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Infrared Nano-Imaging of Electronic Phase across the
Metal-Insulator Transition of NdNiO; Films

Fanwei Liu()!f, Sisi Huang()?f, Sidan Chen()!, Xinzhong Chen()?,
Mengkun Liu()?, Kuijuan Jin()?* and Xi Chen()!*

!State Key Laboratory of Low Dimensional Quantum Physics and Department of Physics,
Tsinghua University, Beijing 100084, China
2Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
3 Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY. 11794, USA

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 phasestransition: Here we present
a nano-infrared study of the metal-insulator transition in NdNiO3 films by a cryogenic scamning 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 NdNiOj3 films at the nano-scale.

PACS: 68.37.Uv, 71.30.+h, 78.20.-e DOTI:

Perovskite rare-earth nickelates (RNiO3) are correlatedrelectron systems with charge-transfer type
metal-insulator transition (MIT) driven by temperaturel’ 3! /The mechanism of MIT in RNiO3 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

(75101 A charge order also appears in the insulating

paramagnetic metal to an insulator occurs at Tygp
phase. At the Neel temperature T < Ty, the spin structure becomes antiferromagnetic.

As a well-studied member of the RNiOgufamily, NdNiO3 (Fig.1(a)) undergoes the metal-to-insulator
and paramagnetic-to-antiferromagnetic transitions simultaneously’' =12 i.e., Ty = Tyrr. The metal-
insulator transition is also accompanied by a strugtural change from orthorhombic (Pbnm) to monoclinic

(12-13] " During the structure transition, the NiOg octahedra distorts and rotates.

(P21/n) symmetry

Compared with bulk NdNiOjs, epitaxial strain and finite film thickness result in more complications

during phase transition in films!'*~ 9. So far, most data about NdNiOs films was acquired by macroscopic

measurements. Nevertheless more a%i more/evidence indicates that the material exhibits strong spatial
an

inhomogeneity at the nano-scale
[17-19

microscopy is essential to elucidate the MIT mechanism. For
example, recent works I'deménstrate the nano-scale phase coexistence when the NdNiOg films go
through the first-orderdmetal-insulator{phase transitions. The phase transition is broadened by disorder
such as strain field and<{therefore occurs over a finite range of temperatures where the fraction of low-
temperature phase grows from zero to one as the temperature is lowered. Here we report another scenario
that features a continuous transition without phase coexistence when NdNiOj films go through the metal-
insulator transition. ‘The nano-infrared (nano-IR) study is performed on a scattering-type scanning
near-field micrescope (s=SNOM). Such infrared near-field microscopy probes local optical conductivity
with nanometer resolution29=21l and has been successfully applied to the investigation of correlated
oxides!22—24],

The NdNiOj films were deposited on the (100)-oriented cubic (LaAlOs3)g.3(SroAlTaOg)g.7 (LSAT, a =
0.3868 nm) substrates by pulsed laser deposition (PLD). The pseudo-cubic perovskite lattice parameter
of bulkNdNi©j_is estimated to be 0.3807 nm!?!. The in-plane lattice mismatch is 4+1.6%. Compared with
NdNiO; films grown on (110)-oriented NdGaQs substrates, the NdNiOgz films on the LSAT substrates
are under a larger tensile strain'®!. During the film deposition, the LSAT substrate was kept at 650 °C
under an'oxygen atmosphere of 20 Pa. Then the sample was annealed at room temperature under an

fThese authors contributed equally to this work.
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oxygen pressure of ~ 0.01 Pa. The film surface is reasonably flat (see the topography image in Fig. 1(b))
and the RMS roughness is less than 0.5nm. Fig. 1(c) shows the resistance versus temperatures(Ro— T')
curve of the 15 nm thick NdNiOj film measured by the conventional four-probe method. The first-order
transition 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 og¢curs over,a
finite range of temperature from 130 K to 200 K. The resistance at low temperature exponentially depends
on temperature, indicating that the film is in the insulating phase. The R — T curve suggests that«the
first-order metal-insulator transition has been broadened by disorder?’! and the thermalieycles 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 letter.

We employ a cryogenic s-SNOM to investigate the evolution of local electronic propérties of NdNiOg
films with temperature. The s-SNOM simultaneously maps the surface morphology and local optical
response at the 20 nm scale. The CO, laser (p-polarized, A = 10.26 ym) is focused on the atomic
force microscope (AFM) tip. The mid-IR excitation at 10.26 pm probesidominantly the free-carrier
Drude response of NdNiOj in accordance with far-field spectroscopy20=27, ThedAFM tip is tapping at
frequency €2 with an amplitude of ~ 50 nm. The local optical response is contained in the scattered signal.
The higher harmonics of Q 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 theéunfrared frequencies®!, 100 nm
gold film is deposited at the sample edge as the reference material to quantify the local optical response.
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Fig. 1. (a) Crystal structure of bulk NdNiQg. (b) AFM topography(29 of NdNiO3z film with 15 nm thickness at 85 K. (c)
Resistance versus temperature from the transport measurement in 15nm NdNiOs film. Arrows indicate the direction of
transitions on warming (red) and ¢ooling (black).

Fig.2(a) presents thethermal eyele of the infrared nano-imaging for the same region. The spatial
average S of the near-field signal normalized by gold (S = So(NdNiO3)/S2(Au)) shows significant tem-
perature dependencefand a hysteresis loop (Fig.2(b)). At the ends of the loop, S = 0.15 and 0.34,
respectively, corresponding to the insulating and conducting phases. The near-field signal is almost ho-
mogeneous 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 peints of the liysteresis in Fig.1(c). No double-peak structure signifying phase coexistence is
observed in the histogram. The inhomogeneity in nano-IR signal distribution only manifests the local
fluctuation, of conductivity.

The local eonductivity fluctuation is more pronounced in the relative nano-IR signal derived from
Fig. 2(a). Foreach temperature of the warming cycle, the image of AS (AS = §—S) is shown in Fig. 3(a)
(moredata in Fig. S1 and S2). The full range of the color scale is set to +15% of S. The images of S5 are
also shownin Fig. S3 in the supplementary information. S is similar to Ss in the relative signal but with
larger,absolute magnitude. The stripe-like inhomogeneity along the (011) direction begins to emerge at
the onset of phase transition on the R — T curve and eventually disappears at the other end point of
the hysteresis. The characteristic width of the stripes is about 2 yum. We propose that the stripe-like
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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 structuralsehange
gradually opens or closes the energy gap in the electronic band, leading to a second-order-like metal-
insulator phase transition. During the thermal cycle, the stripe-like modulation remains theé same but the
intensity evolves with temperature (see Fig. 3(b)). We suggest that the evolution of intensity experiences
various meta-stable states pinned by disorder in the process of structural transition, which'is responsible
for the hysteresis. More theoretical investigation is needed to confirm the above model.
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Fig.2. (a) Images of the normalized nano-IR signal (S) acquired from NdNiO3 film with 15nm thickness during the
warming (top) and céoling (bottom) transition. (b) The spatial average S of nano-IR signal through the MIT. Arrows
indicate the warming (ved) and cooling (black) transition. (c) Histogram representation of the normalized nano-IR signal
(S) on warming from 110K to 200 K.

To demonstrate that the above observation generally presents in the NdNiOg thin films, we perform
the experiments withidifferent film thicknesses. Fig.4(a) shows the R — T curve for a 7nm NdNiOj3 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.
Theé infrared nano-imaging (Fig.4(b)) and the relative intensity 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
normalizedby gold (S = S3(NdNiO3)/S2(Au)) exhibits a hysteresis 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 155 K
to 190K is wider than that from 130 K to 155 K possibly as a result 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. 3. (a) Images of relative nano-IR signal (AS = S — S) during the warming transit rom NdNiOgz film with 15nm
thickness. All images were acquired in the same field of view. (b) Line profiles{(red dashed lines in (a) from 150 K to 180 K)
showing the intensity of relative nano-IR signal (AS is normalized by S).
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Fig. 4. (a) Temperatare dependence of resistance acquired from NdNiOg films with 7 nm thickness. Arrows indicate the
warming (red).and ¢ooling (black) transition. (b) Images of normalized nano-IR signal (S) on warming (red arrows) and
cooling (black arrows). (€) Tmages of relative nano-IR signal (AS) on warming. (d) The spatial average S of nano-IR signal
through the MIT. Insert: A zoomed-in image shows the hysteresis feature below 155 K. (e) Histogram representation of the
normalized nano-IR signal (S) during the warming transition.

In summary, we demonstrate the phase transition in the correlated material NdNiO3 at cryogenic
temperature| by s-SNOM. The NdNiOj3 films on the LSAT substrate undergo a continuous transition
withoutyphase coexistence across the MIT. Such observation 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 structural change. Our study provides new
insights into the interplay between electronic and structural degrees of freedom in NdNiOg films.
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ding the parabolic
mirror focusing the incident laser light) is mounted on the cooling stage (Cryovac). The base
temperature of the AFM assembly is 85 K with a liquid nitrogen b ements were conducted
in an ultra-high vacuum (< 1072 mbar) environment to preven urface contamination (such as
accumulation of dirt and impurity).

Drift control We use a fiber-coupled interferometer (atto
of tip. The probes we use are commercially available frg orld (Arrow™ NCPt). The drift of

as could be applied on the Z-axis

the tip position is out of the adjustment rang
amplitude.

the area of the subsequent statistica
correct the raw images to acquire sig

ig. S1. More images of relative nano-IR signal (AS) on warming of NdNiO3 films with 15 nm thickness.
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Fig. S2. NdNiOs3 films with 15 nm thickness on (100)-oriented NdGaO3 substrate. The in-plane la
(a) Resistance versus temperature from the transport measurement. Arrows indicate the direct
(red) and cooling (black). (b) Images of relative nano-IR signal (AS) on warming in the NdN
The stripe-like modulation is formed during the phase transition near 210 K.

of tra S on warming
3 films with

Fig. S3. Images of relative third harmo
thickness. As a comparision with rela

’,

gnal during the warming transition in NdNiO3 films with 15nm
onic nano-IR signal in the same field of view shown in Fig. 3(a).

ig. S4. Images of relative nano-IR signal (AS) on cooling in NdNiOs films with 7nm thickness.
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