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OP is more doped than the IP due to its proximity to the charge reservoir layer CRL.[9] How these 
layers interact with each other, and how this affects TC is an open problem that should be solved 
to understand the source of the high TC of the triple layer cuprates. Unfortunately the difficulty of 
growing high quality single crystal is higher in the case of triple layer cuprates, and this held back 
the research for long. However the recent improvement in sample quality now allows to carry out 
new observations on these materials. 

In this work we focused on Bi2Sr2Ca2Cu3O10 Bi2223 the triple layer member of the BSCCO family 
(Bi2Sr2Can-1CunO2n+4) of cuprates superconductors. Using Electronic Raman Scattering ERS, which is 
a powerful energy and momentum resolved technique, we investigated this triple layer cuprate. 
We were able to observe a signature of the double superconducting gap of this material, 
originating from the two inequivalent kind of Cu-O2 plane (IP and OP), which has never been 
observed previously by Raman. The temperature and doping dependence of this double peak 
structure was investigated, and a higher energy scale for this triple layer material, with respect 
with other single and double layer cuprates, was observed. These results have been explained by a 
combination of multilayer effects and the complex relationship between superconductivity and 
the pseudogap. This could be a step forward in understanding the non-trivial physics of multilayer 
cuprates. 

Additionally in order to try to solve the apparent inconsistencies between Raman and ARPES, and 
to improve our understanding of the Raman spectra, we performed calculations of the Raman 
spectra, starting from the ARPES data, using the Kubo formalism. This was done for the double 
layer component Bi2Sr2Ca1Cu2O8 Bi2212 samples of three different dopings and for an optimally 
doped Bi2223 sample. The doping dependent Bi2212 study allowed us to show how the 
inconsistencies between Raman and ARPES are likely to be only due to a difference in how these 
two techniques pick up the effect of the coexistence between superconductivity and the 
pseudogap, and how the relationship between these two states affects the Raman spectra. The 
Bi2223 calculation was successful, and constitutes a strong proof that the origin of the 
experimental double peak structure, observed in this work, is truly the double superconducting 
gap of this material originating from the two inequivalent Cu-O2 planes, the IP and the OP. 
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high temperature superconductor, and showing such a good promise, they re-sparked a huge 
interest in the field of superconductivity.  

Surprisingly though the record Tc held by cuprates was not broken by IBS. Instead in 2015 
superconductivity was discovered in H2S with a Tc of 203 K at extremely high pressures (around 
150 gigapascals)[17]. Even though actually the phase responsible for such high Tc is likely to be H3S, 
formed from H2S by decomposition under pressure. What is even more surprising is that unlike the 
cuprates or the IBS which show exotic properties and cannot be simply explained by the BCS 
theory, the newly discovered H2S can be explained by the BCS theory and in fact numerous 
calculation have predicted high transition temperatures for many hydrides.[18] 

Even though more than one century of research on superconductivity has been carried out, a 
great part of its rich physics remains poorly understood, and many surprising results keep on being 
uncovered. Although much work is still needed, the huge effort of many researchers got us closer 
to understanding this fascinating phenomenon and allowed us to increase the Tc enormously. As it 
can be seen form Fig. 2.1 we went from the few kelvin of mercury to the 203K reached recently, 
getting us closer to the dream of room temperature superconductivity.  

 

Fig 2.1 Superconductors Tc plotted against the year of discovery. Taken from Ref [19]. Axes are not 
in scale for easier visualization.  
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2.2 Cuprates general concepts  
 

Following the discovery of La2-xBaxCuO4 other copper oxide based superconductors where 
discovered. These all have in common one or multiple CuO2 layers separated by different ionic, 
electronically inert, buffer layers. The buffer layers can contain different ions such as lanthanum, 
barium, strontium, or other atoms. These ions act as a stabilizer of the crystal structure and the 
doping can be controlled by changing the chemical composition of this buffer layer, which is 
therefore usually referred as charge reservoir layer CRL.  

 

Fig. 2.2 Crystal structure of some example cuprates superconductors. Taken from Ref [20]. All 
cuprates have one or multiple CuO2 layers in common (bottom left) separated by different ionic 
buffer layers. 

The layered structure of cuprates, with weak interaction between the layers, makes cuprates 
quasi-2D materials, and therefore gives them a quasi 2D electronic structure. Nevertheless for 
realistic band dispersion calculations, and to introduce the material variability interaction out of 
plane should be considered. [7], [21] A single band crosses the Fermi level in cuprates which 
comes mainly from the hybridization of Cu dx2-y2 and O px py states (shown in the bottom left of Fig. 
2.2) and forms a large hole like fermi surface as it can be seen in Fig2.3 (e). 
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yet to be explained, but their existence and many of their main features were explained and 
anticipated by theory.[30] 

In the following sections the most relevant phases will be examined more in detail. 

 

Fig.2.5 Phase diagram of cuprates taken from Ref.[31]  

 

2.3.1 Mott  insulating  phase and anti -ferromagnetism.  
 

The zero doping curates accommodate an even number of electrons per unit cell, therefore the 
conventional band theory would predict them to be metallic. However strong correlation between 
the electrons, and in particular strong Coulomb repulsion between the electrons, makes the 
underdoped cuprates Mott insulators. Defining U as the on-site Coulomb repulsion and t as the 
transfer integral between neighbouring atoms, in the case of half-filled band, when t > U a metallic 
behaviour can be expected, but if on the other hand U > t a Mott insulator is expected. In this case 
the lower energy state will be achieved by localized electrons around their respective ions, that 
minimize the Coulomb repulsions energy term. These localized electrons cannot occupy the same 
site unless they are given the on-site repulsion energy U, and therefore the material will be a Mott 
insulator, with an energy gap of U (Hubbard gap). 

The localized electrons spins interact between each other. If the spins of the two neighbouring 
electrons are antiparallel they could penetrate in each other site without violating the Pauli 
exclusion principle, even if this is prevented by the strong U. Therefore if the spins are antiparallel 
there will be a gain in energy given by the exchange constant J, on the other hand if the spins are 
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Fig.2.12 Taken from Ref.[78] a, b Antinodal and nodal Bi2201 ARPES spectra divided by the Fermi 
Dirac function. c Energy of the observed features. d Dispersion of the observed antinodal features. 
e Calculated band dispersion assuming coexistence of d-wave superconductivity and checkboard 
density wave 

 

the La2-xSrxCuO4 LSCO family.[85] Doping the AFM Mott insulator produces holes on the Cu sites 
that can move through different Cu sites, but, doing so, they produce frustration of the spins of 
the electrons. To avoid this, the stripe order shown in Fig.2.13 (b) is formed. Here both charge and 
spin are modulated. The stripes are local AFM domains in which the order is reversed from stripe 
to stripe. The holes accumulate at the boundaries between stripes to reduce the spin frustration. 
Due to the reversal of the AFM order between stripes the spin modulation has double the 
periodicity of the charge modulation. The stripe order was shown to be stabilized by the Low 
Temperature Tetragonal LTT phase.[85] 

The stripe order competes with superconductivity and this can be seen from the right panel in 
Fig.2.13 showing the phase diagram of LSCO. Here the maximum onset temperature Tm of the 
stripe order corresponds to the drop of TC observed at x=1/8, indicating competition between the 
two orders. 
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Since the doping level of the OP and IP is different it is possible that two different TC may be 
associated with the two kinds of layers. It is therefore unclear if superconductivity appears at the 
same temperature on the IP and on the OP or not. It is possible that the superconductivity 
originates on one of the two kind of layers and then propagates in the other layer or drives it to be 
superconductive by proximity effects.[9], [124] 

 

Fig.2.17 Taken from Ref.[9] Relationship between TC and n for different families of multilayer 
cuprates. 

 

2.5 BSCCO 
 

The bismuth strontium calcium copper oxide, or BSCCO (pronounced "bisko"), are a family of high-
TC cuprate superconductors. They share a common chemical formula Bi2Sr2Can-1CunO2n+4 where n 
is the number of CuO2 layers per unit cell. n can go from 1 to 3, from the single to the triple layer 
component. The three component of the family are summarized in Table 2.1 and their crystal 
structure can be seen in Fig.2.18. 

 

Chemical formula Notation  Max. TC (K) n Crystal structure 
Bi2Sr2CuO6 Bi-2201 20 1 Tetragonal 
Bi2Sr2CaCu2O8 Bi-2212 95 2 Tetragonal 
Bi2Sr2Ca2Cu3O10 Bi-2223 110 3 Tetragonal 
 

Table 2.1 Summary of the BSCCO 

In the present work we focused on the double layer Bi2212 and on the triple layer Bi2223. 
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between layers etc., and additionally it is not certain that the triple layer gaps have the same 
doping dependence shown by the double layer. Therefore this problem cannot probably be solved 
until more clarity is made regarding the triple layer cuprates.  

 

Fig.2.20 Taken from Ref. [131] Renormalized TC potted against the c-axis variation from the 
optimally doped sample for Bi2212 and Bi2223 samples with various doping.  

 

2.6 Previous Raman Experiments  
 

The cuprates have been extensively studied by Raman spectroscopy. Raman was one of the 
techniques that were instrumental in determining the d-wave gap function in the early days of the  

 

Fig.2.21 Taken from Ref.[132] Temperature dependence of the Raman spectra. a and b Raman 
spectra, of Bi-2212 single crystals for several doping levels in B1g (antinodal) and B2g (nodal) 
geometries.  
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with lower doping) to calculate correctly the pair breaking (superconducting) peak position in B1g 
Raman configuration? As discussed before a possible explanation is that the pseudogap may 
influence the superconducting energy, though this is just a speculation at this point. 

Previous calculation were performed to reproduce mainly single or double layer cuprates, So far 
no Raman experimental evidence of the double superconducting gap of triple layer cuprates has 
been presented, and therefore there was no need to calculate the Raman spectra of a triple layer 
cuprates with a double superconducting gap. It would be therefore interesting to calculate a triple 
layer cuprate Raman spectra originating from a double superconducting gap.  

 

2.8 Purpose of this work  
 

Since, as discussed in the previous section, the double superconducting gap of Bi2223 was 
observed by ARPES,[123] but not by Raman. Therefore the center of this work is the Raman 
measurement of Bi2223 samples, with the main goal of finding a Raman signature of this double 
gap. This would be the first observation of a Raman signature of the double gap, not only in Bi2223, 
but also in cuprates. Such a observation could help clarify the complex situation of the multilayer 
cuprates, and give us hints on how the layers interact with each other, or which parameter 
enhances the TC, or how the pseudogap modifies in the case of multiple layer cuprates and how it 
affects superconductivity. Since it is possible to study easely the temperature dependence of the 
Raman spectra, it would be interesting to observe if one of the two gaps opens at a higher 
temperature due to the different doping of the layer, or if some intereaction between the two 
layers occurs, giving superconductivity at the same temperature. An added bonus in exploring 
such a triple layer cuprate is that we have the additional advantage that we can study multiple 
doping levels in one sample. 

The second goal of this work is to reproduce Bi2212 and Bi2223 samples Raman spectra using the 
experimental ARPES data as an input. Starting from experimental ARPES data could help giving a 
better reproduction of the Raman spectra whose experimental shape are not well reproduced by 
previous calculations using the kinetic theory. In addition this could help to clarify the differences 
in how Raman and ARPES wiew the two energy scale and understand if there are inconsistencies 
between the two probes. Finally, studying multiple Bi2212 samples allows us to establish the 
calculation method, and verify its validity, so that we may apply it on the triple layer Bi2223, which 
is the main focus of the experimental part of this study. 

For the Bi2223 calculation case, since a double superconducting gap is observed by ARPES on the 
IP and OP bands, we are interested, not only in reproducing the experimental spectra, but also in 
calculating the separate contribution of these two bands, and investigate if these two band should 
give a different contribution to the calculated Raman spectra or not, and therefore understand 
better the origin of each part of the Raman spectra. 
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collect electron with different momentum direction, which are allowed through a slit elongated 
along one direction, the analyser separates the electrons according to their energy in the 
perpendicular direction. Therefore the CCD collects a 2D image in which one direction is 
proportional to the energy and the other to the angle of emission, which is related to the 
momentum. Therefore the ARPES data are usually 3D, the dimension being momentum, energy 
and intensity, and represent cuts along a certain curve in the momentum space of the 5D space  

 

Fig.3.10 Example of ARPES cut for the Bi2212 overdoped sample OD85K. An ARPES cut can be 
viewed as a 2D image where the colour scale is associated with intensity and one axis (vertical 
here) is associated with binding energy and the other with momentum (angle of emission of the 
electron). These images can be furtherly cut at a certain momentum, obtaining the EDC on the left, 
or at a certain energy, obtaining the MDC in the bottom of the figure. 

constituted by momentum, energy and spectral function. These cuts can be viewed by 2D images 
where the colour is associated to the intensity, or can be furtherly cut restricting to a specified 
energy or momentum and viewed as spectra, and these are called Momentum Distribution Curves 
MDC and Energy Distribution Curves EDC respectively. The EDC are generally used to extract the 
energy value of a certain band or the value of an energy gap and the MDC are generally used to 
establish the momentum position of a certain band or spectral feature. 

The ARPES Bi2212 data for the samples UD75K and OP92K, used as an input in the Kubo 
calculations in this study, have been carried out at Stanford Synchrotron Radiation Lightsource 
beamline 5-4 using 22.7 eV photons with an energy resolution of 5 meV and an angular resolution 
of 0.1° degrees, with polarization along the Cu-O directions (out of the mirror plane). The ARPES 
Bi2212 data for the sample OD85K were measured at Institute for Solid State Physics at Tokyo 
University, using a He lamp with a photon energy of 21.2 eV without polarization. For these the 
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on. The superconducting transition is sharp for the OvD109, OpD109 and UnD105 samples, but it is 
a little broader in the more strongly underdoped sample UnD88, and this can be seen in Table 4.1. 
The broadness increases monotonically from the overdoped to the more underdoped sample and 
this may be due to the difficulty in obtaining homogeneous underdoped sample.[125] 

Fig.4.4 Shows the XRD pattern for all the samples examined. The visible peaks correspond to the 
Bi2223 peak previously reported in the literature [125], [126] and are all assigned to (0 0 l) peaks. 
The more intense peaks are labelled on the optimally doped sample XRD spectrum in the second 
panel of Fig.4.4. From these spectra using the formula (3.22) the c-axis length can be extracted. 
The value was extracted from the 4 most intense peaks: (0 0 10), (0 0 12), (0 0 14) and (0 0 24) 
peak. These give slightly different values of the c-axis length; therefore the value was averaged 
between them. The obtained c-axis length for each peak and the averaged value for each sample 
are summarized in Table 4.2. As it can be seen, the value monotonically increases in the four 
samples for all of the examined peaks and therefore also in the average value. Since the c-axis 
length increases with decreasing oxygen content,[131] these values testify that the doping level  

 

Fig.4.4 XRD diffraction pattern for all the Bi2223 samples examined, going from the overdoped 
sample above to the most underdoped one on the bottom. 
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Fig.4.6 B1g and B2g Raman spectra of Bi2223 for OvD109 (a,b), OpD109 (c,d), UnD105 (e,f) and 
UnD88 (g,h) samples. The OP and IP peak positions are indicated by blue and red dashed lines, 
respectively in panels a, c and e. The single peak observed in the B2g configuration is indicated by a 
green dashed line in panels b, d, f and h. The precise peak positions have been extracted by the 
subtracted intensity plot in Fig.4.7 

that due to the smaller values of the superconducting gaps in the nodal region and the originally 
broad feature for B2g, the two peaks, even if they exist, overlap with each other, forming a single 
broad peak. 

In Fig.4.6 the B1g and B2g Raman spectra for all the samples examined are shown, going from the 
overdoped sample (OvD109) on the left to the strongly underdoped one (UnD88) on the right. In 
Fig.4.6 (a) the antinodal B1g spectra for the OvD109 sample is shown. Here the double pair 
breaking peak structure is observed and is even more intense and clearer than the one in the 
optimally doped sample. When the doping level slightly increases, the double B1g peaks are 
observed at slightly lower energies than the ones of the optimally doped sample (see Fig.4.6 (a) 
dashed lines compared with Fig.4.6 (c) dashed lines). The pseudogap opening is still visible in the 
overdoped sample going from RT to 115K, as a small suppression of the low energy spectral 
weight. In B2g configuration also in the overdoped sample a single pair breaking peak appears, and 
this is visible in Fig.4.6 (b). In contrast with the B1g peaks, the B2g peak appears at almost the same 
energy or a slightly lower energy than in OpD109, as shown in Fig. 4.6 (b). The differences 
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Fig.4.8 Average doping of the samples versus the c-axis length. The 3 blue point represent the 
optimally doped and underdoped samples where the average doping was obtained from the 
parabolic relationship between TC and p. The red line is the linear fit of these 3 points. The red dot 
is the average doping of the overdoped sample obtained assuming the linear fit. 

 

Sample Name pAVERAGE p(OP) p(IP) 
OvD109 0.1697 0.213 0.137 
OpD109 0.16 0.203 0.127 
UnD105 0.1389 0.182 0.106 
UnD88 0.1117 0.155 0.079 

 

Table 4.3 Summary of all the assumed or calculated dopings for all the samples, including the 
average doping, the OP and IP layers dopings. 

dopings for the overdoped sample using the same formulas (4.1) and (4.2) for the OP and IP, 
respectively. The doping levels determined for all samples, both the average and the layer dopings, 
are summarized in Table 4.3. As it can be seen, according to our doping estimation, the outer 
plane is overdoped in all samples, except for the strongly underdoped one, where it becomes 
slightly underdoped. The inner plane is underdoped in all samples. In the strongly underdoped one 
the doping value p(IP)= 0.0787 is close to the minimal doping where superconductivity disappears 
pmin=0.05, therefore, it is reasonable that superconductivity is confined in the nodal region and no 
superconducting IP peak is observed in the antinodal B1g Raman spectra of this sample. 
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Fig 5.1 ARPES data mapping for the optimally doped sample, the extracted Fermi vectors are 
represented by the purple diamonds. 

 

Fig.5.2 ARPES cuts for the optimally doped Bi2212 sample, going from the node in C1 to the 
antinode in C8 
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Fig.5.3 ARPES data mapping for the underdoped sample, the extracted Fermi vectors are 
represented by the purple diamonds. 

 

Fig.5.4 ARPES cuts for the underdoped Bi2212 sample, going from the node in C1 to the antinode 
in C9 
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Fig.5.5 ARPES data mapping for the underdoped sample, the extracted Fermi vectors are 
represented by the purple diamonds for the antibonding band AB and by the red diamonds for the 
bonding band BB. 

 

Fig.5.6 ARPES cuts for the overdoped Bi2212 sample, going from the node in C1 to the antinode in 
C10. Two bands are present due to the multilayer band splitting: the bonding BB and antibonding 
AB bands.  
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a 

 

b 

 

c 

 

Fig.5.7 Tight binding fit results along the ARPES cuts for a the optimally doped, b the underdoped c 
the overdoped samples. The kF displayed are determined experimentally until cut 5, 6 and 9 for 
the AB and 10 for the BB in the 3 samples. After these cuts the kF displayed are determined from 
the tight binding function in the antinodal region. 
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Fig.5.10 ARPES cuts after the subtraction of the fitted BB intensity (first row) and after the 
subtraction of the fitted AB band intensity. These intensities were used for the AB and BB 
calculations respectively. 

two bands and sumed them up, therefore we performed the calculation assuming a band ratio 
equal to 1 for simplicity. 

 

5.1.2: Calculation Results  and Discussion  
 

The results of the Bi2212 calculations assuming constant intensity profile along the Fermi surface, 
for all the samples, both in B1g and B2g configuration, are show in Fig.5.11 together with the 
experimental Raman spectra for these same samples. 

Starting from the optimally doped sample, it can be seen in Fig.5.11 (c,d) that we obtain a good 
reproduction of the experimental Raman spectra. For the B1g configuration in Fig.5.11 (c) we 
obtain a good reproduction of the peak position, which is only slightly overestimated. Regarding 
the shape of the calculated spectra we have only a small underestimation of the intensity at low 
frequency (below 350 cm-1) and a small overestimation at higher frequency than the peak (at 650 
cm-1), therefore we have an overall really good reproduction of the shape of the experimental 
peak. The same can be said for the B2g configuration spectra shown in Fig.5.11 (b). The overall 
shape is well reproduced, with only a small underestimation at low frequency (below 250 cm-1) 
and a small overestimation at higher frequency (above 650 cm-1). The peak position seems to be 
well reproduced, even though the peaks, both the experimental one and the calculated one, are 
really broad, and therefore there is a big error margin.  
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For the overdoped sample, the calculated and experimental Raman spectra are shown in Fig.5.11 
(a) and (b) for the B1g and B2g configuration, respectively. Here both the AB and BB contribution is 
shown, with magenta and green dashed lines, respectively. Their contribution summed up with 
band ratio equal to 1, as discussed earlier, is shown by the red curve. In B1g configuration in 
Fig.5.11 (a) the calculated AB and BB contribution are not so different between each other and  

 

Fig.5.11 Experimental Bi2212 spectra together with the calculated spectra using the Kubo formula 
and assuming constant profile along the Fermi surface, for the overdoped sample in a B1g and b B2g 
configuration the optimally doped sample in c B1g and d B2g configuration and for the underdoped 
sample in e B1g and f B2g configuration. In the overdoped sample panels a and b both the AB and 
BB bands calculated contributions are shown by magenta and green dashed lines respectively. 
Here the red solid line represents the total contribution of both bands summed up with 
normalized intensity and band ratio equal to one. 






















































































