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Outline of the talk

Motivation: Experiments on superconductor-
iInsulator transition in layered superconductors

Coupling superconducting particles to charged
Impurities
Over-screening of the Coulomb interaction

Clustering of charge carriers around impurities
—> Coulomb bubbles

Origin of the pseudogap

Quantum phase transition from superconducting
to insulating phase
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Layered structure - quasi-2D system




Phase Diagram
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Coulomb bubble

Impurity is located at the origin and its charge is opposite to the charge of
the superconducting particles
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High Tc Cuperates — STM gap map

Atomic-Scale Sources and
Mechanism of Nanoscale Electronic
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FIG. 4 (color online). (7, d) phase diagram near the critical
doping. 7, and 7\,;, are determined by the resistance data, and
I 1s evaluated as 0.065 X 7, according to the scaling analysis.
Fitting curves for each of these crossover temperatures are
plotted as well. Unlike other crossover temperatures. 7; is only




Free boson gas

Controlling parameter is r,, which determines the distance between particles
r0 =rs rB
with the Bohr radius rg

Gas Strongly correlated fluid Wigner crystal
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superconductor Insulator
strength of interactions increases




Why charged bosons?

Bose - condensation of charged bosons

BEC with a long range order creates a superconducting
state

Local pairs on BEC side of the BEC-BCS crossover are
charged bosons

bi-polarons, RVB, etc...

The energy hierarchy in HTSC: Coulomb ~0.4-1 eV, Spin
~0.2 eV, Phonon~0.04 eV,

- Coulomb forces dominate



Jellium model with impurities

-Bosons are made of electron (hole) pairs
-Smooth, structureless background neutralizes the fluid

-Random impurities with opposite charge to bosons and heavy mass

In free space impurities
bind into hydrogen like
molecules.

t high densities bosons are free to move




Variational theory of quantum fluids

The Hamiltonian of the charged boson fluid with a charged impurity.
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Subindices b and | refer to the bosons and the impurity. Their
interactions are Coulombic and the masses are m and M,
respectively.

The variational wave functions contain boson-boson and boson-
impurity correlation functions.



Optimal correlations

The variational problem is divided into two parts. For the
purely bosonic part we search for the optimal correlation
function by minimizing the expectation value of the
Hamiltonian without the impurity.
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The impurity-boson distribution function is solved by minimizing the
impurity chemical potential
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Diagrammatic hyper-netted summations are needed to calculate distributio

and correlation functions. This results into a system of equations for a pair
correlation functions g(r) for bosons.
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Define radial distribution functions
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Mott instablility and positron annihilation in 3D

Positron chemical potential
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impurity in 2D

Chemical potential of the impurity
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In free space the impurity-boson binding is -4 Ry.



Over-screening of the Coulomb
interaction in 2D

Effective potentials
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Boson distribution around the

iImpurity

Boson distribution around impurity
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Coulomb bubbles emerge r > 2

The variational wave function of the fluid with bubbles contains

boson-boson, trapped boson-impurity and non-trapped boson-
impurity correlation functions.

1 M 1 N
l])rIU l BT T ) — o _E —l” “(ro—r; ’(jz AT w! ™ (lro—r;|) \I" I's. “”1.\_‘].
0.1 N I'y. N

We minimize the bubble chemical potential, which determines the
unknown correletion functions.
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Express everything in terms of distribution functions
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Solve the resulting Euler equations
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Coulomb bubble and proximity effect

At r, >2 the boson fluid can break into two fractions. Bound particles form
the Coulomb bubble and the unbound particles remain superconducting.

Distribution of boson arround the impurity

Distribution of untrapped bosons
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Chemical potentials with the Coulomb bubble
and the Pseudogap
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nergy required to create the bubble Binding energy of bosons in the
bubble defines the pseudogap




LOCAllZallon ald
superconductor-insulator transition

First step Second step
Localization of bosons to impurities - Weaker (out of plane) charges bind a ne
decrease the density of carrier bosons set of bosons - density of bosons

decreases further.
-The size of the bubble increases.
- Bubbles begin to overlap

- Perculation type phase transition
prevents supercurrent through the systen




Gorkov, Teitelbaum analysis PRL 97, 247003 (20006)
of Hall coefficients, resistivity, ARPES and STM data
of the normal phase
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Schematic phase diagram of layered superconductors.
Paralell color lines mark the pseudogap region.
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Coulomb bubbles in BSCO comparison
with STM data by Davis et al. Science 2005

 LDOS at
E~24 meV

* Oxygen
Impurities

* Modulation,

CDW are
strong

* Dopants are
at minima




Conclusions

Experimentally charged impurities play the main role in
the doping controlled superconducting-insulator
transition in quasi two-dimensional layers.

Charged impurities bind bosons and form Coulomb
bubbles. The binding energy determines the pseudogap.

The superconducting state vanishes with a quantum
phase transition when charge carriers are trapped by the
Coulomb bubbles in such a way that no coherent phase
can percolate through the whole fluid.

Bubbles are first covered by superfluid liquid due to a
proximity effect and invisible.

With decreasing carrier density, the size of bubbles
iIncreases and the superconducting proximity inside
bubbles vanishes.

The insulating state arises via a percolation of insulating
Islands.
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