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ABSTRACT: The intensive search for alternative noncuprate high-transition-temperature (T.) superconductors has taken a positive
turn recently with the discovery of superconductivity in infinite-layer nickelates. This discovery is expected to be the basis for
disentangling the puzzle behind the physics of high T values in oxides. In the unsolved quest for the physical conditions necessary
for inducing superconductivity, we report on a broad-band optical study of a Nd;4Sr;,NiO, film measured using optical and
terahertz spectroscopy at temperatures above and below the critical temperature T, ~ 13 K. The normal-state electrodynamics of
Nd,§Sro,NiO, can be described by a scattering time at room temperature (7 =~ 1.3 X 10™'*s) and a plasma frequency o, =~ 5500
cm™! in combination with an absorption band in the mid-infrared (MIR), characteristics of transition metal oxides, located around
@y ~ 2500 cm ™" and with an amplitude a)g{ R of about 8000 cm ™. The degree of electronic correlation can be estimated using the
ratio w;/ (w; + (a)g’HR ?). In the present system, the determined value of 0.32 + 0.06 indicates a strong electron correlation in the
NiO, plane with similar strength as cuprates. From 300 to 20 K, we observe a spectral weight transfer between the Drude and MIR
band, together with a strong increase in the Drude scattering time, in agreement with DC resistivity measurements. Below T, a
superconducting energy gap 2A ~ 3.3 meV can be extracted from the terahertz reflectivity using the Mattis—Bardeen model.

KEYWORDS: unconventional superconductivity, nickelates, superconducting gap, THz spectroscopy, optical spectroscopy,
electrodynamics of superconductors

B INTRODUCTION STO substrate reaching a type-II superconductive phase with a
relatively high transition temperature of about 9—15 K.° The
presence of the substrate is essential for producing the
superconductive phase, giving an unusual picture in which
the substrate both strains the crystal and stabilizes this phase.
As for other unconventional superconductors, the super-
conductivity is induced by charge doping in the parent
compound. Although the phase diagram of Nd, ,Sr,NiO,
shows a superconductive dome, with the highest critical
temperature (of about 15 K) at Sr doping x = 0.2,” nickelates

The complex physics behind the superconductive phase in
high-temperature superconductors like cuprates still holds
unknown facets nearly 35 years after their first discovery by
Bednorz and Mueller." In particular, the search for the pairing
mechanism in cuprates has been a major research focus. To
explore this mechanism, additional high-T. superconductors
families were explored, with different transition metals but
similar crystal and electronic structures.”* One such family, the
nickelates, is built from two-dimensional (2D) planes of NiO,
interchanged with dopant ions that form spacer layers,
equivalent to the CuO, planes in cuprates. A superconductive Received:  April 18, 2023
phase was recently verified experimentally in Sr-doped Accepted:  August 1, 2023
NdNiO, thin films grown on STO substrates, more than 20 Published: August 16, 2023
years after their first theoretical prediction.*

The infinite-layer nickelate, Nd;Sr,,NiO, (NdSrNiO), is
synthesized via soft chemistry topotactic reduction’ on an
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Figure 1. Reflectance spectroscopy of a Nd,¢Sr,,NiO,/STO thin film. (a) Schematic view of Nd, §Sr,,NiO,/STO thin-film sample and incoming
I, and reflected light intensity Iy = RI, (R is the reflectance). Crystal structures are represented in the magnification circles. (b, c¢) Broad-band
reflectance spectra of Nd §Sr;,NiO,/STO thin film (red line) and STO substrate (blue line) at 300 (b) and 20 K (c), respectively. The insets show
the Drude—Lorentz (D + L) best fit of NdStNiO/STO as obtained using an air/film/STO trilayer model (see Figure S3 in the SI for details) and a

Drude—Lorentz conductivity (eq 1) for the film.

reveal many differences with respect to cuprates. The most
noticeable distinction is that no evidence of magnetic ordering
is experimentally observed.’”” Moreover, Hall measurements®
and ab initio simulations®~'* highlighted a complex picture
behind the symmetry of the order parameter, in which the
superconductive mechanism appears inconsistent with the
picture of a simple hole-doped electronic band. Indeed, the
description of the electronic structure near the Fermi level
might require up to three bands and their hybridization,"” and
contributions coming from the 4f shells have also been
proposed.'* Furthermore, the role of electronic correlations
has been pointed out recently,15 although an experimental
estimate of their importance is still lacking. On the other hand,
the electron—phonon coupling has been ruled out as the
exclusive origin of the observed superconductivity,"* with spin
fluctuations playing a key role despite the absence of long-
range magnetic order.

To determine the superconducting gap (2A) and the pairing
mechanism of the superconducting state, terahertz (THz) and
microwave absorption spectroscopy,n_lg tunneling spectros-
copy,”’ specific heat,””* and London penetration depth
techniques are the prevailing experimental methods. In the
case of Nd,_,Sr,NiO,, London penetration depth measure-
ments produce consistent data between different independent
reports.””** Still, the paramagnetic background and limited
quality of the samples leave the interpretation open to further
debate. Moreover, tunneling measurements on Nd,_,Sr,NiO,
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were also performed,” suggesting the presence of two different
superconducting gaps at 3.9 and 2.35 meV.

On the other hand, no optical investigations of
Nd§Sr,NiO, films have been reported, at least to our
knowledge, either in the normal or in the superconducting
state. This is mainly due to the presence of the SrTiO;
substrate, reflecting close to 100% of the THz light through
its soft phonon mode. Since optical investigations contributed
a great deal to shed light on high-temperature super-
conductivity mechanisms through evaluations of the super-
conductive gap, the scattering mechanism, and coherence
effects,”*™>* these measurements are highly longed for.

In the present study, we report on the optical reflectance
R(w) of a high-quality optimally doped Nd;§Sr,,NiO, film
over an STO substrate across a broad range of frequencies w,
from terahertz (15 cm™) to visible (VIS, 20,000 cm™), as
obtained by combining THz radiation, generated from the
AILES beamline@Soleil third-generation synchrotron ma-
chine, with conventional optical spectroscopy. The normal-
state optical conductivity, 6(w), derived from these measure-
ments, provides the first experimental indication of strong
electronic correlation in the NiO, plane. Indeed, o(w) is
described by a superposition of a Drude term (representing the
coherent motion of charge carriers in the NiO, plane) and an
absorption band in the mid-IR (representing their incoherent
motion and generated by strong correlations). This scenario is
common to other metallic oxides, including cuprates, and
suggests an important role of electronic correlations in the

https://doi.org/10.1021/acsaelm.3c00506
ACS Appl. Electron. Mater. 2023, 5, 4770—-4777
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Figure 2. Temperature-dependent analysis of a Nd;3Sr,NiO,/STO THz reflectivity. (a) Absolute THz reflectance of the STO substrate at
different temperatures. (b) THz reflectance of the Nd,Sr,,NiO, film over the STO substrate at different temperatures. At frequencies (@ > S0
cm™"), the curves merge toward a common absolute value. (¢, d) Contour plots of the relative THz reflectance for both the sample and bare
substrate, as a function of temperature (5—20 K) and frequency. Relative spectra were calculated by dividing the measurements by equivalent

measurements at 20 K.

NiO, plane. Finally, in the superconducting state, an energy
gap (2A ~ 3.3 meV) is evaluated by fitting the THz reflectance
at different temperatures with a Mattis—Bardeen model.

B EXPERIMENTAL RESULTS

All reflectance measurements were performed on a 10 nm thick,
optimally doped Nd;4Sr,,NiO, film, grown on a S00 um SrTiO;
(STO) (001) substrate through soft chemistry topotactic reduction
using CaH, (see the Methodssection). The optical properties of the
actual STO substrate were measured in the same experimental
conditions. The infinite-layer structure of Nd,sSr,NiO, and the
perovskite structure of STO are represented in Figure la. Prior to
optical measurements, superconductivity was verified by resistance
measurements as a function of temperature, showing T, = 13 K (see
Figure SI in the Supporting Information (SI)).

The optical reflectance measured at 300 K is shown in Figure 1b,
across a wide range of frequencies, from THz to VIS for both the
Nd,¢Sr,NiO, film and STO substrate. A gold layer evaporated on
both film and substrate has been used as a reference for reflectance
absolute measurements. For the STO substrate, a series of strong
transverse optical (TO) phonon modes are observed. Starting from
lower frequencies, these can be identified as®*** TO, at 100 cm™!
(soft mode), TO, at 176 cm™, and TO; at 540 cm™". The reflectance
of the Nd, 4Sr(,NiO, film shows similar behavior to STO with a small
decrease above 200 cm™!, mainly related to the Drude metallic
absorption, and an increase above 1000 cm™' associated with the
(MIR absorption band (see the discussion of eq 1)).

THz reflectance measurements of film and substrate were also
performed as a function of temperature between 5 and 20 K in the
frequency range of 15—50 cm™' (all curves at different T°s merge
above this frequency), crossing the film superconductive critical
temperature at T, ~ 13 K. Figure 2a shows the STO reflectance at
these temperatures and frequency ranges in a very expanded vertical
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scale. The increase in the substrate reflectance at low frequencies is
due to the STO soft mode. This well-known effect is further
highlighted in Figure S2 in the SI In contrast, R(@) of the film in the
same temperature and frequency range (Figure 2b) shows a different
relative change, suggesting a further effect induced by the super-
conducting transition.

To magnify these differences, we calculate the relative reflectance
spectra AR/R = (Iz(T) — Iz(20 K))/I(20 K) as obtained by dividing
the light intensity reflected by the film or STO (Ix(T)) at all
temperatures by the signal (Iz(20 K)) at the reference temperature T
=20 K (>T,.). The results are shown in a 2D intensity plot for STO
and Nd,Sro,NiO, film (Figure 2c,d, respectively) as a function of
both temperature and frequency (the same results are shown as three-
dimensional (3D) plots in Figure S4 in the SI). The 2D plots clearly
highlight the differences between the bare substrate and the film THz
properties vs T, supporting a different origin for the modification of
the reflectance spectra at the lowest temperatures.

B DISCUSSION OF RESULTS

Normal-State Optical Conductivity. To analyze the
behavior of the Nd,¢Sr,,NiO, film, it is necessary to consider
the optical response of the substrate. To do so, the substrate
optical data was analyzed through a Kramers—Kronig con-
strained ﬁttinsg to extract the optical refraction index at every
temperature” (a fitting example for STO is shown in the inset
of Figure 1b). Therefore, the Nd, §Sr,,NiO, film is modeled in
terms of an air/film/STO trilayer’™" and fitted through the
RefFit program®® (more information can be found in the
Multilayer Stacking Model section and Figure 3 in the SI). The
optical properties of Nd ¢Sr;,NiO, in the normal state are well
described in terms of a Drude—Lorentz model. The comglex
conductivity expressed in units of S-cm™ takes the form®

https://doi.org/10.1021/acsaelm.3c00506
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Figure 3. Optical conductivity and superconducting gap of Nd,Sry,NiO, superconductive film. (a, b) Real and imaginary parts of the optical
conductivity of the Nd,Sr,,NiO, superconductive film at 300 K (a) and 20 K (b), as extracted through a Drude—Lorentz fitting model (eq 1).
Dashed and dotted lines show the real parts of the Drude and MIR oscillators, respectively. (c¢) Comparison between experimental relative
reflectance (solid circles) at 5, 10, and 15 K with the relative reflectance deduced from the Mattis—Bardeen model (M—B, red, discontinuous lines)
and the Drude model (black, dotted lines). This calculation was performed by taking the Drude term at 20 K and including the STO indices at S,
10, and 15 K. (d) Superconducting gap values (green diamonds) as a function of temperature as determined by the M—B model at finite T (see
text). The experimental data can be described in eq 5. The gap extrapolation to 0 K gives 2A ~ 26.5 cm™ (~3.3 meV) in good agreement with the

literature.

)
where Z, is the free space impedance (377 Q) and the
frequencies are expressed in units of cm™. In the Drude term,
@, is the Drude plasma frequency, while I' = 1/7 is the
scattering rate, with 7 being the scattering time. The Lorentz
oscillators are instead described by their characteristic
frequency (w,), intensity (a)lz,’), and scattering rate (y;). The

use of the model in eq 1 is supported by a vast literature
concerning the optical conductivity of cuprates.”” There, the
description of the optical conductivity strongly depends on
temperature, doping, and the type of cuprate family.”~** In
such a complex framework, the fitting of the conductivity, in
particular, for thin films, should minimize the number of
absorption terms to be used in eq 1. Here, a model based on a
Drude term plus two Lorentz oscillators located in the mid-IR
and near-IR (NIR) is sufficient to fit the reflectance curve for
Nd,§Sro,NiO, from THz (15 cm™) to the visible spectrum
(20,000 cm™) (see the inset of Figure 1b,c). In the fitting
procedure, the real (1) and imaginary (k) parts of the STO
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refraction index have been used as inputs, taking into account
the contribution to the whole (film+substrate) reflectance
coming from this substrate layer. The STO substrate optical
characterization, in agreement with the literature,>*** s
available in the SI (Figure 2).

Figure 3a,b shows the real (o,(®), blue line) and imaginary
parts (6,(w), red line) of the resulting optical conductivity for
the Nd,¢Sr,,NiO, film in its normal state at 300 and 20 K,
together with the Drude term (dashed line) and the MIR band
(dotted line). The NIR band, appearing around 10,000 cm™,
is probably reminiscent of the electronic gap in the insulating
NdNiO, material. A Drude plasma frequency w,, ~ 5500 cm™!
is extracted from the fitting at 300 K, together with a scattering
time 7 ~ 1.3 X 107"* 5. Such a low scattering time is probably
related to the quasi-2D geometry of the material. The MIR
band is centered at wy'™* ~ 2500 cm™" with an amplitude of
a)g/HR ~ 8000 cm™" (all fitting parameters are reported in Table
S1 in the SI). The MIR band is a common feature of many
transitional metal oxides including cuprate- and iron-based
superconductors, being related to electronic correlations.
These usually renormalize the Drude term (coherent charge
excitations), transferring spectral weight to an incoherent one

https://doi.org/10.1021/acsaelm.3c00506
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at finite frequencies (MIR band)."*** In particular, the @}/ (@},
+ (@)™)*) ratio provides an experimental estlmate for the
degree of electronic correlation of the material.”> While for
weakly correlated metals, such as gold and silver, one obtains
w3/ (0} + (0)"™)?) ~ 1, for Nd, §Sr,NiO,, this ratio reaches a
value of about 0.32 + 0.06 at 300 K. This value can be
compared to those of other correlated oxides like V,0;
(~0.18) and cuprates (0.2—0.4),* identifying NdSr,,NiO,
as a strongly correlated electronic system. This is an important
result of our paper as it provides an experimental constraint for
all theoretical models describing the low-energy electronic
states of NiO,."

A similar fitting occurred at 20 K (see Table S1 in SI),
highlighting a transfer of spectral weight from the Drude term
to the MIR band, as further expected for correlated
systems’** (see Figure 3a,b). Moreover, the increase of the
Drude scattering time from 300 K (7 ~ 1.3 X 10™'*s) to 20 K
(7y0k ~ 6.7 X 107 s) is in good agreement with the DC
resistivity temperature behavior of similarly doped samples.*’
Through the scattering time value at 20 K, it is possible to
estimate whether the Nd¢Sr,,NiO, nickelate is in the clean
(/T < 2A) or in the dirty (A/t > 2A) limit for
superconductivity. As the superconductive gap energy 2A is
measured at 3.9 meV by tunneling spectroscopy,”” we can
calculate the ratio 72/2A = 1.7 X 107" 5, and by comparing it
with our scattering time 7, we obtain 7 < 71/2A, suggesting that
the material is in the dirty limit. The coherence of this result
will be verified in the next section, where we estimate the
superconducting gap from reflectance measurements below T..

The scattering time 7 can also be related to the critical
temperature T of the superconductor through the well-known
relation A/t 2kpT,, which is valid for cuprate high-
temperature superconductors, both in the bulk’ and thin-
film limit.** This relation finds its origin in the scaling factor
for cuprates proposed by Homes et al.*”*° and supported by
Tallon et al,”’ in which the normal-state conductivity is
established to be proportional to the product of the superfluid
density with T.. The result for the nickelate film, however,
departs from this relationship since 7/7 is higher than 2kpT,
h/t ~ 9 meV > 22 meV ~ 2kgT.

In cuprates, the scaling factor #/7 & 2kgT. has been
suggested to result from either a marginal Fermi-liquid state, a
Josephson coupling between planes, the scattering of
impurities for a d-wave order parameter, or even a BCS dirty
limit superconductivity.”' In the present (nickelate) case, in
which this scaling factor does not stand, the physical
implications remain unclear but nevertheless add to the
differences between the two families of superconducting
oxides.

Optical Determination of the Superconducting Gap.
In Figure 2b, we show the absolute reflectance of
Nd,§Sr(,NiO, film onto STO at different temperatures in
the superconducting state and in the normal state at 20 K. In
Figure 2a, the same quantity is represented for the bare STO
substrate. The two reflectances show different temperature
dependence. For STO, this is due to the soft phonon mode,
while for Nd;Sr;,NiO, on STO reflectance, its temperature
dependence is related to a combination between the
superconductivity transition and the STO soft mode.

In order to extract the superconducting gap and its
temperature dependence, we fit the film’s relative reflectance
AR/R = [R(T < T.) — R(20 K)]/R(20 K) at various
temperatures below T. In the dirty limit of the electron

~
~

4774

transport (see below), the fitting process can be worked out by
using the Mattls Bardeen theory for a s-wave super-
conductor.”> The s-wave assumption is supported by both
STS and DC experiments.”>>**** The choice of using the
relative reflectance measurements for understanding the
superconducting transition is mainly justified by the high
substrate absolute reflectance. Indeed, relative measurements
grant a higher sensitivity when comparing different temper-
atures, and the use of the Mattis—Bardeen theory for the study
of superconductive materials is well documented.*>~>” The real
05(®) and imaginary 65 (@) parts of the optical conductivity
in the superconducting state, normalized to those of the
normal state oy(), take the form®*>’

o° _ i f°° dE[f(E) — f(E + hw)]E(E, hw, A)
Y
M/ $E[L — 3f(E + h)IE
ho
(E, hw, A) @
oy f_M . dE[L = 2 (E + ho)IE(E, hw, A) o
where
2
E(E, ho, A) = —— E(Iz" + ho) + A
VE - 8 (B + ho) - X )

f(E) is the Fermi—Dirac distribution, A is the superconductive
gap, and O is the Heaviside function. In the expression for o3,
the lower limit of integration is taken as the largest between the
two values — A and A — 7. oy is mostly dominated by its
real part at THz frequencies.

Figure 3c shows the best-fit results. In particular, the dashed-
dotted colored lines represent the relative reflectances at 15,
10, and S K, calculated by using the Mattis—Bardeen model for
the film and the STO indices at each temperature for the
substrate. The black dotted lines are instead reproduced
through a Drude model for the film. The Drude coefficients at
20 K have been used in this calculation together with STO
optical indices at 5, 10, and 15 K. Indeed, from the resistance
curve (see Figure SI in the SI), we do not expect a
temperature variation of the Drude parameters below 20 K.
As evident from Figure 3¢, the Mattis—Bardeen model better
describes AR/R in the superconducting state also providing
the value of the superconducting gap 2A at different T < T..
The superconducting gap behavior vs T is shown in Figure 3d.
The gap opens near 13 K, in agreement with the resistance
measurements and previous studies,”” and rapidly increases for
reducing T. To extrapolate 2A at 0 K, we fit its T dependence
through the following equation®”>"

2A(T) = 2A(0)tanh(k L _ 1]
T (s)

where the coefficient k accounts for the coupling symmetry, T
is the critical temperature, and 2A(0) is the superconducting
gap at 0 K. The resulting fit is shown as a discontinuous blue
line in Figure 3d. The extracted temperature T, >~ 12.6 + 0.4 K
agrees with the DC resistance data in Figure 1 in the SI. The
superconductive gap extracted at 0 K, 2A(0) = 26.5 + 0.8
cm™, agrees w1th the results obtained from tunneling

measurements.” Although the parameter k = 2.2 + 0.5 is in
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agreement with a s-wave coupling symmetry (k = 2.2),>” due to
the strong contribution of the substrate to reflectance
measurements, we cannot exclude the presence of a second
gap or a different coupling symmetry.”***

B CONCLUSIONS

In this work, we investigated the low-energy electrodynamics
of the novel nickelate Nd, sSr,,NiO, superconducting thin film
by using broad-band optical spectroscopy from terahertz to
visible. The normal-state electrodynamics of Nd,gSr,,NiO,
can be described at all temperatures above T, by a Drude
model characterized at 300 K by a scattering time of 7 ~ 1.3 X

107" s and a plasma frequency of w, ~ $500 cm™’, in
combination with a mid-IR absorption band at about wy™ ~
2500 cm™ with an amplitude of a)gHR ~ 8000 cm™". The a)z/
(wp + (@™)?) ratio, like in cuprates and many transitional
metal 0x1des, can be used to estimate the degree of electronic
correlation in Nd,gSr,,NiO,.*> This ratio is ~0.32 + 0.06,
setting the nickelate 1nﬁn1ty layer family in a strong correlation
level like many cuprates.*® This is the most important result of
this paper as it provides an experimental constraint for all
theoretical models describing the low-energy electronic states
of NiO,.

Moreover, the scaling law (/7 ~ 2kgT,) valid for high-T.
cuprates is not satisfied by the Nd;4Sry,NiO, super-
conductor (72/7 ~ 9 meV > 2.2 meV ~ 2kzT.). This indicates
a further difference among charge fluctuations in the CuO, and
NiO, planes. Finally below T, through the Mattis—Bardeen
model, we estimate from the terahertz optical reflectance a
superconductng gap close to 3.3 meV in good agreement with
tunneling data.

B METHODS

Sample Preparation. We prepared and characterized our
Nd,§Sro,NiO3 thin-film samples following procedures previously
described by Zeng et al.” The perovskite NdygSr,,NiO3 thin films
with a thickness of 10 nm were grown on a single polished TiO,-
terminated (001) SrTiO; (STO) substrate by using a pulsed laser
deposition (PLD) technique. The deposition temperature, oxygen
partial pressure Py, and laser energy density were set to be 600 °C,

150 mTorr, and 1.8 J/cm? respectively. The samples were annealed
for 10 min at 600 °C and 150 mTorr after deposition and then cooled
to room temperature at a rate of 8 °C/min. The infinite-layer
structure was obtained through a soft chemistry topotactic reduction
using CaH, as the reagent. During the reduction process, the
perovskite films were embedded into CaH, powder, wrapped in
aluminum foil, and then heated in a PLD vacuum chamber. The
samples were heated to 340—360 °C at a rate of 25 °C/min, kept for
80 min, and then cooled down to room temperature at a rate of 25
°C/min. In order to obtain the reflectance spectra through THz
measurement, half of the infinite-layer thin film was covered by a S0
nm Au layer, which was deposited by evaporation.

Spectroscopic Measurements. The film optical properties from
THz to VIS were probed by using a combination of different
spectrometers. The THz reflectance measurements have been
performed at the infrared spectroscopy beamline AILES (Advanced
Infrared Line Exploited for Spectroscopy), Synchrotron SOLEIL.®
Exploiting the high brightness of the synchrotron radiation source,
THz spectra in the 10—600 cm™" range and MIR spectra (up to 6000
cm™') were obtained using a Bruker IFS125HR Fourier transform
spectrometer evacuated at pressures lower than 10™* mbar to avoid
absorption by water and residual gas. The (10—60 cm™") spectral
range was measured with a resolution of 0.5 cm™ using a 50 um
Mylar beamsplitter combined with a bolometer cooled at 1.6 K,
having a signal-to-noise ratio of 1700:1. The error bar on the
measured reflectivity is 0.2%. For the (40—600 cm™") range, a spectral
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resolution of 2 cm™" was obtained using a 6 yum Mylar combined with
a bolometer cooled at 4.2 K. Above 600 cm™!, an MCT detector
cooled at 4.2 K was used, together with a KBr beamsplitter. A low-
vibration pulse tube cryostat was used to achieve temperatures down
to S K from room temperature. This system contains a sample holder
which is mechanically decoupled from its coldfinger, allowing
minimum sample vibrations. The absolute reflectance spectra were
obtained by measuring the signal reflected in the THz divided by the
signal of the gold evaporated sample. Broad-band room-temperature
measurements have been obtained at the SapienzaTerahertz
Laboratory at Sapienza University of Rome, through a Vertex 70v
FTIR broad-band interferometer, for frequencies between SO and
5000 cm™, and a JASCO v-770 IR-UV spectrometer for the interval
from 3000 to 20,000 cm™’. Data obtained from these measurements
were merged to obtain the single broad-band reflectance curves

(Figure 1b).
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