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Abstract

Both semiconductors and superconductors have an energy gap for electronic excitations. Why is there dissipationless current only in the latter?

Background for semiconductors and superconductors

Consider a free electron. Its wave function and energy are

Ui(r) = Aexp(ik - 1), E(k) ="K

2m

In a crystal lattice this is modified by the periodic potential
formed by the ions (nuclei and core electrons).

The electron levels become superpositions. In the simplest case (integer n)
W(x) = uxexp (ikx) + vexp (i (k — £2) x) .

This makes energy gaps to open when the unperturbed levels are degenerate.
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The crystal wave vector k can be limited to the first

Brillouin zone. Alternatively, the discontinuity at the
, , zone boundary can be avoided using the extended-zone
o energygap scheme. Then the energy levels shifted by k — k +
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f(E, k) = f(E, k + %0). (3)

First Brillouin zone
The energy levels are filled with electrons following the Pauli principle. Solids can be divided in
three groups.
» Metal: there is one partially filled band.
» Insulator: The highest filled band is separated from the lowest empty band by an energy gap
of several electron volts.
» Semiconductor: like insulator, but the band gap is smaller.

For superconductivity, consider first a normal metal.

The electron E(k) near the Fermi surface. Black lines de-
note occupied levels and the blue lines unoccupied levels at
zero temperature (T = 0). It is also convenient to choose
the Fermi level as the zero of energy, E = 0.

Lattice vibrations cause attractive force between the electrons. This makes electron pairs, where
the occupations of states of k and —k are correlated:

w — uk\0,0> -+ Vk‘l, 1>. (4)

Here |0,0), |1,0), |0,1) and |1, 1) form the basis states of the occupations at levels k and —k.
The correlation leads to the opening of an energy gap when the unperturbed states are
degenerate, that is, at the Fermi level.

The left picture is discontinuous at k = +kr. The right picture uses an extended scheme (and
also shows the normal state by dashed lines). The extended scheme has double representation of
each physical level so that

f(E,k)=1—f(—E,—k). (5)

That is, a hole (missing electron) at a negative energy level is equivalent to an electron at the
corresponding positive energy level of the opposite wave vector (shown by arrow). The extended
scheme is useful because depending on the need, one can select different “reduced schemes” .
Selecting only positive energies gives the standard BCS excitation spectrum. Allowing both
positive and negative energies is called semiconductor model.

The left figure illustrates how
the excitation spectrum of a
superconductor can be ob-
11.0> and 101> tained from the avoided cross-
ing of the levels in Eqg.
(4). The excitation energy is
the energy difference between
the blue (elementary excited
state) and brown (ground
state) lines. The nature of
the quasiparticle |1, 0) is illus-
trated on the right.
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The essential difference

In semiconductors the gap is horizontal in the crystal frame (the rest frame of

the crystal), but in superconductors it can be inclined.

Semiconductor Superconductor
E E

V

In semiconductors the gap arises from the crystal lattice and thus is balanced in
the crystal frame.

In superconductors, the gap arises from interaction of electrons. Although the
interaction is mediated by the lattice, the gap need not be horizontal in the
crystal frame. The inclined gap is equivalent that the rest frame of the
conduction electrons is moving relative to the crystal frame.

Dissipationless current

The electric field drives the electron distribution to one side. In the normal state
the electrons are scattered by impurities and lattice vibrations to the empty
states of the same or lower energy.
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The electric field drives electrons also in a superconductor. In addition, it also
tilts the gap. There is net electron flow to the right because the levels with

k > 0 are filled to higher energy than the levels with k < 0. This current is
dissipationless because of the tilted energy gap: there are no available states for
electrons at the same (or lower) energy.

» The common explanation for supercurrent is the flow of Cooper pairs. Here
we advocate the alternative view of the supercurrent as the asymmetry of
the electron levels under the gap.

Microscopic justification

The connection of the inclined gap with the supercurrent is justified by [1]

' = eveN(0) W [7 e 17 0(& — |A")(¢81 + dg2).  (6)
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Most importantly, € = € — a, where a(k) =~ « - k gives the inclination of the
gap. [he asymmetry of the BCS density of states is represented below left.
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The right panel shows the density of states modified by strong impurity
scattering, obtained by solving Usadel equations [2]. The scattering makes the

gap isotropic, but the asymmetry of the electron levels still gives the

supercurrent.
Applications: pair breaking critical current, critical velocity for moving objects in

superfluids [3].




