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Probing the evolution of electronic
phase-coexistence in complex systems
by terahertz radiation

Gulloo Lal Prajapati'2, Sarmistha Das'"2, Rahul Dagar!, V. Eswara Phanindra' & Dhanvir Singh Rana® '™

In complex oxides, electrons under the influence of competing energetics determine the
coexistence or phase-separation of two or more electronic or magnetic phases within the
same structural configuration. Probing the growth and evolution of such phase-coexistence
state is crucial to determine the correct mechanism of related phase transition. Here, we
demonstrate the combination of terahertz (THz) time-domain spectroscopy and DC trans-
port as a strategy to probe the electronic phase-coexistence. This is demonstrated in
disorder-controlled phase-separated rare-earth nickelate thin films, which exhibit a tem-
perature induced metal-insulator transition in DC conductivity but lack this transition in THz
dynamic conductivity. Such pronounced disparity exploits two extreme attributes, namely,
the large sensitivity of THz radiation to a spatial range of the order of its wavelength-
compatible electronic inhomogeneities, and its insensitivity to a range beyond the size of its
wavelength. This feature is generic in nature, depending solely on the size of insulating and
metallic clusters. Therefore, our strategy offers a high-sensitivity methodology to investigate
electronic phase-coexistence and phase transition in a wide range of complex material

systems.
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state is one of the basic features of transition metal oxides

(TMOs)!-3. Usually in TMOs, different lattice, charge, spin,
and orbital degrees of freedom are inter-coupled which hinders
the onset of the sharp phase transition. Consequently, for a range
of perturbation values around the transition point, phase-
coexistence of multiple phases occurs at the nano to micrometer
length scale. In the phase-coexistence region, all the phases are
fragile. Thus, even a slight change in external perturbation can
cause substantial changes in their strengths and spatial distribu-
tions. Hence, probing the growth and evolution of the phase-
coexistence state with a variation of the external perturbation
plays a crucial role in determining the exact mechanism of phase
transitions. Some recent examples are as follows: (i) by imaging
the growth of the metal-insulator coexistence phase in VO,,
Qazilbash et al.# revealed that the response of metallic puddles in
the phase-coexistence region is different from the pure metallic
phase and concluded that the metal-insulator transition (MIT) in
VO, is accompanied by the mass divergence of charge carriers in
the vicinity of transition temperature (Tyy). (ii) Post et al.> showed
a continuous domain wall formation (a second-order phase
transition) along with an abrupt transition of insulating domains
to metallic domains (a first-order phase transition) at the onset of
MIT during warming in rare earth nickelates (RNiO3). This is a
rare example of the coexistence of first- and second-order phase
transitions in the whole class of TMOs. (iii) Phase-coexistence in
manganites suggests that the magnetoresistance behavior should
be viewed as percolation of metallic ferromagnetic domains into
an insulating phase®. (iv) Experiments reveal that a partial gap in
the density of state exists for a range of temperatures above T¢
which provides the microscopic basis for the understanding of
fluctuating superconducting response above T¢ in hole-doped
high-T superconductors’. Such important breakthroughs from
time to time have continuously kept surprising as one goes deeper
to understand the complexity in TMOs associated with the co-
existence of multiple phases.

Probing of the evolution of phase-coexistence and unveiling the
underlying physics requires the development of novel experimental
techniques and strategies. Indirect probes such as DC electrical
transport and magnetometry show a substantial effect on the evo-
lution of phase-coexistence on the measured data, however, they fail
to extract microscopic details of the onset of phase-coexistence®?.
On the other hand, direct spatial probes such as scanning tunneling
microscope and spectroscopy, transmission electron microscopy,
scanning near field infrared microscopy, etc., provide real-space
visualization of phase transitions and formation of phase-
coexistence states, thus provide better understanding of phase
transition* 710-13, Though, the probing of the phase-coexistence
state may be limited by several factors such as sample preparation
in desired state and conditions, the need for equipment that might
be very costly and geographically unfavorable or need of specialized

The spatial coexistence of multiple phases in a degenerate

expertise. Therefore, it is always in demand to develop new
experimental tools and methodology which are simple, cost effec-
tive, widely available, and last but not the least, can provide
results in lesser time with high precision. Here, we present a
combination of THz time-domain spectroscopy (THz-TDS) and
DC transport as a methodology which can indirectly probe the
intricate electronic phase-separation and its modulation with
external perturbations.

We fabricated a number of nickelate thin films consisting of
different insulating/metallic cluster sizes in the phase-coexistence
region by incorporating different types and amount of disorder
into the films. Our results are twofold: the DC transport mea-
surement detects the onset of temperature-induced MIT in all the
films regardless of type and amount of disorder present in the
films while the THz transport detects gradual weakening of MIT
as the disorder in the film increases. After a critical strength of
disorder, the MIT in THz transport measurement completely
disappears and shows only metallic signature down to the lowest
temperature. This result in itself is very surprising at first glance
as one expects a similar electronic state, at least, qualitatively for
the films when probed by DC and THz transport techniques. We
subsequently verified that the detection of such metallic state in
THz transport is not the mere outcome of photo-induced effect
and the deviation in the two electronic transports occurs (quali-
tatively) only in the films exhibiting electronic phase-coexistence
below Ty Thereafter, we established that this feature solely
depends on the insulating/metallic cluster sizes in the phase-
coexistence state; no matter how one achieves the phase-
coexistence. Thus, this feature is generic in nature and true for
electronic phase-coexistence in any material system. The meth-
odology introduced here, therefore, can serve as a tool to inves-
tigate electronic phase-coexistence present in any system and
reveal the possible underlying mechanism related to the complex
phase transitions.

Results and discussion

Different electronic states below Ty, probed by DC and THz
transports. In the present study, we prepared three sets of films:
(i) three films with varying strengths of disorder exhibiting MIT
of different strengths (set 1): PrNiO; (PNO) on NdGaO; (NGO)
(100) [PNO/NGO], LagsEuysNiO; (LENO) on NGO (100)
[LENO/NGO)] and on (LSAT) (100) [LENO/LSAT]; (ii) two films
without any MIT down to low temperature (set 2): LENO on
LaAlO; (LAO) (100) [LENO/LAO] and LaNiOs (LNO) on LAO
(100) [LNO/LAO] and (iii) three films having a moderate amount
of cation disorder, one of them, in addition, has the mosaic dis-
order, all exhibiting MIT (set 3): Prg sSmg sNiO3; (PSNO) on LAO
(100) [PSNO/LAOQ] with thicknesses of 40 nm and 80 nm and
PSNO on mosaic LAO (100) with a thickness of 40 nm [see the
Table 1]. A comparison of resistivities (p) as a function of

Table 1 Description of RNiO; films used in DC transport and THz-TDS measurements.
Thin films Thickness (~nm) Types of disorder Tai

Set 1 PNO/NGO (100) 30 Oxygen vacancies 130 K
LENO/NGO (100) 30 Oxygen vacancies + cation disorder 180 K
LENO/LSAT (100) 30 Oxygen vacancies + cation disorder 150 K

Set 2 LNO/LAO (100) 30 Oxygen vacancies No MIT
LENO/LAO (100) 30 Oxygen vacancies + cation disorder No MIT

Set 3 PSNO/LAO (100)_40 nm 40 Oxygen vacancies + cation disorder 209K
PSNO/LAO (100)_80 nm 80 Oxygen vacancies + cation disorder 190 K
PSNO/LAO (100)_mosaic 40 Oxygen vacancies + cation disorder + mosaic disorder 150 K

Tw were determined via DC transport.
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Fig. 1 Comparative representation of dc and THz resistivities as a function of temperature and THz frequency-dependent carrier dynamics.

a-c Comparison of resistivities obtained from DC and THz transport (at 1 THz). The shaded region indicates the prominent difference between DC and THz
resistivities below the Ty Insets show temperature coefficient of resistivity (TCR; TCR(%) = %j—.‘ﬁ x 100) plots in heating protocol. The temperature
corresponding to maximum of TCR(%) is the Ty, of the film. d-f Complex conductivity (¢*) vs THz frequency spectra: the filled and void symbols represent
the real (o;) and imaginary (c,) components of o', respectively. The solid lines are the fitted curves using Drude-Smith model.

temperature (T) for different films of set 1, measured in DC and
THz (at 1 THz) transports, are shown in Fig. 1la-c. THz dynamic
resistivity (p(f)) was determined using the relation 1/0,(f) =
p(f); where o,(f) is the real part of complex THz conductivity
(0*(f)) at frequency ‘f’. Clearly, for PNO/NGO film, both DC and
THz resistivities exhibit MIT at ~130 K (Fig. 1a). Here, above T
in the metallic region, the DC and THz resistivities are nearly the
same, while below Ty, at the onset of phase-coexistence state, the
THz resistivity starts differing from the DC resistivity. The THz
resistivity is about one order of magnitude lower than its DC
counterpart at the lowest measured temperature. This feature
becomes more pronounced in the LENO/NGO and LENO/LSAT
films (Fig. 1b, ). It is clearly seen that both these films exhibit
MIT in the DC transport while the MIT in THz transport gra-
dually weakens; for the LENO/LSAT film, only metallic behavior
is observed in the entire temperature range. This is the first
observation of such a stark difference between the electronic
states probed by DC and THz transports. In general, one expects
to observe similar temperature-dependent electronic (insulating/
metallic) states when the film is probed by DC and THz trans-
ports. The THz-TDS being non-contact technique, may give
slightly lower resistivity compare to DC measurement, however,
the qualitative behavior of the film (i.e. insulating/metallic nature)
is still expected to be the same in both the transport techniques.
Especially when the given energy of used THz radiation
(~0.8-6 meV) is much lower compared to the known charge-
transfer gap of nickelates (~1-2 eV). Hence, the probing of dif-
ferent electronic states below the Ty in DC and THz transports
(insulating and metallic states, respectively) can raise several
curiosities, such as: how is probing of different electronic states by
the two techniques related to disorders present in the films? Is it
related to disorder modulated phase-coexistence state or is
photo-induced effect in THz transport which possibly generates
sufficient charge carriers thus, converting the insulating state
into a metallic state? We discuss such a prospective in detail as
described below.

Role of disorder. The thermal hysteresis of first-order MIT is
always susceptible to various types of disorder. In nickelates, such
hysteresis as well as the electronic states above and below the MIT
are very sensitive to the oxygen vacancies and the quenched
disorder!415. In the films PNO/NGO, LENO/NGO and LENO/
LSAT, a combination of these two factors is responsible for
introducing different levels of disorder. While PNO/NGO film is
oxygen deficient, the disorders in LENO/NGO and LENO/LSAT
are introduced by a combination of both, quenched disorder and
oxygen deficiency. In LENO/NGO and LENO/LSAT, the quen-
ched disorder manifests due to the large cation size mismatch of
Lat (1.216 A) and Eut (1.120 A)15. As larger tensile strain
tends to develop larger oxygen vacancies in perovskite oxides,
LENO/LSAT [deposited on LSAT (100)] will be the more dis-
ordered film compared to LENO/NGO [deposited on NGO
(001)]16-18 Hence, expected disorder strength in ascending order
is from PNO/NGO to LENO/LSAT.

We further determined the strength of disorder quantitatively
by analyzing complex THz conductivity spectra of the films. The
complex THz conductivity (0*) vs THz frequency (f) spectra at
different temperatures for the films of set-1 are plotted in
Fig. 1d-f. It is clear from the spectra that the real component
(0,(f)) of o* for all the films deviate from the standard Drude
model as the zero-frequency peaks are shifted to the higher
frequency region. Also, the imaginary component (o,(f)) is
dropped down to negative values at all temperatures, defying the
conventional Drude-like free charge carrier behavior. Thus, the
Drude-Smith (D-S) model was employed to explain such THz

conductivity. As per D-S model, the 0* follows the relation:

2
€T

* 0Wp
0" = L

i [1+ =55] — e w(en — 1)1972L. Here, €, is permit-
tivity of vacuum, e, is the permittivity of the medium at higher
frequency, w, is plasma frequency, T is scattering time of the
charge carriers and ¢ is the persistence of velocity parameter
which accounts the strength of disorder present in the system.
The value of ¢ ranges from 0’ to ‘—1". For ¢=0, D-S model
reduces to the Drude model while non-zero negative value of ¢
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signifies the presence of disorder in the system. The larger is the
(negative) value of ‘cC’, stronger is the disorder. As shown in
Fig. 1d-f, both 0, and o, were simultaneously well-fitted to the
D-S model. At 5K, the disorder parameter ¢’ was determined as
—0.47, —0.69 and —0.71 for PNO/NGO, LENO/NGO, and
LENO/LSAT films, respectively. Hence, it is clear from the
analysis that all the films possess disorder and the strength of
disorder does follow the same trend as we inferred qualitatively in
the previous section. Increasing disorder naturally increases
electronic inhomogeneity in the system which subsequently leads
to the strengthening of the phase-coexistence state. This suggests
that the weakening of MIT in THz transport increases upon
increasing the strength of the phase-coexistence state which
finally results in a completely metallic state for the LENO/
LSAT film.

Phase-coexistence as the origin of probing different electronic
states. To further confirm the phase-coexistence as the origin of
the occurrence of different electronic states below Ty; when
probed by the DC and THz transports, it requires to compare DC
and THz resistivities of nickelate films sans phase-coexistence. In
this context, two compressive strained films, i.e., LNO and LENO,
deposited on LAO (100) substrate [set 2], both are metallic down
to 5K (in DC transport), were investigated. Thus, these films are
free from phase-coexistence and have only dominating single
electronic state. Temperature dependences of DC and THz
resistivities of these films are plotted in Fig. 2a. It is evident that
both the films not only exhibit the single electronic state, i.e.,
metallic state down to low temperature but also the DC and THz
resistivities are nearly superimposing on each other. Detection of
the same electronic state in both the probing techniques confirms
that the earlier observed disparity between the electronic states
below the Ty probed by DC and THz transports in the PNO/
NGO, LENO/NGO, and LENO/LSAT films, is related to the
disorder modulated phase-coexistence state.

However, it is imperative to consider the effect of photo-
induced excitations on these films in THz transport measure-
ments, because, the insulating state of nickelates is very likely to
be associated with the formation of the charge-density-wave

(CDW)?22-26, In general, such CDW energy gap lies in the range
of 1-5meV. Hence, the THz photons are very well capable of
closing this gap by breaking the charge-ordered insulating state.
In such case, a metallic state can set in with a vivid resonance
behavior in the o,(f) spectra’2-26, However, no CDW-like
resonance absorption peak was observed in THz conductivity-
frequency spectra (Fig. 1d-f). In this context, it is also worth
mentioning that one can expect another possibility concerning
the closing of the charge transfer gap between O-2p and Ni-3d
upper Hubbard bands due to the THz photo-excitation. However,
this is not possible in the present scenario as for nickelates, the
charge-transfer gap lies in the energy range of ~1-2 eV?7 while the
used energy range of THz band in our case is ~0.8-6 meV, i.e.,
nearly three orders of magnitude lower than the charge transfer
gap energy. Further, the strength of the THz pulse used, is also
very weak (Etg, ~ a few V/cm). Thus, such THz photons by
themselves are not capable to cause photo-induced charge carrier
generation. Nevertheless, to discard this possibility, we performed
THz measurements on the LENO/LSAT film at 10K (in
insulating state) with three different DC bias voltage applied to
THz emitter thus, emitting THz pulses with different pulse
intensity. As shown in Fig. 2b, both the 0, and o, spectra nearly
overlap for all the three cases and do not exhibit any resonance
peak-like signature. These results completely rule out any
assumed possible photo-induced effect for the detection of
metallic state in THz transport28,

Interplay between phase-coexistence and probing wavelengths
of THz band. Now, we attempt to draw a clear picture of the role
of phase-coexistence and the inherent attributes of the optical
THz-TDS technique in probing the metallic state below Ty To
explain this feature, we invoke the attributes of the spatial dis-
tribution of THz wavelengths used in the measurements and
evolution of insulating/metallic cluster sizes during the phase
transition. To visualize this effect, a schematic is presented in
Fig. 2c. The DC transport measurement is usually acquired in the
four-probe contact method where itinerant charge carriers
(electrons/holes) move towards respective electrodes upon
applying a voltage difference across the two electrodes (Fig. 2d).

C Insulator

a g b
e LENO/LAO (100) (dc) 42
. ~O— LENO/LAO (100) (THz) :
36 /
—~ - /_\
€ A
? 5 g =z
G <
T fe’
— (=] o)
z =
Q = LNO/LAO (100) (dc) o~
— LNO/LAO (100) (THz) °
gL A

| LENO/LSAT (100)_10K

G Gy
A ov O 10v |
A 20v O 2v g
30V 30V L
<
cooSF

i

200
X)

0 100 300

Sample

THz pulse

Metal

f (THz)

THz pulse

g

Probing area

Sample

A\

Fig. 2 Comparative representation of dc and THz resistivities, power-dependence of THz conductivity, and explanation of transport methodologies.
a Comparison of resistivities obtained from DC and THz transport (at 1 THz) as a function of temperature for LNO/LAO (100) and LENO/LAO (100) films.
b o* vs f spectra with THz emitter bias voltage variation for LENO/LAST (100) film at 10 K. ¢ The schematic representation of phase-separated state

consisting of insulating and metallic clusters. The small black arrows depict how the charge carriers get scattered in insulating clusters or trapped in defects
in DC transport, whereas the THz waveform gives a nearly similar average transmission in the local limit. d, @ Schematic representation of DC and THz

transport methodology, respectively.
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In this case, DC transport acts as a global probe since carriers
from the entire volume of the sample participate in the electronic
conduction. During their motion, these charge carriers get
affected by all the insulating/metallic domains (irrespective of
domain sizes) distributed over the entire volume via the scattering
process. Thus, their response depends only on the volume frac-
tion of insulating/metallic clusters. When the volume fraction of
insulating clusters, upon cooling the nickelate film, exceeds to
that of metallic clusters, the DC transport detects MIT in the film.

In contrast, THz transport is a non-contact measurement
where data is acquired by the optical attributes, such as the
wavelength of the THz radiation. In a THz-TDS experiment,
the response of the THz pulse to a sample is determined by
the microscopic currents occurring on nm length scales. As the
charge carriers accelerated by the THz pulse cannot move far
(usually they move up to 10’s of nanometer only), the THz
transport works as a local probe (Fig. 2e). Within the probing
area, if the size of a cluster is compatible or greater than the
probing wavelengths of THz pulse (200-1500 um in the current
case) then the transmitted THz pulse will be greatly affected by
that cluster and will give an expected response. On the other
hand, if the size of the cluster is smaller than the probing
wavelengths of the THz pulse then THz pulse will overlook that
cluster and will give an average response (at a given temperature
and THz frequency). Thus, the response of the THz pulse to the
phase-separation depends not only on insulating/metallic volume
fractions but on their cluster size distributions as well. Now,
starting from room temperature (i.e., from the metallic state),
upon cooling the nickelate films, metallic domains transition into
insulating domains. For least disordered PNO/NGO film, the
MIT is sharp and smooth, so a large number of insulating clusters
will grow upon cooling below the Ty whose sizes are compatible
or greater than the probing wavelengths. Hence, THz transport
detects the MIT in the least disorder film. Introducing a disorder,
in general, hinders the onset and growth of any phase and
increases electronic inhomogeneity in the system. Therefore, the
number of such insulating clusters whose sizes are compatible or
greater than the THz probing wavelengths, decreases upon
increasing disorder in the film. Consequently, the sharpness of
the MIT successively decreases in THz transport (e.g., in LENO/
NGO film). Above a critical strength of disorder, the number of
such insulating clusters upon cooling is significantly low, hence
the response of metallic clusters dominates. Thus, THz transport
detects only metallic states above a critical strength of disorder
(e.g., in LENO/LSAT film). It is worth mentioning here that Lai
et al.2% in a similar context, suggested the superiority of AC
current imaging in local limit with respect to the DC
measurement for analyzing the local resistivity of the materials
having phase-coexistence state. In this framework, the THz
spectroscopy is proven to be even advanced non-contact tool to
probe ac conductivity in local limit.

We further note that the THz and DC resistivities match with
each other for the LNO/LAO and LENO/LAO films which do not
possess any phase-coexistence state and exhibit metallic state
down to low temperatures. Combining all these observations
together, this study reveals the extraordinary sensitivity of the
THz technique to the phase-coexistence; making it an indis-
pensable technique for multi-faceted studies of complex systems
in which various competing interactions define the evolution of
exotic properties. At this stage, it is important to investigate the
generic nature of this feature whether it can be realized in other
nickelate systems or not.

Generic nature of the response of phase-coexistence to THz-
TDS. We investigated transport properties of moderately
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Fig. 3 Kinetically arrested phase transition. a, b Comparison of
temperature-dependent resistivities obtained through dc transport and
THz-TDS (at 1THz). Arrows show heating and cooling sequences. The
shaded region in THz conductivity shows kinetically arrested phase where
the metallic phase reappears below Ty, The kinetically arrested phase is
detectable at all the THz frequencies shown by the shaded region in ¢, d.

disordered PSNO/LAO films (40 and 80 nm), having relatively
smaller cation size mismatch (Prq5Smg;NiOs: 7ps+ = 1.179 and
rou+ = 1.132) compared to LaysEugsNiO; films. The THz
resistivities of these films at 1THz, for both in cooling and
heating protocols are plotted along with the corresponding DC
resistivities in Fig. 3a, b. In heating protocol, the THz resistivity
exhibits a subtle MIT and the magnitude of the THz resistivity is
less than the DC resistivity at all temperatures. In contrast, the
THz resistivity in cooling protocol is very different. With low-
ering the temperature, first MIT sets in ~120 K but again the
metallic phase reappears upon further cooling (shaded region in
Fig. 3). This behavior is well-consistent at all the THz frequencies
as shown in Fig. 3¢, d. The sudden fall of the THz resistivity
curves in cooling protocol at around 100K suggests the re-
ordering/re-crystallization of the charge-ordered insulating
state and occurrence of kinetically arrested phase transition30-32,
This implies a spatial re-distribution of insulating and metallic
clusters as well as a substantial increase in the size of metallic
clusters in a phase-coexistence state below 100 K. Importantly,
this feature is not detected by the DC transport and the reason
again lies in the compatibility of the THz probing wavelengths
with the size of insulating/metallic clusters. At the onset of MIT,
the insulating phase first grows and then weakens at the cost of
the growth of the metallic phase; thus, suggesting the re-
distribution in the size of insulating clusters having either the
same or smaller size relative to the wavelength distribution of
THz pulse. Redistribution of insulating/metallic clusters can be
further confirmed from real THz conductivity spectra of the film
as described below.

A comparative representation of heating and cooling real
conductivity spectra of PSNO/LAO (40 nm) film is shown in
Fig. 4. It is clear that the conductivity spectra are significantly
different for a given temperature in the hysteretic region collected
while cooling and heating, while are same at all the temperatures
beyond the hysteretic region. As seen in Fig. 4, before and after
the hysteretic region, the real conductivity spectra for both
heating and cooling data follow similar Drude-like behavior. In
the hysteretic region, in contrast, though the conductivity in the

COMMUNICATIONS MATERIALS | (2022)3:49 | https://doi.org/10.1038/s43246-022-00271-1| www.nature.com/commsmat 5


www.nature.com/commsmat
www.nature.com/commsmat

ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00271-1

5.1 5.4 6.0
40K a 60 K b ' 80K c
4.8 5.1 55
—O— Heating Heati
. 48} —O— Heating 5.0
45} —0— Cooling @— Cooling ]
—O— Heating

4.2} 4.0
39 4.2}
7 s L s L L L s L s L 3.5} s L s s L

—0— Cooling

} —O— Heating
—0— Cooling

A

s, (10%ohm™ cm™)

| —O— Heating
T —o— Cooling

—O— Heating
—0— Cooling

—O— Heating
—0— Cooling

—O— Heating
[ —0— Cooling

—O— Heating
—0— Cooling

0.6 P
02 04 06 08 10 12 14
f (THz)

02 04 06 08 10 12 14

02 04 06 08 1.0 12 14

f (THz) f(THz)
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heating protocol continues to follow Drude-like behavior, in the
cooling protocol, it exhibits a strong non-Drude-like behavior.
While Drude behavior is expected in high-quality homogenous
phases, the Drude-Smith type of conductivity manifests from
enhanced scattering/backscattering of carriers due to phase
inhomogeneity?’. This implies that the phase transition in the
heating protocol is quite smooth but in the cooling protocol, it is
rather inhomogeneous and non-uniform. This supports the
redistribution of insulating/metallic cluster sizes and occurrence
of kinetically arrested phase transition during cooling®10:33-35,
Observation of kinetically arrested phase transition in THz
transport also highlights the potential of THz spectroscopy in
unravelling microscopic details during the phase transition.

We further increased the strength of disorder in PSNO film by
growing it on a mosaic LAO substrate. A mosaic substrate
consists of a large number of small perfect crystallites, of
microscopical or sub-microscopical size, which are oriented
almost, but not exactly parallel to each other3¢, This disorienta-
tion is usually only of 0.1-0.59. However, this slight disorientation
creates extra grains, defects, and misfits in the substrate. As the
thin film tends to acquire structural symmetry of the underlying
substrate, the film formation on the mosaic substrate leads to the
formation of extra grains, defects, and misfits in the film as well.
This leads to the enhanced electronic inhomogeneity (or phase-
coexistence) and scattering of itinerant charge carriers in the film.
Consequently, the sharpness of the MIT in a mosaic film is
reduced compared to a non-mosaic film. Thus, mosaic structure
of the underlying substrate effectively works as a disorder.
Figure 5 shows the comparison of DC and THz resistivities of the
mosaic PSNO/LAO film. Here, once again we reach the same
result: the DC transport shows MIT while the THz transport
detects nearly metallic phase only (or very weak MIT compared
to that in DC transport) in the entire temperature range. This
affirms the generic nature of the response of the electronic phase-
coexistence state to THz-TDS. Introduction of all types of
disorder in thin-film motif yields the same result; i.e., strengthen-
ing of the metallic response in the THz transport. Above a critical

0.01
PSNO/LAO (100) mosaic
g
%0001} de
<= THz
S
Q
1E'4 F /
-
0 100 200 300
T (K)

Fig. 5 Phase-coexistence in mosaic disordered film. Comparative
representation of resistivities for PSNO/LAO (100) mosaic film, obtained
through dc transport and THz-TDS (at 1THz). Arrows show the path
followed by data-points in heating and cooling sequences.

strength of disorder, the THz transport detects only the metallic
state of the film. It may be noted that the electronic phase-
separation is a prevalent feature of the first-order MIT, as is
exhibited by many complex oxides such as manganites, nickelates,
and vanadates!. Depending on the material system, the sources to
induce electronic phase-separation and their underlying mechan-
isms might be different. Oxygen vacancies, crystal defects,
polycrystalline disorder, mosaic disorder in thin films, etc., are
some of such sources known in complex oxides. Validating our
proposed methodology to detect electronic phase-separation in
other complex oxides may serve as a confirmation that the
present approach is independent of material systems, sources
of disorder, and mechanisms inducing the electronic phase-
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separation. With this confirmation, our methodology opens a
scope for probing the electronic phase-separation in a large
variety of material systems.

Conclusions

In summary, we demonstrated a comparative investigation of
THz-TDS transport combined with DC transport to probe the
complex electronic phase-coexistence. Upon modulating the
insulating/metallic cluster sizes in the phase-coexistence state via
introducing a controlled amount of disorder, DC transport con-
tinues probing the insulating state while THz-TDS probes weaker
insulating state below the Ty Above a critical strength of dis-
order, only the metallic state is probed in the THz transport. The
response of THz-TDS to electronic phase-coexistence is based on
two factors, summed up as follows; (i) this technique shows
extraordinary sensitivity in the detection of the spatial distribu-
tion of electronic phase-coexistence state when the insulating/
metallic cluster sizes are comparable to or greater than the
probing wavelengths of THz radiation, thus, bringing a large
variety of materials under the characterization ambit of this
technique, and (ii) average response to those clusters of sizes
much smaller than the THz wavelength, thus, implying the cap-
ability of this technique to overlook such clusters. We hope our
methodology will be fruitful in characterizing electronic phase-
coexistence in a variety of systems and can shed more light in
determining intricate mechanisms related to the phase transitions
in complex materials.

Methods

Thin film growths. All the thin films were grown using pulsed laser deposition
(PLD) technique. Optimized parameters were used in respective film growths to
obtain films of the required disorder. Deposition parameters for different films can
be found elsewhere!>1936:37, All the substrates used for film growth were of

0.5 mm thick. The approximate thicknesses of the films are given in Table 1.

DC transport measurements. DC resistivity of all the films was measured using a
physical property measurement system (PPMS) in the range of 2-300 K tem-
perature. Measurements were performed in four-probe configuration to minimize
the contact resistance.

THz time-domain spectroscopy (THz-TDS). THz-TDS measurements on the
films were carried out in transmission mode using a photoconductive antenna-
based spectrometer in the spectral energy range of ~0.8-6 meV. A schematic of
our spectrometer and its measurement configuration is given in Supplementary
Fig. 1. More details about the spectrometer, its working principle, and measure-
ment procedure can be found in ref. 38. The frequency-dependent THz optical
properties were determined in the temperature range of 5-300 K. The THz data
were collected at different fixed temperatures by passing the THz waveform first
through vacuum, then through the substrate and finally through the film deposited
on the very same substrate (see Supplementary Fig. 2a). To avoid any phase error,
we processed the substrate in the same deposition condition which was to be
used for the film growth before taking the measurements for the substrate. After
then, film was grown on the same substrate, and the THz data were collected for
the film. The spatial dimension of all the films for THz measurement was

10 mm x 10 mm.

Analysis of THz time-domain data. The THz waveform is typically collected as a
function of a time-delay between the THz pulse and laser pulse reaching to THz
detector. Typical THz temporal waveforms transmitted through vacuum (CRYO),
substrate, and film are shown in Supplementary Fig. 2b. A brief procedure to
extract THz conductivity from these temporal THz waveforms is as follows:

1. The time-domain waveform is converted into a frequency domain by fast
Fourier transform (FFT) to obtain the amplitude and phase of the THz pulse
as a function of THz frequency (Supplementary Fig. 2c).

2. Considering amplitude and phase of the THz pulse transmitted through
vacuum as a reference, complex transmission coefficient of substrate with
respect to vacuum is determined.

3. In the next step, complex transmission coefficient of the film with respect to
vacuum is determined once it is determined for the substrate.

4. From the transmission coefficient, complex refractive indices of the film are
determined.

5. Complex THz conductivity and dielectric constant of the film are
determined from its complex refractive indices using the following relations:

e =n*— K& =2nk
0 = WEHE,, 0, = wey(es, — &)

Here 0, and o, are real and imaginary THz conductivities; &; and ¢, are real and
imaginary dielectric constants, respectively; n and k are real and imaginary
refractive indices; &), €., and w are vacuum permittivity, permittivity at very high
frequency and THz angular frequency, respectively. For more detailed procedure,
see ref. 3°.

Structural analysis. We performed XRD 6—26 scans and reciprocal space map-
pings (RSMs) of all the films to insure the quality and correct phase formation of
the films. These measurements were performed on a PANalytical x-ray dif-
fractometer at room temperature. Supplementary Fig. 3 shows (200) XRD 6—260
intensity peaks of these films. All the film peaks are quite intense, indicating a good
growth rate of the film in the optimized conditions used in respective film growths.
The films grown on NGO (100) and LSAT (100) substrates are tensile strained
while the films grown on LAO (100) substrate are compressively strained. Sup-
plementary Fig. 4 shows RSMs of these films. It is clear that the film growth is
coherent, epitaxial and all the films are in a nearly fully strained state as x-coor-
dinates for film and substrate, in each case, are nearly the same (shown by the red
dotted vertical line). The multiple peaks of substrate and film for the mosaic film
are due to the mosaic crystal structure of the substrate.

Data availability
Data related to this study are available from the corresponding author upon reasonable
request.
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