice
mismatches [10,25]. The biaxial lattice strain as produced
by this method was found to be much more effective in
tuning the MIT than that done by hydrostatic pressure. In
the case of NNO film grown on SrTiO3, if the film is fully
strained, a tensile strain of ∼+2.6% stabilizes the insulating
state and raises the TMI to around ∼225 K [25]. In the case
of films grown on LAO, the strain is compressive (though
small ∼−0.5%), and the metallic state is stabilized with
the TMI pushed down below 150 K. We chose NNO/LAO
for our experiment because the metallic state in NNO/LAO
is stabilized strongly by the compressive strain, and recent
optical conductivity experiments on such films have shown
that the Drude peak actually gets strengthened on cooling [17].
It would therefore be interesting to observe the appearance of
a phase with a depleted DOS in such a system.

II. EXPERIMENTAL

The films were made on the LAO single crystal substrate
kept at 750 °C by pulsed laser deposition (PLD). A KrF
(λ = 240 nm) pulsed laser with a repetition rate of 5 Hz and a
well-characterized pellet was used for the deposition. The base
pressure of the PLD chamber was 10−6 mbar, and the oxygen
pressure during growth was 0.1 mbar. The film was cooled in
an oxygen pressure of 1.2×103 mbar after deposition.

The resistivity measurement was done in four-probe geom-
etry down to 30 K in a cryogen-free closed cycle refrigerator.
The distance between the voltage pads was 200 µm. We
used Cr/Au contact pads for the electrical measurement.
Ultrahigh-vacuum (UHV) scanning tunneling microscopy
(STM) operating at a base pressure of 10−10 mbar was used
to perform STS by measuring the local tunneling conductance
g(= dI

dV
).

The resistance fluctuation (resistance noise) was recorded
as a time series of voltage fluctuation �V (t) in a current-biased
four-probe configuration. The measurement was done in a
homemade setup that uses an alternating current (ac) carrier
frequency and a sideband detection technique for a bandwidth
of 10 mHz to 10 Hz. The details of the noise measurements
and setup are given elsewhere [26–28]. At each temperature,
the resistance fluctuation data were collected for ∼16 min, and
about 1 million points were accumulated during that period,

from which we conducted all the relevant data analysis. The
data were taken by stabilizing the temperature at a given
value with accuracy ±5 mK. This ensures that the fluctuation
(�V (t)) data are free from thermal drift. The spectral density
of flicker noise (1/f noise) and the Nyquist noise (thermal
noise) were measured together using digital signal processing.
The noise floor for our system was 2×10−20 V2/Hz. From
the digitized time series of the voltage fluctuation power
spectrum, the probability density functions, as well as the
second spectrum, were calculated.

In-plane impedance spectroscopy in the film was measured
using an inductance (L)–capacitance (C)–resistance (R) meter
in the frequency range of 40 Hz to 1 MHz and temperature
range of 80 K to 300 K. To avoid stray capacitance from the
connecting cables, we performed open-circuit and short-circuit
compensations.

III. RESULTS

A. Thin film characterization

Figure 1(a) shows the cross-sectional scanning electron
microscope (SEM) image of the film, and the measured
thickness is 60 nm. From the analysis of the rocking curve as
shown in Fig. 1(b), it is found that the film is strongly textured
in the (100) direction, and the calculated substrate-induced
strain [ε = (dbulk − dfilm)/dbulk] is near −0.5%. (The strain
was calculated as a shift of the lattice constant from the bulk
value.) The negative sign shows that strain is compressive in
the (100) direction.

From the STM topography image in Fig. 1(c), one can see
that the film is strain relaxed and broken into coherent regions
(grains) ∼40 nm in size. The grains are oblate with the long
axis aligned with the underlying substrate terrace axis.

B. Resistivity as a function of temperature

Resistivity (ρ) data (Fig. 2) show the transition from
metallic state to insulating state. The compressive strain in
the film stabilizes the metallic state, and the TMI is shifted
to a lower temperature (Fig. S1 of the Supplemental Material
[29] data shows the derivative dρ

dT
vs T). The change of sign

in the derivative curve where dρ

dT
= 0 is taken as the TMI. For

the cooling curve, TMI is ∼110 K, and for the heating curve,
it is ∼148 K.

In the metallic state, ρ ≈ 2.5 m�-cm at room temperature
(RT), and the temperature coefficient of resistivity (TCR)
(≡ dρ

T dT
∼ 5×10−3/K) is positive. In metallic LaNiO3 film,

typically the ρ at RT is somewhat lower (0.5–0.6 m�-cm)
with somewhat higher TCR of ∼8−10×10−3/K.

C. Spatial dependence of DOS, local tunneling conductance
map, and observation of coexisting phases

STS was used to probe the spatial dependence of the DOS
at the Fermi level. The data were taken over a 200×200 nm
area at 256 points in a 16×16 matrix. At each point, data were
taken 10 times and then averaged. The temperature was kept
stable during data scan, and no drift was observed. The data
were taken with a constant direct current (dc) bias (for keeping
the height of the tip above the substrate fixed), and a small ac
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FIG. 1. (a) Cross-sectional SEM image of the film. (b) X-ray
diffraction rocking curve of the NdNiO3 film, where the solid curve
is fitted to identify the peaks. (c) STM topography image of the film,
where the red lines are guides to the eye, showing the underlying
terrace pattern in which the film was grown.

modulation voltage (� the dc bias) was used to measure the
differential tunneling conductance g = dI

dV
.Taking a raster

scan in the presence of an ac modulation allows one to record
the topography as well spectroscopy data together. The local

FIG. 2. Resistivity of NdNiO3 film as a function of temperature
during the heating and cooling cycle.

tunneling conductance map is a plot of g = dI
dV

taken at a fixed
dc bias V, which defines the electron energy (=eV).

Figure 3 shows the local conductance map of NNO film
grown on LAO substrate observed for a bias voltage of 0.1 V.
The data are shown for two temperatures. One is close to RT
(290 K), which is �TMI [Fig. 3(a)], and another is near the tran-
sition region [Fig. 3(b)]. The map is shown as a normalized tun-
neling conductance g

grms
, where grms is defined as the root mean

square (RMS) value of g taken by a spatial average of the tun-
neling conductances for a given bias V over the 256 points over
which data are taken. This method allows us to quantify the
extent of inhomogeneity that arises due to spatial dependence
of DOS. At 290 K for V = 0.1 V, grms = 1.36×10−10 A/V,
and g is more or less uniform, where the local value of g is
within 0.8 to 1.2 of grms, although there are small local patches
(dark blue) where the value of g is noticeably lower (<0.5grms)
and even as small as 0.3grms. The isolated pockets of such low
g have a length scale of few tens of nanometers. The length
scales over which conductance g is uniform are relatively large,
and they extend over few tens of nanometer length scales.

The inhomogeneity (as measured by the spatial variation
of g

grms
) grows as the temperature is lowered, and closer

to the transition region [T = 130 K; see Fig. 3(b)], the
sample is completely inhomogeneous and mostly consists
of regions of rather low g (grms ∼ 3.95×10−11 A/V). Due
to the positive TCR, the ρ at 130 K is nearly a factor of
2 lower than that at RT. However, the average tunneling
conductance is lower by a factor of more than 3. Interestingly,
at this temperature, there are small pockets where the local
tunneling conductance is relatively high, and g

grms
is �1. These

pockets are tens of nanometers in size and are separated by
regions of rather low tunneling conductance. These regions of
high tunneling conductance are responsible for carrying the
bulk of the conduction current, and we will see below that
they are the reason for large resistance fluctuations that are
non-Gaussian in nature. This coexistence of isolated metallic
(high-conductance) regions separated by regions of much less
conductivity also leads to the peaking of the capacitance at
TMI, as we will see below.

We also studied the evolution of g − V as a function of
temperature with spatial resolution. In Fig. 4(a), we show the
temperature evolution of the g − V curves at some of the
marked locations. [These regions are marked by respective
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FIG. 3. Local tunneling conductance map at (a) 290 K and (b) 130 K taken in the heating cycle. The data are plotted as normalized
conductance g

grms
. The red and black arrows show the highest and lowest g regions, respectively.

FIG. 4. (a) The bias dependence of the local tunneling conduc-
tance g = dI

dV
taken at two locations marked by arrows in Fig. 3

(solid lines show the fit to equation g = α + βV 2). (b) Normalized
tunneling conductance gn as defined in the text for the region with
low conductivity at 130 K.

symbols in Figs. 3(a) and 3(b).] The red (black) arrow marks
the region with high (low) tunneling conductance. The regions
that show very high tunneling conductance show parabolic
g − V curves; i.e., g = α + βV 2, where α and β are constants.
A parabolic g − V curve is expected for a tunneling junction
(with trapezoidal barrier formed by the vacuum barrier) with
conventional metallic electrodes and a nearly flat DOS, as in
a metal around EF [30–32]. As shown in Fig. 4(a), g − V

curves in the region of high tunnel conductance remain nearly
parabolic, even on cooling, although their volume fraction is
decreased. In regions where the tunneling conductance is low,
the g − V curve is nearly parabolic at high temperatures, but
on cooling, it deviates from this parabolic behavior as the
DOS near the Fermi level gets depleted. This shows up as a
depression in the g − V curve near zero bias. To accentuate
as well as quantify the deviation from the normal parabolic
behavior, we plotted the normalized tunneling conductance gn,
defined as gn(V ) = g(V )

gfit (V ) , where gfit(V ) is the fit to the tunnel
conductance data for |V | � 0.4 V to the parabolic relation.
This is shown in Fig. 4(b). For the data in the bias region
|V | < 0.2 V, where the depletion opens up, the normalized
conductance curve shows a clear dip. We find that the dip in
the tunneling curve in this region fits the relation

gn(V ) = g0
[
1 + (|V |/V ∗

)n]
, (1)

where the energy scale V ∗ = �
e

is the correlation gap [15,30].
We find that at T = 130 K at the transition region, the fit of
the data to the Eq. (1) gives the parameters n = 0.85 and
� = 18 eV. (The value of � may grow at lower temperature.)

The value of � near the MIT is fairly close to the value of
the correlation gap (15 meV) near the MIT measured by barrier
tunneling [22], and the ratio �

kBTMI
≈ 1.5. This is much smaller

than the correlation gap seen in LaNiO3 at low temperatures
when it undergoes a disorder-induced MIT [30]. The exponent
n is less than 1 but is close to it, which has been seen in
many oxides close to the critical region of MIT. In many
oxides, barrier tunneling data show that as the MIT region
is approached, n grows from n = 0.5 (expected of a DOS with
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soft gap and electron-electron interaction) closer to n = 1 at
the critical region [14,15,30]. A value of n = 0.85 is thus
consistent with expectation from the MIT region.

The results as depicted in Figs. 3 and 4 very clearly show
that there are two coexisting phases in the NdNiO3 film that
evolve when the temperature changes. A region with depleted
DOS shows up for T > TMI, which coexists with a metallic
phase, and the depletion of the DOS is enhanced as the transi-
tion region is approached from the metallic side. Likely, these
are precursor regions where the insulating phase nucleates and
eventually percolates through the whole sample at the MIT.

The films used in this work are strain relaxed, and there are
definite domains as seen by STM data. It will be tempting to
attach the phase separation to the existence of these domains.
It is quite likely that they act as nucleating centers for phase
separation, but we note that there is an element of stochasticity
in the formation of the phase separation. As a result, it is
quite unlikely that the observed phase separation is completely
determined by these domains. The size of the phase-separated
regions is much larger than the size of the domains.

D. 1/ f noise spectroscopy and the dynamic nature
of phase coexistence

The STS results show that there is a phase coexistence
near the MIT that consists of regions that have different
tunneling conductance values. The phase with depleted DOS
may evolve at T � TMI as the insulating phase, but above
TMI, the depletion of DOS does not automatically mean that
the phase is insulating, and we refer to it as a “precursor
insulator” phase.

The phase coexistence for T > TMI cannot be picked up
easily by resistivity measurements alone because the metallic
regions will carry the bulk of the current and will shunt
the less conducting regions. A good probe of the electrical
inhomogeneity that arises from such coexisting phases is 1/f

noise spectroscopy, which is more sensitive than the resistivity
experiment.

The observed coexistence can be static or dynamic. In
dynamic phase coexistence, a conducting (insulating) region
can convert to an insulating (conducting) region by crossing
over an activation barrier that stabilizes the phases. This will
give rise to a finite time for the dynamics to change. If that
happens, one will get a resistance fluctuation that can be picked
up using 1/f noise spectroscopy, if the time window of the
noise spectroscopy is compatible with the timescale of the
dynamics. The dynamic phase coexistence leading to large
1/f noise has been reported recently in SmNiO3 as well as in
VO2 at the MIT [27,28].

From the recorded voltage fluctuation time series �V(t), the
normalized spectral power density ( Sv (f )

V 2 ) was calculated for
the whole temperature region. The data are shown in Fig. 5(a),
taken at the different temperatures. The spectral power density
shows a 1

f α behavior (the solid lines represent the fit to the
1

f α behavior). The exponent α shows a clear dependence on
temperature, and its value ranges from 1 to 1.4 [Fig. 5(b)].

The temperature variation of the normalized mean square
resistance fluctuation ( δR2

R2 ) is shown in Fig. 5(c). (Here, δR2

R2 ≡
1/V 2

∫ fmax

fmin
SV (f )df, where fmin and fmax define the band-

z
〈  

   
   

   
  〉

〈  
   

   
 〉

(
)

FIG. 5. (a) Normalized spectral power density of fluctuation as a
function of f at different temperatures taken during the heating cycle
where the solid lines represent fit to 1

f α behavior. (b) Variation of the
exponent α with T. (c) Normalized mean square resistance fluctuation
shown as a function of T. The inset shows the expanded part of the
marked region.

width of measurement.) In the metallic state, δR2

R2 decreases
on cooling, and the temperature variation of the fluctuation
is similar to that seen in metallic LaNiO3, as well as in
conventional metals and alloys [33,34]. This is primarily due
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FIG. 6. Normalized second spectra S2(f2) calculated at different
temperatures.

to the decrease in defect activation that contributes to the 1/f

noise on cooling. However, due to an even sharper rise of R as
well, δR2

R2 decreases further below TMI. The transition region
marked in Fig. 5(c) is expanded and shown in the inset. It can
be seen that in the transition region around T ≈ 148 K, there
is a rise in δR2

R2 over the small temperature range of 130 K to
149 K. The sharp rise occurring in the transition region is a
clear signature of phase coexistence. This is similar to that seen
in the region of MIT in SmNiO3 and VO2 [27,28]. We also
note that there is a sharp rise in α in the same region where the
resistance fluctuation also shows a clear jump. In general, in

1
f α noise in solids, the exponent α is generally �1.2 when the
fluctuation predominantly arises from activated lattice defects
that act as electron scattering centers. The sudden rise of α in
the transition region would mean that there is a spectral shift
of fluctuation in the low-frequency region. This can be also
seen in Fig. 5(a), which shows the shift for the data at two
temperatures (130 K and 135 K) close to the transition.

We find that the resistance fluctuation becomes strongly
non-Gaussian at the transition region (T ∼ TMI), where there
is a sharp rise in the fluctuation. To establish the non-Gaussian
behavior, we calculated the second spectrum, which is given
as:

S2(f2) =
∫ ∞

0 〈�V (2)(t)�V (2)(t + τ )〉cos(2πf2τ )dτ
[∫ fH

fL
SV (f1)df1

]2 , (2)

where f1 and f2 are the frequencies associated with first
and second spectrum, respectively. The spectrum has been
calculated within the frequency bandwidth of 0.25 Hz, where
f1 is 0.25 Hz, fL = 0.25 Hz, and fH = 0.5 Hz. In Fig. 6,
we show the second spectral density s2(f2 ) as a function
of frequency at the different temperatures, which shows the
evolution of s2(f2 ) as we approach TMI. It can be seen that
there is a large jump in the spectral weight as the transition
is approached, and s2(f2 ), which has been defined above, is
normalized by the square of the first spectrum, so that for a
perfect Gaussian fluctuation, it is equal to 1. A deviation from
unity would measure the extent of non-Gaussian behavior. The

FIG. 7. Normalized variance (�2) of the second spectra and
dρ/dT as a function of temperature. The arrows mark the region
of phase coexistence.

large change in the second spectrum close to TMI can be better
appreciated from the magnitude of the integrated normalized
second spectrum �2 = ∫ fH −fL

0 S2(f2)df2.
Figure 7 shows the integrated value of second spectrum �2

over the whole temperature range. There is a rise in �2 of
nearly 1.5 orders in the transition region. In the same graph,
we also show the derivative dρ

dT
. There is a clear dependence

of �2 on dρ

dT
. At higher temperature T > 180 K (in the metallic

region), where dρ

dT
is more or less constant and positive, �2

is low and also constant. For T < 180 K, as the transition
region is approached, dρ

dT
changes sign, and the resistance starts

to change rapidly. At this range, �2 shows a rapid rise and
eventually at low T, dρ

dT
starts to roll off to a high (negative)

value, and �2 passes through a peak and also goes to a low
value. In the region marked by arrows in Fig. 7, where the
relative volume fraction of two coexisting phases changes, �2

shows a large value.
Figure 7 clearly establishes that the inhomogeneity, as

observed in the spatially resolved tunneling spectra, also
leads to coexistence of two phases with different electrical
conductivities, which are picked up by the noise data as well.

The large noise, in particular, the non-Gaussian fluctuation,
arises in the transition range T ∼ TMI. In this temperature
range, the STS data [Fig. 3(b)] show that the metallic regions
(regions with large tunneling conductance) have low volume
fraction and are not connected. However, they can carry large
current density, and there would be a charging and discharging
of the metallic islands that are separated by a phase of low
conductance. This phenomenon can give rise to large noise
due to charge fluctuation. The large non-Gaussian component
of the fluctuation arises from the transport through a system
that has such isolated metallic islands due to a correlation of
the current paths that is developed by a random (and dynamic)
time-dependent distribution of current paths [35,36].

E. Impedance spectroscopy

The two coexisting phases as observed in STS data will
have interface regions where the charge relaxation will be
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FIG. 8. Capacitance CC as a function of T/TMI.

controlled by the electrical conductivities of the surrounding
regions. Closer to the transition, it may happen that regions of
higher conductivities will be surrounded by regions of lower
conductivities. These regions will then behave as “capacitors.”
It has been shown recently [37] that the existence of such
internal interfaces between coexisting phases may enhance the
dielectric permittivity. We carried out impedance spectroscopy
to provide additional support to the observation of phase
coexistence.

The detailed impedance (Z) data taken in the heating
cycle [total impedance (Z) and Nyquist plot as a function
of frequency and temperature] are given in Fig. S2 of the
Supplemental Material [29]. The impedance data were fitted
with a model using a parallel combination of RC and CC in
series with a resistance RS. The inset in Fig. 8 shows the
model. The values of RC,CC, and RS were modeled as contact
resistance, stray capacitance including sample capacitance,
and sample resistance, respectively. The impedance data of
the film can then be given by the following relation:

Z(ω) = RS + RC

1 + jωRCCC

, (3)

In Eq. (3), for ω → 0, RC + RS ≈ two-probe dc sample
resistance between the leads. From the values of RS and RC

obtained from the fit of the data at different temperatures, it was
validated that it is (RC + RS) indeed the 2-probe dc sample
resistance between the leads. This is shown in Fig. S3 of the
Supplemental Material [29]. The value of the capacitance CC

as a function of the scaled temperature T
TMI

is shown in Fig. 8.

Note that CC shows a broad peak around T
TMI

≈ 1, where the

resistance fluctuation ( δR2

R2 ), as well as the second spectrum
of the fluctuation (�2), also shows a peak. The value of the
capacitance CC remains high even well into the metallic phase
up to T

TMI
≈ 1.6 and then starts to go down beyond that. It is

likely that at this temperature, the phase coexistence begins
to appear. This is corroborated by the temperature variation
of the second spectrum �2 (see Fig. 7), where we observe
that �2 starts to rise at T ≈ 180 K. We note that the use of
impedance spectroscopy to investigate coexisting phases in

a temperature-driven MIT has been reported before in VO2

films [38,39], but not for nickelates. Furthermore, references
[38,39] do not give any supporting data from complementary
experiments such as STS or 1/f noise spectroscopy.

IV. CONCLUSION

This paper establishes that the MIT in a film NdNiO3

shows phase separation at the nanoscopic scale (few tens
of nanometers) and phase coexistence. This has been
established through a combination of three techniques. The
two coexisting phases (with nanoscopic dimensions) have
a different contribution to the DOS, where one phase has
depletion in DOS, and one is a normal metallic phase that has
no depletion in DOS. It appears that the phase coexistence may
actually start well above the MIT temperature ( T

TMI
≈ 1.5), and

the system becomes highly “inhomogeneous” electronically
close to the transition temperature.

Recent theoretical developments suggest modifications
in DOS in strongly correlated oxides. Predictions of a soft
gap in the presence of correlation (long-range Coulomb
interaction) and disorder have been known for a long time
[1,2]. Relatively recently, it has been shown that a soft gap
or a depleted DOS (with power-law DOS) can arise even for
short-range interactions [17]. These approaches, however, do
not raise the possibility of a phase separation. The possibility
of interactions leading to electronic phase separation has been
proposed in the context of manganites [40]. It was proposed
that electrons from the conduction band can have a band-like
character coexisting with carriers that are more localized
polaronic in nature. The existence of strong Coulomb
repulsion between the two types of electrons was shown to
lead to nanoscopic phase separation. There is an apparent
similarity between this picture and that observed in the STS
data. The electrons in nickelates have a strong interaction
with the lattice and have polaronic nature [41]. However, it
is not clear at this stage whether a similar scenario or reason
exists in nickelates for the observed phase separation.

Strain breaks the degeneracy of the spin-orbit and the crystal
field effect determined by eg orbitals [17,42]. The occupancy of
the orbitals split by the strain would depend on the nature of the
strain (compressive/tensile). It is also likely that the presence
of local strain inhomogeneity can, in fact, lead to occupancy
of orbitals of different type and thus different phases. While
no claim can be made of the generality of this observation in
the case of films other than of oxides undergoing MIT, the
observation nevertheless has a generic content that may be
applicable to other systems as well.
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