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The application of metamaterials and plasmonic structures in the visible and near infrared are
strongly limited by the dissipative losses due to the low conductivity of the most used metals in
this frequency range. High temperature superconductors are plasmonic materials at nonzero
temperature that can provide a possible alternative approach to overcome this limit. Moreover, they
can have zero or even negative dielectric constant, and a bipolar behavior. All these characteristics
are attractive for plasmonic applications, and encourage further studies aimed at a more detailed
knowledge of the parameters characterizing high temperature superconductors as possible optical
materials. In this paper, Fourier Transform Infrared Spectroscopy analysis and ellipsometric
measurements in the visible and infrared spectral regions on NdBa,Cu;O,_ s (Nd123) and
ruthenocuprate superconductor GdSr,RuCu,0g_ s (Gd1212) are reported. As a matter of fact, Nd123
presents the highest transition temperature (T, =96K) and the most interesting magnetic response
properties among YBCO-like cuprate superconductors, whereas the coexistence in the same cell of
superconductivity and magnetic order below T, in Gd1212 can be an interesting feature for next
metamaterial-like applications. The obtained results confirm the promising features of the considered

materials. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818942]

. INTRODUCTION

Recently, and increasing interest has been devoted to
metamaterials for the possibility of using them to develop
new innovative optical devices.

Nanostructured materials present several unusual prop-
erties, such as negative or variable refraction index'? that
can be, for instance, exploited for cloaking applications® or
slowing down electromagnetic waves® (giving a typical
example of how, sometimes, scientific research may put into
reality SCI-FI intuitions”'?). The main limitation preventing
more widespread applications of these structures is the low
conductivity of the generally used materials in the high (VIS
and NIR) frequency range, which induce dissipative losses
strongly affecting the device efficiency. A possible solution
can be the substitution of conventional conductors, like gold,
with high temperature superconductors (HTSC), which are
expected to show better features in the frequency range of
interest.

Superconductors are plasmonic materials and
present a number of interesting characteristics such as a neg-
ative dielectric constant correlated to the magnetic Meissner
effect, and, depending on superconductor composition and
doping, the possibility of exploiting two different charge car-
riers (viz., holes and electrons).

Among HTSC compounds, the most diffused and stud-
ied are the YBCO-like hole-doped superconducting cuprate
family RE123 (REBa,Cu;0;_5, RE=Y, or Rare Earth),"*
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whose Nd123 (NdBa,Cu;0;_;) is the member characterized
by the highest superconducting features.'® In particular, Nd123
superconducting transition temperature (T.) is 96 K. Moreover,
it presents very interesting magnetic response features, such as
a high (upper) critical magnetic field H.,, and the appearance
of a “fishtail effect” in locally non-superconducting samples'®
that is strictly correlated with the phenomenon, peculiar to
Nd123, of cationic substitution.'”'® The similarity of Ba®" and
Nd** ionic radii allows, indeed, a partial Nd-Ba substitution in
Nd123 unitary cell leading to phases with an effective stoichi-
ometry Nd123(x) =Nd; Ba, yCu30;_ 5,4, that, in very
low concentrations, can provide some additional pinning
centres, so allowing higher critical currents at higher magnetic
fields.'” On the other side, Nd-Ba substitutions represent one
of the most detrimentary features to Nd123 superconducting
properties, because substituted phases present both critical
temperature and critical magnetic fields lower than in the stoi-
chiometric x~0 one.” Substitutions also occur in Melt-
Textured bulk samples by reaction of Nd123(0) with Nd422
(Nd4BazCu2010),18’21 a phase generally added to Nd123 to
increases its mechanical stability in the molten phase, and to
provide pinning centres in the grown samples. Nd422 shows,
indeed, a similar opposite tendency to form Ba-Nd substituted
phases Nd422(z) =Nd4_,,Ba,,,,Cu, ,0;0_»,. The occurring
of this phenomenon may be prevented by using off-
stoichiometric Nd422(0.2) (Nds ¢Ba, 4Cu; 309 ) that is almost
at Ba solubility limit in Nd422 (zmn A~ 0.2)>'~>* and is then no
more reactive with Nd123. A similar prevention effect is
obtained by using Nd210 (Nd,BaO,) phaseﬂ’zz’24 that reacts
with Nd123 forming Nd422(z.,;,) precipitates in the final
samples.

© 2013 AIP Publishing LLC
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The rutheno-cuprate compound Gd1212
(GdSr,RuCu,05_5) is structurally similar to Nd123 and is
even more interesting as a possible metamaterial®® >’ because
of the presence of Ru*"—Ru’" ions (in substitution of apical
Rel23 Cu®'—Cu®" ions) that order magnetically below
135K.2%3% This magnetic order, whose exact nature is
still debated,®'° survives to the onset of superconductivity
(at about 40K depending on the fabrication procedures’’~?),
so that superconductivity and magnetic order coexist in the
same cell below the superconducting transition temperature.

An accurate characterisation of these materials in the
VIS and IR spectral regions is needed for a correct evalua-
tion of their optical features and suitability as metamaterials.

In order to have more insight into these materials fea-
tures, in this paper, we report about ellipsometric and Fourier
Transform Infrared Spectroscopy (FTIR) measurements car-
ried out in visible and infrared regime on NdI123- and
Gd1212***!- based Melt-Textured bulk samples, which pres-
ent the best structural homogeneity and superconducting prop-
erties for these materials when in bulk form.**~*

Il. SAMPLE FABRICATION

Three different kind of samples have been prepared for
analysis: two different ones made from Nd123 (with the sec-
ondary Nd210 and Nd422(0.2) phases) and the third based on
Gd1212 (and the secondary phase Gd1210= GdSr,RuOs s).
Samples have all been grown, from precursor powders mix-
ture sintered pellets, by means of Top-Seeded Melt-Textured
Growth (TSG) technique, which allows to achieve large ori-
ented domains with a high reproducibility.

Nd123 samples are centimeter sized single domains
extracted from both single seeded TSG Nd123/Nd210 pellets
and multiseeded TSG Nd123/Nd422(0.2) bars. Starting compo-
sition of powder mixture are Nd123 4 0.25 Nd210 for single
seeded® and Nd123+0.25 Nd422(0.2) for multi seeded
samples.***” As already mentioned, the use of Nd422(0.2)*'~*
and Nd210*"*?* is due to the necessity of avoiding Nd-Ba
cationic substitutions in Nd123. It has to be remarked that
Nd123-Nd210 reaction produces also a small quantity of
NdBagCu30,p5 (Nd163) phase,48 rapidly decomposing into
Nd123 plus oxides, and then with negligible effects on samples
features. Other problems affecting Nd123 Melt-Textured sam-
ples, such as the formation of growth precipitate bands,* due to
excessive adding of the secondary phase, and the problem of
cracking and fragility of the largest size pellets,”*" have been
taken into account in the choice of fabrication parameters, so
that our samples do not present any remarkable problem under
these aspects.

Gd1212 samples are multi-domain ones taken from
multi domains TSG Gd1212/Gd1210 pellets.*” Gd1210 is in
relationship with Gd1212 in the same way of Nd442 with
Nd123, being the solid phase produced in Gd1212 peritectic
melting reaction®>>?), so that its addition results necessary to
achieve good superconducting properties.*® Single domains
in these pellets are, indeed, quite small (i.e., less than
0.5mm), and of complex shape,*' so that it was unpractical
to extract them for our purpose. Gd1212 pellets starting com-
position is Gd1212 4 0.25 Gd1210.

J. Appl. Phys. 114, 083521 (2013)

The precursor powders: Nd123, Nd422(0.2), Nd210,
Gd1210, and Gd1212 were separately produced by solid
state reactions.***®* In particular, the two step procedure,?
better discussed elsewhere,’%g’53 was used for GdSrRuCuO
compounds.

Precursor powders were then mixed by 2 h ball milling
with the pure compounds in the chosen molar ratio, say
Nd210:Nd123 =Nd422(0,2):Nd123 = Gd1210:Gd1212 = 1:4.
The appropriate amounts of Nd123-based powder mixtures
were uniaxially pressed into cylindrical pellets of about
@~ 1cm diameter and ha 8 mm height, and into 1 x 1 x5
cm® bars. On their side, Gd1212-based powders mixture were
uniaxially pressed into 2g weight cylindrical pellets
(@~ 1cm; h~4mm).

Single domain pellets were obtained by single seeded
TSG technique, bars were obtained by multi-seeded TSG
technique, both processes were performed in air.

Nd123 pellets were mounted on sintered CeO pedestals,
with a thin protection layer of Y,O3 powder interposed.*’
Nd123 bars were mounted on pure Nd422(0,2) sintered ped-
estals. Gd1212 pellets were disposed over sapphire glass
pedestals.

The seeds are squares of about 1 x 1 x 1 mm? size cut
from a commercial MgO single crystal slab. On pellets, they
were simply placed at the centre of their top surface,
whereas, on bars were positioned four seed, regularly spaced
by about 1.6 cm in such a way to have their crystallographic
axes parallel to the edges of the bar and to the upper surface
normal.*® Care was taken to maintain the same alignment for
all seeds.

The processes are calibrated around the peritectic reac-
tion temperature Tp,. This is a partial melting reaction occur-
ring for materials that, like cuprates and ruthenates,
decompose into a solid and a liquid phase at high tempera-
ture. The peritectic reactions for Nd123 and Gd1212 in air
are (in both formulas, L[X] indicates a liquid phase of X
composition)

Nd123 = (1/4)Nd422(0) + L[(3/2)BaCu0, + CuO] (1)

occurring at T, = 1095 °C for Nd123,** and

Gd1212 = Gd1210 + L[CuOx] 2)

occurring at T, = 1117 °C for Gd1212.”>>*

Samples were completely molten in a muffle furnace for
5h at the melting temperature T, >T, To obtain pre-
sintered high-density pellets, and preventing cracks forma-
tion before melting, T,, was reached by a two step ramp:
300 °C/h up to 800 °C and then further up at 60 °C/h.

Furnace was cooled to the first undercooling tempera-
ture Ty, where it dwelt for 2 h, and then, by a growth cooling
rate C;, to the second undercooling temperature T,, where
stayed for 1 h to ensure a complete growth.

For Nd123-based samples, T, =1135°C, T, =1075°C,
and T, =1060°C, while C;,=0.6°C/h for the pellets and
C12,=0.5°C/h for the bars. On their side, Gd1212-based
samples schedule thermal parameters are T, =1190°C,
T;=1130°C, T,=1115°C, and C;, =0.5°C/h.
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FIG. 1. ¢, (blue) and ¢ (red) values
measured on a single domain fragment
of a Nd123-based TS-MTG bar: values
were reconstructed from the , A raw
data by the usual DeltaPsi2 program.
| el Measurements were performed in an
1 incidence angle of 70° with the detec-
; tors disposed specularly to the source.
Data show the hybrid nature of the ma-
terial, presenting a conducting Drude
component and an insulating Lorentz
one. Solid lines are the numerical curves
obtained by the best fit procedure.

400 600 800 1.000 1.200
Wavelength (nm)

Finally, furnace was cooled to room temperature. The
whole process was performed in air.

To ensure that both materials are in the structurally cor-
rect phase, Nd123 samples were annealed at 420°C for 12h
in pure oxygen flux.

To avoid light scattering resulting in an insufficient
reflectivity, the upper surfaces of all samples have been pol-
ished by cloths down to a 1 um grain.

lll. OPTICAL CHARACTERISATION

Normal state properties of bulk Melt-Textured Nd123
and Gd1212 cuprate superconductors have been analysed by
visible and infrared spectroscopies. The interest in analysing
HTSC in the normal state is related to the presence of a
superconducting pseudogap up to room temperature and
beyond.>>>® Moreover, these analyses allow a more precise
calibration useful for further investigation at lower tempera-
ture. The optical properties of the samples have been investi-
gated at room temperature by using a Jobin Yvon—Horiba
UVISEL VUV to NIR Spectroscopic Ellipsometer operating
in the visible and near infrared range between 400 nm and
1600 nm. Ellipsometric measurements have been performed
on a domain extracted by a Nd123-Nd422 bar and con-
fronted with the ones obtained by analysing Nd123-Nd210
and Gd1212-Gd1210 pellets. In the investigated VIS and
NIR range, polished pellets appear shiny black because of
high light absorption. Great care was then devoted in posi-
tioning correctly the sample, even because slight deforma-
tions occurred during the thermal treatment. In fact, the
upper surface of the bar fragment can be not perfectly hori-
zontal, with deviations from the vertical up to 447 (to be
compensated). Ellipsometric spectra are reported in Fig. 1.
They show a quite interesting characteristic given by an
almost simple profile that, anyway, is not immediately attrib-
utable to a pure Drude (conducting) or Lorentz (insulating)
behaviour. The real part of the permittivity, ¢, starts decreas-
ing at 400nm until reaching a minimum of 1.8 at about
480nm. Then, it increases almost monotonically up to 2.3 at
about 850 nm, where it reaches its local maximum, before
decreasing again in the 850-1600 nm range. The imaginary

1.400 1.600

part ¢; increases between 400 and 550 nm, then stays around
1 up to about 1100 nm, where it starts to increase again up to
about 1.9 at 1600 nm.

Collected data have been analysed by the DeltaPsi2 soft-
ware and fitted to obtain a model of the room temperature
optical behaviour. An hybrid model was used, composed by
a Drude component, accounting for the conducting behavior
(and, with the appropriate modifications, for the supercon-
ducting one below T.), and a Lorentz oscillator component
accounting for the insulator behaviour. This model slightly
modifies the one used in classical works on YBCO.”””® A
two fluids Drude model,” accounting for the superconduct-
ing and the normal state components, or even a more com-
plex one,” is expected to better describe the optical behavior
in the superconducting regime.

The following formula was used to model our samples
(the coefficients are due to the normalisation applied in the
fitting program):

¢ =056 +0.25D(w) + 0.25L(w), 3)

where ¢, is the constant value that permittivity achieves at
higher frequencies.

TABLE 1. > minimization on &, &. Fitting has been made by an hybrid
model, combining an insulating Lorentz oscillator component with a con-
ducting Drude one.

Parameters Value Notes
7 0.011517

epsilon % 50% Fixed"
epsilon2 ¢, 1.1386610

Drude % 25% Fixed*
Drude model wj, 521.2909000 nm

Drude model I'y 1286.6810000 nm

Lorentz % 25% Fixed®

0.6276293 eV >nm ™!
1.8977460 nm

Lorentz oscillators N
Lorentz oscillators

Lorentz oscillators y 0.2790371 nm
Lorentz oscillators v 4.3250000
Lorentz oscillators ® —0.1042017

“Post fit re-fitting of these values left them unchanged.
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FIG. 2. (a) FTIR analysis performed on a single domain Nd123 pellet in the MIR range (4000-400cm'); (b) FTIR analysis performed on a multidomain
Gd1212 pellet in the MIR range (4000-400 cm ). In both images, the peak around 2400 cm " is a background one. Slight undulations in the 2300—1000 cm '
range form a band structure correlated to charge carrier and spin stripes in superconductors.6l

w,% The fit analysis has been performed in several subse-
D(w) = @? + ioly ) quent steps, minimizing each component both separately and
jointly with the others, each time putting the results of the
and previous run as the starting point for the next one, until a
good correspondence of fitted curves with experimental data
H

L(w) = & (5.1) appeared. . '

1 —vH(w) For the first run, we tried several hypothetical values for

the plasma frequency w, ranging around the maximum
are the Drude model formula for the free charge carriers and between 700 and 1000 nm: in all cases, at the end of the
the Lorentz oscillators formula, respectively, with whole process, the results tended to the values shown in
Table I. The same occurred for the hypothetical values of the
Lorentz oscillators parameters. A final control on the fitting

Nose - 1.37886eV2nm? o

H(w) = Wy — W — iyw (5.2 weights has been performed after the last step, but the results
confirmed the validity of the initial choice.
In the Drude formula, w,, is the plasma frequency and Iy is The fitting results are shown in Table I. They show a
the damping coefficient of the free electron gas. In the Drude plasma frequency not so far from the expected one.
Lorentz formula, N is proportional to the squared oscilla- Moreover, a high Lorentz oscillators frequency is also
tor strength,”’ v is the oscillators number, @y is the oscillator obtained.
frequency, 7 is the oscillator damping coefficient, and @ is a FTIR analysis has been performed on our samples, by
phase term. means of a Thermo Nicolet Nexus FTIR. Spectra were collected
210% a) 2&0; b)

2001 260-
1902 |

4 240-
1801 I
! 2!
150; o

1801

%Reflectance
%Reflectance

180+

80+

EUEM
R ——

300 w0 w0

———— e ————
Wavenumbers (cm-1) Wavenurnbers (cm-1)

FIG. 3. (a) FTIR analysis performed on a single domain Nd123 pellet in the FIR range (600-50cm ). (b) FTIR analysis performed on a multidomain Gd1212
pellet in the FIR range (600-50 cm ™~ "). Structures are observed only in the longest wavelength range. The large plateau for wavenumbers higher than about
300-250cm ! (/ smaller than about 33 000—40 000 nm ~eV) is the signal of the presence of a superconducting pseudogap at room temperature.
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in the far-infrared (FIR) and in the mid-infrared (MIR)
ranges that mean, respectively, 600cm ™' >k > 50cm ™" cor-
responding to about 16 000 nm < 4 < 200 000 nm (Figs. 2(a)
and 2(b)) and 4000cm ' >k >400cm ™" corresponding to
about 2500 nm < 4 < 25 000 nm (Figs. 3(a) and 3(b)).

Both Nd123 and Gd1212 spectra show an articulated
peaks structure only in the FIR range region with k smaller
than about 250-300cm—1 or equivalently 4 bigger than
about 33 00040 000 nm, whereas in the MIR range, and in
the nearest FIR range (k bigger than about 300-250cm ™' or
/ smaller than about 33 000—-40 000 nm) does not appear any
remarkable structure, coherently with which observed by
other authors.’® Only the slight undulation visible in the
2300-1000 cm ™! range (4300-10 000 nm) may resemble the
band structure observed by other authors and correlated to
charge carrier and spin stripes in superconductors.®!

IV. CONCLUSIONS

The search of materials not subject to the high frequency
limitations of conventional conductors is fundamental in the
development of metamaterials to be exploited in the design of
new devices. For this purpose, we have focused the attention
on the characterization of two of the most promising High
Temperature Superconductors (HTSC): the cuprate Nd123
(NdBa,Cuz07_s5) and the, almost isostructural, rutheno-
cuprate Gd1212 (GdSr,RuCu,0g_5). Gd1212, in particular, is
especially promising, due to the observed coexistence of
superconductivity and magnetic ordering in its unitary cell.
This feature may lead, indeed, to unconventional effects, use-
ful for innovative plasmonic structures and devices.

We have chosen to start our investigation from the nor-
mal state behavior of crystal oriented, bulk melt textured
samples, in order to gradually approximate the complex
behaviour of HTSC in the superconducting state below T..
By this approach, we have begun to observe the effects due
to the presence of a pseudogap also at room temperature, a
competing effect to superconductivity whose observation in
ruthenocuprate Gd1212 is of high interest.

We performed FTIR and ellipsometric measurements on
melt-textured samples of the chosen superconducting materi-
als, obtained by means of Top-Seeded Melt-Texturing tech-
nique (TSG). In particular, for Nd123, we analyzed two
different kind of samples: single domains taken from Nd123-
Nd422 Multi-Seeded TSG bars and Nd123-Nd210 single-
seeded TSG pellets. Measurements on Gd1212 TSG pellets
have been made, instead, on a multi domain sample, due to
the difficulty of extracting the single domains.

The analysis of the results of the ellipsometric measure-
ment of the permittivity spectra, in the visible and NIR opti-
cal ranges, stress the need to take into account both the
conducting and the insulating behavior of the materials. This
has been done using a hybrid model with both Drude and
Lorentz oscillators components.

FTIR measurements show a low reflectivity in the MIR
and in the nearest FIR ranges, due to the presence of a super-
conducting pseudogap. The slight undulation visible in the
spectra in the MIR range may be probably correlated with
charge carrier stripes.

J. Appl. Phys. 114, 083521 (2013)

It is important to say that, due to the high similarity of
their crystal structure and parameters, no significant differen-
ces appeared among Gd1212 and both kinds of Nd123 sam-
ples in these conditions. We suppose that some divergences
could appear analyzing the magnetic ordered and the super-
conducting regimes.

These results confirm the very promising aspects of
HTSCs for metamaterials fabrication; further analyses of our
samples in lower temperature regimes, and the extension of
this study to powders and films, are in progress.
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