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Phase coexistence and dynamical behavior in NdNiQO; ultrathin films
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Rare-earth nickelates exhibit several temperature-driven phase transitions that are tunable by the size of
the rare-earth ions, pressure, epitaxial strain in ultrathin films, etc. We investigate the metal-insulator and
Neel transitions in a series of NdNiO; thin films with varying degrees of lattice mismatch using ultralow
frequency electrical noise measurements. The noise magnitude follows a 1/f behavior and is Gaussian in the high
temperature paramagnetic metallic phase of the films, however deviations are seen in the low temperature
paramagnetic and antiferromagnetic insulating phases. The noise magnitude increases by orders of magnitude
at temperatures below the metal-insulator transition and is indicative of inhomogeneous electrical conduction
arising from phase separation. The inhomogeneous nature of conduction is corroborated by the presence of a
large non-Gaussian noise signature in the low temperature phases. Well below the Neel temperature, the noise
behavior evolves between Gaussian and non-Gaussian over several hours pointing to dynamically competing
ground states with subtle variations within the antiferromagnetic insulating phase.
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I. INTRODUCTION

Rare-earth nickelates (RNiOs, R is a rare earth) exhibit
diverse physical phenomena such as metal-insulator transitions
(MIT), magnetic ordering, and coupling between the electronic
and structural degrees of freedom, etc. [1,2]. In addition to
the rich fundamental physics phenomena that stems from
electron interaction arising from the orbital overlap in these
materials, these materials have potential in applications such as
Mott field-effect transistors and in other transistor applications
[3-5]. Recent advances in the design of oxide interfaces
and heterostructures have provided an unprecedented atomic
control to tune the lattice mismatch at the interface and hence
control the phase transitions in ultrathin films of nickelates and
other oxides [6—11]. Bulk NdNiO3 undergoes simultaneous
metal-insulator transition and magnetic transition. The other
distorted members starting from Sm to Lu have two transitions
from a paramagnetic metal (PM) to a paramagnetic insulator
(PD) and PI to an antiferromagnetic insulator (AFI) [1,2,12].

There are still many open questions regarding the driving
mechanisms of the transitions in nickelates thin films: Is the
MIT a Mott transition? Is there phase separation? What is
the nature of the transport in all three phases? This later
question is especially interesting for the AFI phase which
is known to develop an unusual magnetic structure [1,13].
Although several recent studies on nickelates have attempted
to address various aspects of the questions [14-26], a new
perspective for understanding some of these issues will prove
invaluable. Within this context, Flicker or 1/f noise in the
electrical transport can be an interesting tool to probe the
coupling between electronic and structural degrees of freedom,
since the noise magnitude is proportional to the second power
of the local current density [27]. Moreover, changes in the
noise power spectral density (PSD) can be related to the
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energy landscape of the carriers, which can help elucidate the
dynamics of transport in correlated electron systems [28,29].
In this paper, we present results from ultralow frequency
measurements of the noise magnitude across the MIT and Néel
transitions in epitaxially grown NdNiO; films with varying
degrees of lattice mismatch. We find that the noise magnitude
increases by orders of magnitude at temperatures 7' below the
MIT and is suggestive of an inhomogeneous transport likely
resulting from phase separation. Though phase separation has
been seen in other classes of oxides [30,31], our work provides
direct evidence for such behavior in ultrathin films of NdNiO;
and the information is essential in utilizing NdNiOj3 as tran-
sistors. Well below the Néel temperature, the noise behavior is
found to alter between Gaussian and non-Gaussian over several
hours pointing to dynamically competing ground states with
subtle variations within the antiferromagnetic insulator phase.

II. EXPERIMENTAL METHODS

The NdNiO; films (thickness ~5.7 nm) on different
substrates were in the shape of a square of about ~4 mm in
size and electrical connections were made at the four corners
using conducting Ag paste. The films were mounted on the
sample stages of variable temperature cryostats. Results from
the NdNiOs film on DyScOj; substrate is presented in the main
paper and results from NdNiO3; /NdGaO; and NdNiO3 /SrTiO3
films are in the Appendix.

The electrical measurements were done using Signal
Recovery 7265 lock-in amplifiers in the ohmic conduction
regime. The noise measurement technique uses the in-phase
and out-of-phase signals from the sample that can simulta-
neously be obtained using the lock-in amplifier. The former
contains the noise from the sample and the background
noise whereas the latter contains only the background noise
[32-34]. Temperature of the sample stage was controlled by a
Lakeshore 330 controller and was better than 10 mK during the
measurements. Precision GenRad low-noise decade resistors
were used in the Wheatstone bridge setup, and the noise
from the resistors was found to be thermal in origin and
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was orders of magnitude smaller than the noise magnitudes
from the films. Care was taken to avoid line frequency and its
harmonics by choosing a signal frequency of 283.119 Hz. An
isolation transformer and a GPIB bus isolator ensures minimal
interference from external noise sources.

The highest frequency in our noise measurements is limited
to 8 Hz, set by the time constant of the high-pass filter of
the lock-in amplifier (z = 20 ms). The output of the lock-in
amplifier is fed to a 16-bit analog to digital converter (ADC).
The sampling rate is chosen to be 256 Hz. Each set of
measurements runs for ~33 minutes and collects 500 000
data points. The minimum frequency in our measurements
is 2 mHz. Noise magnitudes at any frequency is calculated by
averaging five data points around that frequency. Fluctuations
in voltage as a function of time are recorded and the
power spectral density (PSD) is calculated using the Welch’s
periodogram method [33] that calculates the Fourier transform
of windowed segments of the time trace and averages them.

The probability density function (PDF), was obtained by
applying a kernel density estimator to the Wiener filtered and
de-trended signal. This estimator is a smoothed version of the
histogram, where the smoothing is done using a kernel, for
example the Gaussian function. The Wiener filtered signal

is given by S = IFT (FT[V,] x S‘;S’ ), where V, and V,,
respectively, are the in-phase and oﬁt—of—phase output of the
lock-in amplifier and S, and S, are the corresponding PSD.
(IFT) FT denotes (inverse) Fourier transform. It should be
mentioned that the PDF here was computed for a time slice of
~32 minutes, but shorter slices were also tried, down to
1.5 minutes, and the dynamical behavior (see later) could still
be seen. 32 minutes were chosen because too short a time is
meaningless when computing a statistical indicator like the
PDF, while longer time becomes coarse and can miss minor
details.

The second spectrum (used later for distinguishing non-
Gaussian behavior) can be obtained from the following
relation:

SA(f) = / N (SR ) (SR*(t + 1)) cos 2 for)dt (1)
0

while 0@ is found from:
o _ Ji" " 8Os
_ 3
(S SOCfdf)

where SW(f)) is the first spectrum. We note that different
octaves for calculating the second spectrum have been tried
and gave similar results and conclusions.

o

@

III. RESULTS FROM NOISE MEASUREMENTS

Metal-insulator and magnetic transitions of NdNiO; ul-
trathin films are strongly affected by the epitaxial strain
[10,11,26,35,36]. The temperature dependence of resistivity
is plotted in Fig. 1(a) where Tj;; and Ty are determined
from the resistivity analysis as shown in Appendix B. Next we
proceed to perform noise measurements using a Wheatstone
bridge [Fig. 1(b)] arrangement which enables the residual
voltage fluctuations to be measured (without the mean value)
as a function of time [Fig. 1(c)]. Our idea is to measure
the residual fluctuations across the phase transitions and to
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FIG. 1. (a) Resistivity as a function of temperature for the three
samples, during cooling and heating cycles. Each trace is normalized
to the resistivity at 300 K separately. The two transition temperatures
in the cooling cycles are marked for each sample. (b) Wheatstone
bridge circuit used for noise measurements. (c) Typical voltage
fluctuations as a function of time at 200 K for the NdNiO; /DyScO;
film.

employ signal processing and statistical analysis to perform
three different calculations on the voltage fluctuations vs time
traces to quantify the noise behavior: first spectrum (S(),
second spectrum (S®), and the PDF. We will discuss these
quantities in detail below.

In Fig. 2(a), the normalized first spectra (S/V?) at three
representative temperatures in the PM, PI, and AFI phases are
presented for the NdNiO;/DyScO3 sample. As expected, a
typical 1/f* dependence is observed [37] in the frequency
range of measurements, however, deviations in the slope
(o value) at low frequencies in the 140 K and 80 K traces can
be seen. While the noise magnitude at 300 K can be fitted to a
single slope across the entire frequency range, the data at 140 K
and 80 K show steeper slopes below 10~! Hz. To quantify this
“excess noise”, we select two frequencies, low (3.9 mHz) and
high (1.0 Hz), and plot the temperature dependence of S’ /V?
in Fig. 2(b). The interesting result is that, while the noise
magnitude at 1.0 Hz is monotonically decreasing across all the
phases, the noise magnitude at 3.9 mHz changes by orders of
magnitude. Another useful way of looking at this excess noise
is by plotting the exponent ¢ in 1 /f* from the slopes of the first
spectrum curves [like these shown in Fig. 2(a)]. Two separate
slopes can be calculated: Slope from the higher frequency
range has o ~ 1, while that from the lower frequency range
directly captures the excess noise and has o > 1 [Fig. 2(c)].

A monotonically decreasing noise magnitude (at 1 Hz) with
T across all the phases has been observed before in other
systems such as in SmNiOs; thin films [38]. However, the
excess noise (at low frequency) in the insulating phases has not
been observed before in nickelates. By pushing the frequency
range of our measurements and probing three different samples
with varying levels of lattice mismatch, we can conclusively
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FIG. 2. (a) Typical normalized first spectrum at three represen-
tative temperatures across the transitions. The top trace is shifted
up by 2 x 103 Hz™!, the lower one by 8 x 10"°Hz! for clarity.
Solid lines are fit to 1/f behavior, the vertical line marks the low and
high frequency ranges of the fits. (b) (Left axis) Noise magnitude of
the normalized first spectrum as a function of temperature for two
selected frequencies. (Right axis) The estimated value of the Hooge
parameter for the same data set. (c) First spectrum exponent « as a
function of T'. The fit range is 1 mHz to 0.1 Hz (red) and 0.1 Hz to
1 Hz (blue). The data points in (b) and (c) are averaged from many
measurements.

establish the low frequency excess noise in the insulating
phases in nickelate thin films.

Before continuing any further, the possible role of contact
noise should be considered. There are two complementary
tests to confirm that the noise is coming from the resistance
fluctuations of the sample. First, the noise is expected to scale
up with decreasing volume, since fluctuations cancel out in
larger samples [39]. We patterned the NdNiO3 /NdGaOs; film
such that we had two contact separation: 10 um and 500 nm (in
addition to the original 4 mm separation as used throughout the
paper in all the figures), and indeed found the noise to scale up.
Second, we measured the noise in four-probe configuration and
observed similar behavior to that found in Fig. 2(b). Together,
these two sets of data confirm that the measured noise is due
to resistance fluctuations coming from the bulk of the sample
without any significant contribution from the contacts.

It is fruitful to consider another way of quantifying the
noise. We calculated the Hooge parameter [40], which enables
comparison of our nickelate thin films with other systems, and
is given by yy = SVVAZIf , where N is the number of carriers (the
carrier density is 4.6 x 10> e/cm?> [1]), and f is the frequency
at which the parameter is evaluated. The results are plotted in
the right axis of Fig. 2(b). Note that yy merely scales the
normalized noise magnitude. In the PM phase, y5 at 1 Hz is
~10°, which is 3-5 orders of magnitude higher than typical
values for metallic films with similar resistivity [40,41]. Large
values of yy were also found in epitaxial SmNiOj3 thin films
[38] and in manganites [30] and are common among strongly
disordered and inhomogeneous conductors [41].
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Now that the first-spectrum data has been presented, we
will discuss the two noise behaviors: The first is the simple
1/f noise behavior with a = 1, which is seen in the entire
temperature range at high frequencies. The other is the excess
noise, only seen in the PI and AFI phases at low frequencies.

Many experiments on disordered thin films have observed
the weakly T'-dependent noise magnitude [at 1 Hz in Fig. 2(b)]
and attributed it to a variety of events such as the motion
of defects, diffusion and/or trapping/detrapping of carriers,
etc. [41,42]. However the exact nature of the processes
and the relevant coupling mechanisms that can introduce
fluctuations in electrical conduction are harder to delineate.
In our films, on the metallic side, a fluctuation in the mobility
of charge carriers, as given by Hooge’s model [43], is the
likely source of the observed noise. This fluctuation can arise
due to phonon or impurity scattering [44] and characterized
by a wide distribution of relaxation times, giving rise to
1/f noise that appears at all frequencies as observed. The
temperature dependence can be explained by the Dutta-Horn
model, although probably with some modification [42,45]. On
the insulating side, standard generation-recombination noise,
typical of semiconductors, is likely the cause of the 1/f noise.
Since the region around Tj;; contains both the metallic and
insulating phases, the noise would arise from both. The noise
in the metallic phase is more dominant as evident by the
unchanged behavior of the higher frequency noise across Ty
[Fig. 2(b)].

In the low frequency range, the noise signature deviates
from o = 1 and increases by orders of magnitude [measured
at 3.9 mHz in Fig. 2(b)] in the PI and AFI phases. This is a
dramatic increase in magnitude and has been seen in all the
films in our study. It is worthwhile to note that spontaneous
electronic phase separation and inhomogeneous conduction in
oxides and other systems have been reported before near the
MIT [30,38]. There have also been reports of phase separation
in polycrystalline NdNiO; [35], as well as a structural phase
separation in NdNiOj crystals probed by Raman spectroscopy
[46]. Our results of excess noise and deviation from o = 1
directly point to an inhomogeneous electronic system that
originates below T),;, and it appears that the phase separation
into metallic and insulating regions is maximum near 7 and
the system naturally returns to a single phase of AFI as T is
further lowered [47]. This, however, does not suggest that the
phase separation has anything to do with the magnetic structure
appearing below Ty .

If phase separation is responsible for the observed excess
noise and an inhomogeneous conducting phase is present,
then the resistance fluctuations observed likely have a non-
Gaussian distribution [48], as observed in other systems
[49] and percolating networks [50]. In the next section, we
test for non-Gaussian fluctuations in the noise using two
complementary methods: by calculating the PDF [49,51,52]
and by calculating the higher-order statistics such as the second
spectrum [37,48,53]. The former is a method that analyzes
the time-domain data while the latter is a frequency-domain
method, and they complement each other in bringing out the
non-Gaussian fluctuations that may be present.

The resistance fluctuations center around an average value
as seen in Fig. 1(c). The PDF of the fluctuations represent the
number of occurrences of deviations of resistance fluctuations
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FIG. 3. Typical PDF for the voltage fluctuations at several
temperatures. The red curves in the top three graphs are Gaussian
fits. The top three are in the PM phase, the middle in the PI phase,
and the bottom are in the AFI phase. The vertical solid line is the
x = 0 line.

above and below the average value. A simple resistor will
have a perfect Gaussian distribution of PDF; deviations from
a Gaussian distribution point to more intriguing transport
mechanisms. Figure 3 presents data of the PDF calculated at
three representative temperatures in each of the three phases of
interest in our samples, along with fits to Gaussian distribution
(where applicable). The top three panels are from the PM
phase. It is clear that the noise is predominantly Gaussian in
nature, as evident from the near perfect fits over three orders
of magnitude in PDF. Moving to the middle three panels,
representing the PI phase where the excess noise develops, it
is no longer possible to fit the PDF to a Gaussian distribution,
and the noise is clearly non-Gaussian. In the bottom three
panels, which represent the AFI phase, one can notice that at
T = 60 K, the noise is Gaussian, while at other temperatures
(90 K and 80.5 K), the noise is non-Gaussian. The AFI phase
will be discussed in detail later.

The observation of non-Gaussian noise behavior only in the
PI and AFI phases further strengthens our argument that phase
separation likely happens in these phases. Another method to
test for the non-Gaussian noise signature is by calculating the
second spectrum. The second spectrum represents the Fourier
transform of the four-point correlations of the resistance
fluctuations, band-passed over a chosen frequency octave
(f1, fn) [37,53], and can be thought of as the noise in the PSD
itself, giving an idea about any possible correlations in a time
series. One way of quantifying non-Gaussianity is through
the normalized variance of the second spectrum o?. Typical
second spectra are shown in Fig. 4(a), along with the theoretical
spectrum expected for a Gaussian process [53]. It is clear that
the PM phase is characterized by purely Gaussian noise, which
becomes non-Gaussian in the PI phase consistent with the PDF
traces in Fig. 3. This can also be further clarified by looking
at the corresponding values of o® seen in Fig. 4(b) as the
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FIG. 4. (a) Second spectrum at five different temperatures, for
the frequency octave 0.05-0.1 Hz. The blue solid line is for an ideal
Gaussian process. (b) Normalized variance of the second spectrum,
0®, as a function of T. The dashed line marks o® = 3, which is the
theoretical value for Gaussian noise. The solid horizontal line is guide
to the eye. (c) An excerpt of the evolution of the PDF as a function of
time, at 7 = 30 K, shown here as a contour plot. (d) An example of
the double-peak nature of the PDF in the AFI phase (at T = 30 K),
taken across the vertical line in (c).

values deviate largely from 3, the theoretical value for a pure
Gaussian process.

Based on the PDF and the second spectrum, we can thus
conclude that the PM phase, where the excess noise is absent, is
Gaussian in nature, and the PI phase, where excess noise starts
to develop, is non-Gaussian. Hence, based on the observation
of increased noise magnitude at low f (Fig. 2), non-Gaussian
PDF signature (Fig. 3), and deviation of second spectra from
Gaussian behavior [Figs. 4(a) and 4(b)], we conclusively show
that phase coexistence and inhomogeneous conduction likely
play a major role in the transport in the PI/AFI phases.

Earlier, we mentioned that the AFI phase exhibits an
intriguing behavior: The fluctuations can be Gaussian or
non-Gaussian (Fig. 3) at different temperatures and it is a
puzzling result. Let us start from Fig. 2. Upon cooling below
Tn, the noise magnitude and « values both seem to be returning
to that in the PM phase, indicating the return to Gaussian
processes. Moving to the lowest panel of Fig. 3, we see
different cases: At 60 K the noise is Gaussian in the highest
two decades (we call it Gaussian-like), at 80.5 K and 90 K
the noise is non-Gaussian, while at lower temperatures it is
double-peaked and non-Gaussian. The variability of the results
here are not simply outliers since the measurements have been
repeated many times in the AFI phase, and we always find
that the noise is consistently changing between Gaussian-like,
non-Gaussian, and double-peak. This is also clear from the
changes in the values of o ® in Fig. 4(b): At some temperatures
0@ deviates away from the Gaussian value (3) and at some
other temperatures, it returns to the Gaussian value.

To shed more light on this dynamical behavior, we
measured the fluctuations for very long periods of time and
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plotted the resulting PDF as a contour plot in Fig. 4(c). The
complete evolution of the contours are in Appendix A. The
contour plot shows a ‘splitting’of the PDF at certain points
in time, extending for up to tens of minutes. Multipeak PDFs
have been observed in two-dimensional electron systems in Si
and were attributed to the existence of a ‘rugged’free energy
landscape [54]. We describe the ‘split’state as having transport
processes resulting in two relaxation times, t; and 1, such
that 7; > t and 1, < t. Collectively, a distribution with the
same average 7 is obtained, but the fluctuations are above and
below that average value, rather than being centered around
the average.

It is interesting to note, from neutron and x-ray diffraction
measurements in bulk NdNiOs, that the Nd** ions magneti-
cally order below 30 K due to the polarization induced by the
magnetic moments of the Ni ions [13,55,56]. In our films, at

FIG. 7. (Top) Second spectrum, for the ;NdNiO;/3NdGaOj; (left)
and NdNiO;/SrTiO; (right) films, at four different temperatures
across the transitions. (Bottom) the normalized variance of the second
spectrum, o?, for the two films in the same order. The blue solid line
in the top panels and the horizontal dashed lines in the bottom panels
mark Gaussian behavior.

time. A complementary, magnetic structural measurement on
Nd sublattices of these ultrathin films at very low temperatures
within the AFI phase may reveal interesting information. The
presence of a two-level system at 30 K is ruled out since the
voltage vs time trace does not contain random telegraph noise
characteristics [41,57].

T =70 K (see Fig. 8), still within the AFI phase, the noise 2%
behavior is purely Gaussian and the time evolution of the S, =
PDF [Fig. 4(c)] appears only at lower temperatures coinciding ‘o =
quite likely with the magnetic ordering of the rare earth. 50 5
The appearance of double-peaked non-Gaussian structure also v v
raises the intriguing possibility that we may be probing the =zl 2
subtle changes in the magnetic structure of two different Nd 2
ions giving rise to different scattering rates that evolve over
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FIG. 6. (Top) noise magnitudes for the NdNiO3; /NdGaO; (left)
and NdNiO;/SrTiOs (right) films. (Bottom) the corresponding o
values.

At 220 K, the film is in the paramagnetic metal phase and at 140 K
in the paramagnetic insulator phase. At 70 K and 30 K, the film is in
the antiferromagnetic insulator phase and displays dynamic behavior
discussed in the text.
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At 225 K, the film is in the paramagnetic metal phase and at 110 K
in the paramagnetic insulator phase. At 80 K and 30 K, the film is in
the antiferromagnetic insulator phase and displays dynamic behavior
discussed in the text.

IV. CONCLUSION

In summary, we studied the resistance fluctuations in
ultrathin films of NdNiO3; with various degrees of lattice
mismatch. The increase in noise magnitude at temperatures
below the metal-insulator transitions is a result of inhomo-
geneous electrical conduction arising from electronic phase
separation—an indication of coupling between spin, charge,
orbit, and lattice degrees of freedom. The alternation between
Gaussian and non-Gaussian states at low temperatures is an
interesting result that reveals a dynamical transport behavior
possibly linked to the magnetic structure.
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FIG. 10. X-ray absorption spectroscopy (XAS) data for the
NdNiO; film in comparison with the XAS of Ni>tO confirming the
desired Ni’* state.
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film on NdGaO; to examine the epitaxial relation between the film
and the substrate.
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APPENDIX A: RESULTS FROM OTHER FILMS

The results from the NdNiO3 /DyScOj; film were presented
above and similar, supporting data from the two other films,
NdNiO;/NdGaO; and NdNiO3/SrTiO3, are presented in the
Appendix. Figure 5 shows the resistances along with the
derivatives used to identify the transition temperatures as
discussed earlier.

The noise magnitudes at low (0.0039 Hz) and high (1 Hz)
frequencies are shown in the top of Fig. 6. The bottom panels
show « values obtained using a linear fit for two different
ranges similar to that discussed in the main section: 1 mHz
to 0.1 Hz and 0.1 to 1 Hz. The second spectrum and o® are
shown in Fig. 7.

I I I I I I

1500 137 K n
e — NdNiOy/NdGaO,
S 1000} = NdNiO,;/DyScO;
~ === NdNiO,/SITiO;
~
o0
2 500 .
o

0

|
50 100 150 200 250 300
T (K)

FIG. 12. Calculation of Ty in an alternative way as discussed in
Ref. [61].
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TABLE I. Lattice mismatch [58], room temperature resistivities, 7),, and Ty for the three substrates used.

Film/substrate Lattice mismatch p (300 K) (€2 cm) Ty (K) Ty (K)
NdNiO;/NdGaOs; +1.4% 6.9 x 107 164 136
NdNiO;/SrTiO3 +2.7% 1.32 x 1073 148 77
NdNiO;/DyScO3 +4.0% 6.2 x 107 182 113

Finally, in Figs. 8 and 9 we show the contour plots in each
of the three phases discussed for the NdNiO3;/NdGaOs and
NdNiO3/SrTiO; films. For each film, four different contours
at four temperatures are shown. Of these, one temperature is in
the high temperature paramagnetic metal (PM) phase, another
in the paramagnetic insulator (PI) phase, and two are in the
low-temperature antiferromagnetic insulator (AFI) phase.

APPENDIX B: SAMPLES AND CHARACTERIZATION

Our measurements are done on epitaxial NdNiOj; ultrathin
films that are 15 unit cells (in pseudocubic settings) thick
(~5.7nm) and are grown on three different substrates:
NdGaOs, SrTiO3, and DyScOj resulting in lattice mismatches
of +1.4%, +2.7%, and +4.0%, respectively. The films were
grown using pulsed laser interval deposition at 680°C and
150 mTorr of oxygen partial pressure. Structural charac-
terization of the films can be found in Ref. [58]. Oxygen
nonstoichiometry is an important issue of nickelate thin film
and heterostructures. This is because the most stable oxidation
state of Ni is ™2 while stoichiometric RENiO; requires Ni
with unusually high ** oxidation state. One very useful
method to check the presence of oxygen vacancy is the x-ray
absorption spectroscopy (XAS) measurement of Ni 3,2 edge,
for example, see Ref. [59]. Ni XAS of one representative
NdNiOs; film is shown in Fig. 10 with a comparison to XAS of
Ni**O. This XAS study confirms the desired Ni** oxidation
state and rules out the presence of oxygen vacancy.

To examine epitaxial relation between the film and sub-
strate, x-ray diffraction (XRD) has been performed and a
representative XRD trace is shown in Fig. 11. The out-of-plane

lattice constant is found to be 3.78 A for this film. Following

the method, described in Ref. [60], the strain is found to
be +1.3% for NdNiO3;/NdGaOs; film. This is very close

to the calculated epitaxial strain using bulk lattice constant
(4+1.4%) and reported here. However, it is to be noted that
the Poisson’s ratio v of NdNiOs3 is required to implement
the method described in the previous reference and there is no
experimental report of v of NdNiOj so far. Instead of assuming
the value of v, we have evaluated strain values using the bulk
lattice constant.

The metal-insulator transition temperature (7,;) and the
Néel temperature (7)) are obtained from taking the derivative
of the R vs T plots (see Fig. 5 where they are plotted as insets).
The temperature at which dlog(R)/dT crosses zero is taken
as Ty, and the change of slope in dlog(R)/dT is taken as
Ty. Table I below shows the transition temperatures and the
strain values for the films studied. More details about the strain
calculations are presented above.

As an alternative way of determining Ty, we followed
the procedure introduced in Ref. [61], where it is noted that
spin ordering alters the energy gap of magnetic insulators,
and thus the anomaly in ddhi+/RT can be used to specify the
magnetic transition temperature. This is shown in Fig. 12 for
the three films studied. Note that the noise analysis presented
does not depend on the exact values of Ty, rather discusses the
characteristics within each phases. While Ty, is different from
Ty for our [001]-grown NdNiO3; /NdNgO; films, other reports
in the literature found that Ty;; = Ty for similar films [36]. As
such, the calculated values of Ty and the division of the phase
diagram in that temperature range between PI and AFI phases
should be viewed as a rough guide and not as exact.
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