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This paper reports diffused metal-insulator transitions (MITs) in an oxide with disorder that undergoes a Mott
transition. The investigation was carried out in the multilayer film NdNiO; /BaTiO;/SrTiO; (NNO/BTO/STO),
where a large mismatch of lattice constants of NNO with those of BTO leads to strain relaxation and creation
of quenched disorder in the NNO film. NNO film in the NNO/BTO/STO multilayer structure shows a broad
Mott-type MIT at a temperature Ty = 160 K from a high-temperature bad metallic phase ( ﬁ 4o 2¢ < 0) with

d
a high value of resistivity ppc &~ 70 mQcm at 300 K to a low temperature insulating phase. Using noise

spectroscopy and impedance spectroscopy which can probe the dynamics of the coexisting phases near the MIT,
it was observed that in addition to the MIT at Ty = 160 K, there exists a characteristic temperature 7; ~ 230K
well above the Ty, where large low-frequency correlated fluctuations appear, signifying the appearance of a
phase with slow dynamics. T signals the onset of a temperature region Tyy < T < T with coexisting phases
that have been corroborated by the impedance spectroscopy and AC conductivity measurements. It is suggested
that the temperature 7;; may signify the onset of an electronic Griffiths phase that has been theoretically proposed

for Mott transitions with disorder.
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I. INTRODUCTION

Investigation of correlation-driven Mott-type metal insu-
lator transition (MITs) in solids with disorder is a topic of
considerable current interest [1—4]. In general, the first-order
Mott transition in pristine samples without disorder occurs
at a well-defined temperature Ty;; where the low temperature
insulating phase sets in on cooling. For T > Ty, the stable
phase is a metallic phase with considerably lower resistivity.
The Mott transition, like any other first-order phase transi-
tion, is accompanied by hysteresis [5] although the width
of the transition can be very small. Presence of disorder in
first-order transition rounds - off the transition and in some
cases the first-order transition ends in a critical point. How-
ever, the presence of both disorder and correlation in samples
undergoing MITs can make the transition diffused with a
transition region that extends over a considerable tempera-
ture range with coexisting phases. The coexisting phases are
the low-temperature high resistivity insulating phase and the
high-temperature less resistive metallic phase. The present
paper is an experimental investigation of MIT in a system with
disorder undergoing a Mott transition of diffused nature. The
paper explores whether in such a system one can observe the
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likely appearance of electronic Griffiths phase as a precursor
to the MIT.

Theoretical investigations of Mott-Anderson transitions
with interactions and disorder concluded the occurrence of
an electronic Griffiths phase [6—10] near the transition. It
has been proposed that there is a universal occurrence of
electronic Griffiths phase as a precursor of MIT in correlated
electronic systems with disorder [10,11]. While the occur-
rence of an electronic Griffiths phase close to the Mott-type
MIT is a well-developed theoretical concept, there are not too
many reports of experiments that show evidence of existence
of such a phase. Very recently, evidence of an electronic
Griffiths phase had been seen in an organic Mott system with
disorder where the conduction bandwidth had been controlled
by hydrostatic pressure and disorder by x-ray irradiation. The
signature of the Griffiths phase close to but above the Ty
manifested itself through the occurrence of slow kinetics of
relaxation as measured by NMR relaxation [12]. While there
are well-known correlated oxide systems such as NdNiOs,
VO,, and V,03 that show Mott-type transitions, occurrence of
the electronic Griffiths phase in such correlated oxide systems
has not been reported.

NdNiO; (NNO) films grown on different lattice-matched
crystalline substrates have been studied extensively in recent
years to investigate the correlation-driven MIT [13,14]. It has
been established that in coherently strained epitaxial films of
NNO, the built-in strain can tune Tyy. In a recent investiga-
tion by our group carried out on films of NNO on LaAlO;
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(LAO), it was shown by using spatially resolved scanning
tunneling spectroscopy that there are coexisting regions of
a low-temperature insulating phase and a high-temperature
metallic phase close to the transition region [15]. Coexisting
electronic phases with a percolative nature can lead to inter-
esting behavior in noise spectroscopy as well as in impedance
spectroscopy (IS) if there is a dynamics associated with the
phase co-existence. We investigate in this paper whether a
large lattice mismatch of the film with the substrate can make
the MIT diffuse due to quenched disorder. We also propose
to explore whether this leads to the occurrence of a Griffiths
phase [16]. Despite extensive work on MIT in NNO films
(and also in other correlated oxide films), the existence of a
temperature 7g, at which Griffiths phase sets in above the MIT
has not been investigated.

The current investigation has been carried out on NNO
film grown on BaTiOs; (BTO) film with which the former
has a substantial lattice mismatch. The BTO film, in turn,
was grown on a crystalline SrTiO; (STO) (100) substrate. The
multilayer sample is referred to as NNO/BTO/STO. Though
the NNO films as well as BTO films so grown are oriented
and highly textured, the large lattice mismatch and larger
thickness of the films lead to strain relaxation in the films,
leading to creation of quenched disorder and in- plane and out-
of-plane residual strains as well as local strain inhomogeneity.
The metallic state in such NNO films shows a bad metallic
phase with high resistivity and a negative temperature coeffi-
cient of resistivity (TCR) (E% Z—;) < 0. The observed MIT is
thus from a bad metal to an insulator. This is unlike MIT seen
in NNO films grown on lattice-matched substrates like STO
or LAO or even good bulk pellets where the high-temperature
metallic phase mostly have a resistivity ~1-5 mQcm and a
positive TCR. We observe that the temperature-dependent p
shows a percolative nature of transport occurring due to coex-
isting phases and the transition region is broad. We also find
that in such a film there exists a temperature, which we refer
as T (>Ty), where there is an appearance of substantial cor-
related low-frequency fluctuation, slowing down of relaxation
time of the correlated fluctuations, and evidence of anomalous
behavior as observed from the IS. We explore whether Tg;
can be identified as the onset temperature of an electronic
Griffiths phase in the temperature range Ty < T < Tg. This
is an electronic analog of the magnetic Griffiths temperature.

II. EXPERIMENTAL DETAILS

The NNO film (thickness ~30 nm) used in this experiment
was deposited on a film of BTO (thickness ~120 nm) grown
on STO single crystalline substrate with (100) orientation.
The films were deposited sequentially without breaking vac-
uum by pulse laser deposition with KrF laser (A = 248 nm)
using well-characterized BTO and NNO pellets as targets.
The films after growth were given one-hour annealing in one
atmosphere of oxygen at 700 °C. Details of NNO film growth
have been given in a previous publication [15].

The films were characterized by x-ray diffraction (XRD)
and scanning probe microscopy. The x-ray reciprocal space
mapping (RSM) was obtained in a Bruker D8-Discover sys-
tem using Cu Ko radiation. The Bruker D8 system is equipped
with a Eulerian cradle, Goebel mirror, and LynxEye detector.
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FIG. 1. (a) X-ray diffraction pattern of the NNO/BTO/STO

multilayer film. (b) Scanning probe microscope image of 1.3 um x
1.3 um area of the film.

The data were analyzed with LEPTOS software. Information
on elastic constants needed for the analysis were obtained
from published data [17].

The temperature-dependent DC resistivity (opc(7')) was
measured in the temperature interval 4 K < 7 < 300 K using
a four-probe collinear geometry with Cr/Au contact pads in
a closed cycle cryostat. The temperature and frequency (w =
2 f) dependent IS measurements were done by measuring
the real part Z' and the imaginary part Z” of the complex
impedance Z = Z' 4+ iZ” with a LCR meter in the frequency
range 100Hz < f < 1 MHz in a planar geometry with current
in plane of the film. The temperature range of measurement
for IS is down to 80 K. Open-circuit and short-circuit compen-
sations were done to take care of the capacitive and inductive
contributions of the connecting coaxial cables.

The noise measurements (for 80K < T < 300K) were
performed using a five-probe AC excitation technique [18].
The details of the experimental realization of the noise spec-
troscopy are given in earlier publications of the group [19-21].
Briefly, the noise was measured by recording the time series of
voltage fluctuations Av(¢) arising due to resistance fluctuation
OR in a current biased (I = 1uA) sample of resistance R. The
voltage fluctuation times series (6v(¢)) was measured by a
phase-sensitive homodyne detection method. The homodyne
mixed signal was demodulated by a lock-in-amplifier whose
output was then digitized with a 16-bit analog to digital con-
verter card of bandwidth 200 kHz. The frequency window of
the noise spectrum in our experiment is fi,in = 10 mHz to
Jmax = 7 Hz, which is the band width of detection. At each
temperature, one data set was recorded with a sampling rate
1024 data points/s for nearly 16 minutes duration of data
acquisition. Thus one data set contains about 1 million points.
The stored data were decimated and digitally processed to
obtain the power spectra [19]. The spectral power density was
calculated from the stored and processed time domain data
using method of average periodogram [22]. All the data were
taken by stabilizing the temperature with accuracy £5mK in
heating cycle to avoid drift contribution to the fluctuation.

III. RESULTS
A. Structural data

Figure 1 shows the XRD and scanning probe microscopy
data on the NNO film grown on BTO/STO (100). The XRD
data show strongly oriented growth of BTO and NNO on
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FIG. 2. Reciprocal space mapping (RSM) of the
NNO/BTO/STO multilayer film using Cu Ko radiation measured
across the indicated reflections. The top, middle, and bottom lattice
points corresponds to the NNO layer, STO substrate, and BTO layer,
respectively.

STO (100). The (200) line being the most prominent line is
highlighted. The NNO line and the BTO line straddle the
STO line. The NNO line being at larger angle than the BTO
line has smaller lattice constant compared to that of the BTO.
The lattice constant of NNO film is ~2.51% smaller than that
of STO and the BTO film is ~2.18% larger than that of the
STO film. Thus, there is a large mismatch of lattice constant
between NNO and BTO. The XRD scan shown in Fig. 1(a)
covers the full 26 range and shows absence of impurity peaks.
The scanning probe microscope image [Fig. 1(b)] shows the
surface morphology of the NNO film over a scan area of
1.3 um x 1.3 um area. The film surface is highly compact
with rms roughness of 1.6 nm. Scan shows growth of coherent
grains of average grain size ~50 nm along the terrace steps of
the substrate.

The growth of coherent grains as seen in the scanning
probe microscope image occurs due to strain relaxation
as established from the analysis of RSM data shown in
Fig. 2. The analysis was carried out across the asymmetric
(101) reflection. The data obtained from the analysis sug-
gest relaxed states, which is reflected in the value of the
relaxation parameter R 2~ 0.99.(Note: R is defined as R =
[(afim — asubstrale)/(aglm — Qsubstrae )], @ being the in-plane lat-
tice constant. Subscriptsfilm and substrate refer to film and the
substrate, respectively. The superscript R refers to the fully
relaxed film.) The out-of-plane strain (along ¢ axis), €, =
(Chiim — cglm)/csubsm = 0.51%, and in-plane strain (along a
axis) €| = (amm — af,)/asubsrae = —0.59%, as determined
from RSM data. For the NNO film grown on BTO in the

NNO/BTO/STO (100) structure, the substrate parameters
used are the measured parameters for BTO. The strain relax-
ation leads to the formation of misfit dislocations which are
sources of quenched disorder and which also lead to strain
inhomogeneity in the NNO film.

B. DC resistivity as a function of temperature

The DC resistivity pg. vs T data taken during heating and
cooling cycles are shown in Fig. 3(a). It can be seen that the
high temperature metallic phase shows a bad metallic behav-
ior with a high value of pg. of 70 mS2 cm at room temperature.
The TCR in this region i% is <0. The derivative % data
are shown in Fig. 3(b). The value of pq. at 300 K corresponds
to a conductivity og. = 14.3 Scm™!, which is close to the
Mott minimum conductivity value in many oxide systems
[23,24]. In general, films of NNO grown on lattice matched
substrates like SrTiO3; (STO), LaAlO3 (LAO), or NdGaO;
(NGO) show much less resistivities at the room temperature
which are ~1-2 mQ cm [15,25,26]. These films with lower
p show a good metallic behavior with i‘if—;“ > 0 and show
a sharp MIT. Thus, in the NNO film grown on BTO, the MI
transition is a transition from a bad metal to an insulator and
it shows a broad nature.

There is a sharp rise of the resistivity at the lowest temper-
ature of measurement (7 = 4 K) as can be seen in Fig. 3(a).
The rise is caused by a time-dependent relaxation of the resis-
tance which occurs when the temperature is held constant at
4 K. The resistance relaxation is related to relaxation of small
supercooled portion of high temperature metallic phase (that
has lower resistivity) to the low-temperature (equilibrium)
insulating phase (that has higher resistivity) when the NNO
film is cooled below the stability temperature of supercooling,
which is <7Ty. We had cooled down the sample to 4 K with
a fixed ramp rate 2 K/min and waited for around one hour
till the resistance relaxation is complete [Fig. S2(b)] [27]
and it reaches the equilibrium value for the low-temperature
insulating phase. When it is warmed up again (with same ramp
rate of 2 K/min), it follows an equilibrium curve as shown in
Fig. 3(a). The supercooling phenomena have been observed
previously in rare-earth nickelates [28,29]. The supercooling
and the low temperature relaxation have no influence on the
phenomena reported here, which occurs in the temperature
range above Ty where the system is in equilibrium. All the
data were taken during the heating cycle after the sample has
been cooled to 4 K, equilibrated, and then warmed up at a slow
rate

The resistivity of the bad metallic state can be fitted to the
relation pgc(T) = pom — p1 T, where pg,, and p; are constants
(see Fig. S1) [27]. Finite nonzero value of pg, = 0.11 Qcm
and the absence of an activated-type temperature dependence
suggests that large disorder in the NNO film grown on BTO
drives it close to a disorder-driven Anderson transition. It has
been shown by our group that in a substitutionally doped
Nd,_,La,NiO3 (x = 0.3), there can be a continuous transition
from a weakly localized regime to a strong localization regime
tuned by substrate-induced strain [24].

In the insulating state at the low-temperature limit (7" >
Twvi), the DC resistivity follows variable range hopping

P

relation: 77 = ,ooexp(%)% for T < 10K. (Fit to data are
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FIG. 3. (a) Resistivity of the NNO film grown on BTO/STO as a function of temperature. Inset shows the metallic and insulating phase

fractions obtained from the resistivity data (heating cycle). (b) Derivative of DC resistivity

an arrow. Data taken during heating cycle

shown in Fig. S2 (a) [27]). Since the MIT occurs from a
bad metallic state to an insulating state, both of which have
% < 0, the exact location of the MIT temperature ()
has an element of uncertainty which is often done through
the change of signs of the derivative, as has been shown in
Fig. 3(b). Sometimes Ty can be better identified from the
conductivity odc(zi) vs T plot (see Fig. S3) [27]. From these
data, we locate the Ty = 160 K.

In the whole temperature range, the resistivity data can be
fitted by an effective medium approximation with two limiting
phases at high and low temperatures, respectively [30]. The
inset in Fig. 3(a) shows the metallic (f,,) and insulating frac-
tions (f;) as functions of temperature obtained from fitting the
resistivity data taken during the heating cycle. The insulating
fraction f; ~ 0.1 at Ty;. The coexisting phases near the MIT
makes the transition broad and adds a percolative nature to
the transition where the relative metallic and insulating phase
fractions continuously change with 7. If we roughly define the
transition width as the temperature region where the insulating
phase fraction goes from 90% to 10%, the width is found to be
~50 K. The data show the diffused nature of the MI transition
due to disorder that leads to significant broadening of the
transition region. This is unlike the sharper transitions seen
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in films of NNO grown on STO, LAO, or NGO that shows the
first-order nature of the transition.

C. Low frequency noise spectroscopy

Noise spectroscopy is a sensitive probe of the MIT, in
particular, when there are coexisting phases. Past reports of
J% noise spectroscopy near the MIT in rare-earth nickelates
like NNO and SmNiO; have established the emergence of
substantial low- frequency correlated fluctuations at 7 & Ty
[15,31-33]. In this paper, we show that use of noise spec-
troscopy identifies not only the MIT temperature Ty but very
importantly it marks clearly another temperature 7; above
Tvi, where slow dynamics of relaxation sets in and the low-
frequency dynamics persists over a distinct temperature region
Twi < T < Tg. It is noted that in the previous noise spec-
troscopy studies in oxides undergoing MI transition, existence
of such a temperature has not been identified and reported.

The spectral power density of flicker follows the relation
S(/(Qf ) f%, The exponent & was obtained from the frequency-
dependent spectral power density data by nonlinear least
squares fit. This is shown in Fig. 4(a), where the data are
shown in double-log plot of the scaled spectral power density
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Sv(f) ; Sv(f) s :
Sy o) with frequency f. Sy o) 18 the spectral power density

at a frequency f scaled by its value at fi,,x = 7 Hz, which
is the maximum of the bandwidth of measurement. As the
temperature changes, the exponent o evolves nonmonotoni-
cally, as shown in Fig. 4(b). It can be seen that the exponent
o shows clear enhancement at a well-defined temperature 7
marked by an arrow and it deviates from the value of ~1.0
as Tg is approached from both above or below. The width of
the temperature range around 7z where o shows significant
deviation from the value of 1.0 is ~50 K. Away from this
range, o ~ 0.95-1.0 as is expected of a conventional flicker
noise [19,34]. The change in the exponent o can be appreci-
ated from Fig. 4(a) as well. For T away from T, the exponent
a ~ 1 as can be appreciated from the dotted line that has
a=1. As T — T, the exponent « — 1.4 as can be seen
from the enhanced slope of the line marked in the figure. This
is a change in the value of o by nearly 40%. Change of o
from 1 to 1.4 indicates that the spectral weight has shifted
to lower frequency. It may be noted that « generally has a
limited range typically from 1 to 2 as observed from various
systems [19].
Figure 5(a) shows the temperature dependence of the
) =
% f ;:“‘ Sy (f)df, where the integral is over the band width
of measurement (fiin, fmax)- (The normalized mean-square
fluctuation is often referred to as magnitude of noise). The
data show that while there is a broad and shallow hump in the
noise magnitude in the temperature range T ~ Ty, it rises
sharply as the temperature 7 is approached from both above
and below, where there is appearance of large component of
low frequency fluctuation as inferred from the sharp rise in the
exponent «. It can be seen from Fig. 5(a) that at 7;; the value of
the normalized mean square fluctuation changes substantially
by a factor of 2 from its value away from 7. Figures 4(b) and
5(a) clearly establish that a large low-frequency fluctuations
arises in the temperature range Tyyy < T < Tg, as T — Tg.
The large low-frequency fluctuations that appear in the
temperature range Ty < T < Tg, are non-Gaussian. It can
be seen in Fig. 5(b) that the value of the second spectrum
I'? changes from 10 to nearly 17 at T = Tg. This would be
expected when the noise sources from which the fluctuations
arise are correlated in nature. Correlated fluctuation and its
non-Gaussian nature have been measured through the normal-

normalized mean square resistance fluctuation (

ized second spectrum given by [15,19,21]

5 fu—rfo 5
r2— / SOf)df, (1)
0

where
S AV @) AVt + ) cos2r fr6)d s
[S] sv(ar]’

SA(f) = , (2

where f; and f, are the frequencies associated with first and
second spectra, respectively. Av(¢) is the measured voltage
fluctuation.

Observation of a distinct temperature 7 above Ty which
marks the onset of slow relaxation in the system that shows
diffused MIT is one of the principal observations of the paper.
This occurs at a temperature range where the metallic phase
is the majority phase with a very small fraction of insulating
phase (f; = .001). The temperature range Ty < T < Tg is
also distinct where the low-frequency fluctuation is correlated
as judged from its non-Gaussian nature.

D. AC conductivity and impedance spectroscopy

The noise spectroscopy data point toward the emergence
of behavior at temperature T; which is distinct from the tem-
perature Tyyy. It will be of interest to investigate the transition
region with another independent dynamic probe to explore
whether a signature of 7; can be found. In the region of
temperature where T occurs, the minority phase fraction
being very small, it is not observable in DC resistivity mea-
surements. Thus, there is a need for a dynamic probe like IS
that may capture the presence of small regions of a minority
phase in a solid with coexisting phases.

The temperature-dependent DC resistivity data suggest co-
existing phases near the MIT, which has also been observed in
our previous experiment on NNO grown on lattice-matched
LAO where coexisting phases have been detected directly
through scanning tunneling spectroscopy data [15]. In such
coexistence regions, the charge relaxation will be determined
by conductivities of the coexisting regions where metallic re-
gions of higher conductivity separated by an insulating region
will show a capacitive effect which will control the complex
impedance.
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FIG. 6. (a) AC conductivity o (w, T') of the NNO film grown on BTO/STO as a function of frequency w at a few selected temperatures 7.
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arrows.

The AC conductivity (o (w, T')) was measured as a func-
tion of frequency w = 27 f at different temperatures down to
80 K. The data were taken in a planar configuration where the
current is in plane of the film and are shown in Fig. 6(a). To
estimate the frequency-dependent part, the data in Fig. 6(a)
were fitted to the phenomenological relation:

o, T)=0(w=0,T)+ 0,(T)o" . 3)

The AC conductivity o (w, T) vs T data were fitted to Eq. (3)
using nonlinear least-squares fit. Parameters o(w =0,T),
0,(T) and the exponent n(7T) were taken as fit parame-
ters. The value of o(w =0, T) as obtained from the fit is
~o4.(T), which has been obtained experimentally in Sec. Il B
establishing correctness of the fit procedure. The solid lines
through the data points in Fig. 6(a) are the fits to Eq. (3). Tem-
perature variations of the exponent n(7) and o,,(T') by fitting
the AC conductivity data to Eq. (3) are shown in Fig. 6(b).
The temperature dependence of both parameters clearly shows
signatures of the MIT temperature Tyy. To appreciate the
change in the frequency-dependent part, we show o (w, T) =
o(w =0, T) as a function of w at different T in Fig. S9 [27].
The variation in n(T) with T can be appreciated as T — Ty.
The enhancement of the frequency-dependent part o, (7 ) be-
low Ty is opposite to the temperature dependence of o (w =
0, T'). This implies significant rise of the relative contribution
of the frequency-dependent part of AC conductivity in the
low-temperature insulating phase. The temperature variation
of o(w =0,T), as expected, mimics that of the measured
DC conductivity og.. Interestingly, the exponent n(T ), shows
a nonmonotonous behavior with very discernible breaks at
both temperatures Ty as well as T;. The observed feature
in n(T) at temperature T; does signal the onset of a new
regime of precursors to the MIT. In this context, it will be
interesting to compare the AC conductivity data obtained on
the film NNO grown on STO (NNO/STO) that does not show
any anomalous feature outside the range of Tyy. The data for
NNO/STO are shown in Fig. S4(a) [27]. The corresponding
variation of n(7") and o,,(T') are shown in Fig. S4(b) [27]. The
sharp changes in the parameters seen for NNO/BTO/STO
above Ty are absent in those of the film NNO/STO. Later,
in the Discussion section we undertake an analysis of the AC
conductivity data with a model of coexisting phases and show

that the features seen in the range Ty < T < T arise from a
change in the size distribution of conducting clusters.

Figure 7 shows the plot of the imaginary part of the
impedance Z” versus the real part Z’ at a given frequency
(Cole-Cole plot) for NNO film grown on BTO at a few
representative temperatures spanning the temperatures Ty as
well as Ti. The lines through the data are fits using a simple
phenomenological model equivalent circuit whose schematic
is shown in the inset of Fig. 7. The model is a parallel com-
bination of resistance R2 and C, in series with a resistance
R1 [see Eq. (4)]. To fit the impedance data to the phenomeno-
logical model, we used the software EIS Spectrum Analyser.
EIS Spectrum Analyser is a stand-alone program for analysis
and simulation of impedance spectra [35]. The data file of the
as-observed impedance data of real part (Z’) and imaginary
part (Z") as a function of frequency were used as inputs in
the software. All three parameters (R1, R2, Cobs) have been
initialized automatically and were approached toward the best
fit by multiple iterations.

Impedance measurements were done in a planar geometry
with field and the current in the film plane. Cy,s(7') in the
model is a lumped temperature-dependent (but frequency-
independent) parameter that is an equivalent capacitance in
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5 400+ ® 220K

S 240K
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FIG. 7. Cole-Cole plot of impedance data at few representative
temperatures. The line through the data are fits to the impedance data
using a model equivalent circuit whose schematic is shown in the
inset.
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FIG. 8. Temperature variation of the capacitance parameter
Cobs(T) of the NNO film grown on BTO/STO. The MI transition
temperature 7y and the temperature 7 observed in noise data are
also marked. The dotted line is a simple extrapolation to show ex-
pected behavior of Cy,s(T) in absence of a Ti;. The inset shows the
capacitance of the NNO film on STO.

the film. The complex impedance data Z(w, T'), based on the
simple model above, are given by the relation

RX(T)
1+ jwR2(T)Cops

In the model above, the resistances R1 and R2 as well as
Cobs(T) were assumed to have no explicit frequency depen-
dence. This assumption is justified because the contribution
of the frequency-dependent term of the AC conductivity
0,(T)"T) is quite small compared to the frequency-
independent term o (w = 0, T') for @ < 10° cps. This can also
be appreciated from Fig. 6(a). Based on the above, the lumped
resistances R1 and R2 are assumed to be frequency indepen-
dent. Cohs(7') has been assumed to be frequency independent
mainly to obtain a scale for the capacitance. The frequency-
independent Cops(T') corresponds to an average capacitance at
a mean frequency wy(7) discussed later in Sec. IV A along
with Egs. (5) and (6). Cops(T) as a function of 7, as obtained
by fitting the impedance data, are shown in Fig. 8. A sharp
jump is observed at T & Tyy; and also another prominent break
in slope with a shallow peak is observed at T = T;. The R1
and R2 data are given in Fig. S5 [27]. Both show a rapid
rise on cooling below below Ty and show a break in slope
at T = Tg. (see insets of Fig. S5) [27].

The temperature dependence of Cups(7) for NNO/BTO
is distinct from that of Cops(7") seen in NNO/STO (see the
inset in Fig. 8 which shows a decrease that starts around Ty
but shows no discernible 7. The temperature dependence
of Cops(T) seen in NNO/STO is similar to that also seen
in NNO/LAO [15]. For both NNO/STO and NNO/LAO,
Cobs(T) as a function of T show a broad peak at Ty followed
by a distinct fall. In contrast, in NNO/BTO, the rise of Cops(7)
at Ty as it is approached from above is interrupted by the
existence of the temperature range Ty < T < T where there
is a distinct decrease in Cyps(7') on cooling followed by a
jump at Ty We show the expected behavior of Cy,s(T') as
a function of T in Fig. 8 by the dotted line which would have
occurred had there been no 7 and no intervening phase in the

Z(w,T)=Z +iZ' =Rl + )

temperature range Tyy < T < Tg. The distinct feature seen in
the equivalent capacitance in this temperature range signals
the existence of a different nature of coexisting phases, that
is different from both the insulating phase below Ty and the
metallic phase above T.

The capacitance in the transition region arises due to co-
existing phases of differing conductivities where charging of
the conducting phase (isolated by insulating phase) leads to
capacitance of the film. The temperature variation leads to a
change in the relative volume fraction of the two phases, lead-
ing to temperature dependence of the capacitance. The value
of the capacitance depends on the relative conductivities of
the two phases which in effect decides the interfacial charges
in the region between two phases. For the NNO film grown
on lattice-matched STO, the metallic phase has much lower
resistivity, leading to a larger relative difference of the two co-
existing phases and larger capacitance of the film. In contrast,
in the NNO film grown on BTO, due to strain relaxation and
quenched disorder as pointed out earlier, the high-temperature
phase is a bad metallic phase with a resistivity that is much
larger. This results in suppression of the relative conductivities
of the two coexisting phases, which in turn leads to less ef-
fective capacitance of the NNO/BTO/STO film. The distinct
feature seen in the equivalent capacitance in this temperature
range signals the existence of a different nature of coexisting
phases that is different from both the insulating phase below
Ty and the metallic phase above 7.

E. Correlation function of fluctuations and the correlation time

If slow kinetics of relaxation leads to large flicker noise
as well as a large value of the exponent « in the MIT tran-
sition region, then it is expected that the correlation time
of fluctuation (r) will also show enhancement. 7 is directly
obtained from the autocorrelation function ¢(¢) of the voltage
fluctuations [19]. We show that t has a distinct temperature
dependence and it shows a maximum at 7;, where the flicker
noise shows a peak along with large value of the exponent «.

The autocorrelation function ¢(¢) is defined as ¢(r) =
(Sv(")Sv(t +1t')) >, where (...), represents the time average
and dv(z) is the observed times series of voltage fluctuation.
¢(t) shows an approximate exponential dependence for small
time (¢ < 7) and a long-time tail for ¢ > t. Data for ¢(¢) at
some representative temperatures are shown in Fig. 9(b). The
dashed line in Fig. 9(b) demarcates the exponential region and
the nonexponential long-time tail. We obtain the correlation
time T approximating it as the time when ¢(¢) becomes é
of the value at + = 0. The long-time tail of ¢(¢) contains
valuable information on the nature of the coexisting phases
in the region Ty < T < T and will discussed separately in
the next section.

In Fig. 9(a), we show the temperature dependence of t as
obtained from the correlation function. It can be seen that the
correlation time gradually increases as T is approached either
from above or below and it shows a peak at T = T. The
value of t at the peak is about a factor of 2 larger than that
at temperatures away from 7. The significant enhancement
of t at T = T thus corroborates with the appearance of large
low-frequency noise in the same temperature range.
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FIG. 9. (a) Temperature dependence of t as obtained from the
correlation function and (b) correlation function ¢(¢) vs ¢ at some
representative temperatures in the range Ty < 7 < Tg. The dashed
line demarcates the exponential region and the nonexponential long
timescale.

To summarize the main results, we find that in the film
NNO grown on BTO/STO (100) that has significant lattice
mismatch with BTO, there is a MIT, albeit from a bad metal
with high resistivity to an insulator whose resistance follows
a temperature dependence given by variable range hopping.
The transition has a percolative nature where the metallic and
insulating fractions are temperature dependent. The disorder
severely broadens the transition region making the transition
a diffuse transition rather than a sharp MIT.

Importantly, we find that above the transition temperature
Twi, there are clear signatures of existence of another tem-
perature 7T identifiable by noise spectroscopy as well as by
impedance spectroscopy, which signals the onset of correlated
low-frequency fluctuations and the onset of slow dynamics.
We discuss in next section that T may be identified with the
onset of an electronic Griffiths phase. We emphasize that past
noise spectroscopy investigations done on oxides undergoing
Mott-type MITs have reported the appearance of large corre-
lated low-frequency fluctuations. However, no study to date
in such oxides reported a distinct temperature like 7; which
shows the onset of a temperature region where slow relaxation
sets in as a precursor to MI transition. This observation cor-
roborates a recent report of such a temperature regime above
the MI transition temperature in organic systems which have
been identified as the onset of an electronic Griffiths phase
[4,12].

IV. DISCUSSION

A. Broad transition region and coexisting phases

The diffused nature of the MIT in the NNO/BTO shows
anomalous features in the AC conductivity o(w, T) in the
region of temperature Ty < T < Ti. This is reflected in
the anomalous temperature-dependent behavior of the expo-
nent n(7T) [refer to Eq. (3)]. The AC conductivity in many
electronic systems including oxides with disorder, doped
semiconductors, polymers, and composite solids follow a
power law given by Eq. (3). The exponent n(7) contains
information on the hopping character of the charge carriers
through localized states and it depends on the morphology

of the conducting path [36]. In general, 0 <n < 1 at low
frequencies and changes over to 1 < n < 2 at higher frequen-
cies. Mott’s theory suggests that in insulating systems with
localized states n — 2. The crossover from n < 1 to n > 1
can occur in THz frequency range, although there are reports
in the context of oxides that the crossover can occur at KHz
range as well [36]. In the present paper, we find that in the
whole temperature range the data fits with an exponent n,
which lies in the region 1 < n < 2 and decreases on cooling
and which shows anomalous features in the temperature range
Twi < T < Tg. A detailed discussion on the nature of the
exponent is beyond scope of the paper. However, we note
that the presence of coexisting phases distinct from both the
low-temperature insulating phase and the high-temperature
metallic phase are indicated by the behavior of n. As elab-
orated below, we analyze the AC conductivity data using a
model of coexisting phases comprised of a size distribution of
metallic clusters.

The model [37] had been proposed to understand that
conductivity of a composite medium with coexisting insu-
lating and metallic phases with a distribution of conducting
region size (§) as happens close to a MI transition. In this
model, the frequency dependence arises as a consequence
of the distribution in &. The length scale & of the conduc-
tion region determines the timescale of charge diffusion and
hence the frequency dependence through the relation & ~
v/D/w, where D is a typical mean carrier diffusivity. The
total conductivity consisting of the DC conductivity and the
frequency-dependent part of the conductivity that consists of
contribution from the conducting regions. This is given as [37]

@ 1
o(w,T) = oq4 +A(T)/0 5]
(log,q@w — log,qwo)*
X exp<— 752 do, (5)

where the length scale has a log-normal distribution with

width ¥ and most probable length scale &, that defines wy =
g The constant A(T") has the dimension of conductivity and
0

contains geometric factors. Both parameters 3(7"), wo(T) are
temperature dependent. Smaller metallic regions that cannot
take part in charge transport would contribute to the capaci-
tance, which is given as [37]

o 1
C T)=Cy(T B —
(0, T) o )/w RIS
(log,o@ — log,,@o)*
X exp (— 752 do, (6)

where Cy(T) is a frequency-independent scale for the capaci-
tance.

The observed o (w, T') data were used to fit them to Eq. (5)
and obtain the relevant parameters. The parameters in Eq. (5)
were fixed as follows. The measured DC resistivity data as
shown in Fig. 3(a) was used for o4.(= i). The average
characteristic relaxation frequency for a cluster wy(7") at each
temperature 7 sets the scale for the frequency-dependent
part of the AC conductivity. The value of wo(7T) was es-
timated from tEle (?;))served frequency-dependent part given

o(w=0,

as wo(T) = (W)(ﬁ)’ where these parameters were
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FIG. 10. (a) Temperature dependence of the parameter wo (7" ) and (b) (7).

obtained directly from fit of the AC conductivity data to
Eq. (3) discussed before. The parameters A(T ) and X(7T) were
used as fit parameters for each 7. The fitting has been carried
out in the MATLAB platform using existing packages for
least-squares fit. The quality of fits of Eq. (5) to the data are
shown in Fig. S6 in the Supplemental Material [27]. The val-
ues of the parameters wy(7) and X(7") obtained from fitting
are shown in Figs. 10(a) and 10(b), respectively. wp shows a
decrease on cooling with a change in slope at T;. It shows
a perceptible jump to a much lower value at Tyg. The width
of distribution X(7") also shows an enhancement on cooling
but shows a break from the monotonous behavior at both 7
and Ty with signature of a different behavior in the range
Twi < T < Tg that corroborates with the observations made
from the noise data. The factor A(T') has a soft temperature
dependence and shows a shallow peak at T ~ T as shown in
Fig. S7 [27].

We have determined the frequency- and temperature-
dependent capacitance C(w, T') using Eq. (6). The frequency-
independent constant Cy(7') in Eq. (6) was obtained by
equating Cops(T) to C(wp, T) at each T. This assumes that
Co(T) is an average capacitance at the mean frequency wy.
Both the parameters %(7"), wo(7T') used in calculation of
C(w, T) using Eq. (6) have been obtained from fit of the
AC conductivity data to Eq. (5) as elaborated before. A con-
tour plot of C(w, T') is shown in Fig. 11. C(w, T') obtained
from Eq. (6) is shown in Fig. S8 as a function of w at
different T [27].
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FIG. 11. A contour plot of C(w, T') evaluated from Eq. (6).

Figures 11 and S8 [27] show that the capacitance for a
given frequency has regions of high value at T ~ Tz and
at around Tyy. The frequency dependence of C(w,T) is a
point in question. It shows explicit frequency dependence
of the capacitance which was missing from the simple RC
model shown before. The decrease in the capacitance at higher
frequencies would imply lower fraction of very small conduct-
ing pockets.

Variation of wg as shown in Fig. 10(a) reflects the reduction
in diffusivity D of carriers as the temperature is changed.
Since wy = &, a sudden lowering wq at Tyy would signify

a sudden redliction in D at the onset of the insulating phase
and it reduces precipitously as the temperature is reduced
further. The anomalous variation in ¥ reflects the change in
the distribution in the frequency as it becomes broader below
the transition and shows a rather flat temperature dependence
in the temperature range Ty < T < Tg.

B. Likely signature of onset of Griffiths phase at T

We explore the feasibility whether the temperature 7 can
be identified as the onset of an electronic Griffiths phase.
The concept of a magnetic Griffiths phase has been explored
experimentally extensively, particularly in doped rare-earth
manganites that show colossal magnetoresistance [38—44]. In
the temperature range between T and Ty, the system is a like
a composite of the high-temperature bad metallic phase and
low-temperature insulating phase, very similar to the situation
for magnetic Griffiths phase where below an onset tempera-
ture the disordered paramagnetic state coexists with a local
ferromagnetically ordered phase. As a result, the magnetic
Griffiths phase contains small ferromagnetic clusters embed-
ded in the paramagnetic phase.

In a very recent publication, electronic Griffiths phase has
been reported in organic solids (with disorder) that show
Mott transition [12]. The paper concludes the occurrence of
an electronic Griffiths phase in a system with slow fluctu-
ations in electrons close to the Mott-insulator boundary in
the presence of quenched disorder. The onset of slow (and
correlated) fluctuations observed in the present investigation
around temperature 7 and its presence over the temperature
range Ty < T < Tg would thus be evidence that 7 may
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be identified as the onset temperature of Griffiths phase in
correlated electron systems.

The NNO films grown on BTO as discussed before is not
coherently strained but strain relaxed with residual strain as
can be judged from rather large value (—0.59%) of in-plane
strain €(%). The strain relaxation in the film would give
rise to misfit dislocations. The appearance of grains in the
films (with grain boundaries) as shown in Fig. 1(b) would
give rise to concomitant strain inhomogeneity. From the high-
resolution x-ray data, we obtained the rocking curve of the
NNO film. From the rocking curve, the full width at half
maximum (FWHM) was evaluated to be ~2°. The value of the
FWHM is large and points to significant strain inhomogenity
in the film that would arise from quenched disorder. Thus, in
the NNO film on BTO there is quenched disorder which leads
to a bad metallic phase as seen through the high value of resis-
tivity p and a negative j—;. As a consequence, the appearance
of a Griffiths phases above Ty is a likely proposition [12].

The Griffiths phase needs the coexistence of phases which
the film under investigation shows near the transition re-
gion. It has been proposed [11] that the appearance of a
Griffiths phase above the MIT temperature Ty would need
an occurrence of sparse phases like small pockets of the
high-temperature phase embedded in pockets of minority low-
temperature phases which in turn are dispersed in the majority
high-temperature phase. In the temperature region around 7,
the insulating phase is the minority phase with phase fraction
fi < 1. Thus, small pockets of the metallic phase embedded
in the minority insulting phases will be very rare and will
occur over a small temperature region between T and Ty.
At higher temperature (T > Tg), the growing metallic phase
will subsume the small pockets of insulating phases in which
the sparse metallic phase is embedded, and at much lower
temperatures below the MI transition, the growing insulating
phase will subsume the high temperature phase. Occurrence
of such a sparse phase will lead to slow relaxation kinetics as
has been observed experimentally. Theoretical investigations
established that these rare regions can control the long-time
dynamics in a Griffiths phase. As a result, the autocorre-
lation function ¢(¢) of the fluctuation has a predominant
low-frequency contribution. This will lead to a long-time tail
which would vary as [11]

d(t) ~ exp(—¢(Int)7T), @)

where ¢, is a constant and d is the dimension. For d = 3,
one would expect the long-time tail of ¢(¢) to vary as ¢(r) ~

exp(—qﬁc(lnt)% ). We find that ¢(¢) in the system does grow a
long-time tail following Eq. (7) as shown in Fig. 12, where
the time axis has been scaled by the correlation time t, which
allows scaling of the correlation functions at different temper-
atures to be represented in a single scaled graph. The solid
lines through the data points are fit to Eq. (7) for d = 3. The
proposal of the existence of a sparse phase and the long tail
correlation function provides strong support for the hypothesis
that the temperature 7 is analogous to the onset temperature
of the Griffiths phase as observed in magnetic phase transi-
tions.
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FIG. 12. Time dependence of the scaled autocorrelation function
for fluctuation ¢(§) versus scaled time 5 at a few temperatures close
to 7. The dashed line through the data at longer times (f > 1) shows
fit to Eq. (7).

V. CONCLUSION

NNO film grown on a substrate BTO/STO (with large
mismatch of lattice constant) shows a Mott-type MIT at a tem-
perature Typ = 160K from a high temperature bad metallic
phase with high value of resistance =70 m€2 cm (at 300 K)
and a negative TCR to a low temperature insulating phase. The
bad metallic phase is similar to what is expected in an oxide
with quenched disorder close to the disorder driven Anderson
transition [23]. Such a bad metallic phase is not observed
in NNO when the films are grown on crystalline substrate
like STO that have better matching with lattice constants.
The MIT in presence of disorder has a percolative nature
with coexisting phases not only close to the transition region
but also away from it thus making the transition a broad
one.

Using noise spectroscopy and IS that probe the dynamics
of the coexisting phases, it was observed that in addition to
the MIT at a temperature Ty, there exists a characteristic
temperature T above Ty which signals onset of a tempera-
ture region Ty < T < Tg where new features are observed.
The observed features show the emergence of large low-
frequency correlated fluctuations signifying the onset of a
phase with slow dynamics. The new phase in the region
Twi < T < Ty likely arises from small clusters of metallic
phase embedded in pockets of insulating phases that coexist
with the majority high-temperature metallic phase. It is sug-
gested that the temperature 7 is the onset of an electronic
Griffiths phase that has been theoretically proposed for Mott
transitions with disorder. The experiment thus provides evi-
dence of such a phase in an oxide system undergoing a Mott
transition.
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