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NdNiOs is a typical correlated material with temperature-driven metal-insulator transition. Resolving the local
electronic phase is crucial in understanding the driving mechanism behind the phase transition. Here we present
a nano-infrared study of the metal-insulator transition in NdNiOs films by a cryogenic scanning near-field optical
microscope. The NdNiOs films undergo a continuous transition without phase coexistence. The nano-infrared
signal shows significant temperature dependence and a hysteresis loop. Stripe-like modulation of the optical
conductivity is formed in the films and can be attributed to the epitaxial strain. These results provide valuable
evidence to understand the coupled electronic and structural transformations in NdNiOjs films at the nano-scale.
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Perovskite rare-earth nickelates (RNiOg) are
electron systems with charge-transfer
type metal-insulator transition (MIT) driven by
temperature.l' =3 The mechanism of MIT in RNiOs
involves electronic, magnetic and lattice degrees of
freedom[*~% and is still under debate. The detailed
behavior depends on the species of the rare-earth
R ion. With decreasing temperature, the transition
from a paramagnetic metal to an insulator occurs at
Tavrr- 7190 A charge order also appears in the insulat-
ing phase. At the Néel temperature Tx < Ty, the
spin structure becomes antiferromagnetic.

As a well-studied member of the RNiOg family,
NdNiO; [Fig.1(a)] undergoes the metal-to-insulator
and paramagnetic-to-antiferromagnetic transitions
simultaneously,['112] i.e., The metal—
insulator transition is also accompanied by a struc-

correlated

TN = Twrr.-

tural change from orthorhombic (Pbnm) to mono-
clinic (P2;/n) symmetry.'*13] During the structure
transition, the NiOg octahedra distorts and rotates.
Compared with bulk NdNiOg, epitaxial strain and fi-
nite film thickness result in more complications dur-
ing phase transition in films.['*=16 So far, most data
about NdNiOj3 films was acquired by macroscopic
measurements. Nevertheless more and more evi-
dence indicates that the material exhibits strong spa-

tial inhomogeneity at the nano-scale and microscopy

fThese authors contributed equally to this work.

is essential to elucidate the MIT mechanism. For
example, recent works' 719 demonstrate the nano-
scale phase coexistence when the NdNiOjs films go
through the first-order metal-insulator phase tran-
The phase transition is broadened by dis-
order such as strain field and therefore occurs over
a finite range of temperatures where the fraction of

sitions.

low-temperature phase grows from zero to one as the
temperature is lowered. Here we report another sce-
nario that features a continuous transition without
phase coexistence when NdNiOj films go through the
metal-insulator transition. The nano-infrared (nano-
TR) study is performed on a scattering-type scanning
near-field optical microscope (s-SNOM). Such infrared
near-field microscopy probes local optical conductiv-
ity with nanometer resolution?-2!) and has been suc-
cessfully applied to the investigation of correlated
oxides. 2224

The NdNiOg films were deposited on the (100)-
oriented cubic (Lag 3Sro.7)(Alp.esTag.s5)0s (LSAT,
a = 0.3868 nm) substrates by pulsed laser deposition
(PLD). The pseudo-cubic perovskite lattice parame-
ter of bulk NdNiOj; is estimated to be 0.3807 nm.?
The in-plane lattice mismatch is +1.6%. Compared
with NdNiOj3 films grown on (110)-oriented NdGaOs
substrates, the NdNiO3 films on the LSAT substrates
are under a larger tensile strain.'®) During the film
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deposition, the LSAT substrate was kept at 650 °C
under an oxygen atmosphere of 20 Pa. Then the sam-
ple was annealed at room temperature under an oxy-
gen pressure of ~0.01 Pa. The film surface is reason-
ably flat [see the topography image in Fig. 1(b)] and
the RMS roughness is less than 0.5nm. Figure 1(c)
shows the resistance versus temperature (R-T) curve
of the 15-nm-thick NdNiOg film measured by the con-
ventional four-probe method. The first-order transi-
tion between orthorhombic and monoclinic symmetry
is smeared likely because of the strain field from the
substrate. The warming and cooling cycles form a
hysteresis loop. The transition occurs over a finite
range of temperature from 130K to 200 K. The resis-
tance at low temperature exponentially depends on
temperature, indicating that the film is in the insu-
lating phase. The R-T curve suggests that the first-
order metal-insulator transition has been broadened
by disorder®®! and the thermal cycles should undergo
various meta-stable states along the hysteresis loop.
However, the transport measurement does not cover
the issue of phase coexistence during the transition,
which will be addressed by s-SNOM in this study.

80 100 120 140 160 180 200 220
Temperature (K)

Fig. 1. (a) Crystal structure of bulk NdNiOs. (b) AFM
topography(26] of NdNiO3 film with 15nm thickness at
85K. (c) Resistance versus temperature from the trans-
port measurement in 15 nm NdNiOs film. Arrows indicate

the direction of transitions on warming (red) and cooling
(black).

We employ a cryogenic s-SNOM to investigate
the evolution of local electronic properties of NdNiOg
The s-SNOM simultane-
ously maps the surface morphology and local opti-

films with temperature.

cal response at the 20nm scale. The COs laser (p-
polarized, A = 10.26 um) is focused on the atomic
The mid-IR excita-
tion at 10.26 pm probes dominantly the free-carrier
Drude response of NdNiOj3 in accordance with far-

force microscope (AFM) tip.

field spectroscopy.?”28) The AFM tip is tapping at
frequency {2 with an amplitude of ~50nm. The lo-
cal optical response is contained in the scattered sig-
nal. The higher harmonics of {2 in the signal, i.e., S,
(n=2,3,...), are demodulated by a lock-in amplifier
(Zurich Instruments, HF2LI) to suppress the far-field
background. The self-homodyne detection is used in
the nano-IR imaging. Considering its nearly perfect
reflectivity in the infrared frequencies,*”! 100 nm gold
film is deposited at the sample edge as the reference
material to quantify the local optical response.

Figure 2(a) presents the thermal cycle of the in-
frared nano-imaging for the same region. The spa-
tial average S of the near-field signal normalized by
gold [S = S3(NdNiO3)/S2(Au)] shows significant tem-
perature dependence and a hysteresis loop [Fig. 2(b)].
At the ends of the loop, S = 0.15 and 0.34, respec-
tively, corresponding to the insulating and conducting
phases. The near-field signal is almost homogeneous
when the phase transition is completed. During the
transition, the inhomogeneity of S is illustrated by
the histogram in Fig. 2(c). For each temperature, the
counts of pixel as a function of S shows a single peak
centered at S. The peak width is maximized at 150 K
and approaches to zero at the end points of the hys-
teresis in Fig.1(c). No double-peak structure signi-
fying phase coexistence is observed in the histogram.
The inhomogeneity in nano-IR signal distribution only
manifests the local fluctuation of conductivity.

The local conductivity fluctuation is more pro-
nounced in the relative nano-IR signal derived from
Fig.2(a). For each temperature of the warming cycle,
the image of AS (AS = S — S) is shown in Fig. 3(a)
(more data in Fig.S1 and S2 of the Supplementary
Material). The full range of the color scale is set to
+15% of S. The images of S are also shown in Fig. S3
of the Supplementary Material. S, is similar to S3
in the relative signal but with larger absolute magni-
tude. The stripe-like inhomogeneity along the (011)
direction begins to emerge at the onset of phase tran-
sition on the R—T curve and eventually disappears at
the other end point of the hysteresis. The character-
istic width of the stripes is about 2 um. We propose
that the stripe-like modulation is most likely given
rise by the balance between the strain energy due to
inhomogeneity in the structure during the process of
phase transition and that exerted by the substrate.
The substrate tends to hinder the phase transition.
The competition favors a less uniform distribution of
structural transition and slows down the distortion
and rotation of octahedra. The frustrated structural
change gradually opens or closes the energy gap in the
electronic band, leading to a second-order-like metal—-
insulator phase transition. During the thermal cy-
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cle, the stripe-like modulation remains the same but  process of structural transition, which is responsible
the intensity evolves with temperature [see Fig. 3(b)]. for the hysteresis. More theoretical investigation is
We suggest that the evolution of intensity experiences  needed to confirm the above model.

various meta-stable states pinned by disorder in the
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Fig. 2. (a) Images of the normalized nano-IR signal (S) acquired from NdNiO3z film with 15nm thickness during
the warming (top) and cooling (bottom) transition. (b) The spatial average S of nano-IR signal through the MIT.
Arrows indicate the warming (red) and cooling (black) transition. (c) Histogram representation of the normalized
nano-IR signal (S) on warming from 110K to 200 K.
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Fig. 3. (a) Images of relative nano-IR signal (AS = S — S) during the warming transition from NdNiOj3 film with
15nm thickness. All images were acquired in the same field of view. (b) Line profiles (red dashed lines in (a) from
150K to 180 K) showing the intensity of relative nano-IR signal (AS is normalized by S).
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To demonstrate that the above observation gen-
erally presents in the NdNiOj thin films, we perform
the experiments with different film thicknesses. Fig-
ure 4(a) shows the R-T curve for a 7nm NdNiOg film
on LSAT prepared under the same growth condition as
that of the 15 nm film. The two kinks around 160 K on
the R-T curve may be related to an additional phase
transition and are still not well understood. The in-
frared nano-imaging [Fig. 4(b)] and the relative inten-
sity map (Fig. 4(c) and Fig. S4) of the 7nm film show

similar modulation as those of the 15nm film. The
spatial average S of the near-field signal normalized
by gold (S = S3(NdNiO3)/S2(Au)) exhibits a hys-
teresis loop [Fig. 4(d)]. The temperatures for the end
points of the near-field signal loop are close to those
of the R—T loop. The loop from 155K to 190K is
wider than that from 130 K to 155 K possibly as a re-
sult of the kinks at 160 K. Once again no indication
of phase coexistence is revealed in the histogram for
various temperatures [Fig. 4(e)].
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Fig. 4. (a) Temperature dependence of resistance acquired from NdNiO3 films with 7 nm thickness. Arrows indicate
the warming (red) and cooling (black) transition. (b) Images of normalized nano-IR signal (S) on warming (red
arrows) and cooling (black arrows). (c) Images of relative nano-IR signal (AS) on warming. (d) The spatial average
S of nano-IR signal through the MIT. (e) Histogram representation of the normalized nano-IR signal (S) during the

warming transition.
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In summary, we have demonstrated the phase tran-
sition in the correlated material NdNiOg3 at cryogenic
temperature by s-SNOM. The NdNiOgs films on the
LSAT substrate undergo a continuous transition with-
out phase coexistence across the MIT. Such observa-
tion is different from the previous studies and could be
due to the different substrates. The emerging stripe-
like modulation of optical conductivity during the
phase transition is attributed to the hindered struc-
tural change. Our study provides new insights into the
interplay between electronic and structural degrees of
freedom in NdNiOg films.
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