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Abstract

Electronic, magnetic, and structural phase inhomogeneities are ubiquitous in strongly correlated
quantum materials. The characteristic length scales of the phase inhomogeneities can range
from atomic to mesoscopic, depending on their microscopic origins as well as various sample
dependent factors. Therefore, progress with the understanding of correlated phenomena critically
depends on the experimental techniques suitable to provide appropriate spatial resolution. This
requirement is difficult to meet for some of the most informative methods in condensed matter
physics, including infrared and optical spectroscopy. Yet, recent developments in near-field optics
and imaging enabled a detailed characterization of the electromagnetic response with a spatial
resolution down to 10 nm. Thus it is now feasible to exploit at the nanoscale well-established
capabilities of optical methods for characterization of electronic processes and lattice dynamics
in diverse classes of correlated quantum systems. This review offers a concise description of the
state-of-the-art near-field techniques applied to prototypical correlated quantum materials. We
also discuss complementary microscopic and spectroscopic methods which reveal important
mesoscopic dynamics of quantum materials at different energy scales.
Keywords: strongly correlated electron materials, quantum materials, infrared spectroscopy,
vanadium dioxide, near-field microscopy, mesoscopic physics, phase transitions, phase
inhomogeneity
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CO
COO-I
CMR
DC
DDW
DFG
DW
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HTSC
IR
KPFM

AF
AFM
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Antiferromagnetic
Atomic force microscopy
Advanced light source
Aperture based scanning near-field optical
microscopy
CDW
Charge density wave
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CO-OO-AF Charge and orbital ordered antiferromagnetic
insulating state
0034-4885/17/014501+27$33.00

1

Charge order
Charge/orbital order insulating
Colossal magnetoresistance
Direct current
d-density wave
Difference frequency generation
Domain walls
Field cooling
High temperature superconductors
Infrared
Kelvin probe force microscope
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LPCMO
MFM
MIM
MR
NMR
NSMO
PCA
PDW
PEEM
PSCMO
QCLs
SDW
SINS
Sn
SNOM
STM
s-SNOM
TEM
THz
V–O
VO2
V–V
XRM
YBCO
ZFC

superconductivity: the two phenomena at the focus of contemporary condensed matter physics.
A mounting body of evidence suggests that the complexities of correlated matter are often associated with the effects
occurring at mesoscopic length scales. Minute modifications
of the electronic and lattice structure in quantum materials can
dramatically alter the ground state and result in the coexistence
of multiple phases in the same crystals. In such cases, it is obvious that reductionism cannot be applied to infer fundamental
physics [14] since the underlying complexities, especially
those associated with intrinsic phase separation, are often irreducible and become important attributes of the system. Energy
and/or momentum resolved spectroscopies can probe the electronic bands and elementary excitations with extreme sensitivity but are often incapable of revealing sufficient details of the
phase complexities: area and time averaging obscures possible
mesoscopic and metastable states. Therefore, scanning probe
and imaging experiments carried out with proper spatial resolution are needed to advance the understanding of the underlying physics of correlated quantum matter.
Complementary to the spectroscopic and real-space signatures are insights from the time-domain. Characteristic time
scales associated with the electron and lattice dynamics in
correlated materials can span from femtoseconds to hours.
Techniques with sufficient temporal resolution are able to
selectively excite and probe particular electronic, magnetic,
or lattice modes. Examples include time-resolved studies of
quasiparticle dynamics in superconductors [11, 15–24], and
heavy fermion compounds [25–29] as well as experiments
on photo-induced superconductivity [30, 31], and insulator to
metal phase transitions in vanadates [32–43], nickelates [44],
manganites [45–51] and transition metal dichalcogenides
[52]. We summarize some of the relevant effects in an energytime-space diagram in figure 1. We point out that traditional
time-domain measurements are carried out using diffraction
limited methods and are subject to area-averaging. Inevitably,
the important information regarding domain dynamics and
microscopic metastable phase formation is smeared or lost.
Therefore, a complete characterization of correlated quantum
materials needs to be carried out with fine spatial, temporal,
and spectral resolutions.
To meet the above-mentioned challenges, novel spatial and
temporal probes are being developed to investigate different
aspects of the electron and lattice behavior in correlated electron systems. Among them, modern infrared near-field imaging and spectroscopy techniques have combined the merits
of traditional broadband IR spectroscopy and sub-diffraction
optics. The low energy photons of THz and IR radiation
(1 meV–100s meV) are inherently sensitive to the elementary
excitations and collective modes of electrons and the lattice,
enabling direct inquiry into the material properties such as the
energy gap and superfluid density in high Tc superconductors,
coherent quasiparticle peaks and anomalous spectral weight
transfer in transition metal oxides. The fine spatial resolution
down to ~10 nm permits the direct visualization of phase separation. The recent integration of ultrafast pump-probe with
nano-scale spatial resolution is still in its infancy with the first
encouraging results presented in [53–59].
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1. Introduction: correlated quantum materials
and their multi-scale complexities
Strongly correlated quantum materials encompass a wide
class of systems in which interactions in the electronic system are essential for understating the exotic material properties that can’t be described by the single electron band theory
[1]. Charge, orbital, spin, and lattice degrees of freedom
are entangled in these systems and compete at microscopic
length scales, leading to complex emergent properties [2–5].
Examples of these properties include: numerous phase trans
itions and crossovers in correlated quantum matter, pseudogap
state, non-Fermi liquid behavior, and quantum criticality phenomena [6–11]. The electronic system in many correlated
systems is at the brink of the localization–delocalization trans
ition, yielding rich and complicated phase diagrams. A common attribute of many classes of quantum materials is that
these materials are susceptible to external perturbations such
as temperature, strain, doping , electric- and magnetic-field.
An incomplete list of correlated quantum materials includes
unconventional superconductors, multiferroics, magnetoresistive manganites, organic and inorganic Mott insulators.
Among these examples, transition metal compounds with partially filled d bands near the Fermi level are one of the most
studied correlated systems. Conventional single-electron band
theory usually predicts metallic behavior for such systems,
while many of them are, as a matter of fact, Mott insulators
at low temperatures [1, 12, 13]. Upon doping, Mott insulators reveal intriguing metal–insulator transitions and high Tc
2
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electronic and/or magnetic inhomogeneities. As one can see,
the phase inhomogeneities and phase separation are spread
over a wide range of length scales. In general, the formation
and the length scales of the inhomogeneous states are governed by the interplay between the competing energy scales
(e.g. Coulomb energy, kinetic energy, exchange energy,
domain and surface energy) [3, 118], disorder [119–122] and
frustration [123, 124]. We note that most of the references we
list in the legend of figure 2 are directly related to microscopy
techniques and are published in 2005–16.
A hierarchy of length scales associated with inhomogeneities is illustrated in figure 3. At the atomic level, one can
identify density inhomogeneities associated with the variation
of the electron or spin densities, or both. A variety of charge
ordered (CO) [103, 109, 125–131], charge density wave
(CDW) [18, 107, 112, 132–139], spin density wave (SDW) [7,
140–143], pair density wave (PDW) [144–148], and d-density
wave (DDW) [149–157] ordered states as well as a plethora
of charge and spin stripe states [4, 5, 158, 159] belong to this
category. Scanning tunneling microscope (STM) and transmission electron microscope (TEM) have an outstanding track
record of visualizing these inhomogeneities and unveiling
their impact in the physical phenomena observed in correlated
quantum materials.
The CDW-ordered or SDW-ordered states can extend over
macroscopic dimensions, forming various types of domains or
unidirectional stripes [4, 141]. When the rotational symmetry
is broken, the stripes (or smectic phases) can segregate into
nematic phases (figure 3(b)) [160]. This electronic nematic
order is usually formed due to the density modulation along
one unique direction and can be regarded as an electronic version of liquid crystals. However, unlike their molecular liquid crystals counterparts, the inherent instability of electronic
nematic/sematic phases yields a high susceptibility to small
perturbations such as crystal disorder. Typically, the domain
sizes of nematic phases range from a few lattice spacings
to tens of nanometers. The electronic nematicity has been
reported for hole-doped cuprates [110, 161–171] and Fe-based
high-Tc superconductors [109, 172–178]. Electronic nematicity is also believed to play an important role in the high Tc
phenomenon. For example, the d-wave pairing and enhancement of superconductivity have been linked to nematic charge
fluctuations near a quantum critical point [179, 180].
At even longer length scales, phase inhomogeneities are
realized in the form of percolating domains (figure 3(c)). The
mesoscopic pattern of the percolation and phase co-existence
can be influenced by pressure (or other long range fields)
and/or quenched disorder. Percolating domains are expected
to occur in the vicinity of a sharp first order phase transition
[3, 181–184]. Phase separation patterns in manganites, for
example, can be strongly affected by the long-range strain
field, where the local phases and length scales are believed
to be determined by the energy of elastic strain mismatch and
energies at domain boundaries [2, 3, 185–193]. Mesoscopic
domains can extend to micrometer dimensions. The order
parameters vary among domains (different conductivity, magnetization, lattice parameters, or band structures can co-exist
at the same time but not necessarily have different charge

Figure 1. Space–time–energy schematic diagram: multiscale
physics in strongly correlated quantum materials.

In this review we attempt to give a snapshot of mesoscopic
physics in several classes of correlated quantum materials
investigated via probing the electrodynamics of these systems with the nano-scale spatial resolution. The introductory
section of this article is followed by a brief account of phase
inhomogeneities in canonical correlated systems (section 2)
and optical near-field infrared/optical techniques (section 3).
Examples of near-field studies will be discussed along with
the data obtained by complementary microscopy techniques
(sections 4–6). Even though the roots of modern near-field
nano-optics capabilities can be traced to the pioneering papers
published in the 1980s and 1990s [60–67], only fairly recently
have these methods emerged as a capable tool delivering new
physical understanding of complex correlated electrons phenomena [68]. Recently developed new types of nano-optical
characterization methods such as polariton interferometry
[58, 69–80], thermal near-field spectroscopy [81, 82] and
nano-photocurrent characterization [83], can all potentially be
applied to enrich our present understanding of light–matter
interaction in correlated quantum materials.
2. Hierarchy of length scales in inhomogeneous
quantum matter
Phase separation and inhomogeneities are commonplace in
strongly correlated electron materials. In one form or another,
these effects have been observed in essentially every quantum
material that has been studied with scanning probe methods
offering atomic-, nano- and/or meso-scale spatial resolution.
There are many different forms of inhomogeneities in correlated electron systems, especially in transition metal compounds with 3d, 4d and f electrons. Figure 2 illustrates some
of the relevant length scales and uncovers the propensity of
correlated electron compounds towards the formation of
3
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Figure 2. Representative correlated quantum materials along with the length scales of phase inhomogeneities and related mesoscopic
phenomena. The color scheme represents different forms of the studied specimens: nanocrystals or nanobeams (green), highly oriented
films (dark blue), bulk single crystals (sky blue) and polycrystalline films (grey). In vanadium oxides, phase separation between insulating
and metallic domains has been visualized in single crystals [84–86], random phase percolation in high quality VO2 and V2O3 films on
sapphire substrates [68, 87] unidirectional stripe-like phase separation in highly oriented thin films [86, 88, 89] and periodic domain walls
within VO2 nanocrystals [90–92] or nanobeams [37, 93–102]. In manganites, charge/orbital ordering [103], quenched disorder [104],
and glassy behavior [105, 106] have been observed. Mesoscopic phenomena in cuprates and Fe-based high temperature superconductors
(HTSC) include charge density waves (CDW) [18, 107], stripe states [108], nematic phases [109], quenched disorder [110], checkerboards
[111, 112], glassy states [113], interface superconductivity, and giant proximity effects [114]. In heavy fermion systems, experiments and
theory revealed electronic Griffiths phases [9], spin/charge droplets [115] and Kondo holes [116, 117].

Figure 3. Schematic of multi-scale phase inhomogeneities [196–199] (a) spin density wave and CDW. Notice that the wavelength for SDW
is double the wavelength for CDW. (b) Electronic nematic stripe state (c) mesoscopic scale phase percolation and phase inhomogeneities.
Different phases with different electronic or lattice order can coexist in the nanometer to micrometer range.

3. Nano-scale near-field microscopy techniques

density or electrochemical potentials), leading to a rich and
variegated real space features in correlated materials [184].
The origin of different types of phase inhomogeneities as
well as the hierarchy of length scales in correlated quantum
matter is a vibrant area of research. A prevailing opinion is
that electron–electron and electron-lattice interactions play
a major role [10], and the microscopic electronic phases are
often related to the local variations of the crystal structure
[190]. Multi-length scale physics is a common feature of correlated materials. Other well-known examples of large scale
inhomogeneities in quantum materials include 2D electron
systems of semiconductors at high magnetic fields in high
mobility GaAs [194, 195].

Numerous microscopy methods have been applied to visualize and characterize the hierarchy of phase inhomogeneities in
quantum materials. Here we briefly summarize the contemporary microscopic techniques in table 1 [101, 200]. A thorough
review of these techniques, their capabilities, and limitations
is beyond the scope of this work.
The rise of near-field infrared/optical investigations of correlated quantum materials would not have been possible without recent advances in scanning probes and laser technologies.
Important technical breakthroughs enabled ultra-stable and
ultra-broadband light sources at IR frequency ranges, such as
4
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Note: (1) Transmission electron microscopy. Image shows aberration-corrected annular dark-field scanning transmission electron microscopy (ADF-STEM) of single layer graphene [201]. (2) Scanning tunneling
microscopy (STM). Image shows conductance map of checkerboard patterns in a lightly hole-doped Ca2−xNaxCuO2Cl2 single crystal [202]. (3) Atomic force microscopy (AFM). Image shows the chemical
structure of a pentacene molecule on Cu(1 1 1) [203]. (4) Scanning near-field optical microscopy (SNOM). Image shows anisotropic stripe-like phase separation in a VO2 film on TiO2 substrate [88]. (5) Magnetic
force microscopy (MFM). Image shows vortices in a single crystal Ba(Fe0.95Co0.05)2As2 superconductor [204, 205]. FM: ferromagnetic. (6) Photoemission electron microscopy (PEEM). Image shows phase
inhomogeneities in a (V0.989Cr0.011)2O3 crystal [87]. AF: antiferromagnetic. (7) X-ray microscopy (XRM). Image shows intrinsic phase separation in a K0.8Fe1.6Se2 single crystal [206]. See also a recent review on
coherent x-ray imaging [207]. (1) Reproduced by permission from Macmillan Publishers Ltd: [201], copyright 2011. (2) Reproduced by permission from Macmillan Publishers Ltd: [202], copyright 2004. (3) From
[203], reprinted with permission from AAAS. (5) Reproduced figure with permission from [204]. Copyright 2010 by the American Physical Society. (6) Reproduced by permission from Macmillan Publishers Ltd:
[87], copyright 2010. (7) Reproduced figure with permission from [206]. Copyright 2011 by the American Physical Society.
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Table 1. Contemporary imaging techniques with selected representative data.

Rep. Prog. Phys. 80 (2017) 014501
Report on Progress

Report on Progress

Rep. Prog. Phys. 80 (2017) 014501

Figure 4. (a) Schematic of the low-temperature microwave imaging microscopy (MIM) setup [234]. Inset: A tip approach curve and a SEM
picture of the shielded Pt tip. The scale bar is 2 µm. (b) Magnetic field dependent resistivity of Nd1/2Sr1/2MnO3 at 10 K [191]. (c) MIM
images of Nd1/2Sr1/2MnO3 at 2.4 T, 6.6 T, and 9.0 T (temperature at 10 K, scale bar  =  1 µm), corresponding to the dots in (b). Red: more
insulating. Yellow: more conducting. (a) Reproduced with permission from [234], copyright 2011 AIP Publishing LLC. (b) From [191],
reprinted with permission from AAAS.

quantum cascade lasers (QCLs) and high-repetition-rate ultrafast fiber lasers. These sources are capable of coupling sufficient
infrared power to the tip-sample system such that the much
smaller tip-scattered near-field signal is well above the noise
floor of modern infrared detectors. Artifact-free imaging can be
achieved with relatively easy optical setups and signal demodulation concepts (e.g. scattering type near-field setups and
demodulation schemes, section 3.2). The development of novel
detection schemes (e.g. pseudo-heterodyne detection) [208, 209]
and quantitative analysis [210–214] also have helped to advance
the technique. The commercialization of various types of nearfield techniques fulfilling both academic and industrial needs has
assisted the field as well. Synchrotron-based user facilities such
as the synchrotron infrared nano-spectroscopy (SINS) implemented at advanced light source (ALS) in Lawrence Berkeley
National Laboratory offer unique broadband nano-IR access
to the international community [215]. Comprehensive reviews
have been dedicated to the general topic of the optical near-field
techniques [67, 101, 200]. In this section we only emphasize
two different types of scanning near-field microscope techniques
with different frequency ranges at ambient or low temperatures.
We will discuss canonical examples of near-field and microscopic studies with high-quality samples of correlated quantum
materials in sections 4 and 5.
Non-scattering near-field microscopy includes aperturebased optical near-field scanning microscopy (a-SNOM)
[60, 216–225] and microwave impedance microscopy (MIM)
[191, 226–235]. These methods require a waveguide-like
structure to transmit the electromagnetic wave onto the AFM
tip (section 3.1). Scattering type technique (s-SNOM), on the
other hand, relies solely on free space propagation and on the
demodulation of the scattered light from the AFM tip (section
3.2). Among the many advantages of s-SNOM we highlight
the fact that the spatial resolution of this method is only limited by the curvature radius of the tip, which can be as small
as 5–10 nm [236] or even 1–2 nm in the case tips terminated
by carbon nanotubes. On the other hand, a-SNOM resolution
is limited by the size of the tip aperture, which must be no

smaller than 50–100 nm to ensure adequate coupling of the
near-field radiation. Both non-scattering type and scattering
type near-field microscopy can operate over a broad range of
frequencies from radio frequency, microwave, THz, Mid-IR to
near-IR, and visible regions. Since aperture-based SNOMs are
yet to find a broad utilization in correlated materials research,
in this review we only discuss MIM and s-SNOM.
3.1. Microwave impedance microscopy (MIM)

MIM measures the effective tip-sample impedance [234] at
microwave frequencies. It utilizes a sharp near-field probe, usually a specialized AFM tip, as an extension of transmission lines or
waveguides that delivers propagating microwaves to the sample.
The reflected microwave signal is sent back to microwave electronics through a λ/4 impedance matching scheme [234]. It yields
two orthogonal output signals: real (MIM-Re) and imaginary
(MIM-Im) parts of the impedance, corresponding to the loss and
capacitive parts of the tip-sample impedance. The MIM technique
requires special care since the tip has to be properly grounded and
a reference phase has to be properly adjusted to read meaningful
output signals. The wavelength is generally limited by the microwave electronics, which is typically in the 0.1 GHz (wavelength
~3 m, energy ~4  ×  10−7 eV) to 10 GHz (~3 cm, ~4  ×  10−5 eV)
frequency range. MIM can effectively probe the low energy
material response, yielding the resistance and capacitance of a
sample with a typical spatial resolution of 50–100 nm. The entire
assembly can be integrated in an exchange gas or a flow cryostat, and can be placed in a superconducting magnet as shown
in figure 4(a). This allows for temperature dependent (2–300 K)
and magnetic field dependent (0–9 T) MIM imaging of correlated electron materials. Compared to conductive AFM, MIM
provides a noninvasive approach at the low electromagnetic frequency range.
It is instructive to discuss the sensitivity of the microwave
imaging. At the microwave frequency region, one can approximate the tip-sample system as an RC circuit (inductance L
is omitted for open-circuit probes), empirically the optimal
6
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Figure 5. Schematics of scattering-type scanning near-field optical microscope (s-SNOM). (a) CW laser sources (b) ultra-broadband
synchrotron light source (c) table top ultrafast broadband IR laser source (d) table top THz broadband sources utilizing photoconductive
antennas (PCA) (e) AFM-based near-field platform with optics and sample stages. (f ) Interferometric detection.

tends to expand along the strain-free axis, consistent with the
in-plane anisotropy observed in the DC measurements. The
percolative phase transition is believed to play a role in the
observed phenomenon of colossal magnetoresistance (CMR)
[118, 185, 187–189, 238], where the resistivity at a given
temperature can change by several orders of magnitude with
the application of a magnetic field [239]. The directionality
of the domain growth has been observed in many correlated
materials including vanadates, manganites, and superconductors as we will discuss below. More examples on MIM and
manganites will be discussed in sections 5 and 6.

frequency for MIM with phase sensitivity is defined by the
empirical formula ωRC  ≈  1, where ω is the microwave frequency, R and C are the effective tip-sample resistance and
capacitance, respectively. From this relation one can find that
for lower frequencies, microwave imaging is more sensitive
to resistive samples with a higher resistivity. Therefore MIM
operates over a range of about four decades centered around 1
S m−1 [234] (sheet conductivity around 1 µS · sq for thin films
[231, 237]), complementary to Mid-IR and far-IR near-field
imaging techniques that are sensitive at higher conductivity
ranges.
One of the first MIM applications in correlated materials
research was a study of resistive networks in the manganite
thin film Nd1/2Sr1/2MnO3 (NSMO). A percolative phase trans
ition from a charge/orbital order insulating (COO-I) state to
a FM metallic state is observed at 10 K (figures 4(b) and (c))
[191]. The magnetic field dependent mesoscopic resistance
network can be visualized by the MIM-Im signal, which has
a monotonic dependence on the resistivity. COO-I domains
are evident at low magnetic field while FM-metallic filaments
percolate and continue to grow at higher magnetic fields. At
9 T the sample shows a large fraction of FM metallic state,
which is aligned to specific crystalline orientations of the substrate. This liquid-crystal-like metallic network is confirmed
to be electronic in origin as it is not apparent in the structural
characterization. It is worth noting that the mesoscopic pattern can be tuned by field-cooling (FC) or zero field cooling
(ZFC) processes (cooling the sample with and without applying a magnetic field, respectively). With the FC process one
can observe larger conducting domains than those revealed
in the ZFC scans, consistent with the hysteretic nature of the
phase transition. The elastic strain plays a crucial role in the
mesoscopically ordered network observed in NSMO, which

3.2. Scattering type SNOM (s-SNOM) and nano-IR
spectroscopy

Scattering-type scanning near-field optical microscopy
(s-SNOM) is an AFM based technique enabling sub-diffraction-limited studies of optical properties [66, 240]. It is a
versatile method that allows nano-scale imaging and spectr
oscopy from terahertz frequencies to visible wavelengths
and at variable temperatures [101, 200, 240, 241]. Natrually,
s-SNOM inherits all the features of AFM including various
modalities of topographic imaging. Additional modes including MFM, Kelvin probe, and conducting AFM can be implemented in an s-SNOM setup. Figure 5 shows a schematic for a
state-of-the-art s-SNOM adapted for broadband spectroscopy
and ultrafast pump probe capabilities.
The sources of radiation in modern s-SNOM are CW
or ultrafast lasers. The detection of the scattered signal
requires high NA focusing optics (lens or parabolic mirror,
figure 5(e)), a reference arm (an asymmetric interferometer)
and a relatively fast (>2 MHz) detector. The reference arm
is used to multiplicatively enhance and phase-reference the
7
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but are yet to be experimentally explored in systems with correlated electrons [252].

detected near-field signal with homodyne or pseudo-heterodyne detection (figure 5(f )), yielding the amplitude and phase
of the near-field signal. In a typical setup, a CW or broadband
laser beam can be focused onto a metalized (metal coated or
semiconducting) AFM tip and the back-scattered signal (Sn)
is demodulated at higher harmonics of the tip’s tapping frequency (n  =  2, 3, 4…). These higher harmonic signals (S2–S4)
contain information about the local dielectric function with
suppressed topography-induced artifacts [211, 242–245]. In a
typical table top experiment, QCL or gas lasers are employed
as monochromatic IR light sources (with moderate frequency
tuning, figure 5(a)). IR and THz pulses generated from ultrafast lasers can be used as coherent broadband probes [246]
(figures 5(c) and (d)). The center frequency range of IR pulses
produced via difference frequency generation (DFG) method
in a nonlinear crystal (e.g. GaSe) is tunable from ~700 cm−1
to ~2200 cm−1 with a typical bandwidth of ~250 cm−1 (full
bandwidth ~4–16 µm). THz pulses generated from photoconductive antennas can cover a 0.2 THz–5 THz frequency ranges
(~60 µm–1.5 mm, figure 5(d)). Synchrotron-based national
facilities (figure 5(b)) such as the SINS at ALS Berkeley yield
ultra-broadband nano-IR capabilities with a typical bandwidth from 350–4500 cm−1 (~2–30 µm) [215]. Spectra of the
amplitude and phase of tip-scattered fields in aforementioned
broadband sources can be obtained via asymmetric Michelson
interferometric detection, analogous to conventional Fourier
transform spectroscopy [211, 215, 242]. In addition, with
coherent light pulses, amplitude and phase information can
also be obtained simultaneously from time domain measurements via e.g. electro-optical sampling, which was recently
demonstrated in reference [55]. The flexible geometry and
the novel way of demodulating scattering signals ensure that
s-SNOM provides exquisite optical imaging and broadband
spectroscopy capabilities with a spatial resolution limited
only by the apex radius of the AFM tip [247].
Near-field optical techniques can be extended to the timedomain by utilizing the ultrafast pulses as light sources. A
near-field pump-probe experiment is suitable for real-time
nanoscale characterization down to ~20 nm combining with
~20 fs temporal resolution [53–59]. The combined ultrafast
and near-field optics platform offers an opportunity to harness photoexcited dynamics in the search for hidden phases
in quantum materials where local inhomogeneities are omnipresent [37, 68, 76, 86, 88, 89, 100, 191, 244, 248, 249]. This
line of inquiry critically depends on yet another experimental
capability: cryogenic operation. Cryogenic infrared (IR) nearfield imaging is challenging: in order to prevent surface contamination (e.g. water layer adhesion) at low temperature, an
ultra-high vacuum environment is mandatory. Current stateof-the-art cryogenic s-SNOM has been demonstrated to operate in a ~20 K–500 K temperature range [250] in a ~10−9 mbar
UHV environment. Although not the main topic of this review,
we wish to emphasize that near-field techniques also allow
access to finite momenta: a natural consequence of light scattering off the AFM tips [249]. Finite momentum coupling is
indispensable for studying plasmonic and polaritonic effects
in quantum matter. So far these polaritonic effects have been
investigated in graphene and other 2D materials [69–78, 251]

4. Near-field imaging and spectroscopy of phase
separation in vanadium oxides
VO2 is a strongly correlated phase change material with an
insulator to metal phase transition (IMT) temperature at TIMT
~ 340 K [253]. The phase transition leads to a ~4–5 orders of
magnitude change in conductivity. Accompanying the IMT,
there is a structural phase transition (SPT) in which the
crystal symmetry changes from a monoclinic state to a rutile
state with V–V dimerization [254, 255]. Vanadium dioxide
(VO2) was the first and most extensively studied correlated
system with nano-optical methods [68]. Numerous publications dedicated to VO2 attest to the rich physics associated
with the IMT and phase separations that can be uncovered with nano-IR experiments [37, 68, 86, 88–93, 95–98,
256–263]. The origin of the IMT in VO2 has been debated
for decades. While it is certain that both Mott and Pierels
physics play a role in IMT, it was only recently that evidence
suggested the separation of the electronic and lattice phase
transitions at the nano-scale [88, 257, 260]. Femtosecond
time-resolved spectroscopy also reveals that VO2 band gap
collapses with photo-excitation in the absence of a structural bottleneck [34, 264], supporting electronically driven
IMT [265]. New evidence from nanoscale probes indicates
that many of the discrepancies found by comparing different measurements might originate from mesoscopic inhomogeneity in samples under investigation. Here we discuss
a few recent reports on phase separation in VO2 studied via
near-field imaging.

4.1. Electronic phase separation in VO2

Figure 6 shows near-field imaging of phase inhomogeneity
patterns observed in different forms of VO2 including films
(figures 6(a), (d) and (e)) [68, 88, 89], microcrystals (figure
6(b)) [37] and nanoplatelets (figure 6(c)) [91]. It is evident
that near-field microscopy is a versatile technique capable of
studying all of the above sample forms. Nano-IR methods
can even access the cross sections of thin film samples (figure 6(e)) [89]. These measurements are acquired at IR and
microwave frequency ranges which effectively probe the
Drude conductivity tail associated with correlated electrons
[68]. We note the brighter color (such as white, red or golden)
represents a more metallic response by convention while the
darker color (such as black and dark blue) represents a more
insulating response.
Figure 6(a) shows the first IR near-field study of a correlated electron system. This plot evidently demonstrates the
nucleation and growth of metallic regions during a thermally
induced phase transition in a VO2 film on sapphire substrate
[68]. This work has generated substantial interest and evoked
a wave of enthusiasm to search for phase inhomogeneities and
related memory effects in VO2 and other related materials by
means of nano-IR methods.
8
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Figure 6. (a) Temperature dependent IR near-field images of VO2 film on a sapphire substrate (341–343.6 K) [68]. Image size: 4  ×  4 µm.

Infrared frequency ω  =  930 cm−1. Red: metallic phase. Blue: insulating phase. (b) Temperature dependent IR near-field images of VO2
microcrystals [37]. Alternating metallic (white) and insulating (blue) domains form perpendicular to the cR axis of the microcrystals.
Domains can be irregular and shrink to small metallic puddles close to the phase transition temperature. The IMT is probed by a 10.8 µm
CO2 laser. (c) Temperature dependent MIM images of VO2 nanoplatelets [91] (65–140 °C). White regions signify high conducting
metallic state and blue is insulating. (d) Unidirectional phase separation in a VO2 film on a [1 1 0]R TiO2 substrate, measured by IR nearfield imaging [88]. The samples are thermally heated by a near-IR pump laser (at ~1.5 µm). Top row: IR scattering amplitude S3 recorded
at distinct power levels of the pump laser. Bottom row: sample topography (AFM) for the images displayed in the top row. The center
frequency of the probe beam is ~1100 cm−1. (e) IR Near-ﬁeld image of the VO2/[1 0 0]R TiO2 cross-section at 335 K [89]. The VO2 ﬁlm
thickness is ~250 nm. (a) From [68], reprinted with permission from AAAS. (b) Reproduced by permission from Macmillan Publishers Ltd:
[37], copyright 2015. (c) Reproduced with permission from [91], copyright 2010 American Chemical Society.

Figure 6(b) displays IR near-field imaging of the thermally induced IMT in VO2 microcrystals with thicknesses of
25–200 nm. The metallic domains are formed perpendicular to
the rutile c axis (cR axis) to minimize the free energy associated
with the substrate-induced strain. The highly inhomogeneous
IMT behavior in a seemingly homogeneous single crystal reveals
the fact that defects, intra-crystal inhomogeneity and spontaneous strain formation is crucial in determining the microscopic
domain pattern and it is a highly dynamic process when the
temperature is close to TIMT [37]. Figure 6(c) reports the formation of domains in nanoplatelets of VO2 measured by MIM working in the contact-AFM mode (the microwave frequency was
tuned to 1.78 GHz). It is found that upon heating, existing metallic regions can reenter the insulating (semiconducting) phase,
indicating important long-range elastic interactions with domain
boundary movement (for example, at 130 °C in figure 6(c)). This
study reveals the importance ferroelastic behavior where the
Ginzburg–Landau approach can be used to consider the general
rules of phase transitions in nanomaterials with epitaxial strain.
Figure 6(d) displays an IR near-field study of a VO2 thin
film on a [1 1 0]R TiO2 substrate. In order to perform experiments at elevated temperatures, an optical pump beam centered
at the near infrared wavelength of 1.5 µm was used to thermally
excite the sample. To properly reference the near-field signal,
lithographically patterned gold pads were deposited on the sample to enabled in situ sample-reference scans within the same

scan window (to the left of each image in figure 6(d)). It was
found that with the optical pump, one can generate local heating
with a similar effect as increasing the temperature while providing more stable AFM and s-SNOM performance. As shown
clearly in the first row in figure 6(d), a highly stripe-ordered
pattern with unidirectional domains running along [1 1 0]R was
observed. The density and width of these stripes increased
with increasing pump intensity. The key finding was that the
macroscopic anisotropy of the film is intimately related to the
phase separation at microscopic scales. Electronic anisotropy
as measured by DC, far field IR or THz measurements with
a large detection area yield a highly anisotropic conductivity
(up to σb/σc  =  50) due to the averaging effect over the observed
unidirectional in-plane phase separation. The phase separation
is also found in cross sections of the samples where the strain
field varies across the depth of the sample (figure 6(e)).
Near-field results provide a unique real space perspective for the tunable macroscopic dynamics in VO2 films. It is
useful to summarize the emerging trends of the mesoscopic
patterns in VO2 samples, especially for those in bulk crystal
and thin film forms since they are widely accessible. Figure 7
illustrates differences between bulk VO2 crystals and highly
oriented VO2 film behavior, investigated by nano-IR imaging
at ~1000 cm−1. The left panel presents actual data (top view)
and the right panel provides simplified schematic drawings
(side view). It is evident that bulk crystals, VO2/sapphire films
9
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Figure 7. VO2 phase separation diagram [86, 88, 89]. Left: near-field images (top view) on VO2 bulk single crystal, VO2 on sapphire and

[1 1 0]R and [0 0 1]R TiO2 substrates. Golden (blue) color represents the metallic (insulating) state. The probe wavelength is centered at ~10
µm. Images are all 3 µm  ×  3 µm. Film thicknesses and temperatures are indicated on the top of each image. Right: schematic side view of
the crystal/substrate symmetry and strain (in this case film thickness) dependent phase separation in VO2, with each position corresponding
to the images in the left panel.

and electronic properties with the same spatial resolution as
the near-field images.

and VO2/TiO2 films show distinct mesoscopic patterns in the
vicinity of IMT. For VO2 bulk crystals, a sharp insulator–
metal phase boundary is observed between the monoclinic
and rutile phases. For high-quality VO2 films on sapphire
substrates, complex phase percolation can be observed and
depicted by the random field model [68, 266]. For highly oriented VO2 films on [1 1 0]R TiO2 with in-plane cR-axis, selforganized patterns are evident. In VO2/TiO2 [1 1 0]R films,
alternating compressive and tensile strain yields interesting
stripe-like patterns due to the epitaxial strain mismatch and
VO2 symmetry breaking [35, 50]. For highly oriented VO2/
TiO2 [0 0 1]R films with an out-of-plane cR-axis, a uniform
and gradual phase transition pattern is observed. This dramatic change in near-field patterns observed among different
VO2 samples signifies a process of phase separation mediated
by local strain and crystal symmetry [86]. This systematic
observation can serve as a starting point for understanding
correlated quantum materials under epitaxial strain via nearfield methods. To further elucidate details of the lattice and
electronic states that occur with phase inhomogeneities, one
needs to obtain spectroscopic data augmenting the near-field
images collected at the selected frequencies. Broadband
nano-IR spectroscopy is therefore well poised to reveal spectroscopic signatures that are representative of the structural

4.2. Near-field infrared spectroscopy of structural and
electronic phase transitions in VO2

The ability to obtain local optical spectra with 20 nm resolution is invaluable to material research. As previously
introduced in section 3, infrared nano-spectroscopy can be
performed with state-of-the-art table-top and synchrotron
facilities, providing direct access to electronic and vibrational
features. Initial efforts have been conducted with both sources
to study the phase transitions in VO2 thin films. These experiments were motivated by the challenge to investigate the interplay between the electronic and structural phase transitions.
The initial efforts of nano-IR studies of VO2, although
limited by the available IR bandwidth, are stimulating and
suggestive. In films with an in-plane cR axis where individual
metallic islands can be spotted, a separation of lattice dynamics and electronic behavior at ~100 nm length scales can be
identified (figure 8(a)) [88]. However, in thin films with an
out-of-plane cR axis where no obvious domain boundaries
are observed, the film is mostly clamped by the epitaxial
strain and the electronic structure and lattice structure show
10
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Figure 8. (a) Near-field spectra from three selected locations around a metallic island in the inset image of near-ﬁeld amplitude.
Reproduced with permission from [88]. Copyright 2015 by the American Physical Society. The sample is a 300 nm VO2/TiO2 [1 1 0]R
film. (b) Normalized nano-IR spectra S2 taken at five representative locations on a 30 nm VO2/TiO2 [0 0 1]R film [86]. The five locations
are chosen to be with increasing local compressive strain along cR axis (increasing strain from bottom to top, indicated by the arrows. For
clarity, the curves in (d) are shifted vertically. The high-frequency end of the un-shifted data is also plotted at ~950–1000 cm−1.

synchronized shifts (figure 8(b)) [86]. These results are
achieved by simultaneously monitoring the local metallicity
at ~1000 cm−1 and local IR active phonon modes at below
~700 cm−1 in a ~20  ×  20 nm2 area. The experimental results
suggest that the intermediate metallic states likely exist at the
early stages of the phase transition due to epitaxial strain or
defects. In this peculiar intermediate state electronic IMT is
shown to precede the structural phase transition, as shown in
figure 8(a) (also see reference [248, 257, 265]).
To further scrutinize the role of V–V and V–O bonds in VO2
and draw a conclusive picture of the electron-lattice correlation, a broader IR bandwidth is required to access the entire
set of the IR active modes. Nano-IR spectroscopy and nanoimaging at a wide spectral range (e.g. 100 cm−1–5000 cm−1) is
a technique of choice for this line of inquiry. Other collective
electronic modes such as polaronic and excitonic responses
can also be extensively investigated in correlated quantum
materials in well-defined strain or geometrically confined
environments.

by six oxygen atoms to form a MnO6 octahedron). The trivalent rare earth and/or divalent alkaline earth cations serve as
electron or hole reservoirs for the Mn–O bonds. When doped,
the double exchange interaction and electron lattice interaction (Jahn–Teller) compete to set the 3d electrons at the brink
of the localization and delocalization. For example, the CMR
manganite compound LaMnO3 (Mn3  +  (t 32ge1g)) has an antiferromagnetic insulating ground state. With appropriate doping such as Ca2+ or Sr2+, it establishes a mixed valence state
(Mn3+/Mn4+) with many different types of phase transitions
occurring over a wide temperature range, such as in the case
of La1−xCaxMnO3.
The first piece of evidence of phase coexistence in manganites (La1−xCaxMnO3) came from neutron scattering studies in 1955 [281], only 5 years after the first discovery of the
novel DC and magnetic behavior of the materials [282, 283].
Phase coexistence was later confirmed with numerous techniques such as noise measurements [284] micro x-ray diffraction [285, 286], nuclear magnetic resonance (NMR) [287],
and Mossbauer spectroscopies [288]. The first experimental
work to show a direct visual of the electronic inhomogeneities
was a TEM study of charged stripes in La1−xCaxMnO3 thin
films [126], followed by works with other types of high resolution imaging techniques, such as dark field images [185],
STM [289–291], MFM [105], and PEEM [106]. Numerous
theoretical efforts as well as several reviews on the subject of
phase coexistence have been published [2, 3, 189, 190, 196,
292, 293]. To date, the phase coexistence and inhomogeneities
in manganites have been firmly established and are believed
to be due to the similarity of the free energy scales of different
phases. However, on account of defects or strain, the phase
separation cannot be simply explained by local and global
energy minima as addressed in numerical simulations [190,
292]. The effects of short- and long- range lattice distortion
must be considered as well.
One example of a near-field study of doped manganites is given in figure 9, where MIM is performed at above
room temperature to identify the domain walls (DW) in

5. Phase separation and nano-imaging
in manganites
Manganese oxides, or manganites, have been a field of intense
study for decades due to their extraordinary electronic and
magnetic properties. The study of manganites has brought
forward important concepts in modern condensed matter
physics such as Jahn–Teller distortion [267–273] and double
exchange interaction [274–278]. These extraordinary properties often originate from the interplay between the strong
correlation of the 3d-electrons and the itinerant properties of
doped holes. Manganites received renewed interest in 1990s
following several milestone discoveries: for example the large
magnetoresistance (MR) effects in Nd0.5Pb0.5MnO3 [279] and
La2/3Ba1/3MnOx [280] and CMR effect in 1994 [239].
The perovskite lattice structure of manganites is referred to
as having a crystal structure related to the mineral perovskite
CaTiO3 (an ABO3 structure with manganese atom surrounded
11
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Figure 9. MIM study of layered manganite Pr(Sr0.1Ca0.9)2Mn2O7. Reproduced by permission from Macmillan Publishers Ltd: [103].
Copyright 2015, CC BY 4.0 (a) The temperature and resistivity dependence of MIM-Im and MIM-Re signals. (b) MIM-Im (c) and MIM-Re
images of CO1 and CO2 phase coexistence, respectively. Scale bars in (b) and (c) are 5 µm. (d) Temperature dependence of charge-order
domain walls and domain boundaries with enhanced conductivity observed by high-contrast MIM-Re imaging. Scale bars in (d) are 3 µm.

Pr(Sr0.1Ca0.9)2Mn2O7 (PSCMO). The layered manganite
PSCMO reveals a non-charge-ordered phase at high temper
ature (>370 K) and two charge-ordered states at relatively at
lower temperature: CO1 below ~370 K and CO2 state below
~303 K [103]. As shown in figure 9(a), when the temperature
decreases (top horizontal axis), the average in-plane resistivity increases with the emergence of CO1 and CO2 phases.
Since the real and imaginary part of the MIM pick up the
resistive and capacitive responses of the tip-sample interaction, respectively, they have different responses to the average
in-plane resistivity. Since CO1 phase has a lower resistivity,
the MIM-Im signal is higher in the CO1 phase, as shown in
figures 9(a) and (b). It is worth emphasizing that unlike IR
near-field imaging, the MIM-Re signal is non-monotonic with
the resistivity and while the MIM-Im response is monotonic.
Therefore, in order to map the charge ordered phases and the
domain walls with reliable contrast MIM-Re signal is chosen
only at monotonic regions above 300 K (figures 9(a), (c) and
(d)). Even though the DW can be as narrow as several nm as
predicted by finite element analysis, they can nevertheless be
picked up by the MIM signal with ~100 nm resolution (figure
9(d)). The DW also show preferential orientation along certain
axis (a  ±  b) where the conductivity is enhanced compared to
the adjacent domains due to the local lifting of the CO phases.
The density of the DW also differs in different CO phases: in
the CO2 phase is denser, as shown in figure 9(d).
Figure 10 shows a PEEM study of La0:35Pr0:275Ca0:375
MnO3 between 48 K and 138 K with x-ray magnetic circular
dichroism (XMCD) [106]. The charge- and orbital-ordered
antiferromagnetic insulating state (CO-OO-AF) coexists with

the ferromagnetic metallic (FM) domains. As the temperature
decreases, FM domains arise out of the CO-OO-AF background together with a clear thermal hysteresis. This phase
coexistence is considered to be a direct result of the glassy
nature of the charge and orbital order in the CO-OO-AF phase,
as confirmed by PEEM and resonant elastic soft x-ray scattering (RSXS). This mesoscopic phase texture in La0:35Pr0:275
Ca0:375MnO3 is in stark contrast to the previously discussed
results in PSCMO, which has no FM order [294].
Besides thin films and bulk crystals, recent experiments
in LPCMO microbeams/microcrystals have demonstrated
phase separation domains and edge states ranging between
tens to hundreds of nanometers. The formation of nanometer
size domains can be clearly detected by the abrupt resistance
change upon increasing temperature (figure 11(a)) in DC
measurements. This type of domain separation has been visualized with cathode luminescence (CL) imaging using scanning electron microscopy [296]. As shown in the figure 11(b),
the integrated sum of CL intensities unambiguously demonstrated that the nanoelectric domains with single domain
sizes in LPCMO are 70–200 nm. Notice that with different
CL intensity integration ranges (450 nm–520 nm and 680
nm–750 nm), the contrast of the image is opposite in LPCMO
(middle and bottom image in figure 11(b)). Edge states have
also been identified in LPCMO under high magnetic field
[297]. Figure 11(c) demonstrates distinct appearance of
the ferromagnetic (FM) metallic state along the edge of the
LPCMO stripes under 9 T using magnetic force microscopy
(bright contrast at 10 K in figure 11(c)). This pronounced mesoscopic ferromagnetic edge phase displays a ferromagnetic
12
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Figure 10. PEEM XMCD images of La0.35Pr0.275Ca0.375MnO3 taken from 138 K to 48 K showing hysteresis. Between 75 K and 100 K, alternating

FM stripes dominate the micro texture. Reproduced figure with permission from [106]. Copyright 2012 by the American Physical Society.

signal 10 times larger than that of the electronic phases inside
the strip and is expected to be seeded at the nanometer scale.
Despite the well-documented studies of mesoscopic physics in manganites, methods capable of simultaneously monitoring the electronic, magnetic, and lattice structure are still
lacking at this stage. A broadband nano-IR setup with a magnetized tip can realize AFM, MFM, and near-field IR imaging
& spectroscopy within a single measurement. Therefore, combined with the low temperature capabilities, the IR s-SNOM
technique is potentially well suited for affirming the relation
between the magnetic (especially ferromagnetic) or electronic
phase transitions and their correlation with the structural
changes. Cryogenic near-field IR measurements are needed
for nano-characterization of various types of low temperature
phases in manganites, together with other novel transition
metal compounds such as high Tc superconductors, iridates,
and osmates.

The Ir moments either points to or points away from the centers of corner-sharing tetrahedron, forming an ‘all-in–all-out’
(or all-out–all-in) magnetic order at low temperature insulating phase [298, 300–304] (figure 12(a)).
The all-in–all-out (AIAO) and all-out–all-in (AOAI)
domains in Nd2Ir2O7 are found to be extended to micrometer
sizes with highly conductivity domain walls, as being confirmed with MIM-Im imaging (figures 12(c) and (d)). The
formation of these conductive domain walls can be regarded
as the origin of the conductive features of the untrained samples at low temperatures and the step like conductance change
under the high magnetic field up to 9 T (figure 12(b)).
The IMT and AIAO/AOAI magnetic order have been demonstrated in other types of pyrochlore oxide compounds as
well. For example, osmium pyrochlore oxide Cd2Os2O7 is
well known for its abrupt IMT at ~227 K [305]. This second
order IMT accompanied by a concurrent phase transition in
magnetic order [306] has been previously studied by optical
spectroscopy [307, 308] and only recently has been interpreted as a Lifshitz-type transition [308, 309]. It is plausible
that the IMT is induced by AIAO ordering [310–312], where
no doubling of a magnetic unit cell is needed. The AIAO
magnetic domain structure is directly observed in real space
with high resolution x-ray micro-diffraction performed at the
Os L3 absorption edges (10.871 keV) [313]. Interestingly, the
magnetic domain distribution can be controlled by the orientation of the applied magnetic field, despite that fact that the
magnetic domains are antiferromagnetic [313].
The similarities in the iridates and osmium compounds
seems to suggest a rather universal magnetic domain behavior
in 5d pyrochlore oxides [303, 309]. In future studies broadband IR near-field investigations can be unutilized to determine the evolution of the band shifts within single magnetic

6. Domain formation and domain boundaries in
iridates and osmates
Although relatively unexplored, iridates, either in the form of
the Ruddlesden–Popper series (Srn+1IrnO3n+1) or in the pyrochlore form (A2Ir2O7, where A  =  yttrium or a lanthanide element), have drawn much attention recently due to the abnormal
properties arising from strong spin–orbital coupling and e–e
correlation. In the case of the Ruddlesden–Popper series, IR
spectroscopy reveals that the Mott–Hubbard bandwidth W
increases as n increases from 2 to  ∞, leading to an insulator
to metal transition [299]. In the case of pyrochlore iridates, for
example Nd2Ir2O7, an IMT at the Neal temperature TN ~ 32 K
can occur with an unusual Ir magnetic moment arrangement.
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domains. It can be worthwhile to investigate dynamics of
highly conductive and mobile domain walls by means of nearfield optical pump probe experiments.
7. Looking into the future
Examples of static nano-scale imaging of vanadates, manganites
and iridates with infrared nanoscopy and other complementary
nano-scale techniques attest to the high potential of these methods
for studies of correlated quantum matter. Similar detailed studies
of the nano-scale phenomena are yet to be achieved in other types
of correlated systems. Numerous other systems including cuprate
and ion-based high-Tc superconductors still await examination at
nano- to meso-scopic length scales. In this section we highlight
several possible directions for where static IR near-field imaging
techniques are likely to produce a major impact.
Apart from the static measurements, ultrafast nano-imaging and nano-spectroscopy will allow one to examine the
photo-induced phase dynamics with subdiffractional spatial
resolution. Initial ultrafast near-field experiments have been
recently reported for graphene [53, 58], III–V semiconductors
[54, 55] and VO2 [56, 57]. In section 7.2 we discuss evidence
for ultrafast domain nucleation and percolation in literature
and point out several correlated systems that can be potentially interesting for further ultrafast near-field investigation.
7.1. Mesoscopic physics in high Tc superconductors

Since the discovery of high-temperature superconductivity
(HTSC) in 1986 [318], infrared studies have demonstrated time
and again the ability to probe the essential characteristics of unconventional superconductors including the energy gap, pseudogap,
and superfluid density [8]. More recently, these experiments have
been extended to iron-based pnictide and chalcogenide mat
erials [319–333]. Far-field IR spectroscopy, although an indirect
probe, has revealed different types of intrinsic inhomogeneities
in HTSC. For example: (1) A finite frequency peak at low energies is suggestive of impurities- or disorder-induced localization in YBa2(Cu1−xZnx)4O8 [334] and La2−xSrxCuO4 [335]; (2)
Signatures in the spectral weight shift and mid-IR peaks can
effectively probe charge and spin stripes in La1.6−xNd0.4SrxCuO4
[336], La2−xSrxNiO4 [337] and La2−xBaxCuO4 [338]; (3) In-plane
anisotropic electromagnetic responses reveal striped order in
YBa2Cu3Oy and La2−xSrxCuO4 [335, 339], consistent with the
notion of uni-directional stripe ordering; (4) Anomalous spectral
weight shifts at IR and THz frequencies assigned to inhomogeneities of superfluid density [340].
In cuprates, various forms of CDWs were discovered to be
strongly coupled to and compete with superconductivity in one
of the cleanest HTSC compounds—YBa2Cu3O6+y (YBCO)
[107, 122, 341–343], as schematically shown in figure 13(a)
[314]. The spatial extent of the CDW-ordered regions can be
rather large and reach micrometer sizes, as recently found
in HgBa2CuO4+y (figure 13(b)) [315]. These CDW-patches
found in the CuO2 plane are anti-correlated with the quenched
disorder induced by oxygen-interstitial atomic stripes in the
Hg–O plane and reveal a multi-scale nature of the phase inhomogeneities in layered cuprate compounds.

Figure 11. (a) Temperature dependent resistance for LPCMO

bridges with two different widths [295]. Blue: 2.5 µm wide. Green:
0.6 µm wide. The step-like resistance change versus temperature is
evident. The inset shows an SEM image of a 0.2 µm wide bridge
with the orientations of applied magnetic fields Hx, Hy and Hz. (b)
Metal–insulator phase separation in LPCMO nanowires at 150 K
[296]. Top: schematic domain arrangement. Middle and bottom:
cathode luminescence (CL) imaging with intensities integrated
from 450 to 520 nm and 680 to 705 nm, respectively (c) temperature
dependent MFM images of LPCMO under 9 T field [297]. The
widths of the LPCMO stripes are 10 (top), 3 (middle) and 1.5
(bottom) µm. (a) Reproduced figure with permission from [295].
Copyright 2009 by the American Physical Society. (b) Reproduced
figure with permission from [296]. Copyright 2015 by the American
Chemical Society. (c) Reproduced by permission from Macmillan
Publishers Ltd: [297], copyright 2015.

The phase diagram of iron-based superconductors such as
Ca(Fe1−xCox)2As2 reveals many similarities with the cuprates
(figure 13(c)) [316]. Parent compounds are antiferromagnetic/
orthorhombic phases where anisotropic nematic transport has
been observed [109, 172–176, 178, 344]. IR spectroscopy
when applied to untwinned samples of Fe-based materials,
has emerged as a capable probe of the nematic state [345–
348] through measurement with polarized light. The origin of
nematicity is not firmly established [160]. Nematic fluctuations above the structural phase transition and the SC phase
transition have been identified [174] near optimal doping. At
14
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Figure 12. MIM study of pyrochlore Nd2Ir2O7 domain walls. From [298]. Reprinted with permission form AAAS. (a) Left: schematics

of all-in–all-out (AIAO) and all-out–all-in (AOAI) magnetic order. Right: schematics of domain walls and grain boundaries of a polished
Nd2Ir2O7 polycrystal surface under MIM investigation at 1 GHz. (b) Magnetic field dependent staircase-like conductance evolution measured
by the electrodes (inset, scale bar: 5 µm). (c) MIM-Im images of field dependent domain wall evolution from 0 T to 9 T at 4.7 K. The blue
triangle indicates the first grain to become a single domain. The red triangles mark the two grains that remain multidomain at 9 T. (d) The
same region under investigation after the magnetic field sweeps back to 0 T (bottom) and then to  −9 T (top). Scale bars in (c) and (d), 2 µm.

Due to the tip-induced finite momentum coupling in s-SNOM
(section 3.2), it is also possible to excite and observe the dispersion of superfluid modes for prototypical high-Tc cuprates,
as predicted by theoretical modeling of scanning plasmon
interferometry [252]. Therefore, with future developments,
s-SNOM imaging can shed new light on the nature of phase
transitions HTSC systems, and specifically help us to understand the role of competing or coexisting ordered states near
the superconducting transitions.

T  <  Tc, anisotropic energy gaps have been found in the SC
state [6] and local measurements at the microscopic scale are
shown to be of extreme importance [172, 349]. This is also
the case in recently discovered AxFe2−ySe2 types of iron selenide compounds, where insulating regions and superconducting regions can coexist at mesoscopic scales, as revealed by a
combination of high resolution STM measurement and a photoemission study of K2Fe2−ySe2 [317] (figure 13(d)).
Figure 13 shows that micro-/mesoscopic separation of the
superconducting and CDW/SDW/AF phases in cuprate and
iron-based HTSC involves domain sizes from tens of nanometers to several microns. Therefore, nano-IR and nano-THz
methods are potentially well suited to investigate micro- and
mesoscopic correlated-electron phenomena in the HTSCs.
Room temperature nano-IR measurements in Rb2Fe4Se5
indeed revealed the phase segregation of AF and SC states
with terraces perpendicular to the iron-selenide planes [350],
in accord with the interesting physics suggested at interfaces
[351–353]. Complex hierarchical 3D structures are also found
in iron-selenide based HTSCs [354, 355] and reveal a highly
organized percolating nature. Although cryogenic near-field
data are not available to date, modeling predicts that s-SNOM
at frequencies below the SC gap can have sufficient accuracy
to probe the contrast between the normal and superconducting
regions [252]. Moreover, low energy photons provide access
to the superconducting energy gap in BCS superconductors
and to the c-axis Josephson plasma frequency in the cuprates.

7.2. Dynamic phase separations in quantum materials

Phase separation is also relevant to the problems of the ultrafast
nucleation and growth of photo-induced phases under fast excitations. Ultrafast optics serves as a capable tool to investigate
quantum phenomena in correlated electron systems at fundamental time scales of the electron and lattice motion [11, 47, 50,
356, 357]. Previous work has shown that using optical-pump/
optical-probe [29], optical-pump/THz-probe [38, 43, 358], and
THz-pump/THz-probe techniques [42] one can gain significant
insight into electron–electron and electron-lattice interactions
in strongly correlated materials. The possibility to separate different degrees of freedom and observe the separation of electron or lattice domain growth has been suggested by several
experiments. The dynamic far-infrared conductivity and lattice
response induced by ultrafast optical pulses revealed essential
inhomogeneities and domain expansion at the ultrafast time
15
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Figure 13. (a) Schematic phase diagram of cuprate HTSC (YBCO) as a function of temperature T and doping level x (oxygen content) [314] (b)

schematic (left) and micro-x-ray diffraction imaging (right, difference map between the CDW-peak and oxygen-interstitial-streak intensity) of
mesoscopic scale charge-density-wave puddles and quenched disorder in cuprate HTSC (HgBa2CuO4+y (Hg1201)). Red puddles on the CuO2
plane represent the CDW rich regions while blue areas on the Hg–O layers represent the oxygen-interstitial-rich regions [315]. (c) Schematic
phase diagram of iron-based HTSC (Ca(Fe1−xCox)2As2) with nematic electronic structure, recreated follow reference [316] (d) schematic phase
separation of KxFe2−ySe2, the coexistence of AF insulating phases and SC phases yield a distribution of photoemission-spectroscopic signatures
[317]. (a) Reproduced by permission from Macmillan Publishers Ltd: [314], copyright 2012. (b) Reproduced by permission from Macmillan
Publishers Ltd: [315], copyright 2013. (c) Reproduced by permission from Macmillan Publishers Ltd: [316], copyright 2013. (d) Reproduced
figure with permission from [317]. Copyright 2011 by the American Physical Society.

order through thermal equilibration. Above the pump fluence
threshold (~1.3 mJ cm−2), the initial dynamics are followed
by a phase separated state with remnant trimeron patches
rapidly shrinking at ~1.5 ps time scale, as clearly identified
through the x-ray signatures of the electronic order.
The example in Fe3O4 revealed that threshold behavior
and percolation processes determine time dynamics above
1 ps, which is roughly the upper limit of electron–phonon
coupling time in correlated oxides. These dynamics can
range from a few to tens of picoseconds, depending strongly
on the initial temperature and ﬂuence. Indeed, such an ultrafast percolative phase transition has also been suggested in an
earlier optical pump THz probe study of VO2 thin films and
modeled using a Bruggeman effective medium theory (figure 14(a)) [39]. The dynamics can be intimately related to
the local doping, defects and/or strain [37]. A more detailed
analysis using scaling laws has recently been demonstrated
in V2O3 using optical pump THz probe studies (figure 14(b))
[360]. Besides the anomalously long rise time, similar to that
observed in Fe3O4 and VO2, a careful temperature and pump
fluence dependent study of V2O3 reveals two prominent features in the ultrafast dynamics. The first is the delayed onset
of the conductivity increase close to the zero time-delay. The
second is the temperature and fluence dependent scaling of

scale, indicating strong coupling between the electronic and lattice degrees of freedom, as demonstrated in several canonical
transition metal oxides including Fe3O4 [359], V2O3 [360] and
VO2 [37, 39]. As ultrafast near-field nano-optical methods are
becoming more and more adept in probing correlated materials,
we anticipate these methods will play a significant role in the
studies of new superconductors as well.
Fe3O4 is a mixed-valance oxide that undergoes a charge
ordering transition (Verwey transition) from an electronically ordered insulator below ~120 K to a metal above [361].
Below 120 K, the distribution of the mixed-valance Fe3+ and
Fe2+ is ordered in the form of linear three-Fe-site trimerons
(Fe3+–Fe2+–Fe3+) [362]. The lattice structure also undergoes
a phase transition from monoclinic to cubic at the transition
temperature. With time-resolved x-ray diffraction and optical
reflectivity measurements, de Jong et al demonstrated that
photoexcitation at 800 nm can mobilize the three-Fe-site trimerons across the insulator to metal transition and generate
an inhomogeneous distribution of the trimeron annihilation
[359]. This photo-induced transition can be divided into two
stages. In the first stage, the ultrafast pump excitation generates holes in the quasi-static trimeron lattice at time  <300 fs.
If the pump fluence is low, this initial photoexcited state simply returns to the monoclinic insulating phase with long-range
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Figure 14. (a) Optical pump (800 nm) induced THz conductivity dynamics of a 100 nm VO2 thin film on (100) MgO substrate [39]. Pump
fluence: 12.8 mJ cm−2 (b) normalized optical pump (800 nm) induced THz conductivity dynamics of a 95 nm V2O3 thin film on (1 0 1 2)
sapphire substrate [360]. Pump fluence: 3 mJ cm−2; Ti: initial temperature. The bottom (top) axis corresponds to the scaled (unscaled)
data, shown by full (dashed) curves. (c) Schematics of 2D nucleation and growth of metallic domains (yellow regions) out of insulating
background (purple region). Reproduced figure with permission from [360]. Copyright 2015 by the American Physical Society.

the dynamics. Pump probe traces that are taken at different
initial temperatures with different pump fluences can be collapsed into a single curve with a renormalized time axis and
a simple power law fit (figure 14(b)) [360]. This delayed rise
time and universal scaling law arise from the spatial kinetics
of the nucleation and growth of the metallic domains, where
connections between measurements on the ultrafast timescale
and classical models of nucleation and growth (Avrami equation) can be established.
The findings in ultrafast domain dynamics call for precise characterization of local material properties and domain
growth following photo-excitation. The combination of
the ultrafast and near-field techniques can in principle provide insight into the domain dynamics, as illustrated in figure 14(c). It would be also instructive to study the dynamical
or persistent alternation of strain/lattice environment with
photo-lattice control [30, 44, 45, 48, 363, 364] to manipulate material properties [30, 34, 42, 46, 48, 358, 365–368].
Phase inhomogeneity with simultaneous electric field gating
[369–372] and photo excitation can be investigated in parallel
as well. However, one has to keep in mind that, like any ‘farfield’ ultrafast experiments utilizing high repetition rate ultrafast lasers, contemporary ultrafast near-field methods probe
averaged signals over numerous light pulses. A snapshot mapping of the domain growth dynamics of a single pulse induced
spontaneous phase separation (without reproducible growth
paths) is therefore demanding major breakthroughs in the
field. The first strides have been reported in recent publications focused on VO2 [56, 57].

are of quantum origin. We conclude by highlighting several
important results and outline future instrumental innovations
in nano-scopy tools motivated by the existing data:
(1) The hierarchy of length scales in correlated quantum
materials is fundamentally important for understanding
the emergent complexities in this class of condensed
matter systems;
(2) Microscopic (and mesoscopic) textures and domain
patterns vary with local strain environment and global
symmetry of the dominant electronic and lattice states.
Heterostructures and interfaces also exhibit unique and
highly organized complex structures;
(3) Future development of broadband near-field electromagnetic
cryogenic imaging capabilities is needed for nanoscale
spectroscopic characterizations of phase transitions in
quantum materials that as a rule occur at low temperature.
Examples include vanadium oxides, manganites, cuprates,
iron-based HTSC and heavy fermion compounds. Ultrafast
table-top lasers and synchrotron IR beamlines can serve as
ideal broadband light sources for cryogenic s-SNOMs.
(4) Spectroscopic investigations of collective electronic excitations such as plasmon and exciton modes in correlated
systems have not been extensively studied. Tip-launched
and/or tip-detected surface polaritonic propagation can be
utilized to study light-matter interactions with high spatial resolution and high momentum coupling. Terahertz
s-SNOM is an ideal technique for exploring nanoscale
superfluid surface modes in superconductors.
(5) A combination of femtosecond lasers and near-field optics
will serve as a promising future direction of quantum mat
erials research where ultrafast carrier- or lattice-dynamics
can be understood with a microscopic perspective.
(6) The combination of s-SNOM with a variety of scanning
probe modes such as MFM, KPFM, and conducting AFM
have not been explored extensively where a simultaneous
monitoring of electronic, magnetic, and optical properties
at local scale can be extremely interesting.

8. Summary
In this Report, we have reviewed recent progress on near-field
and microscopic characterization of quantum materials with
strong electronic correlations. Still a nascent field, near-field
nano-optics has already demonstrated an ability to investigate electronic, magnetic, and crystallographic textures that
17
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