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Rectification refers to the generation of a d.c. output from an a.c. input, and is characterized by an asymmetric
transport of carriers in response to a d.c. driving force. A typical example of a rectifier would be a semiconductor
diode, which is realized by a p-n junction, where the electrical resistivity pdepends on the direction of charge
current I, that is, p( 1) # p (- 1). Such devices are of interest from technological perspective, especially in energy
harvesting. Due to the short coherence length of electrons in condensed matter, the requirement for asymmetric
electric transport is that of a spatially asymmetric potential on atomic scale, which can be realized by an artificial
junction, or by lowered crystalline symmetry.

The purpose of the present thesis is to extend the concept of rectification to carriers with long coherence length
by experimentally demonstrating a vortex rectification effect in a superconductor without lowered crystalline
symmetry. For carriers with a propagation length longer than the specimen size, an asymmetry in transport can be
generated by placing a bulk specimen without lowered crystalline symmetry into an asymmetric external
environment. The asymmetry at the boundaries of the specimen translates into an asymmetry of carrier transport
in the bulk with respect to the direction of flow. A vortex in a type-1l superconductor is a prototype of a carrier
with long coherence length. A vortex is a topological soliton in the phase of the superconducting order parameter,
and can be created or annihilated only at the superconductor boundaries. Therefore, vortex flow is a conserved
quantity in the bulk. Notably, in weak-pinning superconductors, vortex flow can be totally governed by the
nucleation energy barrier at the surfaces of the superconductor. This enables the realization of a vortex
rectification effect based on an asymmetry between superconductor surfaces. In the present thesis, a vortex
rectification effect in a weak-pinning superconductor without lowered crystalline symmetry placed in an
asymmetric external environment is experimentally demonstrated and a theoretical model for rectified vortex flow
is presented.

This thesis consists of 5 chapters and is organized in the following manner.

Chapter 1 contains the background and purpose of the present research, followed by a short summary of the
Ginzburg-Landau (GL) description of superconductivity and of the vortex state in type-I1 superconductors, as well
as transport properties of superconducting vortex.

Chapter 2 explains the preparation and characterization of samples as well as the measurement methods.
Physical properties of Mo-Ge, a weak-pinning superconducting alloy, and Y3zFesO1> (YIG), a ferrimagnetic
insulator used in this study, are also overviewed in this chapter.

Chapter 3 presents a systematic study of vortex rectification in the vortex liquid phase of Mo-Ge. In the class of
amorphous type-Il superconductors to which Mo-Ge belongs, thermal fluctuations in the vortex liquid smear out
the pinning by the uniform microscopic disorder, making vortex motion in the vortex liquid phase essentially
pinning-free. This chapter presents a study of electric transport in the vortex liquid phase of the superconductor
Mo-Ge with a ferrimagnetic insulator YIG attached to one face of the superconducting film. By means of
second-harmonic voltage measurements it is demonstrated that a nonreciprocal electrical resistivity appears in the

vortex liquid in the presence of a ferrimagnetic YIG substrate. Generation of d.c. voltages from environmental
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current noise present in the measurement system is experimentally confirmed in the vortex liquid, which is
consistent with the nonreciprocal electrical resistivity. A possible mechanism for nonreciprocal electrical
resistivity and rectification of current noise is discussed based on GL description of superconductivity. Based on

(NO. 4)
the presented model, an asymmetry in the vortex nucleation energy at the interfaces of the superconductor with
the YIG and with the vacuum is expected, which leads to an asymmetry in vortex flow in opposing directions
perpendicular to the film plane. The experimental results along with the rectification model provide a
comprehensive demonstration of rectification of free vortex flow in an isotropic material with asymmetric
boundary conditions. This is different from the usual concept of vortex ratchets where the mean free path of a
vortex is governed by a patterned periodic pinning potential. The results highlight the possibility to realize
nonreciprocal electrical transport and rectification based on asymmetric external environment in other bulk
systems with topological solitons, such as skyrmions in chiral magnets.

Chapter 4 is devoted to a discussion of the experimental observation of a vortex Nernst effect in Mo-Ge films.
The existing work on vortex Nernst effect focuses on bulk superconductors, or on films with in-plane temperature
gradients, where the vortex can be regarded as a two dimensional object. In this chapter it is demonstrated that a
clear vortex Nernst effect is observed in the vortex liquid even with a temperature gradient perpendicular to the
film plane. Contrary to the expectation based on the geometry of a Nernst effect, the angular dependence shows a
suppression of the Nernst response for magnetic fields parallel to the film plane, which is interpreted as a
signature of suppressed vortex entropy at increased magnetic fields. These results show that conventional
description can be used for vortex flow perpendicular to the film plane in a vortex liquid of a weak-pinning
isotropic superconductor.

Chapter 5 summarizes the results obtained in the present thesis.

The results obtained in this study demonstrate a novel rectification mechanism of carriers with long-range
propagation based on asymmetric boundary conditions for pinning-free vortices in a type-11 superconductor. The
physical mechanism can be expected to be common to other topological solitons, such as skyrmions in chiral
magnets. Such rectification mechanism may open new directions in energy harvesting or sensing of

electromagnetic waves.
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