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Electrons condensed in a collective mode and behaving as free charge carriers are two important facets induced
by the complex intertwining of charge, spin, orbital, and lattice degrees of freedom. Existence of these two
electronic ground states in the same structural/chemical phase is as much desired as it is elusive in complex

oxides. Using some unique attributes of terahertz (THz) spectroscopy, we show existence of two fundamentally
different electronic phenomena in Pry sEuj sNiO; nickelate in the same structural phase but along two orthogonal
in-plane axes [001] and [110] of thin films. While a collective response of charge via charge-density-wave
type excitation manifests along the [001] direction, an entirely different Drude-Smith type free carrier response

manifests along the other in-plane orthogonal axis. This anisotropy, on one hand, unveils the strain engineered
crystallographic preferences of the underlying charge-ordering phenomenon; on the other hand, the different
conduction channels open up possibilities of application of nickelates such as in THz transmission modulators.
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The complex perovskite oxides display vast variety of
electronic and magnetic ground states emerging from the
concurrent ordering of different degrees of freedom. The
charge carrier transport in such materials is a result of several
spontaneous symmetry breaking transitions. High-temperature
superconductivity, metal-insulator transition (MIT), colossal
magnetoresistance, magnetoelectric effect, etc., [1-3] are
some of such unconventional ground states. In this con-
text, the unusual electronic properties of rare-earth nickelates
[RNiO3 (R = rareearth)] have recently been a recurrent re-
search theme owing to both fundamental and applied aspects.
Apart from the electron correlations, a crossover from localized
to itinerant electronic behavior associated with complex mag-
netic and structural transition, and the competition between
Mott and charge-transfer electronic phases are of fundamental
interest, while tuning and controlling these properties via subtle
structural modulations to suit oxide electronics is of techno-
logical interest [4-6]. These nickelates also offer a platform
to study the canonical MIT in the light of electron-phonon
interaction as observed in systems with Peierl’s transition and
superconducting phase [7,8].

The transition from localized to itinerant electronic state
in nickelates via controlling temperature, pressure, chemical
doping, epitaxial strain, etc., is attributed to the changing of
electronic volume with the change in average R-cation size and
concomitant modification of the charge-orbital ordered ground
state [3,5,9-11]. The phase-diagram of nickelates reveals
that the degree of lattice distortion keeps on increasing with
decreasing R-cation size. Here, EuNiOj3 (cation radius of Eu =
1.12 A) possesses one of the highest distorted structures that
can be formed in thin film motif. The PrNiO3 (cation radius of
Pr=1.179 A), in contrast, lies close to least distorted member
LaNiOs, yet exhibits concomitant MIT and magnetic order
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[3]. Mixing these two structures in the form of Prg sEug sNiO3
(PENO) can induce reasonable level of lattice distortion, in
which the presence of quenched disorder (due to cation size
mismatch at the R site) can also play a role in modification
of physical properties [12—14]. The resultant distortion and
disorder can be magnified by imposing different levels of
biaxial epitaxial strain which is considered an efficient way
to manipulate the directional ordered state. In this context, the
two dissimilar in-plane epitaxial strains can potentially lead to
the manifestation of axial anisotropy [15,16].

While investigations of anisotropic properties have been
carried out on other popular manganite and cuprate systems,
such studies on nickelate systems have remained elusive so far.
Besides, the study of anisotropy offers a multifunctional utility:
prospects of a material in which several coexisting phases can
be obtained as well as be manipulated by external stimuli. Also,
the anisotropic materials are more desirable for engineering
spintronic devices. The dc transport data usually cannot unveil
fundamental anisotropy in such complex systems as it fails
to probe the low energy mode of collective charge dynamics.
Kida and Tonouchi pioneered the use of THz time-domain
spectroscopy (THz-TDS) for probing the charge density wave
(CDW) mode in manganites or in any class of complex oxides
[17,18]. This led to extensive use of THz spectroscopy for
resolving various issues including anisotropy of the charge
order and the CDW in manganites. In nickelates, the charge
order and the CDW exist in the prototypical NdNiO;3 system.
However, searches for such low energy modes extending to
other members and investigations on the transport anisotropy
are still lacking. Here, we have carried out detailed inves-
tigations on the anisotropic properties on PENO nickelate
employing THz spectroscopy. We demonstrate manifestation
of CDW type collective dynamic transport phenomena along
one crystal axis and a contrasting free carrier transport along
the other crystal axis. The anisotropic CDW-type modulation
was obtained by performing THz-TDS studies on PENO thin
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FIG. 1. (a) Schematic representation of PENO thin film, grown
along the (110) direction, showing two different sets of THz-TDS
data collected as the polarized THz pulse transmitted through (110)
and (001) directions. The p-T profiles of (b) PENO/LSAT and (c)
PENO/LAO films along (001) and (110) directions. The inset in (b)
depicts the four-probe measurement setup along two different in-plane
orthogonal axes and the inset in (c) shows the d(In p)/dT profiles.

films deposited on (LaAlOj3)g3(Sr;TaAlOg)g7 (LSAT) (110)
and LaAlO; (LAO) (110) substrates in which two in-plane
axes belong to different families of (110) and (100) crystal
axes. Figure 1(a) represents the schematic of measurement

procedure. The LAO and LSAT with (110) orientation were
chosen to induce compressive and tensile strain, respectively,
along with the opportunity to study the effect of biaxial in-
plane anisotropic strain. These studies were performed in the
frequency range of 0.2-1.5 THz and a temperature range of
30-300 K.

The experimental details of film synthesis and their char-
acterization are given in the Supplemental Material [19]. The
0-26 XRD patterns of the PENO thin films on LSAT(110)
[PENO/LSAT] and LAO(110) [PENO/LAQ] substrates depict
that both the films are phase pure and epitaxial (Fig. S1 [19]).
The film peaks at higher 26 angles than that of the substrate
for PENO/LSAT and at lower 26 value for PENO/LAO suggest
tensile and compressive strain, respectively. The in-plane axes
of these films ([110] and [001]) are determined by recipro-
cal space mapping (RSM) measurements (Figs. S2 and S3
[19]). The (110) oriented LSAT substrate has two completely
different orthogonal in-plane crystal planes (a(o1) ~ 3.868 A
and a(,ig) ~ 5.470 A). Similarly, for LAO (110) substrate, the
in-plane lattice parameters are a1y ~ 3.794 A and agioy ~

5.365A. Accessibility to these two different planes in thin
films allows one to explore the existence of anisotropy in
various physical/optical properties. The detailed structural
analysis reveals that the both film possess tetragonal symmetry
(Figs. S2 and S3) [19-21].

The zero-field dc electrical resistivity (p) vs temperature
(T) along two different in-plane directions for both films are
plotted in Figs. 1(b) and 1(c). The inset of Fig. 1(b) shows
the schematic for the four-probe arrangements to acquire p-T
profiles along two different in-plane orthogonal directions
of thin film. These data depict the insulating nature of the
films along both in-plane directions for PENO/LSAT film. The
PENO/LAO film, however, exhibits an MIT at ~309 and 319 K
along (001) and (110) directions, respectively, as determined
from zero crossing on d(In p)/dT plots [inset of Fig. 1(c)]. It
may be seen that the resistivity profiles are similar across the
two axes for both films. Overall, except for a small difference in
magnitude, the resistivity does not show any qualitative differ-
ence or anisotropy across two different in-plane axes. In such a
scenario, THz spectroscopy, having the attribute of frequency-
dependent properties, may be useful for exploring the existence
of anisotropy or multiple electronic ground states [22].

The THz low-energy charge dynamics along the two dif-
ferent in-plane directions of PENO/LSAT thin film are probed
in the framework of the schematic shown in Fig. 1(a). The
real part (07) of THz complex optical conductivity (o*) as
a function of THz frequency (f) (0.2—1.5 THz) is plotted in
Figs. 2(a) and 2(b) for both orthogonal [001] and [110] in-plane
directions, respectively. The o;- f spectrum shows different
behavior along the two different in-plane axes. Along the [001]
direction, a pronounced peak-like resonance feature manifests
in THz conductivity, while along the [110] orientation the o - f
spectrum is clearly featureless. The CDW manifestation has
been recognized previously through the resonant-like behavior
of o™ in meV energy range spectra. A collective CDW exci-
tation mode in THz spectrum should possess certain features
[17,18,23,24], namely, (i) the peak conductivities are observed
to be of the order of 10-10° € cm, (ii) the peak conductivity
follows the dispersive relation, i.e., the peak o is accompanied
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FIG. 2. o,- f plots of PENO/LSAT film, at various temperatures
(a) along the (001) direction and (b) along (110). The inset shows
simultaneous (a) Drude-Lorentz fitted curves and (b) Drude-Smith
fitted curve of o, and o, together at a constant temperature of 180 K.
o1-f plots of PENO/LAO film, at various temperatures (c) along the
(001) direction and (d) along the (110) direction.

by a dip in the real part of the complex dielectric constant (g;),
and (iii) the CDW phason mode is infrared active and falls
in the energy range 1-6 meV. In the 01(001)- f spectrum, the
appearance of a peak around 1.25 THz (~5 meV) for the entire
temperature range seems to be amode of low energy CDW-type
excitation. The existence of dielectric dispersion, as noticed
from a phase lag between 85001) and 01(001), was observed for all
the spectra, and is shown for 180 K in Fig. S4(a) which further
verifies the authenticity of resonance absorption [19]. In the
entire temperature range studied here, a dispersive response
between the real and imaginary components [(0'1(001)) and

(0’2(001))] of 0*(%D at the THz resonant frequency (~1.25 THz)
was observed. One such response at 180 K is plotted in the inset
of Fig. 2(a). Another possibility of a polaronic peak is ruled
out, as in nickelates the polaronic excitation occurs at an energy
which is ~5-6 times higher than that observed in the present
case. [17-18,23-25].

The THz conductivity spectra along the [110] direction,
in contrast to that of (001), are featureless. Furthermore, as
shown in Fig. S4(b) [19], no resonance-like signature was
observed in temperature-dependent (e]')- f profiles, which
also rules out the existence of any phase lag between (g, ') and
o "' However, a dip-like feature visible in (o1)- f spectra
at around 1.2 THz manifests only in high temperatures and
lacks dielectric dispersion; therefore, it can’t be assigned to
a resonant absorption mode. The lack of any peak in 01(110)
at zero frequency rules out the free charge carriers’ response
as per the conventional Drude model. These two different
types of non-Drude conductivity responses along two different
in-plane directions need to be modeled in the scope of relevant
conductivity models.

To analyze the resonant response of o*  the Drude-
Lorentz (DL) model was employed as expressed below [7,16]:

o (w)
1| we? 52
=-_ D. L ,La; —lw(ése — 1) 7.
4 |1 —iwtp w1 +l(a)L - a)z)
(D

Here, the first term denotes the Drude contribution,
where 7p and w, signify Drude scattering rate and plasma
frequency, respectively. The second term appears due to the
Lorentz oscillator, which contributes a resonant effect at a finite
resonant frequency of w;, with oscillator strength of S, and line
width 7; '. The €, signifies a value of dielectric constant in the
frequency limit of infinity. We found that our measured o *(°D
follows the DL model, as the calculated and experimental
data converge really well. All such data, plotted along with
their respective fitted curves, are presented in Fig. 2(a). At
180 K, the 01(001) and 02(001) are plotted with their simultaneous
DL fitted curve in the inset of Fig. 2(a) and their dispersive
response also satisfies the DL model. The fitted values of
wy, lie in the vicinity of 1.25 THz for the entire temperature
range of 5-300 K. For 180 K, we obtained w, ~ 0.27¢V,
p ~ 0.68 THz, S; ~ 66 meV, and 7, ~ 5.26 THz.

Now we model the o *(11)- f spectra to a well-known Drude-
Smith (DS) model [26-28], expressed as

2

_ 1w, J
0= ———| 1+ T
47 1 —iwtp 1 —iwtps

— Liw(eoo —1). 2)
4r

Here, apart from Drude term, the additional term in the
square brackets signifies the contributions of the back-scattered
charge carriers. The j refers to the total number of collisions
as encountered by the charge carriers and here, and c; is the
Drude-Smith coefficient, which defines the fraction of initial
velocity of charge carriers after the jth superscript collision.
Taking j = 1, only one scattering event was considered. We
can define as ¢; — c¢; — ¢, where ¢ follows the condition

1(“0) and 02(110) are fitted
(110)

simultaneously to the DS model. Frequency-dependent o,
at different temperatures are plotted along with their respective
DS-fitted data [Fig. 2(b)]. At 180 K, the DS-fitted spectra

of 01(110) and 02(110) are found to fit well with experimental
data with ¢ = —0.89 [inset of Fig. 2(b)]. This high negative ¢
suggests the presence of disorder/scattering centers along the
[110] direction and also brings out the directional disordered
nature in PENO thin film. The unidirectional manifestation of
CDW along (001) can also be understood as a likely outcome of
the anisotropic strain modulated directional nature of Ni e, or-
bitals. Some basic relevant aspects of such anisotropy in PENO
thin films—such as whether (i) this anisotropic behavior is in-
trinsic and/or driven by epitaxial strain, (ii) the observed CDW-
like mode can sustain in another strained state, and (iii) such
pronounced THz transport anisotropy has any relation with
PENO being mixed R-site nickelate, in which disorder seems
to prompt directional anisotropy—are discussed henceforth.

—1 < ¢ £ 0. Atafixed temperature, o
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FIG. 3. (a) Drude and Lorentz contributions in o; of PENO
films at 140 K, grown on LAO(110) and LSAT(110) substrates. (b)
o1-f plots of SNO film, grown on LSAT(110) substrate, at various
temperatures along two different directions, (001) and (110). (c) The
schematic representation of Ni-3d and O-2p orbital arrangements
near Fermi level. The two different colors of O-2p, and O-2p,
symbolize having dissimilar occupancy, depending on the different
level of hybridization, induced by biaxial anisotropic strain. For
simplicity, Ni-3d;,2_,2 and O-2p, are not included here.

To address the strain related aspect, THz spectroscopy was
performed on compressive PENO/LAO (110) (a ~ 3.794 A)
film. Here too, two different lattice parameters along the two
in-plane directions are a1y ~ 3.794 A and agioy ~ 5.365 A.
The THz frequency-dependent optical responses at various
temperatures for two different in-plane directions are shown
in Figs. 2(c) and 2(d). In this case too, we observed a distinct
anisotropic behavior. Along the (001) direction, the peak in
(01(001)) at the vicinity of 1.12 THz seems possess all the
features of a CDW-like mode [Fig. 2(c)]. Also, a phase lag
between 8(1001) and 01(001) is clearly observed, as plotted for
40 K in Fig. S5(a). These data too fit well with the DL model

[Fig. 2(c)]. The Ul(m) - f spectrum, in contrast, exhibits no such
CDW peak-like feature at any temperature and no dispersion

is observed in the 85110)—]( profile [Figs. 2(d) and S5(b)] [19].

To compare the CDW-like resonant excitations of two
differently strained PENO thin films, we have plotted 01(001)
for PENO/LSAT and PENO/LAO thin films at 140 K along
with their respective DL fitted curve [Fig. 3(a)]. Here, we
observe that both the Drude and the Lorentz spectral weights of
PENO/LAO are higher than that of PENO/LSAT. Additionally,
the oscillator strength of PENO/LAO is nearly double that
of PENO/LSAT. However, for both cases, the anisotropic
nature of THz conductivity is qualitatively the same, as the
CDW-like manifestation has axial dependence. This unam-
biguously suggests that the transport anisotropy of PENO
is intrinsic and does not depend on the epitaxial strain. In
contrast to this, a previous study of NdNiOj; thin film on
LAO(110) exhibits clearly opposite behavior, as in that case
the THz CDW peak manifested along both in-plane axes

[7]. The comparison of PENO with reported NdNiOj3 results
suggests that the anisotropic transport does not manifest in pure
systems. To lend more credence, we studied SmNiO3 (SNO)
thin film, which exhibits MIT at around 400 K. A comparison
of PENO with SNO is highly appropriate as both these
systems have same average cation size at the R site. At all
temperatures, we observed a CDW peak for SNO thin film
on LSAT(110) substrate and further found that CDW-like
manifests at the same frequency along both in-plane axes
(albeit with some difference in o) [Fig. 3(b)], as was the
case of NdNiOjs [7]. Hence, for R-site mixed nickelate PENO
which has intrinsic cation disorder, the anisotropic strain
seems effective to prompt a shear-mode distortion in NiOg
octahedra, which induces axial dependence of conductivity
phenomena.

Overall, for PENO thin films, the observed anisotropy
seems to be hosted by the intrinsic complex nature of the
material. This is because the quenching of CDW-like reso-
nance is a predominant control of R-cation size for rare-earth
nickelates [7,12,27,29]. In this context, for the sample with
finite cation disorder, local distribution of strain may occur due
to the anisotropic lattice mismatch/strain, which can modulate
the coupling between electronic and elastic degrees of freedom
[30-32]. This may have further strongly influenced directional-
dependent hybridization of O-2p with Ni-3d orbitals. As a
result, the orbital occupancies of O-2p, and O-2p, become
different, which might induce anisotropic conductivity in the
system [Fig. 3(c)] [33,34]. A very similar mechanism was
observed in manganite films, for which the strain-dependent
anisotropy is attributed to the modified hybridization of O-2p
with Mn-3d orbitals [33]. In the present study, the anisotropic
properties of PENO are unaffected by the nature of epitaxial
strain but seem to be induced by cation disorder at the R site.
Overall, the intrinsic anisotropic nature of PENO thin films
can be attributed to (i) anisotropic strain derived seeding and
growth of electronic conduction channel along a preferential
direction, (ii) directional properties of the Nie, orbital, (iii)
the possibility of anisotropic variation of electron occupancy
between two different in-plane O-2p states, i.e., O-2p, and
2p, [Fig. 3(c)] [33,34], and (iv) directional variation in inter-
chain coupling of adjacent CDWs in PENO thin film which
is epitaxially locked with anisotropic strain, induced by the
substrate [33-35].

To conclude, two different crystal axes of both tensile and
compressive strained PENO thin films were excited by a THz
electric field. While well-defined collective carrier dynamics
in the form of a CDW-like resonance peak manifested along
the (001) direction under both the strained states, a completely
different mechanism of free THz carrier dynamics in the form
of modified free carrier conductivity appeared along the other
orthogonal (110) direction for both the cases. Such strong low
energy transport anisotropy occurring in two different strained
states clearly suggests the observed effects to be intrinsic in
nature. This is spontaneous attribution of anisotropic strain
modulated shear-mode distortion in NiOg octahedra, triggered
by the directional properties of Ni-e, orbitals and occupancy of
0-2p states. Such intrinsic anisotropic properties of correlated
systems have rarely been observed and can be an intrinsic
source of two conduction channels for THz frequency mod-
ulators/filters.
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