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Pseudogap and precursor superconductivity study of YBay(Cu..Zn,);0y: c-axis optical study
from underdoped to overdoped region
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In this study, the charge dynamics of the high temperature cuprate superconductor YBay(Cuy-.Zn,);Oy over the
electronic phase diagram have been investigated in a wide doping range, as well as, for several Zn-contents, both in
the normal and the superconducting state. The temperature dependent reflectivity measurements have been
performed with Fourier transform infrared spectroscopy and the optical conductivity spectra have been calculated
from the reflectivity by using the Kramers-Kronig transformation.

Detailed spectral weight analysis was performed on the optical conductivity spectra, especially in the pseudogap
region. Several issues regarding to the electronic phase diagram were discussed. As a result, we obtained several
important conclusions. Firstly, the behavior of the psendogap and the relation between the pseudogap and the
superconducting gap, secondly, the precursor of superconductivity, and finally, some remarks related to the kinetic
energy driven superconductivity were discussed.

P.seudogap:

Pseudogap has a very clear behavior in the optical conductivity spectra. With pseudogap opening, the low energy
optical conductivity is suppressed and the lost spectral weight (SW) is transferred to the high-energy region. With
superconducting gap opening similar low energy response can be seen, however, the lost spectral weight is
redistributed at delta-function at zero frequency. Hence the pseudogap behavior and the superconducting behavior
can be resolved within a single measurement in a ¢-axis polarized optical conductivity.

We trace the SW as the pseudogap response in the superconducting region. The analysis showed that the SW that is
transferred to the high-energy region with pseudogap opening does not contribute to the superconducting
condensation. This gives evidence to the fact that the pseudogap is not the precursor of the superconductivity.
Moreover, the high-energy transfer of the SW, which is the indication of the pseudogap behavior, continues even
below the superconducting transition temperature (7;) indicating the coexistence of the pseudogap and the
superconducting gap in the superconducting state.

With the evidences given above, the Zn-effect on pseudogap and the pseudogap behavior in the overdoped region of
the phase diagram give further evidence to the different order and coexistence scenario. We observed that the
pseudogap is robust to Zn-substitution and even can be observed for a non-superconducting sample (the sample that
we suppressed superconductivity with Zn-substitution). Moreover, in the overdoped region, pseudogap temperature
(T*) crosses the superconducting dome and goes to zero around 20% carrier doping, while superconductivity
survives up to higher doping levels.

As aresult, the SW analysis, Zn-doping effects, and the behavior in the overdoped region leads to the conclusion that
the pseudogap is not the precursor of the superconductivity and should be thought as another order. Moreover, the
pseudogap and the superconducting gap coexist in the superconducting state.




Precursor superconductivity:

Even though we eliminated the pseudogap as the precursor of the superconductivity, another temperature scale can
be defined as the precurso_i- state. Previously many experimental probes observe this state, as well. However, there is
no consensus about the temperature range and the doping dependence of the precursor superconductivity. One group
of experiments showed that the precursor state extends to high temperatures (3-4 T) with a rather unusual doping
dependence. Other group of experiments, on the other hand, presented that the precursor state extends up to close
vicinity of T, and closely follows the doping dependence of the 7.

In this study, temperature dependent superfluid density is investigated from the real and the imaginary part of the
optical conductivity. The calculations showed the existence of the superfluid density starting from the temperatures
higher than 7. (We marked as 7). With decreasing temperature, superfluid density gradually increases and at a
temperature 7, near T;, the slope of the increase suddenly becomes steeper. It seems that the superconducting
carriers persist up to much higher temperatures than T,, although its fraction is very small (less than a few % of the
total superconducting carrier density at 7=0).

It is interesting that the doping dependences of T and T, are different. 7, is always 10-20' X above T, and thus
follow the T, change, whereas T, increases with decreasing doping levels (p) and reaches much higher temperatures
than 7.°. 7.’ and 75, are almost merged at the optimum doping p = 0.16. On the other hand, with Zn-substitution both
temperature scales decrease like T, unlike T*. The Zn-dependence confirms that these features are related with
superconductivity. The observation of the superfluid density suggests that the superconducting regions start to appear
at T,. With decreasing temperature these regions expand and start to see each other leads to the system to the bulk
*| superconductivity starting at 7,’, which can be explained in the framework of the inhomogeneous superconductivity.

Kinetic energy driven superconductivity:

There are some theories that explain the superconductivity mechanism as the kinetic energy driven
superconductivity. Previously, while the c-axis optical conductivity was studied, it was observed that the superfluid
density obtained by the missing area method is significantly smaller than that calculated from the imaginary optical
| conductivity. It has been explained that some of-the carriers contributing to the condensation actually come from
very high-energy region (around visible region), which corresponds to the kinetic energy contribution. However, in
many cases, the missing area is underestimated, since it has been calculated within the limited energy region. The
calculated condensation energy for the c-axis spectra is smaller than the theoretical expectations. Therefore, in the
early days it has been thought that the remaining portion might be observed in the in-plane spectra. It is necessary to
point out that this is only observed for the Bi2212 system in the in-plane spectrum, and other systems do not show
such kind of high energy contribution.

We have revealed that the discrepancy of the superfluid density does not come from the kinetic energy contribution,
but it is due to the mistreatment of the so-called transverse Josephson plasma (TIP) mode, We observed that in the
case of suppression of the TJP mode with Zn-substitution, the superfluid density discrepancy disappears. The TJP
mode creates a broad absorption peak in the spectrum, which causes the underestimation of the mlssmg area and
leads to the discrepancy of superfluid density.
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