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We have explored the chemical structure of TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223 phase to monitor spectral

map changes from normal state to superconducting state using the technique of Raman imaging. Raman images were performed
for 12 different temperatures in the 77–293K range. At room temperature, the Raman images were characterized by a single color
but as the temperature dropped a new color appeared and when the temperature of 77K is reached and the superconducting state is
assured, the Raman images were characterized by the red, green, and blue colors. Our study could suggest that the superconducting
state emerged around 133K, in full agreement with those reported in the literature. A cross-checking was done applying principal
component analysis (PCA) to other sets of Raman spectra of our films measured at different temperatures. PCA result showed that
the spectra can be grouped into two temperature ranges, one in the 293–153 K range and the other in the 133–77K range suggesting
that transition to the superconducting state occurred at some temperature around 133K.This is the first report of preliminary results
evaluating the usefulness of Raman imaging in determination of transition temperature of superconductor films.

1. Introduction

The scientific applications of superconductivity in commerce
and industry have been broadened by the discovery of
ceramic superconductors or high-𝑇

𝐶
superconductors [1].

Creating high-𝑇
𝐶
superconductor films with high current

densities (∼106A/cm2) in long kilometer lengths has become
the major goal to be achieved for industrial and commercial
applications. The creation of high-𝑇

𝐶
superconductor films

with high current densities has been achieved in laboratories
with smaller lengths of films but has not yet been achieved
for longer lengths of film. Some of the superconducting films

preparation techniques used include metal organic chemical
vapor deposition (MOCVD), pulsed laser deposition (PLD),
sol-gel, metal-organic deposition (MOD), chemical vapor
deposition (CVD), electrophoresis, electrodeposition, and
aerosol/spray pyrolysis. Because only films of high quality
are useful in industrial and commercial applications, several
parameters of the films as crystal orientation, oxygen concen-
tration, morphology, grain size, and layer thickness must be
monitored to insure that films with high current density and
transition temperature are being manufactured [2]. In order
to determine the current density and transition temperature
of the films, crystal orientation, oxygen concentration, and
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layer thickness play major roles [2–5]. Current flow in a
high-𝑇

𝐶
superconductor film is directly related to the crystal

orientation and layer thickness of the films, so that the
better aligned the axes of the crystal for the appropriate
layer thickness, the higher the current density in the film.
Furthermore, the transition temperature is directly related
to the oxygen concentration of the crystal; the higher the
oxygen concentration, the higher the transition temperature.
Previously published works show that these three important
characteristics of these films can be monitored using Raman
spectroscopy technique [6]. In addition, the temperature
dependence of the Raman line shapes can indicate changes
in the electronic density of states and help in the search for
superconducting mechanisms. The analysis of temperature
dependence of the phonon frequencies is also a means to
determine which phonons could be directly associated with
the superconducting transition. Almost all aspects of high-𝑇

𝐶

superconductivity have been addressed by Raman scattering
because of its experimental versatility and the coupling of the
elementary excitations to electron-hole pairs. Small samples
have been nondestructively investigated at low temperatures,
under electric or magnetic fields, as a function of excitation
energy, and under high pressure. Thus, the effects of external
parameters on superconductivity can be studied [7].

Raman scattering is the inelastic scattering of photons
creating or annihilating an elementary excitation (phonons,
plasmons, excitons, or spin fluctuations) in the solid. All of
these excitations have been observed and studied in high-
𝑇
𝐶
superconductors, which is why Raman scattering has

contributed so much to their understanding [8]. Raman
spectroscopy is a powerful analytical investigation tech-
nique for studying phonons in solid with relatively simple
instrumentation [9]. Therefore, Raman spectroscopy is an
excellent tool for acquiring information on properties of
high-𝑇

𝐶
superconductor films in situ; however, the technique

of Raman spectroscopy could be even more powerful if it
allows us to know the spatial distribution of the chemical
composition in high-𝑇

𝐶
films. In a Raman image, each pixel is

assigned the Raman spectrum recorded in the same position
obtaining a spatial distribution of colors (red, green, or blue)
where each color indicates a specific chemical component
[10].

Furthermore of the Raman imaging, recentlymultivariate
analysis has been applied to Raman spectroscopy to classify a
wide variety of biological samples becoming a very promising
tool to be used in biomedical research. In particular, PCA
has been used to differentiate between epithelial precancers
and cancers [11] and leukemia, cervical cancer, and control
samples [12, 13]. PCA is a way of identifying patterns in
data and expressing the data in such a way as to highlight
differences. When the principal component loadings are
plotted as a function of different variables, they reveal which
variable accounts for the greatest difference.Other techniques
widely used in data analysis are linear discriminant analysis
(LDA) and hierarchical clustering analysis (HCA), allowing
identifying in a natural way the classes present in data and
depicted by a tree diagram or dendrogram.These techniques
have been used in a large 5 variety of engineering and

scientific disciplines such as gene expression [14, 15], stock
indices [16], and astrophysics [17].

In this work, we characterized the chemical structure of
TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223

phase andmonitored spectralmap changes fromnormal state
to superconducting state by using the technique of Raman
imaging. A cross-checking was done applying PCA to other
sets of Raman spectra measured at different temperature of
the films obtaining the same Raman imaging result. The
transition temperature reported for these films using the stan-
dard technique of the strong fall in the electrical resistance
is 133.5 K [18]. It is the first report of preliminary results
evaluating the usefulness of Raman imaging and PCA in the
determination of transition temperature of TlBa

2
Ca
2
Cu
3
O
9

high-𝑇
𝐶
superconductor films with Tl-1223 phase.

2. Experiment

In this work, we explored three TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶

superconductor films with Tl-1223 phase processed by Pérez-
Arrieta et al. through a two-step novel synthesis [19]. The
films of average size of about 0.5 cm2 and a thickness of∼3 𝜇m
were labeled as M74, M89A, and M98A. Raman images were
obtained using aHoriba Jobin-Yvon LabRAMHR800 Raman
system, constituted by an Olympus confocal microscope
which focuses with a 50X Leica long-range objective, a laser
of 830 nm, and 17mWpower irradiation (spot size of approx-
imately 1 𝜇m diameter) on the surface of the superconductor
film and collects the Raman backscattered radiation.

The control of the Raman system, spectra recording,
and images processing were performed with the LabSpec
5.0 software. We used the Raman peak at 520 cm−1 of a
silicon semiconductor for instrument calibration. In order
to measure temperature-dependent Raman spectra, each
superconductor film covered by a pair of quartz sheets
was placed inside a Linkam THMS600 heating and cooling
microscope stage coupled to Raman system. Microscope
stage or cryostat allows that the Raman measurements can
be performed within the 77 to 900K temperature range.
The cryostat is attached to a Linkam TMS94 temperature
programmer whereby the desired temperature and laser
exposure were programmed. Temperature programmer and
the cryostat are connected to a tank, which supplies liquid
nitrogen to cryostat.The cryostat is placed on the X-Y stage of
microscope and its window positioned under themicroscope
objective allowing point to point automatic mapping of the
interest region on the film.

All Raman spectra were recorded with spectral resolution
of 0.6 cm−1. By using LabSpec software, a region of 100 ×
100 𝜇m2 was selected to characterize the films. Once desired
temperature is reached, X-Y stage automaticallymoves across
the selected region in step of 1 𝜇m with laser exposure of 0.5
seconds. For each temperature, the data acquisition time for a
single Raman image of a superconductor filmwas 90minutes,
on average.

Raman images of the three superconductor films were
obtained for 12 different temperatures within 77–293K range.
The resolution for each Raman image was 100 × 100 pixels by
containing a total of 10,000 Raman spectra.
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Figure 1: Raman images of M74 TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223 phase. (a) Raman image at 293K. (b) Raman

image at 153 K. (c) Raman image at 133 K. (d) Raman image at 77K.

For the PCA, we measured an average of 2.5 spectra for
each of the 12 temperatures within 77–293K temperature
range using the same Raman system. PCA and all the
algorithms for data analysis were implemented in MatLab
commercial software.

3. Results and Discussion

We analyzed three TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor

films with Tl-1223 phase. These superconductor films have a
tetragonal (D4h) unit cell with 𝑎 = 0.38429 and 𝑐 = 15.871 Å
and belong to the P4/mmm space group. They have one
insulating TlO layer, two spacing BaO layers, two separating
Ca layers, and three conducting CuO

2
planes making them

“1223” type. The transition temperature measured in these
films using standard techniques is about 133.5 K [3, 4, 18, 20].

Raman images were constructed by plotting spectral
intensities of superconductor films versus the coordinates of
points from where spectra were recorded and, according to
this, the red, green, or blue colors are assigned. Each film
was analyzed according to the methodology described in the
previous section.

In order to obtain the Raman images, we measured a
large number of spectra in a programmed manner. Figure 1
shows four of twelve Raman images of M74 superconductor
film measured at 293, 153, 133, and 77K. Raman image
measured at 293K (see Figure 1(a)) is characterized only by

Table 1: Experimental Raman bands for TlBa2Ca2Cu3O9 high-𝑇𝐶
superconductor films with Tl-1223 phase.

Banda (cm−1) Symmetry Atoms mainly involved
104 𝐴

1𝑔
Tl, Ba, Cu

152 𝐴
1𝑔

Cu, Ba
238 𝐵

1𝑔
O(1) CuO2 plane-O(4)

260 𝐴
1𝑔

Ca-Ca
526 𝐴

1𝑔
Bridge O(3), O(4)

the blue color and its representative spectrum is given in
Figure 2(a). At room temperature, the blue color dominates
and as temperature drops and approaches the transition
temperature, 𝑇

𝐶
, new green regions appear and increase

considerably (see Figures 1(b) and 2(b) and Table 1). Figures
1(c) and 1(d) show Raman images of M74 superconductor
film measured at 133 and 77K, respectively. At 133 K, we
observed that the red color started to appear inside green
regions and its Raman spectrum is shown in Figure 2(c) (see
Table 1). At 77K, where it is known that the superconducting
state is already expressed in our type of films, the Raman
image is characterized by the red color showing that its
appearance shows us the emergence of the superconducting
state, determining 𝑇

𝐶
. This monitoring of spectral map

changes from normal state to superconducting state in
TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223
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Figure 2: Raman spectra of the TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
supercon-

ductor films with Tl-1223 phase measured at different temperatures.

phase using Raman imaging could allow us to suggest that
the emergence of the superconducting state occurred around
𝑇
𝐶
= 133K. In Raman spectra at 133 and 77K (Figures 2(c)

and 2(d)), we observe that the strong band at 238 cm−1 (𝐵
1𝑔

modes) is the one that best characterizes this red region of
the Raman images and it is assigned to O(1) in CuO

2
planes,

where the superconducting charge carriers are thought to be
localized.

In Table 1, we observe that the 𝐴
1𝑔

modes of T1-1223
involve motion of Ca, Ba, Cu(2), O(2), and O(3) atoms along
the 𝑐-axis [21–25]. Other Raman bands, whose origin is not
clear, are shown in the Raman spectra; however, some of the
bands at 293 and 449 cm−1 could be assignedCuplanesO(1,2)
and O(2,3) [25] and the bands at 587 and 633 cm−1 could be
a 𝐵
1𝑔

O(4) motion (oxygen atom of TlO plane) [26].
Raman images and spectra obtained for superconductor

films, M89A and M98A, showed the same behavior as the
Raman images and spectra for M74 film.

In this paper, we present the spatial distribution of the
high-𝑇

𝐶
superconductor film’s major chemical components

during the transition to the superconducting state.
We have reported in this paper the first spectral maps

of superconductor films during superconducting transition.
Raman imaging could provide us with information about
which phonons could be directly associated with the super-
conducting transition and the regions on superconductor
films where there is a greater concentration of oxygen as
temperature approaches the transition temperature.

The exact sequence of events during superconducting
transition is, of course, well understood from studies of fall
in the electrical resistance of the superconductor films.Unlike
this method, highly limited by the grain boundaries, spectral
imaging methodology affords the advantage of monitoring
the distribution of chemical components using only their
inherent vibrational fingerprints and therefore without these

limitations of granular type. Furthermore, spectral recogni-
tion of TlBa

2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films is nec-

essary for an application of vibrational imagingmethodology
to aid in the detection of the superconducting phase in high-
𝑇
𝐶
films.
The main advantages of Raman imaging over other

techniques include the high spatial resolution achievable,
which is in the same order as visiblemicroscopy, and the com-
positional sensitivity of vibrational spectroscopic methods.

As a cross-checking, we applied PCA to other sets of
spectra from each film. The average of Raman spectra taken
per temperature was 3 obtaining a total of 30 spectra for
each film. Raw spectra were processed by carrying baseline
correction, smoothing, and normalization to remove noise,
sample fluorescence, and shot noise from cosmic rays. This
spectral processing was performed through a filter based
on the Baseline Correction with Asymmetric Least Squares
Smoothing algorithm [27]. Unlike other algorithms, it is fast
and simple (even for large signals) and asymmetric weighting
applies everywhere. Each acquired spectrumwas normalized
to the highest peak. Upon processing the spectra, PCA was
implemented, where themain information is described by the
first principal components.

PCA was implemented based on the temperature depen-
dence of Raman spectra.The PCA results for theM74,M89A,
and M98A films are shown in Figure 3. In PCA plots, each
point represents a Raman spectrum measured to a given
temperature.

In each plot, clearly, the 30 points can be grouped into
two temperature ranges, one in the range of 293–153K (black
points and normal state of films) and the other in the range
of 133–77K (red points and superconducting state of films)
suggesting that the transition to the superconducting state
occurred at some temperature around 133K. Our result of the
transition temperature using the Raman imaging technique is
strongly supported by a cross-checking applying PCA. PCA
was able to distinguish between spectra of the normal state
and superconducting state of high-𝑇

𝐶
superconductor films

with 100% sensitivity and 100% specificity allowing us to
obtain a highly reliable value for the transition temperature,
𝑇
𝐶
. This temperature value, around 𝑇

𝐶
= 133K, obtained

using PCA agrees perfectly with the value obtained using the
technique of Raman imaging.

In this paper, we demonstrate that the recognition of
the superconducting transition using methods of vibrational
spectral imaging is possible, although the instrumentation
utilized may not have been optimal for this purpose. In
Raman spectroscopy, the high spatial resolution reveals
details of the spatial distribution of chemical components
in high-𝑇

𝐶
superconductor films. The use of somewhat

higher laser power and more efficient optical components
will reduce the data acquisition time and improve the signal
quality to such an extent that this methodologymay be useful
for screening applications of all types of thin films.

4. Conclusions

In this paper, we presented the first spectralmaps of the distri-
bution of the high-𝑇

𝐶
superconductor film’s major chemical
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Figure 3: Scatter plot of all temperature-dependent Raman spectra for three TlBa
2
Ca
2
Cu
3
O
9
high-𝑇

𝐶
superconductor films with Tl-1223

phase.

components during the transition to the superconducting
state allowing us to determine the transition temperature,
𝑇
𝐶
. Raman imaging showed that the transition temperature

to superconducting state for TlBa
2
Ca
2
Cu
3
O
9
superconductor

films occurred at some temperature around 𝑇
𝐶
= 133K in

full agreement with those reported in the literature. A cross-
checking was done applying principal component analysis to
other sets of spectra of the superconductor films measured
at different temperatures and obtaining same value for the
transition temperature. Unlike othermethods tomeasure this
critical temperature in high-𝑇

𝐶
superconductor films, highly

limited by the grain boundaries, Raman imaging technique

affords the advantage of monitoring the distribution of
chemical components using only their inherent vibrational
fingerprints and therefore without these limitations of gran-
ular type. This is the first report of preliminary results
evaluating the usefulness of Raman imaging and PCA in the
determination of transition temperature of TlBa

2
Ca
2
Cu
3
O
9

high-𝑇
𝐶
superconductor films with Tl-1223 phase.
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[13] J. L. González-Soĺıs, J. C. Mart́ınez-Espinosa, J. M. Salgado-
Román, and P. Palomares-Anda, “Monitoring of chemotherapy
leukemia treatment using Raman spectroscopy and principal
component analysis,” Lasers in Medical Science, vol. 29, no. 3,
pp. 1241–1249, 2014.

[14] Q. Zhang and Y. Zhang, “Hierarchical clustering of gene expres-
sion profiles with graphics hardware acceleration,” Pattern
Recognition Letters, vol. 27, no. 6, pp. 676–681, 2006.

[15] P. D’Haeseleer, “How does gene expression clustering work?”
Nature Biotechnology, vol. 23, no. 12, pp. 1499–1501, 2005.

[16] L. Kullmann, J. Kertesz, and R. N. Mantegna, “Identification
of clusters of companies in stock indices via Potts super-
paramagnetic transitions,” Physica A, vol. 287, no. 3-4, pp. 412–
419, 2000.

[17] A. Dekel andM. J.West, “On percolation as a cosmological test,”
The Astrophysical Journal, vol. 288, pp. 411–417, 1985.

[18] A. Iyo, Y. Tanaka, Y. Ishiura et al., “Study on enhancement of Tc
(≥ 130K) in TlBa

2
Ca
2
Cu
3
O
𝑦
superconductors,” Superconductor

Science and Technology, vol. 14, no. 7, pp. 504–510, 2001.
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