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Abstract

NANOACOUSTIC EFFECTS IN TYPE-II SUPERCONDUCTORS AND
DECOHERENCE OF TWO-STATE SYSTEMS

by
Jaroslav Albert
Advisor: Eugene M. Chudnovsky, Distinguished Professor of Physics

In this thesis we focus on two areas of research: nanoacoustic effects in superconductors,
and decoherence of two-state systems due to radiation of acoustic phonons. In the
first part of this thesis we propose two new nanoacoustic effects: induction of voltage
by mechanical stress, and nucleation of a superconducting vortex by an acoustic
standing wave. Both of these effects take place in type-II superconductors. In the
second part we study relaxation processes via acoustic phonons of a particle in a

double-well potential and of a flux qubit.

Part 1: Mechanical stress causes motion of dislocations in solids. In a type-II
superconductor a moving dislocation generates a pattern of current that exerts a
force on the surrounding vortex lattice capable of depinning it. We show that the
concentration and the speed of dislocations needed to produce depinning currents
are within practical range. When external magnetic field and transport current are
present, this effect generates voltage across the superconductor. In this manner, a
type-I1 superconductor can serve as an electrical sensor of the mechanical stress.
Nucleation of vortices in a superconductor below the first critical field can be assisted
by transverse sound in the GHz frequency range. We work out from energy considerations
that, in the presence of a sound wave, vortices enter and exit the superconductor at

the frequency of the sound. The computed threshold parameters of the sound are



v

shown to be within experimental reach.

Part 2: We propose a method of computing phonon-induced relaxation of two-state
systems that is based on symmetry arguments. This allows one to express the rates in
terms of independently measurable parameters. For translationally and rotationally
invariant systems the conservation of linear and angular momenta must be taken into
account when formulating the interaction Hamiltonian. For a particle (e.g., electron
or proton) in a rigid double-well potential embedded in a solid the rate is proportional
to the seventh power of temperature. For a flux qubit the two-phonon relaxation is
important only if the size of the qubit is much smaller than the phonon wavelength.
Due to symmetry the two-phonon rate of both systems is proportional to the square

of the bias. This allows for additional control of the relaxation rate.
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Part 1

Nanoacoustic Effects in Type-I1
Superconductors



0.1 Introduction

The field of nanoacoustics explores the effects of dynamical displacements of ions -
elastic deformations - in solids. The absence of any electrical resistance makes super-
conductors a fascinating class of solid state systems that respond more dramatically
and, in many cases, very differently to the moving ions within them as compared
to normal (non-superconducting) metals. In the past, the elastic deformations, i. e.
ultrasound, in superconductors have been employed as a tool for probing theoret-
ically and experimentally the superconducting properties. For instance, the gap in
the energy spectrum and the penetration depth have been determined from ultrasonic
attenuation. In type-II superconductors transverse ultrasound has been employed in
the study of elastic as well as transport properties of the flux lattice. The possibil-
ity of using the moving flux lattice as a source of sonic coherent radiation, and the
contribution of elastic deformations to the inertial mass to the Abrikosov vortex have
also been the subject of scrutiny. The first part of this thesis explores new effects in
type-I1 superconductors due to dynamical elastic deformations.

In Chapter 1 we summarize the most essential features of superconductivity that
will be invoked in our study of nanoacoustics. We focus mainly on the phenomeno-
logical London and Ginzburg-Landau theories. In the second chapter we present new
effects generated by elastic deformations that are in the experimentally feasible do-
main. First, we investigate the electromagnetic properties of moving dislocations and
their influence on the flux lattice. We propose a method for detecting rapidly moving
dislocations by measuring voltage across the superconductor due to the interaction
of the flux lattice with the moving dislocations. This effect can be considered as an

example of a piezoelectric effect in a metal. In our second study we investigate the



possibility of nucleation of a vortex in a superconducting slab by a standing sound
wave. A standing wave creates local rotations of the crystal lattice which in the
rotating frame appears as a fictitious magnetic field. This scenario can be viewed
as a local London effect. In the ultrasound frequency range the fictitious field can
exceed the first critical field in which case vortices should nucleate in the bulk of the

superconductor.



Chapter 1

The phenomenon of
superconductivity

In this chapter we present some of the basic facts and theories of the remarkable
phenomenon of superconductivity. This will serve the purpose of giving a historical
overview on the subject while presenting the tools used by the authors in their con-
tribution to the field. Although, the section on the BCS theory is not essential to the
work done by the authors, it deserves mentioning for the sake of completeness and

elegance of presentation.

1.1 Phenomenological Theory

1.1.1 The Superconducting state

The discovery of superconductivity goes back to the year 1911 when Kamerlingh
Onnes [1] observed the disappearance of electrical resistance in mercury (and later
in other metals) below a critical temperature T, of a few Kelvin. The complete
absence of resistance was confirmed after performing experiments with persistent
currents in a superconducting ring. The lifetime of the currents was established

by nuclear resonance experiments to be of order 10° years. This practically perfect



Figure 1.1: Meissner effect - on crossing from the normal to superconducting phase
the magnetic field is expelled from the bulk of the sample.

conductivity became the first signature of superconductivity. Another striking effect
arising in superconducting materials is the Meissner effect first observed by Meissner
and Ochsenfeld [2] in 1933. They found that a magnetic field is expelled from a bulk
superconductor when the sample was subjected to the external magnetic field. This
might seem like an obvious consequence of perfect conductivity which would indeed
keep the magnetic flux out of the sample provided the initial flux was zero. However,
the Meissner effect showed that magnetic flux became expelled from the sample when
the temperature decreased below T,. A perfect conductivity would tend to trap the
flux in the superconductor and therefore could not provide an explanation of this
effect. The existence of Meissner effect suggested that superconductivity involves a
thermodynamic phase transition and that superconducting state would be destroyed
above a critical temperature-dependent external magnetic field H.(T"). The relation

between the change of free energy per unit volume and H.(7T") was found to be (see i.

e. [3))

(1.1)
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Figure 1.2: (a) A phase diagram relating the external magnetic field to temperature.
(b) The specific heat has a discontinuity at 7, due to an energy gap A.

where f, and f, are the Helmholtz free energies per unit volume in the normal and
superconducting states at H = 0. The temperature dependence of H, is plotted in
Fig. 1.2a. It was found empirically that the curve can be fitted quite well by the

approximate expression

H(T) =~ H.(0)[1 — (T/T.)* (1.2)

The specific heat of superconductors was found to have a discontinuity at the criti-
cal temperature which is a characteristic of first order phase transitions Fig. 1.2b.
The relation between the normal and superconducting specific heat was found from
experiments to be (cs — ¢,)/c, = 1.43 while the temperature dependence of ¢, far
below T yielded an exponential dependence exp(—A/kgT"). This thermal behavior

is typical of a system with an energy gap A.

1.1.2 Londons’ Equations and the Theory of Pippard

The first theoretical description of the electrodynamics of superconductors was pro-

posed by the brothers F. and H. London [4]. The London equations

E = AJ, (1.3)

B = —cAV xJ, (1.4)



provide the relationships between the electric field E, magnetic field B, and the

superconducting current J. The phenomenological parameter A was defined as A =

m02 1/2
A:(Mmé) (1.5)

is called the London penetration depth. A good summary of Londons’ arguments can

(4m\?)/c?, where

be found in [5]. Equation 1.4 can be combined with Maxwell’s equation

4
VxB= ?”J (1.6)
to give an equation for the magnetic field
1
VXVXBJrﬁB:O (1.7)

For a sample occupying the half-infinite space x > 0 in an external field He, the

solution to Eq. (1.7) is particularly simple:
B(z) = He ™ e,. (1.8)

From this solution one can see that A is indeed the penetration depth.

The value X was found experimentally to be almost always larger than predicted
by Londons’ theory. Pippard explained this discrepancy by introducing a nonlocal
generalization of London’s equations in which the current at a particular point in

space depends on A over a volume of radius &:

- 3 RR-A(X)] _ppe .
Js = 47T£0AC/ 7 e Vodr (1.9)

where R = r —r'. The length &, called the coherence length, is related to &, the
width of the superconducting electron wavefunction, through the scattering distance

I: €1 =&+ 171, While Pippard obtained this result based on the analogy with



nonlocal Ohm’s law a more rigorous derivation with the help of Green’s functions can
be found in [5]. Pippard used the argument that if a system of quasiparticles has a
gap A at the fermi level the minimum change of momentum on going from ex — A to
er+ A is dp = 2A /v, where v is the fermi velocity. From the uncertainty principle
dxdp ~ h one obtains dx = & ~ hvp/(2A). This gives the length over which the
wavefunction of the superconducting electrons change appreciably. Since the vector
potential changes on the length scale of order A one must use Pippard’s theory unless

A > &.

1.1.3 Phenomenological Ginzburg-Landau theory of super-
conductivity
The theories of London and Pippard combined with energy considerations provided
the first predictions of electrodynamic behavior of superconductors. However, the
theory was restricted only to cases where the density of superconducting electrons
was constant throughout all space. Calculations involving spatial variations such as
energy in a magnetic domain wall or spacial dependence near a superconductor-normal
metal interphase could only be described qualitatively. The phenomenological theory
that incorporated spacial variations was first proposed by Ginzburg and Landau (GL
theory) [6] in 1950. They introduced a complex order parameter ¢ (r) whose square
modulus [¢(r)|? represented the local density of superconducting electrons n,(r).
Ginsburg and Landau then expanded the free energy in powers of [¢(r)| and its
derivatives |V (r)| in the temperature region 7' ~ T, where ¢ (r) is very small and
varies on the length scale of order £ > &,. Variation of this free energy with respect
to ¥* yilded two coupled differential equations for ¢ and the vector potential A.

Initially, GL theory did not receive much attention as there was no microscopic theory



that could support it. However, once Bardeen, Cooper, and Schrifer developed a
microscopic theory (BCS theory) [7], Gor’kov [8] who generalized the BCS theory to
include spacial variations with the help of Green’s functions showed that GL expansion
is indeed valid in the limit T' ~ T.. The GL theory not only allowed quantitative
treatment of superconducting systems with spatial variations but made it possible
to predict new fascinating manifestations of quantum mechanics on the macroscopic
scale.

The GL free energy per unit volume up to the forth order on [¢(r)| has the form
2
* A 2
(Ev - A) o o+ VxAP
i

1.10
o (1.10)
The coefficients a and 3 are function’s of temperature, and m* and e* are the effective

_ 2 Bpye 1
fs—f0+a|w‘ +2|¢‘ +2m*

mass and charge. The starred quantities were originally assigned their bare values m
and e. However, experiments yielded values closer to e* ~ 2¢ and m* ~ 2m. This
suggested that the superconducting charges come in pairs. In real metals these values
could be altered by up to an order of magnitude due to the Fermi surface. In the
absence of vector potential and spatial variations the free energy functional in Eq.
(1.10) is minimized if |1 |* = —a/B. Clearly, the theory can only yield a nonzero
¢ only if «v is negative. On the other hand  must be positive otherwise || would
tend to increase to large values for which the theory is not valid. Minimizing the free

energy in Eq. (1.10) with respect to 1* yields GL differential equations:

" 2
a¢+ﬁ|¢|2w+21* <§V—6—A> P =0, (1.11)
m 1 C
2me*hi, . Amex? |
VX (VxA) = == ="V = pVy') = — 9" A (1.12)
or

J= e** 2 (hw - e—*A) , (1.13)

m C
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where in the last equation we used the fact that the complex function 1 can be written
in terms of its magnitude [¢| and phase ¢, ¥ = [¢]e?, and that the left hand side
of Eq. (1.12) is proportional to electric current according to the Maxwell’s equation
V x B = (47/¢)J. The right hand side of Eq. (1.12) is therefore proportional to
the quantum mechanical current carrying particles of charge e* and mass m*. These
equations must be solved simultaneously for ¢ and A.

Since Londons’ theory had been around long before Ginzburg and Landau pro-
posed theirs it is useful to look at the similarities between these two approaches. In
particular, a homogeneous superconductor should be described on equal footing by

both theories. Setting |¢| = ||, Eq. (1.13) becomes

J = —(Aespe)'Q (1.14)
with
47'(')\2 m*c2 1/2 he*
Agpp= —T N o= — —A— 1.15
rf 2 1 (47r6*2|¢oo|2) ;o Q . Vo, (1.15)

where Q is a gauge invariant vector potential. All physical quantities obtained from
Eq. (1.14) must be independent of the particular gauge choice, that is if ¢ — ¢ + ¢,
then A — A + (ch/e*)V¢. The London’s gauge corresponds to Vi = 0. Taking the
effective quantities e* = 2e and m* = 2m, reduces the effective parameters in Eq.
(1.15) to Aesr = A and A.pp = A. Hence, for a homogeneous superconductor the GL
theory reduces to that of the Londons’.

Let us divide Eq. (1.11) by a|t»|? and define f = 1) /1),. Assuming there are no
fields, equation Eq. (1.11) in one dimension simplifies to

h2
~ 2m*|a(T)]

e L opoo e

o (1.16)
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and we can take f to be real. If a homogeneous superconductor is perturbed by a
small amount g(z) < 1, such that f(z) = 1+ g(x), then a solution to Eq. (1.16) is

approximately

g(x) ~ e Ve, (1.17)

This shows that any deviation from a homogeneous solution will decay in a charac-
teristic length £(77). One is tempted to draw a connection between £(7") and &, since
they both give estimate of the length scale at which either the cooper pairs or the
order parameter decay. Indeed, we can establish a connection between £(7) and &
provided we know the relationships among «(7), 5(T), and H.(T). Beginning with

the thermodynamic relation (1.1) we find

H.(T)? -«

fu(T) — fo(T) = o 5 (1.18)

where as mentioned previously f,(7') and fs(T') are the free energies in the absence

of external fields and gradients. Combining Eq. (1.18) with |1 |> = —a/3 yields

mc? 2¢? 5 16me?

87T)\§ff’ a(T) = _—H2(T))\eff7 /G(T) -

me2 ¢

[Vool® =

i HX(T)\yp  (1.19)

According to the BCS theory, which will be discussed in the last section of this
chapter, the critical field H.(0) is related to the energy gap A(0) through the equation
H2(0) = 47 N(0)A?(0) with N(0) being the density of states. Combining this result
with & = hvp/mA(0) yields

€1) 7 H(0) M)
&o 2v/3 Ho(T) Nejs(T)

(1.20)

This equation shows that at zero temperature the coherence length is of the order of &j.

On the other hand, at T' = T, the behavior of £(T") in pure and dirty superconductors
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respectively, is give by

E(T) = 0.74[1_;#]1/2 pure (1.21)
1/2
E(T) = 0.855% dirty (1.22)

In conclusion it should be emphasized that GL theory was derived in the temperature
range 1" ~ T, for which the order parameter ¢ is small. Therefore one should not
expect the GL theory to give correct results at temperatures well below T.. Yet, the
GL theory has proven to yield surprisingly good results even at low temperatures

going all the way down to zero.

1.1.4 Flux quantization

Consider an infinite homogeneous superconducting sample in a magnetic field H with
a hole born through it as shown in Fig. 1.3. To keep the field out of the bulk and
at the same time satisfy the boundary conditions at the surface, Meissner currents
must flow around the hole according to the Londons’ equations. Let us encircle the
hole by a closed loop shown in Fig. 1.3. The total magnetic flux threading through

the loop is then given by the integral

@:/B-dSZ/VxA-ds:ij-dr (1.23)

where the last integral on the right follows from Stoke’s theorem. With the help of

Eq. (1.13) the flux ® can be written as

ch AN poo|® [T - dr
b= — - dr — . 1.24
P venae - TR 2

If we make the loop large enough, so that it extends to regions where all fields and

currents are zero, the second term in Eq. (1.24) drops out. If one goes around the
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Figure 1.3: A superconductor with a hole. The magnetic flux threading through the
loop C' can only take discrete values of the flux quantum ®.

loop n times, for e* = 2e, the flux becomes

d=>dqm, n=123,.. (1.25)

where &) = % is called the flux quantum. This shows that the magnetic field can

penetrate a superconductor only in discrete quantities.

1.2 Applications of the Ginzburg-Landau theory

1.2.1 Surface energy and domain walls

In the Meissner phase the magnetic field is expelled from the entire bulk of the sample.
This situation, however, is not energetically favorable for all geometries. For instance,
a long superconducting slab of thickness d < A embedded in a magnetic field oriented
along the normal to the slab, will develop superconducting and normal domains (see
Fig. 1.4). In the normal region the magnetic flux fully penetrates the sample while
the superconducting region develops Meissner currents that expel it. This state of a
superconductor is called the mixed state. The domain wall energy may be written

in terms of a parameter §, which has the dimension of length, as v = H2§/(87).
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l

Figure 1.4: Total expulsion of magnetic filed is not always energetically favorable.
The magnetic filed lines shown in (a) become very dense as they flow around the
sample. (b) A partial penetration allows for lesser field density throughout the region
surrounding the superconductor.

The behavior of 1 and A near the edge of a superconducting sample depends on

a particular boundary conditions. For a superconductor-insulator (or vacuum) the

most natural choice is

h *
(—,v - e—A) Yon=0, (1.26)
1 c

where n is a unit vector normal to the boundary. This condition ensures that no

current passes through the boundary. For a metal-superconductor a more appropriate

boundary condition is of the form [9]

(ELV— e_A) v-n = @1/,, (1.27)
i c b
The real constant b depends on the nature of the material and is a measure of how

much ¢ penetrates into the normal region. In this approximation it is assumed that

1) decreases linearly inside the normal metal. Combining the GL free energy with Eq.

SN (0 B O

Analytical solutions are only obtainable in two limiting cases:

42
5= % k< 1 (1.29)

=8(V2—1)A
-3

(1.11) yields [10]:

5 K> (1.30)
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where k = \/€. These results illustrate that the domain wall energy is positive when
& > X and negative for £ < A\. A positive energy tends to minimize the area of the
normal-superconductor interface. Therefore a sample in a mixed state with & > A\
will have finite domains. On the other hand, if the interface energy is negative the
sample breaks up into smallest possible domains in order to maximize the area of the
interface. Since the order parameter cannot change over distances smaller that & the
smallest area of the normal domain must be of order £2. Numerical results showed that
the crossover between these two types of behavior occurs at x = 1/4/2. Materials
with & < 1/4/2 are called type-I superconductors while those with x > 1/v/2 are

labeled as type-II superconductors.

1.2.2 Quantized vortices

The study of type-II superconductors was ushered in by Abrikosov with his ground
breaking paper [11] in which he solved the linearized GL equations near the phase
transition, H < Hg. Abrikosov’s solution showed that the normal domains curl
up into cylindrical filaments carrying a quantum of flux ® = he¢/(2¢) that form
a periodic lattice (flux lattice). The maximum external magnetic field that could
support superconductivity turned out to be H. = v/2xH,. From this result one
can see that for £ = 1/4/2 the maximum external field becomes the thermodynamic
critical field H.. Hence, type-II superconductors allow a greater external magnetic
field in their bulk than those of type-I. The linearized GL equations do not tell us
however which particular vortex configuration is energetically most favorable. This
shortcoming is a consequence of two factors: the nonlinear term [¢|?1) is ignored in
Eq. (1.11), and the vector potential A is approximated by H.ze,. This can be
corrected by adding Ay = (0, (He — H)x,0) + 0A to A, where §A arises from the
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Figure 1.5: Triangular vortex lattice

currents of the vortex lattice. When these deviations are accounted for one can resort

to perturbative solutions to ¥ and A that lead to

262 |1o0 |2 H
(l0]?) = 2R - 1)7a (1 — ch), (1.31)

where ([1]?) = S~ [ |¢|?dady is the average of [1|* over the area S occupied by the

vortex array, and B4 = {(|v|*)/(|®|?) is called the Abrikosov parameter. The total

Gibb’s free energy in terms of 54 then follows ([12] and references therein):

B2 (H., — B)?
81 8r[l+ (262 — 1)B4]

e (1.32)

For a square lattice §4 = 1.18 while for a hexagonal lattice 54 = 1.16. Hence, the
hexagonal lattice corresponds to the minimum of the free energy.

Another solution to the GL equations comes from the gauge choice for the phase
@ = 6, with 6 being the angle with respect to the x-axis. The vector potential is then
A(r) = A(r)f. In the limit » — 0, || starts out linearly and then saturates to a

plateau as r — oo. A good approximation to [¢| for the entire range is

Y] & |¢hso | tanh (%) (1.33)
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Figure 1.6: Behavior of |¢| and B as functions of r for k = 8.

where v is a constant ~ 1. Notice that || approaches unity in the distance £ from
the vortex center. Thus, ¢ defines the radius of the vortex core. The behavior of ||
and B is sketched in Fig. 1.6

The magnetic field of the vortex is most easily obtained in the limit x > 1. In
this case the dimension of the vortex core is much smaller that the distance over
which the magnetic field varies. This permits us to use the second London equation
B+47A\?/cV x J, = 0. To take into account the vortex core we must replace the zero
on the right hand side with ®yd(r)e,. This ensures that the flux is quantized when
we integrate both sides over the entire xy-plane. The modified London equation then

becomes
4 \?
c

B+ 2V x J, = 0yd(r)e.. (1.34)

The solution for the magnetic field outside of the core is then

P

B(r) = 2T A2

Ky (%) e, (1.35)

where K is a zero order modified bessel function. Over the core the magnetic field
is approximately constant and equal to its value at r = €.
A vortex will enter the superconductor only if its presents lowers the free energy.

Since the vortex carries magnetic flux and thus induces magnetization the appropriate
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thermodynamic function to consider is the Gibbs free energy. At the phase transition
the Gibbs function must be the same regardless of whether or not the vortex has

entered the sample. This condition can be expressed symbolically as

HclfB
A

F,=F,+eL— (1.36)

where €; is the vortex energy per unit line and H,; is the critical field. The integral
over the magnetic field gives ®,L, and so the condition for a nucleation of a vortex
may be written as
4meq
H,=—. 1.37
= (137
The vortex line energy is simply due to the kinetic energy of the circulating currents

and the magnetic energy:
1
€@ =g /(32 + A2V x B|*)d?r. (1.38)
™

Since the vortex core is very small its contribution to the energy is negligible and
can be excluded from the integration. Transforming the second term with the help
of standard vector identities and using Eq. (1.34) yields a line integral over the core:

2

a = pBx(VxB) ds. (1.39)

Inserting Eq. (1.35) into Eq. (1.39) and taking into account that Ky(1/k) ~ Inx for
k> 1 yields
@\’ H?
€1~ (ﬁ) Ink = 7T§28—7:_ 41nk, (1.40)
where in the last step we used the definition of £ and « given by Eqs. (1.16) and (1.19)

to obtain a more physically transparent expression. Remembering that f, — f, =

H?/87, Eq. (1.40) says that the energy per unit line of the vortex is proportional
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to the change in free energy within a disk of area 7£2. Finally, from Eq. (1.37) and

(1.40) we obtain the first critical filed

H.
V2

Comparing this result to H, = v/2kH,. we can see that up to the term Ink, H. is

Hy=—"Slnk. (1.41)

approximately the geometric mean of H.; and H.s.

1.2.3 Vortex-vortex interaction and surface effects

The first critical field H.; was derived in the previous section based on minimization
of the free energy. We found that when a magnetic field exceeds H,.; a vortex enters
the superconductor accompanied by a phase transition which reduces the gibb’s free
energy. That implies that the system could reduce its free energy even further by
admitting more vortices. This is in fact what happens in any real system. It should
be pointed out that the energy of two vortices is smaller than energy of one vortex
with two flux quanta. Inspecting Eq. (1.40) one can see that the energy of n vortices
is additive, € = ne; while a single vortex of flux quantum ®gn has energy n’e;.
Consider a situation where the vortices are separated by distances greater than .
Then the magnetic field and the order parameter 1 of each vortex are distorted only
slightly, and so, superposition can be used. For two vortices with their cores located

at points r; and ry the magnetic field can be written as
B(r) = B,(|r — r1|) + B,(|r — r3)), (1.42)

where B, is given by Eq. (1.35). Using the notation B,; and B, to represent the

fields of the individual vortices and inserting Eq. (1.42) into Eq. (1.39) renders the
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result

€= %[Bvl(rl) + Bya(r2) + Byi(r2) + Bua(r1)] = 2 [%Bvl(rl)] + %Bvl(ﬁ)- (1.43)

The first term in the last expression is twice the line energy of one flux while the second
is the interaction energy per line between the two vortices. Hence, the interaction

energy between vortices per unit line is

o q)g T12
w = gy (5) (1.44)

where 715 is the separation distance between the vortex centers. Because €15 is positive
the free energy of a superconductor grows with increasing flux density. For this reason,
the number of vortices in a superconductor is not arbitrary but is determined by the
balance between the negative work done by the external field —H B/(4m)V (V=AL)
and the positive interaction energy » . ; Leij.

Thus far, we have been considering vortices in large samples whose surface was
far away to have any noticeable effects on them. It may seem reasonable so suspect
that vortices nucleate in the bulk of a sample without feeling the presence of the
sample surface. However, early experiments, [13] suggest that a surface may be influ-
encing the magnetic behavior of type-II superconductors. An example of this is the
observation of a hysteresis in the magnetization curve in low fields. One explanation
came from Bean and Livingston [14] who argued that the vortex enters the sample
through the surface where it encounters an energy barrier. The barrier arises from
two opposing effects, namely the attractive interaction of a vortex with its image on
the outside of the surface, and the repulsive vortex interaction with the external field

that penetrates a distance A into the sample. The first contribution is a consequence

of boundary conditions on the current, that is, no current at the boundary can flow
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Figure 1.7: Dependence of the line energy E of the flux thread on x, distance from
the surface, for various applied fields. Results presented are for A = 10¢.
in the direction normal to the surface. This condition is easily satisfied by placing an
image vortex on the outside of the surface. If, for instance, the currents of the vortex
flow counterclockwise then those of the image flow clockwise and the net current at
the boundary vanishes. The two contributions to the energy can be calculated by

inserting the magnetic field of the form B, + B; + B, into Eq. (1.39), so that
A2 2
€:€1+8—7T%Bi><(VXBU)'dS—FS—ﬂ_%BMX(VXBU)'CZS, (145)

where B, is the field of the vortex and, B, and B; are the Meissner field and the field
of the image, respectively. In Eq. (1.45) we retained only the leading terms which
leads to a good approximation as long as the distance from the vortex to the surface
is greater than the coherence length. The first term is the line energy of the vortex,
the second and the third terms give the image-vortex energy and the energy coming
from the interaction of the Meissner field with the vortex, respectively. Inserting the

solutions of B, and By, given by Egs. (1.35) and (1.8), the total energy of the vortex
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near the surface reads

. (I)() 2 2[13' (I)() —z/A
€ = €1 — (m) K(] (T) + EHe y (146)

where x is the distance from the vortex to the surface. Fig. 1.7 shows various
potentials as a function of x for different values of the external field H. For H < H.
any vortex within the superconductor will be expelled. Upon crossing from H < H;
to H > H.; a potential barrier is formed which disappears at some new critical field
H,. One question that arises is how can a vortex overcome this barrier at H = H.,”
One answer is that the surface of any sample contains imperfections which may lower

the potential barrier.

1.3 BCS Theory of Superconductivity

1.3.1 The effective interaction

In the same year when Abrikosov discovered the periodic solution to the linearized
GL equations the microscopic theory of superconductivity was born [7]. Its arrival
was not sudden. Many of the ingredients that make up the theory had already been
around, but it was Bardeen, Cooper, and Schriffer who dovetailed them. The es-
sential feature of the theory is based on the idea that electrons at the Fermi level
experience attractive interaction. While the origin of this attraction is not important
for the validity of the theory it was initially thought to arise due to electron-phonon
interaction. This idea precedes the BCS theory by at least seven years. In 1950
Frohlich [15] suggested that the electron-lattice interaction might play a role in ex-
plaining superconductivity. He derived, by applying a unitary transformation, an
effective electron-electron interaction hamiltonian that did indeed became attractive

for certain phonon frequencies. Frohlich’s idea was later confirmed experimentally by
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the discovery of the isotope effect [16]. The earliest attempts to calculate the effective
electron-electron potential mediated by elastic deformations were given by Bardeen

and Pines [17]. For the jellium model the calculation yields

2 2
Viquw) = qjiekg (1 + wzw_qwa) ’ (1.47)
with w and k; are fitting parameters and wq is the frequency of a phonon. Clearly, the
overall sign of the potential can become negative when w < wq. However, a singularity
occurs when w = wq which implies that the spectrum is not valid for all frequencies.
A more elegant approach to obtaining the interaction hamiltonian came from Safonov
[18] who used the one step unitary transformation. More recently Wagner [19, 20]
introduced so called continuous unitary transformation which relies on solving a set

of coupled differential equations known as flow equations. The simplest solution to

the flow equations for the interaction potential is given by

M2w
Vig = Vi€ — a 1.48
kq q wa + (5k+q _ Ek)Q ( )
The first term is just the Coulomb potential while the second is due to phonon

exchange. Unlike the jellium model this result always gives a negative contribution

to the Coulomb potential and is finite for all frequencies.

1.3.2 Energy gap

Cooper [21] investigated the consequence of attractive electronic potential by con-
sidering a simplified model where only two electrons are interacting above the Fermi
level and the effect of all other electrons is felt only through the Pauli exclusion prin-
ciple. He discovered that the electrons form a bound state regardless of how weak the

strength of the interaction. The energy of the (Cooper) pair in the limit N(0)V <« 1
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gives approximately

E ~ 2Ep — 2hw.e 2/NOV, (1.49)

where w, is a cut-off phonon frequency, N(0) is the density of states at the Fermi
level, and V' is the interaction potential taken to be a constant. The fact that Eq.
(1.49) is not analytic at V' = 0 means that this result cannot be obtained by standard
perturbation methods.

The general problem of many electrons at the Fermi level interacting via an at-
tractive potential became tractable after BCS suggested a trial wavefunction:

0) = ] J(u + vicit ey ) 10) (1.50)

where uj, and v, are some complex functions of |k| that satisfy the relation |u|? +
|ok|* = 1. These functions must be chosen in such a way as to minimize the pairing

(reduced) hamiltonian introduced by BCS which reads

Hred = Z 61{011—001(0 + Z Vklcl—i—TCi_klc—llclﬁ (151)
ko kl

where the potential Vi, is negative. The BCS wavefunction Eq. (1.50) does not

conserve the total number of particles and therefore, the quantity to be minimized is
g = <H7"ed - ,uN> (152>

This functional is the thermodynamic potential with p being the chemical potential

and N = >, ¢ ¢, the number operator. Extremizing G produces the condition

1 A
A= =3 > (711/1{1, A== Viauv, Se=cex—p. (1.53)
1 1

A reasonable approximation is to replace Viq with a constant —V for |&x/|, |&] < hwp

and zero for |&|, |&| > hwp, where wp is the Debye frequency. The solution to Ay
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then becomes straightforward:
A = 2hwpe” INOV, (1.54)

The solutions to uy and vy follow from the second condition in Eq. (1.53) and from

the requirement that uf + v = 1:

1 gk 1/2
O e e
! & 1"

The energy difference between the superconducting and normal state yields
1
(B, = En) = 5 N(0)A%0) (1.57)

This is simply the condensation energy which must be equal to H2(0)/(87). From
this relation one can calculate the T-H phase diagram provided A(T) is known for

all temperatures from 0 to T..

1.3.3 Inhomogeneous superconductivity and the Bogoliubov-
deGennes equations

All of the above results were obtained based on the assumption that the superconduc-

tor is homogeneous. This is reflected in the fact that the hamiltonian in Eq. (1.51)

admits only pair interaction between particles of quantum numbers, k and —k. In

order to include in the BCS theory spatial variations one must relax this restriction.

A convenient way to write the superconducting hamiltonian is in terms of the field

operators ¥, (r) and ¥ (r) so that

2m

- ! / U ()W (1) W, (1) Wy (), (1.58)

Hucs — / Erut(r) [i (~inv - EA)2 - 4 ,(x)
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where the repeated indices o and (3 are summed over and the positive constant g mea-
sures the strength of the attractive interaction. This hamiltonian is too complicated
to diagonalize and one must resort to mean field methods. In a normal phase the
interaction term in Eq. (1.58) can be simplified with the Hartree-Fock approximation

which in the language of field theory corresponds to

Virs = —g / P { (W (1) D (0) U (1)U (x) — (B (1) Tp(0)) T (1) Ta (1)} (1.59)

When a system is in a superconducting state we must add a new feature to the

Hartree-Fock term, namely the mean interaction between Cooper pairs:

Vep = —g/d?’?”{<‘I’Z(r)‘1’§(r)>‘1’ﬁ(r)‘1’a(r) +(Up(r) Wa(r)) Uy (r) W5 (r)}. (1.60)

Making the definition A(r) = —g(U;(r)¥,(r)) = g(¥,(r)¥;(r)) the effective mean

field hamiltonian becomes

Heps = /dsr\lf;’(r) {% (—z’hV - §A>2 — o+ U(r)] U, (r)
— /d3rA*(r)\I/T(r)\Ifl(r) —i—/d?’rA(r)\I/I’(r)\If?(r). (1.61)

The function U(r) contains the Hartree-Fock potential as well as any other external
potential that may enter the system including impurities. This hamiltonian is easily

diagonalized by a linear transformation of the field operators

i) =Y hun) — ngue®)]  UIE) = [ un(r) + ()]

Ui(r) = o) = 3ivi ()] ) = [qu(r) + 25 05(r))(1.62)

where uy and vy are the single particle wavefunctions for an electron and a hole, re-

spectively. The new operators 7y, and 711_16 change the number of quasiparticles by +1.



27

They satisfy the fermion anti-commutation rules {7Yxq, fy;{’, B} = 0,/ 0apg- Substitution

of Eq. (1.62) into the effective hamiltonian of Eq. (1.61) yields

Hepr = Eo+ Y anime + 1l (1.63)
k

where FEj is the ground state energy and €y is an eigenenergy of the system of Bogoli-

< He Al(r) ) ( uy(r) ) . ( u(r) ) (1.64)
2 o ) o o)

The operator H,. is the single electron hamiltonian. Inserting the field operators

ubov equations

defined in Eq. (1.62) into the definition of A(r) we obtain

A(r) =gy [1 = 2f(a)]ux(r)vi(r), (1.65)

where f(ex) is the Fermi function. One can also write the quantum mechanical current

in terms of the functions wuy(r), vk(r) and their complex conjugates as

J = Vx[VxA@)

— —Q%M [f (ex) (ug Ve — v Vo) + (1 — fex)) (v Vo — u V)|
k
2 [ Flewuiaun+ (1~ ()i Alr). (1.66)

For particular boundary conditions equations (1.64), (1.65), and (1.66) can in princi-
ple be solved for the functions uy, vk, A, and A, although, exact analytic solutions for
arbitrary temperature 7' < T, and external field H(7T') have never been implemented.
However, at temperatures T' ~ T, A approaches zero continously and can therefore
be treated as a perturbation. A detailed analysis of the Bogoliubov equations is

presented in the book by deGennes [9].



Chapter 2

Interaction of vortices with crystal
deformations

2.1 Pinning of vortices by defects

Any realistic solid contains defects or imperfections - deviations form a perfect lattice
or periodic structure. A defect can have a short range extent occupying only the
space from one to a few atoms, or it can have an extended structure that pervades
the entire solid. The first, referred to as point defects, include interstitial atoms,
impurities, and vacancies, the latter are the screw and edge dislocations. An edge
dislocation is formed by inserting an extra plain of atoms inside a solid. A screw
dislocation is characterized by a plane of atoms in a solid that are shifted by one
lattice spacing relative to its neighboring atoms. In both cases the atoms in the
solid become shifted from their equilibrium positions. We defer a more detailed
discussion of dislocations to section 2.3.1. Point defects in crystals contribute to such
phenomena as electrical conductivity, photoconductivity, heat diffusion, color, etc.
Plastic behavior of solids on the other hand can be almost exclusively explained by

the dynamics of dislocations.

28



29

2.1.1 Pinning by point defects

In superconductors, defects play quite a different role. In 1953 Pippard introduced
the coherence length that was related to the scattering length [ as mentioned in
section (1.1.2). Indeed, the two limiting cases in which the concentration of impurities
goes to either zero or infinity give quite different results. For instance, the gap
function defined in section (1.3.3) which can be expressed by the integral relation [9]
A(r) = [dr' K(r,r')A(r") depends on the scattering length [. In in the case of a pure
metal the range of the kernel K (r,r’) is of the order & = 0.18hvy/(kpT) while in the
dirty limit it varies significantly over the length \/&l.

The effects of impurities on the gap function can also be studied in the context of
GL theory. The most interesting scenario is when the vortices enter a superconductor.
If impurities were absent the vortices would form a flux lattice. The presence of impu-
rities introduces a random potential which interacts with the order parameter 1. The
vortices then become attracted to the defects and tend to center their normal cores
at the site of the impurity. At low fields H =~ H.; the interaction between vortices is
exponentially small, and so, the core of each vortex becomes aligned with a nearby
defect without much cost in vortex-vortex interaction energy. Since the displacement
of flux lines in the limit H 2 H. can exceed the coherence length & by a factor ~ 10
or more, the flux lattice becomes completely disordered. This is known as the vortex
glass. In the opposite limit H < H., the situation is complicated by the high stiffness
of the flux lattice. One would therefore expect the lattice structure to remain ap-
proximately periodic with only small displacements from the equilibrium positions.
However, careful analysis of this problem revealed that while short range order is

preserved within a characteristic volume V,, the flux lattice becomes disordered over
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[

Figure 2.1: Flux is pinned by randomly distributed point defects. In the shaded
region the flux lines are distorted by distances of order £ or less.

distances 2 VM3, The region within V. was given the name vortex bundle. The first
attempts to study this problem were carried out by Larkin and Ovchinnikov [22, 23],
and later refined by Feigl'man et. al [24] and Natterman [25]. According to Larkin’s
theory, the impurities create a random potential which enters the GL free energy
Eq. (1.10) through the coefficient o and the inverse effective mass m*~*, such that

' = mg'+m;'(r). The random functions a; and m; have zero

a = ap+aq(r) and m*~
expectations, but nonzero correlations: (a;) = 0, (m;') = 0, (a1(0)ay(r)) = (),

(m7*(0)m*(r)) = x(r). One can assume the correlation functions to be Gaussian:

_ a —r2/2L12 . b —r2/2L2
o(r) = me ; X(r) = We , (2.1)

where a, b, and L are phenomenological parameters that characterize the strength
and length scale of the inhomogeneities. The change in the free energy of a distorted
flux lattice can also be written in terms of the displacement vector field u(r) = r —ry

with ry being the lattice vector:

1
5f_§/

The coefficients C}y, Cy4, and Cpg are the elastic moduli of the vortex lattice [26]. For

g\’
(Ci1 — Co6)(Vu)® + Cog(Vaug)® + Cug (%) ] d’r. (2.2)

a small vortex displacement the work done on a vortex by moving it a distance u from
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its equilibrium position is U = f u-f, where f is the force due to impurities. When U
is added to Eq. (2.2) and minimized with respect to u the equation in fourier space

that connect uy with f reads
(011 — 066)(]{3 uk)k‘a + (066]{:% + C’44k§)uka + fka =0. (23)

The quantity of interest is the average deviation of the relative displacement among
vortices given by ([u(r) — u(0)]?). From Gaussian statistics we get (fiafirg) =

(27)%0,36(k — k' )W which leads to
14 _ _
() = u(0)]%) = = [(r4 Cus-+ 700 20072 + (12 Cus + rfCi) V2C), (24

where 7| is the component of r parallel to the magnetic field and 7 is the perpendicular
component. The coefficient W determines the width of the Gaussian distribution.
From this formula we see that the relative displacement between any two vortices
increases linearly with their separation distance. The volume of the vortex bundle
according to Larkin’s theory is V, = R2L. where R, ~ Cj>Co/*¢2/W and L. ~
CuCil? /W

Decorations experiments revealed that, despite point defects, the vortex lattice
looks surprisingly periodic. The reason this is so was given by Chudnovsky [27, 27]
who argued that the flux lattice appears perfectly periodic because its orientational
order is maintained over distances much greater than the lengths R, and L.. In
another work [29] Chudnovsky extended Larkin’s theory to take hopping defects into

account and showed that the vortex lattice crosses from a glass to a crystal state as

a function of the rate of hopping.



32

2.1.2 Pinning by dislocations

Random distribution of point defects is a source of weak pinning because a flux line
can only thread through a finite number of defects. This situation is substantially
different in the presence of dislocations. Because a dislocation is an extended object
it can pin an entire flux line. For this reason dislocations provide strong pinning of
superconducting vortices. The interaction of a single vortex in layered superconduc-
tors with a spiral defect (screw dislocation) parallel to the external magnetic field H
was first studied theoretically by Ivlev and Thompson [30]. They found that when
the vortex is centered at the core of the spiral defect exotic currents are induced along
the axis parallel to H. In their follow up paper [31] Ivlev and Thompson computed
the strength of the attractive potential between a vortex and a spiral defect as a func-
tion of the separation distance between the two objects. Similar result was obtained
in a later paper by Chudnovsky [32] where the interaction of a vortex with a screw

dislocation entered the problem through an effective inverse mass tensor mi_jl.

2.1.3 Applications of pinning and the transport current

Understanding vortex pinning can be of great value, not only for fundamental physics,
but for applications to building modern devices. One of the biggest obstacles to be
overcome is the problem of sending large external current through a superconducting
wire. Thus far, superconducting solenoids capable of inducing a magnetic field of
100,000 Gauss have been designed. Although, this envelope is constantly being pushed
the difficulties in producing strong currents in superconducting solenoids still remain
and are rooted in the fact that the magnetic field induced by the current threads

through the wire and generates a vortex lattice. The magnetic field of a vortex exerts
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a Lorentz force per unit volume on the cooper pairs that move through it according
to the formula

1

By Newton’s third law the cooper pairs exert an equal and opposite force on the
vortex. The total force per unit length of the line exerted on a vortex by the external
current is obtained by integrating Eq. (2.5) over the plane to which the magnetic
field is normal:

f= %J X e,. (2.6)
c

Thus, unless a vortex is pinned by a defect or is held in place by some other means
it will start to drift in the direction transverse to the current. Due to the Faraday’s

law a moving vortex in turn induces an electric field given by

E= B x

v
p (2.7)
where v is the velocity of the vortex. The electric field E is parallel to J and therefore
acts as a resistive voltage. Dissipation of power occurs in the normal core of the
vortex as it moves through the superconductor. To obtain the relationship between
the electric field and the current in the spirit of Ohm’s law we can assume that the

driving force in Eq. (2.6) is equal to nv. Combining Egs. (2.6) and (2.7) yields

o o= (55). (238)

Various mechanisms of dissipation from a moving vortex have been proposed. The

E

simplest model is that by Bardeen and Stephen [33] in which the vortex core is ap-
proximated by a cylinder of radius a ~ £. Outside the core the problem is treated by

London equations whereas within the core one assumes ordinary Ohm'’s resistance.
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This simplified model produced an estimate for the conductivity n = BHeqo, /¢
where o, is the conductivity of the normal state. An improvement to this model
came from Caroli and Maki [34] who used the Bogoliubov-deGennes equations, Egs.
(1.64) to study the excitation spectrum inside a vortex. Although the order param-
eter A(r) goes to zero there the vortex core contains low-lying excitations which are
roughly equal to the excitations in a cylinder of radius ¢&. This calculation provided
a supporting evidence for the validity of the Bardeen-Stephen model.

Regardless of the defect concentration, the flux lattice can always be set into
motion by strong enough transport current. The threshold current above which the

flux flow occurs is called the critical current j..

2.2 Some effects of sound in superconductors

When a sound wave enters a solid, the ions of the crystal lattice become mobile thus
generating electromagnetic fields that interact with other charges inside the solid. In
ordinary metals the screening of the electromagnetic fields by conduction electrons
produces dissipation of energy due to Ohm’s resistance. For this reason normal metals
cannot support any macroscopic net currents without significant energy losses. Su-
perconducting electrons, however, experience no resistance and can therefore sustain
currents without any dissipation. In type-II superconductors the situation is more
complicated due to the presence of normal cores inside vortices. In this section we

discuss some works done in the past on the effects of sound in superconductors.



35

2.2.1 Ultrasonic attenuation

One of the first applications of sound waves in superconductors was to measure the
energy gap A and the penetration length A. Because the presence of an energy gap
in superconductors excludes absorbtion of waves with frequency less than A/h, one
can expect a drop in the attenuation of the sound upon crossing from normal to
superconducting state. For both, longitudinal and transverse waves a rapid drop in
the attenuation at the critical temperature was indeed observed. In particular, the
attenuation drop for transverse waves was measured to be more that 50% in the
temperature range of 0.01K below T, [36, 35]. In the low frequency limit, that is
f = (w/27) < 10°Hz, the ratio of superconducting to normal material transition rate
between the energy levels E and E + hw has a simple form [10]

g 2
o = T AT AT (2.9)

From this expression and with data on «,/a, obtained from experiment one can
extract the value of A(T'). In crystals, measuring the attenuation rate of sound prop-
agating in different directions allows one to measure the anisotropy of Ay [37]. Due
to screening of superconducting currents the transverse sound waves complicate the
calculation and measurement of ultrasonic attenuation. However, this complication

can be used to measure the penetration depth A [38].

2.2.2 Interaction of vortices with ultrasound

Shear waves in type-II superconductors generate a wide range of phenomena. Over
the period of several decades since the discovery of Abrikosov vortices much investi-
gation has been done in the study of the interaction of shear waves with flux lines.

Because sound waves are dynamical in nature the usual approach of minimizing the
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GL free energy is not applicable except in cases where the frequency of sound f is
much smaller than the relaxation time of the cooper pairs and the dimensions of
the superconducting sample are small, so that it can easily reach thermodynamic
equilibrium. The criteria for this approximation will be discussed in section 2.4.

The transport and electromagnetic properties of type-II superconductors in the
presence of external field are largely determined by the dynamical behavior of vortices.
As mentioned in section 2.1.3, when vortices become mobile the near gapless normal
core acts as a resistor which dissipates power of the source that is driving the vortex
motion, i.e. the transport current. However, at low temperatures, this situation is
complicated by vortex pinning which prevents the flux lattice from moving. On the
other hand a sound wave would perturb the pinning centers from their static positions
making the vortex cores oscillate as they follow their pinning sites. This method
was first proposed by Pankert [39] and extended to the low-temperature regime by
Domingez et al [40, 41].

A moving flux lattice is subject to several forces including Lorentz, viscous, ;hy-
drodynamic or Magnus force, and the inertial force. The Lorentz force which comes
from the transport current and the viscous force due to the low-lying states in the
vortex core were discussed previously in section 2.1.3. Another contribution to the
Lorentz force comes from the oscillating motion of the ions. The Magnus force arises
from hydrodynamical effects and is equal to ap1 X n where n is the unit vector
along the external magnetic field and u is the vortex velocity field. The coefficient of
proportionality a,; was estimated by Noziéres and Vinen [42]: ap = whng(B/®y),
where n, is the density of the superconducting electrons. The inertial term first esti-

mated by Suhl [43] contributes M,1u?/2 to the kinetic energy of the vortex where the
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coefficient M, is interpreted as the vortex mass. Another contribution to the mass
of the vortex was shown by Chudnovsky and Kuklov [44] to arise from the reaction
force of the ions to the electric field induced by the moving vortex. They obtained the
vortex mass per unit length M; = m?c?/(64ra’ur?) Ink, where o = €2 /he ~ 137 is
the fine structure constant and p is the shear modulus of elasticity. A comprehensive
study of the vortex dynamics induced by ultrasound where all these forces are in-
cluded is presented in a paper by Domingez et al [45](also see Sonin [46]). Recently,
Chudnovsky and Bulaevskii [47] proposed a way to generate coherent radiation of
sound by a moving flux lattice. They argued that a vortex moving with supersonic
speed must produce Cherenkov-type radiation of sound waves. The periodicity of the
flux lattice combines coherently the sound generated by each vortex, giving, as a net

effect, a strong coherent radiation of sound waves.

2.2.3 Coupling elastic deformations to the superfluid

Within continuous elastic theory, local deformations are described by the displace-

ment vector field, u(r,t), such that u < k*

', where ks = 27/) is the wave vector

and A is the wavelength or characteristic length of the deformation. The equations
of motions for u can be derived by minimizing the elastic energy of the solid which

can be written as
1
ES = /d37’§(p01'12 — )\iklmuikulm) (2.10)

in which pg is the combined mass density of ions and normal electrons, A;g, is the
tensor of elastic coefficients and u;, = %(&uk + Oxu;) is the strain tensor. The general

equation of motion then reads [48]

o%u,,
1 — Nikim——— = 0. 2.11
pott M 8:@8@ ( )
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This equation is completely general and applies to a solid of any crystal structure.
Solution of Eq. (2.11) will have three different velocities which will depend on the
crystal structure. The wavevector k of the sound wave will not be in general oriented
along the propagation direction or perpendicular to the polarization of the sound
wave. These complications due to the crystal structure make analytical studies of
problems in solids involving sound waves difficult to carry out. To simplify our anal-
ysis we will direct our attention to isotropic materials and ignore any complications
arising from the crystal structure. The equation of motion, Eq. (2.11), then reduces

to a much simpler form:

92
pa—; = uV2u+ (1 + \V(V - ), (2.12)
where 1 and A are the Lamé coefficients. They are related to the Young’s modulus

E and Poisson’s ratio o through

9K i 3K — 2p 2
3K+ 0 203K +2u) gl (2.13)

This simplification allows us to decouple the components of u along and perpendicular

to k. Hence, one can write the solution of u in two parts:
u=w + u, (2.14)

where u; and u; stand for the longitudinal and transverse displacement vector fields,
respectively. In the long wave limit, the first term of Eq. (2.14) produces local changes

in volume while the second creates shear deformations of the crystal lattice, such that

Vxuy=0 V-u =0 (2.15)
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Figure 2.2: A local rotation of the crystal matrix produced by a sound wave.

The transverse shear waves do not affect the density of the ionic lattice but result in

a local rotation at an angular velocity (see Fig. 2.2)

Qr, 1) = %v . (2.16)

In what follows we will only consider the effects of transverse sound on super-
conductors and ignore any effects generated by the longitudinal deformations. It
should be pointed out that this kind of simplification is not as restrictive as may
seem. Although, sound waves in crystals always contain both transverse and longi-
tudinal components we may take into account only the transverse part and disregard
the longitudinal component provided its effects do not modify the analysis under
scrutiny.

When a time dependent deformation enters a superconductor the Cooper pairs
respond to the local electromagnetic fields induced by moving ion cores. Using the

two-fluid model we can write the net current as
J = ngevy + npev, — (ng + ny,)eu, (2.17)

where n, and v, are the density and velocity of the superconducting electrons, while
n, and v, denote the density and velocity of the normal electrons. The last term in

Eq. (2.17) is the electric current of the moving ions in accordance with the neutrality
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of charge in a solid. If we regroup the terms in Eq. (2.17) with the same densities
such that J = ngse(vs — 1) + nye(v,, — 1), it becomes clear that the total current is
equivalent to the transport of charges by both the superconducting and normal fluid
relative to the moving ions. At finite temperatures the motion of normal electrons
relative to the ions is impeded by scattering on impurities and thermal phonons.
Consequently, the net normal current contributes only negligibly in comparison with
the frictionless flow of superconducting electrons. For this reason, it is safe to retain
only the superconducting current in Eq. (2.17). Writing the simplified net current in
terms of the vector potential Q with the help of Maxwell’s equation (1.6), equation
(1.7) becomes

mc .

MV x(VxQ)+Q= - (2.18)

This equation describes the response of the vector potential in the presence of moving
ions. Note that the source driving the ion motion , i.e. sound wave, moving disloca-
tion, etc., is irrelevant as long as the relative displacement of the ions is within the

limit of the theory of elasticity mentioned above.

2.3 Voltage from mechanical stress in type-II su-
perconductors: Depinning of the flux lattice
by moving dislocations

It is well known that when an elastic material is subjected to large enough external
stress dislocations begin to move at a high velocity and build up in a small region of
the solid. This causes a crack in the crystal which grows until the material breaks.
For this reason, a timely detection of high elastic stress is of practical importance. In

a transparent material detection of motion of dislocations can be achieved by optical
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methods. In this section we present a method [49] by which one can detect elastic
stress in a type-1I superconductor embedded in external magnetic field H.; < H < H.,
in the presence of a transport current J < J.. We show that under these conditions
external stress induces voltage across the superconductor which can be easily detected.

This is an example of a piezoelectric effect in a metal.

2.3.1 Stationary dislocations

Dislocations are topological defects in a crystal. Two types of dislocations occur
in crystals: Edge dislocation and screw dislocation. In a screw dislocation atoms
shift relative to one another by one lattice spacing along a particular plane, Fig.
(2.3a). An edge dislocation is formed by inserting an extra plane of atoms into the
crystal Fig. (2.3b). In both cases the dislocations create stress and strain in the
solid. An area with radius of the order of few lattice spacings around the dislocation
line defines a dislocation core. One can use continuous theory of elasticity to study
many aspects of dislocations provided the length over which the displacement vector
u changes significantly is much larger than the lattice spacing a. This condition is
satisfied outside of the dislocation core. Although, dislocation lines may be curved,
in this section we only focus on straight dislocations in order to illustrate our ideas
more succinctly. Generalization to curved dislocations is straightforward and will be
studied elsewhere.

A dislocation can be defined as an increment to the displacement vector u on going
around a closed loop L encircling the dislocation core. From Fig. (2.3) it is clear that

no matter how large the loop, the increment will always be the same. Mathematically
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Figure 2.3: A screw dislocation - the crystal plain is shifted in the direction of the
Burger’s vector as shown in (a). An edge dislocation (b) is formed by inserting a plain
of atoms in the crystal. In both cases the strain tensor acquires a Burger’s vector
after each closed contour.

this can be expressed as

ou;
du; :7{ “dx = —b; 2.19
i LafL’k g ( )

where b; is called the Burger’s vector. According to this condition the displacement
vector u is a multi-valued function of the azimuthal angle ¢. Eq. (2.19) can be con-
verted to a differential form by transforming the contour integration to an integration

over the surface bounded by L. Thus,

ou; a2um
= | came™ s, 2.2

with €4, being the antisymmetric tensor. The Burger vector b, can be written in
integral over the surface as

by = / n;brd? (r)ds;, (2.21)
where §®)(r) is a two-dimensional delta function and r is the radius vector that
originates from and is perpendicular to the dislocation line. Therefore, the differential

equation for a dislocation becomes

Pu,,

i = —n; b0 (1), 2.22
5zlm8$kaxl nzbk(S (I‘) ( )
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Combining the condition of equilibrium, Eq. (2.12) for u = 0, with Eq. (2.22) and

making some strait forward manipulations yields

V2u + V(V-u)=nxbs?(r). (2.23)

1—-20

This equation is completely general and applies to straight as well as curved disloca-
tions.

Let us now solve Eq. (2.23) for the two types of dislocations mentioned above.

First, we begin with a screw dislocation whose line stretches along the z-axis, so that

by = b, =0, b, =band n = e,, which means n x b = 0. Since in the first order

on the strain tensor a screw dislocation does not change the local volume the second

term on the left hand side of Eq. (2.23) drops out. This reduces Eq. (2.23) to
V2u, = 0. (2.24)

The solution to u, in cylindrical coordinates which also satisfies Eq. (2.19) then yields

R

T or

(2.25)

Uy

For en edge dislocation with the z-axis along the dislocation line and Burger’s

vector b, = b, b, =b, =0, Eq. (2.23) becomes

1
Viu + V(V-u)=-b%(r)e,. (2.26)
1—-20
In cartesian coordinates the result is
b 1Y 1 xy
. = — |t z , 2.27
" %[an D) RS R (2.27)

b [1-20 1 22
- _ 1 2 4 g2 2.2
“y on [2(1—0) BV YT o0, x2+y2} (2.28)
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2.3.2 Moving dislocations

Dislocations can be set to motion by subjecting the sample to external stress. When
the stress becomes large the velocity of dislocations can be as high as the speed of
sound. The dynamics of moving dislocations have been intensively studied in the past
both theoretically [50, 51] and experimentally [52]. Within continuous linear theory
of elasticity the dislocation speed is limited by the shear wave velocity ¢; [53]. When
the anharmonicity of the crystal is taken into account the speed of dislocations has
been shown to be intersonic (between ¢; and the speed of longitudinal sound ¢;) and
in some cases even supersonic [54, 55, 56], that is above ¢;. For the purpose of this
chapter, however, it will suffice to consider linear elasticity.

Let’s consider a screw dislocation parallel to the z-axis, u; = (0,0, u,), moving with
velocity v. Writing Eq. (2.12) in the cartesian coordinates for a screw dislocation,

we obtain the well known equation for a transverse shear wave

0? 0? 1 0%u,

where ¢; = (u/p)'/? is the speed of the shear wave. A convenient way to solve this

equation is by making a Lorentz like coordinate transformation

: r — vt : : : t—vzx/c?

T = V755 y =Y, Z = Z, tzm

e (230

This transformation leaves Eq. (2.29) unchanged. However, in the moving frame
the displacement vector u surrounding the dislocation must appear to be constant in

time, and so, Eq. (2.29) reduces to

0? 0?
(5 + ) v =0 (230
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This equation is identical in structure to Eq. (2.24) for a stationary screw dislocation.

Thus, the solution is

b b
u,(z,y,t) = gtan_1 y_/ =5 tan~! —7 , (2.32)

where
02 1/2

is the effective relativistic factor. Clearly for a sensible solution v must not exceed ¢;.
As in relativistic mechanics the screw dislocation becomes contracted in the direction
of its velocity. This can be seen by looking at the shape of a contour around the
dislocation along which u, =constant. For a stationary dislocation this would be a
circle. For a moving dislocation the circle is contracted to an ellipse with eccentricity
that increases as v approaches ¢;.

We now turn attention to the edge dislocation parallel to the z-axis and moving in
the x-direction. The displacement field u; = (uy, u,, 0) will have both the transverse
and longitudinal components, and therefore Eq. (2.12) can be written in a simplified

form
0*u

where

G=Vxu H=V-u (2.35)

Taking the curl and divergence of Eq. (2.34) give us separate equations for G and H:

PG, <a2 a?) O*H

P on 922 T 92 P on

= (A+2p) <§—2 + 88—2) H. (2.36)

Transformation to the moving frame gives

ViG =0, V!H=0, (2.37)
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where

02 02 02 02
2 I - 2 — _ _
Vi = <8x3 * ay?) Vi (ax% " ayQ)

x — vt x — vt
Ty = I =
Tt Vi

v2 1/2 2 1/2

and ¢; and ¢; are the transverse and longitudinal speeds of sound. The solution to G,

and H with the boundary conditions G,, H — 0 as r — oo are [53]

b(1 +7) x be;
G, ty=——-Y" O t)=—5= 2.39
(x,y, ) 27_(_%? ’l“t2 (x,y, ) ﬂ_,}/lclg Tl2’ ( )
r? =27 +y? ri = a} +y* (2.40)

For the purposes of the next section we do not need to solve these equations for the

displacement field as we will only be interested in the vector function V x u.

2.3.3 Current generated by moving dislocations

We now want to solve the problem of finding the magnetic fields and currents produced
by moving dislocations. First, let us consider a screw dislocation parallel to the z-axis.
Taking a time derivative of Eq. (2.32) yields the velocity field of the ions:

bp y
27 [y? 4+ 72 (2 — vt)?]

u(r,t) = vy e, (2.41)

To simplify mathematics, in what follows we will consider the case of v? < ¢?. Esti-

mates based upon this approximation will be valid up to v ~ 0.3¢;. In this case

b_psiné’

u(r,t=0)=v e., (2.42)

2r r

where 6 is the angle in cylindrical coordinates. Substituting Eq. (2.42) into Eq.

(2.18)yields
mcuv bp sin 0

MV X (VxQ) +Q=—-"

e 2 r

e.. (2.43)
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It is convenient to introduce the dimensionless parameter 5 = (bp/27\) and dimen-
sionless distance from the dislocation p = r/A. Substituting Eq. (2.41) into Eq.
(2.18) we obtain

0%Q 0%Q oQ mecu )
2 z z z _ 2 _
7, + 520 +p 35 Q. = . Bpsin 6. (2.44)

If we choose a solution of the form Q.(p,0) = (mcv/e)f(p)sin@ then Eq. (2.44)

becomes an ordinary differential equation for f(p):

P> 1" (p) + pf'(p) — (L4 p*) f(p) = Bp. (2.45)

The general solution of this equation that goes to zero as p — oo is

f(p) = 5 {Cm(p) - ﬂ , (2.46)

where K(p) is a modified Bessel function and C'is a constant of integration that can
be obtained from the requirement that Q is finite everywhere. Since K;(p) — 1/p as
p — 0, this gives C' = 1. The expression for the supercurrent reads
2
¢ [me mecv
_1'1 + ] _
A \?2 [ e Q Are)?

j=— BK1(p)sin be,. (2.47)

Because the angle 0 is defined with respect to the x-axis, j vanishes in the plane
spanned by the Burgers vector b and the dislocation velocity v. In the yz-plane the

current flows along a closed loop. It generates a dipole-like magnetic field,

B:VxQ:—%[f(p)cos@er—pf'(p)sin@eg]. (2.48)

For edge dislocation the angular frequency €2 is obtained by taking a time deriva-

tive of G.(x,y,t)/2 which at ¢t = 0 yields

1 1 . bv cos 26
§Gz(x,y,0)—§(V><u)z— % 2

(2.49)
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Upon taking a curl of Eq. (2.18) and substituting Eq. (2.49) for the right hand side

we end up with an equation for the magnetic field

B 2mev3 cos 20
2o _ Dz
V'B. 2 ex rz

(2.50)

As before, we can try a solution of the form B, = 2mcv/(e\)g(p) cos 20 which reduces
Eq. (2.50) to

9" (p) + pg'(p) — (4 + p*)g(p) = 5. (2.51)
A simple solution for which B, approaches zero when r — oo is

- 2me

alo) =25 |ealo) - 5 . (2.52)

The magnetic field for edge dislocation moving at the speed v is then

2 1
B= gﬁ [CKQ(,O) - ?} cos 20e., (2.53)
and the electric current is
e [glp) . ,
J= _47re)\2ﬂ [7 sin 20e, + ¢'(p) cos 20ey (2.54)

2.3.4 Motion of the flux lattice

In section 2.1.3 we discussed vortex pinning by dislocations oriented parallel to the
flux lines. Because the flux line runs along the entire line of the dislocation the vortex
pinning is very strong. At low temperature, when a large external stress is applied,
dislocations accelerate to high velocities (v ~ ¢;) while point defects remain relatively
immobile. It is therefore reasonable to expect that the flux lattice will be dragged
by dislocations in the direction of their motion. This situation is not generic however

because it only exists when linear dislocations are parallel to the flux lines. Only in
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this case the normal core of a vortex line can be effectively pinned by the dislocation.
If the dislocation is at an angle with the flux line then the pinning is more or less
equivalent to the pinning by a point defect, which is much weaker than the pinning
of the flux line by the entire length of the dislocation.

We want to examine a more general situation in which dislocations are not neces-
sarily parallel to the flux lines. The effect we are going to discuss is not due to pinning
of normal cores of flux lines by the dislocations. Rather, we look at a situation in
which the screw dislocations are perpendicular to the flux lines. As we calculated in
the previous section, the current generated by a screw dislocation flows in a direction
parallel to the dislocation line and therefore perpendicular to the flux line. In this
geometry vortices feel a transverse force fluctuating in space due to the local current
generated by a moving dislocation. The equicurrent lines from an array of moving
parallel dislocations are shown in Fig. (2.4). As the velocity of dislocations increases
the equicurrent loops expand. In the presence of the transport current, j;, normal to
a flux line, the line becomes locally mobile if the combined force exerted on it by j;
and the current j; due to moving dislocations exceeds the depinning threshold. To
compute this effect one should notice that the direction and amplitude of j; fluctu-
ates in space and time due to random distribution of dislocations. For an ensemble
of parallel dislocations moving at the same speed v the depinning threshold should
be roughly determined by the condition

G sing = jo — i (2.55)
where j. > j; is the critical current in the absence of moving dislocations and ¥ is

the angle that dislocations make with the flux lines. The latter enters Eq. (2.55)
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Figure 2.4: Equicurrent lines for an array of moving parallel screw dislocations that
are normal to the picture.

because only the component of j; normal to the flux line exerts a force on the line.
The amplitude of the fluctuating current that appears in Eq. (2.55) can be computed

as

) = na [ o). (2.50
where ng is a 2D concentration of dislocations and j(r) is given by Eq. (2.47). At the
lower limit this integral should be cutoff by the size of the dislocation core, r ~ b.
This gives

2
o mcvb A

Substituting this result in Eq. (2.55), one obtains the critical (depinning) concentra-

tion of dislocations as function of their velocity:

\/n_d:%(l—]—t)ﬁ (2.58)

Jec/) U
where we have introduced a dimensionless critical current

- [ 64r? 1/2 e\
T = | In(n/b)

e - 2.59
mc2cbsin J ( )

For typical values of the parameters: A ~ 107%cm, b ~ 2 x 107%cm, ¢, ~

2 x 105cm/s, and ¥ = 90°, the parameter j. is of order unity at j. ~ 105 A/cm?.
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According to Ref. [51] the speed of a screw dislocation very rapidly approaches the
speed of sound on increasing the elastic stress. Taking v ~ 0.1¢; and j; ~ 0.9j. we
obtain a reasonable value of the critical concentration of dislocations: ng ~ 1/)2.
Even smaller concentration of dislocations will be required if the transport current
is brought closer to j.. In experiment this effect will manifest itself as a rapid shift
of the critical current towards lower values in the presence of plastic deformation of
the material. The resulting depinning of flux lines will generate voltage across the
superconductor. Since this voltage originates from the elastic stress, this would be a
remarkable example of a strong non-equilibrium piezoelectric effect in a conducting
material.

Although our analysis of flux depinning was restricted to screw dislocations only
one can see that edge dislocations would produce a similar effect provided they are

oriented parallel to the flux lines.

2.4 Nucleation of a vortex by ultrasound

A superconducting cylinder rotated at an angular velocity €2 about its symmetry axis
develops a magnetic moment M = —(mc/27e)(2, where m and e are bare electron
mass and charge, and ¢ is the speed of light. This effect predicted by London [57]
has been subsequently tested in experiment and proved with an accuracy to many
significant figures. It is a consequence of a more general gyromagnetic effect predicted
by Barnett [58]: “A substance which is magnetic must become magnetized by a sort
of molecular gyroscopic motion on receiving an angular velocity”. The Barnet effect
is, in its turn, a consequence of the Larmor theorem [59]: In the rotating frame of

reference the action of the rotation on charged particles is equivalent to the action
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of the magnetic field Hg = Q /v, where v is the gyromagnetic ratio. For electron’s
orbital motion v = e/(2mc) ~ 0.9x 107 (Gauss)~! s, Thus, in practice, the fictitious
field in the reference frame of a rotating macroscopic cylinder can hardly exceed a
fraction of a milligauss. This would be well below the lower critical field H.;, Eq.
(1.41), when the temperature of the superconductor is not too close to T.. Due to the
Meissner effect [2] (considered in the frame of the rotating cylinder) such a field would
be expelled from the bulk of the cylinder by a superconducting current induced at the
surface. Writing B = Hg + 47M = 0 for the total field in the bulk, one obtains the
London’s magnetic moment, M = —Hgq /(47) = —(mc/2me)2. Due to the symmetry
of the problem it is the same in the rotating and laboratory frames.

In this section we would like to take this problem a little further [60] and look
at the consequence of an angular velocity well beyond the experimental limit. In
particular, we are interested in the rotational velocity of a magnitude that would
generate a fictitious magnetic field that exceeds H.y. If Larmor’s theorem still holds,
than it must be the case that a superconducting vortex enters the bulk of the cylinder.
This would require the angular velocity to be of order 10971, clearly surpassing the
feasible experimental value for a mechanical rotation. While this scenario is merely
a thought experiment we will use it as a motivation to study the effect of local
rotations generated in a superconductor by high frequency ultrasound. The frequency
of ultrasound achievable in experiment with, e.g., surface acoustic waves can easily be
in the ballpark of f ~ 10'%™! [61]. According to Eq. (2.16) a sound of such frequency
and amplitude of a few nanometers can provide 0 ~ 10%s~! that can generate fictitious
magnetic fields above H.;. For practical purposes, it may be convenient to loosen

the restriction on the frequency and amplitude of ultrasound by applying an external
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magnetic field H near, but less than, H.;. We shall see that within one percent of

H,,, vortices can be ignited by the ultrasound in the GHz frequency range.

2.4.1 Free energy

For a vortex to enter a superconductor, the Gibbs free energy of the system with a
vortex must be less than the system witout a vortex. We compute the change in free
energy due to the vortex and determine the condition at which it becomes negative.
It should be noted that the system under consideration is dynamical, and therefore is
not at a thermodynamical equilibrium. However, we are interested in the free energy
of the Cooper pairs which can adjust to the changes of state in a time scale orders
of magnitude shorter than the period of the sound. This time scale is proportional
to the relaxation time 7 of the cooper pairs, i.e. 7 ~ 1072s. As mentioned before,
the period of the sound 7' = 1/f will be always greater than 107'%. Under these
conditions, our system is adiabatic and the thermodynamic equilibrium can be safely
established.

In terms of the total current j, the kinetic energy of the superconducting electrons
may be expressed in the form

1 2
KE, — /d3r”82m < j+1‘1) . (2.60)

Nge

Using Maxwell’s equation V x B = (47/¢)j and combining Egs. (2.60) and (2.10) the

expression for the total Gibbs free energy yields

1 A2 L.
G = Fo+ - /d?’r [B2 + m(v X B)z} + /d3T§ [P 0% = Nigm Wir i |

1 3 MC . 1 3
+ E/dr?u~(VxB)—E/drH-B, (2.61)

Here, F, is the free energy in the absence of currents, fields, and sound, \> =
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mc? [Annge? is the London penetration depth, and p = py + nym is the total mass
density of the superconductor. The last term can be recognized as the interaction of
the external magnetic field with the magnetization. It is this term that is responsible
for the nucleation of vortices in the absence of sound when H > H,;.

Before we can calculate the free energy of Eq. (2.61) we must first work out the

magnetic field. The equation for the gauge invariant vector potential over all space is
9 mce )
MV X (VxQ)+ f(r)Q= —?f(r)u. (2.62)

where f(r) = (|¢|/|¥so])?, ¥ is the complex order parameter, and || = \/n,/2 is

the order parameter in the absence of gradients and fields. For certainty we consider
a transverse standing sound wave having one node at the center of a superconduct-
ing slab of thickness d, with the external field applied parallel to the slab, see Fig.
(2.5). In this case \; = 2d. Generalization to standing waves with many nodes is
straightforward. Since the thickness of the slab d may be of order or less then A, the
vortex in general will not have a cylindrical symmetry due to the boundary condition
on the current, J, -n = 0, where n is the direction of the surface. We can satisfy this
boundary condition by placing image vortices of alternating sign a distance d apart
on the outside of the slab. The equation for the magnetic field, in the region r > ¢
where [¢)| = 1, can then be written in two parts, namely B = By + B,,, such that the

first term satisfies
2me

>\2V X (V X Bo) + Bo = —79, (263)
while the second is a solution of
NV x (V xB,) +B, =®ge. Y (~1)"5(r + nde,), (2.64)

where &g = he/2e is the flux quantum of a vortex.



Figure 2.5: Standing wave in a slab with one node at the center.

d

generated at the node where () is maximum.

55

The vortex 1is

Since we are interested in standing sound waves we can choose the displacement

vector u to be

u(r,t) = ugsin(kx) sin(wt)e,.

(2.65)

The quantity k = w/v = 27 /Ay = w/d is the wave number with \; and v being the

wavelength and the speed of sound respectively. It is easy to see from Eq. (2.16) that

2 is maximum at the nodes. The corresponding solutions to Eqgs. (2.63) and (2.64)

with the boundary condition B = H at = = +d/2 are

where

BQ(ZIZ’) = BM+BS

[e.e]

B,(r) = > (=1)"b(r,)

n=—oo

gy Sinh(d/2X) x
B, =2H m cosh (X)

2me Q
e 1+ kZ)\2

¢
b(rs) = 515 Ko(|r + ndes|/Ne.

B, = —

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)
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and K is the modified Bessel function. The first term in Eq. (2.66) is the Meissner
field while the second is due to the sound.
Let us now integrate by parts the third term in Eq. (2.61) and insert B = By+B,,.

By doing so we obtain

2
G=G0+AE+i/dr3 @KHBS -Bv+i/d3rL(vXBv)-(Vst)
AT e 4r f(r)

where Gy is the Gibbs free energy without a vortex and

1 A2
AE = = d*r [BM'BU+W<VXBM)'<VXBU>]
1 A2 1
+ g dsT’ [Bg —+ m(v X BU)2:| — E /d?”sH . Bv (271)

is the vortex energy. One can simplify the volume integrals in Eq. (2.71) by separating
the volume over the core from the volume outside of the core. When the latter is
integrated by parts, the integrals outside the core cancel and the free energy in Eq.

(2.71) with the help of Eq. (2.69) becomes AF = AF; + AF, + AF3; + AE, where

AF = = /dr3 [@Q + Bs} B, (2.72)
AT /. e
)\2
AFy = ]{BU « (V x B,) - ds (2.73)
AR = 2 [ X (v xB,) - (VxB.) (2.74)
= — r—- v) " s/ .
Par ). ()

The subscript ¢ indicates an integration over the core. Near the vortex core the
function f(r) = (r/a)?, where a ~ £. It is straightforward to check that in the limit

r — 0 the exact solution to Eq. (2.18) for the vector potential A,(r) is

AS(I') = —TQOxey, (275)
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and the magnetic field By = V x A (r) generated by the sound at the center of the

core yields

B,(r) = —Tﬁoez, (2.76)
in which
1 T Ug
Q(] = §U0]€u) = 53&) (277)

It can be shown that near the vortex core, V x B, o< r and V x B, o . The
expression under the integral in Eq. (2.74) is therefore proportional to 73 near the
center of the core and to rKi(r/A) at r 2 &. Thus, the integral in Eq. (2.74) can be
neglected in the limit kX < 1.

The case of kA > 1 is rather involved as it requires explicit knowledge of the
magnetic fields in the vortex core. For kA < 1 Eq. (2.69) provides By = —(2mc/e)$2
in all regions of space, so that AF — 0. In this case the Meissner field B,; and
the fields due to the images can be neglected. The total interaction energy per unit

length of the vortex acquires the simplest form at k = A/§ > 1, which is

In k (2.78)

where L is the dimension of the slab in the z-direction.
If one excludes small contribution from the vortex core in Eq. (2.71), then the

integration by parts yields

AE \? 1 3
- fBox(vxBy-as- - [ameB, (279)

This approximation is good if A and d are large compared to the coherence length &.
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The vortex energy per unit length of the line then yields
AFE o2 dH
— = Ink —
L (4w )2 v

(2.80)

The first term in this expression is the self energy of the vortex, while the second
term is the energy of interaction of the flux quantum with the external field. For
the purpose of estimation we will use this reduced expression when working out the

analytical result.

2.4.2 Condition for nucleation of a vortex

A vortex will enter the superconductor only if its presence minimizes the free energy
of the system. By setting the change in the free energy to zero, we can find the
critical parameters, i. e. the frequency and the amplitude of the sound, above which
the presence of a vortex becomes favorable. Hence, the condition for the nucleation

of a vortex AF, + AE = 0, yields

2
%QO (Q) Ink =€eH,., (2.81)
e K
where
H
=1- 2.82
€ e (2.82)

and H. = [®Pylnk/(47\?) is the first critical field which can be obtained from Eq.
(2.80) at AE = 0. Substituting Eq. (2.77) into Eq. (2.81), the conditions on the
frequency f and amplitude ug of the sound needed to nucleate a vortex in the geometry

shown in Fig. 2.5 can be written as

v e [ d\* hr?
f=5g uO—Z<H> oot (2.83)

While the last formula is valid for 7A < d and x > 1, it should give the correct

answer even for d ~ 7\, k > 1 and be true by order of magnitude for K ~ 1.
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v
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Figure 2.6: Surface acoustic waves can ignite vortices near the surface.

In this case the expression for H. carries the signature of the surface barrier [62]:

H.y = B®glnk/(47\?), where

P 1 —2(Ink)~" Y70°(=1)"Ko(dn/N)
1 — 2sinh(d/2))[sinh(d/\)]~1

(2.84)

For the speed of transverse sound v ~ 3 x 10°cm/s, in a slab of thickness d ~ 7\ ~
6 x 107°cm and k ~ 2, with H within one percent of H,;, one gets from Eq. (2.83)
f ~ 3GHz and uy ~ 0.2nm. These are accessible values of frequency and amplitude
of ultrasound.

As € changes its sign every half a period of the sound, vortices are periodically
attracted and repelled by the standing acoustic wave in Fig. 2.5. Periodic entering
and expulsion of vortices should result in the elevated attenuation of the ultrasound
and in the ac voltage across the slab at the sound frequency. In a different experiment
one can assist vortices to enter or exit the superconductor with the help of the surface
acoustic waves (SAW): Fig. 2.6. Like in the problem with a slab, local rotation of
the crystal produced by the SAW may assist nucleation of the vortex at the field just
below H,;.



60

2.4.3 Numerical analysis

We now present a numerical analysis of the problem which was discussed above and
obtain the critical amplitude as a function of frequency when x and kX are ~ 1
We show that, to a good approximation, the condition derived in Eq. (2.83) is
correct. However, we do not investigate numerically the full GL equations, Egs.
(1.11) and (1.12), but instead compute the magnetic field inside the vortex core with
the assumption that the function /f = |¢|/|1s| has the same form as Eq. (1.33).
This assumption is reasonable since the magnetic field generated by the sound wave
does not significantly distort the structure of ¢ over the vortex core. We then insert
the numerical solution for By into the integrals (2.72) and (2.74) and compute the
free energy due to the interaction of the vortex with the standing wave. Because
we are working with small x the standard approximations employed previously to
work out the energy per unit line of the vortex no longer apply so, we must obtain it
numerically as well. In order to avoid the complicated behavior of the magnetic field
near the boundary of the sample we adopt a slightly different geometry than the one
considered thus far. Fig. 2.7 shows a standing wave in a slab with dimensions d and
L both of which are large enough to eliminate any effects of the boundary, namely
the image and the Meissner fields. Note that the vortices can now enter the sample
through the top and the bottom surface along the y-axis. This allows us to excite
higher harmonics and hence consider kA 2 1.

Dividing Eq. (2.18) by A\2f and taking a curl of both sides renders

1

} B 2mc
/

Using standard vector identities we can rewrite this equation in cylindrical coordinates
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______ _——— ——— -

Figure 2.7: Standing waves with seven nodes. The vortices nucleate at the nodes
where the energy is minimum.

as
0? 1 02 17 0 92
{W + o [@ — ;} 5 @} B(r,0) = %Qof(r) cos(kr cosf),
(2.86)
where
-1
g(r) =2vk {sinh (%) cosh (%)} ) (2.87)

Notice that in order to compute the free energy given by Eqs. (2.72) (2.74) it is
sufficient to know the quantity F'(r) = (4rmcf/e)™? 027r By (r,0)df. Integrating Eq.

(2.86) with the substitution n = r/\ yields an equation for F'(n):

PE) + L= o) = S0 F ) = e (S1). sy

This equation must be supplemented with boundary conditions for F'(n) and F’(n).
Since outside of the vortex core the solution of F(n) is known, namely F(n) =

—Jo(kn/k), (see Eq. (2.69)), we can set

P (%) — (%) (2.89)
P (%) s (%) (2.90)

and
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. The field of the vortex is ®/(27A?)b, where b satisfies the equation

020" (n) + [1 = n*g()]b' (n) — n* f(n)b(n) = 0. (2.91)

The solution to b and b’ over the core must connect to the functions Ko (n) and —K;(n)
at 1 = 1/k respectively. Carrying out the angular integration in Egs. (2.72), (2.73),

and (2.74) with the substitution of F' and b yields

mec®d Uk _
AF = 2200 [ o) Ualkn) + Fn)dn (29
0
. mC(I)O on)\ -
AF, = Irern 11 202 b(1/k)Jo(kA/K) (2.93)
/s
AR, = MPoq, / 0¥ () coth® (viz) F' (). (2.94)
4dre 0
Finally, the interaction energy reads
dyme kX 1 kX
AF = Qp | P P — e | = — 2.
F e 0 |: 1(]{?)\,/{) + 3(]{3)\, K,) 1+ (k‘)\)2 0 (/{) J() < o ):| s ( 95)
in which
1/
Pi(kX\ k) = / xb(z) [Jo(kAx) + F(n)] dx, (2.96)
0
and
1/k _
P3(k\, k) :/ n coth?(ven)b () F' (n)dn. (2.97)
0

We now compute the vortex energy expressed in Eq. (2.71) with By, = 0. Integration

by parts yields a simplified expression of the form

1 3 9 A2 9 A2 7{ 1 / 3
N L [BU+ Fy (VB |+ pIBy < (VxB))ds— - [ LB,
(2.98)
or by replacing B, with ®;/(27\?)b(z) one obtains
(Y O H
AE = (47r>\2) [G(k) + Ko(1/8)K1(1/K) /K] — o (2.99)
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1.4+

12+
ou,

Figure 2.8: Plot of aug versus k), where a = 4muv/(he). For v ~ 2 x 10°cm/s and
e =0.05, @ = 1.6 x 10°. In ascending order the three minima correspond to x = 0.8,
k=0.9, and Kk = 1.

where

1/k _ a
G(k) = /0 x[b?(2) + coth?(vka)b?(z)]dx. (2.100)

As before the vortex energy AFE can be written in terms of the first critical field

i)
o = —[G(r) + Ko(1/8)Ki(1/k) /K] (2.101)
4t \?
simply as
AE = Hae. (2.102)

The critical amplitude of the sound wug at which a vortex will nucleate becomes

=~ (Y s (2.103)
Y0 o \ka ) '

where

B G(rk) + Ko(1/r)K1(1/K) /K
SN R) = B oa ) = Palidos) — AL+ NI Ko (m) doliom) (2 10%)

Fig. 2.8 shows a plot of aug versus kA at e = 0.05, where o = 4mwv/(he). This graph

shows that, at k = 1, for kA = 1 corresponding to the frequency f ~ 2GHz the
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amplitude of sound that is required to nucleate a vortex is ~ 0.5nm. These values

confirm the prediction of Eq. (2.83).

2.5 Conclusion of Part 1

We presented a brief summary of works that analyze the consequences of elastic
deformations in superconductors and proposed two new effects both of which are
experimentally feasible. We have seen that dynamical elastic deformations can have
dramatic effects on the electronic state of superconductors. We showed that the
flux lattice can be driven by an external current below the critical value J. with the
help of moving screw dislocations. Since external stresses exert forces on dislocations
and hence set them into motion, one can say that the voltage which the moving
flux produces can be attributed to these external stresses. This piezoelectric effect
can serve as a warning mechanism of stress loads that can cause material fractures.
Although, our calculations were based on linear elasticity, which limits the dislocation
velocity to the speed of sound, it is reasonable to assume that the predicted effect
should be present when nonlinearity and non-locality are taken into account. Then,
we argued, based on adiabatic approximation, that ultrasound in a superconducting
slab can generate vortices when the external magnetic field is below the critical field
H.,. The vortices enter and exit the superconductor at half the frequency of the
ultrasound which manifests as an AC voltage across the sample. Our numerical
results demonstrated that the analytical result which was based on low frequency
and small k approximations gives the correct order of magnitude for the critical
amplitude and frequency of the ultrasound. A simpler version of this scenario can

be done by exciting surface acoustic waves. This would have practical advantages as
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the amplitude of surface waves can be as large as several nanometers while reducing
the problem of sample heating. The problem of heating is especially important since
according to our findings only superconductors with small x experience the above
described effect. Therefore, in order to preserve locality one must work near the

critical temperature and be aware of temperature changes due to sample heating.
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Decoherence of Two-state Systems
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Chapter 3

Relaxation of two-state systems
due to phonons

3.1 Quantum decoherence

Any quantum mechanical system is constantly in contact with the environment that
surrounds it. The environment itself, however, is also governed by the laws of quantum
mechanics and should be described by the Schrodinger’s equation. The difficulty with
this picture, while fundamentally correct, is that one cannot impose bounds on the
environment. For instance, if we define the environment as molecules of air contained
in a box we must consider the interaction of the box with its environment which in turn
interacts with its environment, and so on. This is sometimes called infinite regression.
For this reason, in order to get an accurate picture of any quantum state we would
have to solve the Schrodinger’s equation for the entire universe. While philosophically
intriguing, this approach bears no usefulness in practice. Fortunately, our everyday
experience provides a clue to this apparently impossible problem. Why is it that we
never see macroscopic objects in superposition of quantum states? For some time
it was believed that quantum mechanics does not apply to macroscopic systems and

therefore the strange quantum effects do not interfere with everyday life. The famous

67
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Schrodinger’s cat thought experiment was devised by Schrodinger to illustrate the
absurdity that would have to follow if quantum effects invaded the macroscopic realm.
Nowadays, however, as more macroscopic objects are being prepared in superposition
states it is becoming convincingly clear that quantum mechanics does apply on all
scales. The best known example is the superposition state of the SQUID (Quantum
Superposition Interference Device) whose size can be of the order of micrometers. At
this point a case can be made that quantum mechanics does not discriminate against
the macroscopic. The actual reason we do not see quantum behavior in everyday life
is because of decoherence. Decoherence is a process by which the relative amplitudes
and phases of a superposition state are altered over some characteristic times 77 and
79. The latter is known as the relaxation time. This behavior is observed whenever
the system of interest is much smaller than the environment in which it is embedded.
This implies that the environment can be simply defined as a heat bath (classical
or quantum), conforming to the laws of thermodynamics. It should be emphasized,
however, that even at zero temperature decoherence of a small quantum system is
still present due to fluctuations of the electromagnetic vacuum or, in the case of solid
bodies, the zero point oscillations. Thus, every system that is at some point in a
superposition state will decay into the ground state in some relaxation time.

In applications, decoherence presents serious problems for devices that rely on
the superposition state, i. e., the quantum computer. Although the principles of the
quantum computer are entirely different from the conventional one, both machines
require bits - components that can perform computations. In the case of quantum
computers these bits are called quantum bits or qubits. One important class of sys-

tems that can be used as qubits are two-state systems that arise from tunneling
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between two degenerate eigenstates, i. e. a particle in a double-well potential, mag-
netic particle in molecular nanomagnets, etc. In the following sections we will study
the relaxation time of two specific systems - particle in a double-well potential and a

SQUID embedded in a solid.

3.2 Relaxation of a particle in a double-well po-
tential

Relaxation and decoherence in a two-state system coupled to environment is a fun-
damental problem of quantum physics. It was intensively studied in the past; see,
e.g., the review of Leggett et al. [63]. In the last years the interest to this problem
has been revived by the effort to build solid state qubits. Recently, symmetry im-
plications have been considered for the problem of a particle in a rigid double-well
potential embedded in a solid [64]. It was demonstrated that symmetry arguments
allow one to obtain parameter-free lower bound on the relaxation of quantum oscilla-
tions in a rigid double well, caused by the elastic environment. One of the arguments
is that the double-well potential formed by the local arrangement of atoms in a solid
is defined in the coordinate frame of that local atomic environment, not in the lab-
oratory frame. Another argument is that interactions of the tunneling variable with
phonons must be invariant with respect to global translations and rotations. When
these arguments were taken into account, a simple universal result for the relaxation
rate was obtained [64] in terms of measurable constants of the solid, with no unknown
interaction constants.

The above mentioned universal result refers to the low temperature limit when the

relaxation of a two state system is dominated by the decay of the excited state due to
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the emission of one phonon. In this section we extend the method developed in Ref.
[64] to the study of direct and Raman two-phonon processes in double-well structures
(65, 66, 67, 68, 69, 70]. Such processes can dominate relaxation at higher temperatures
[71, 72, 73]. We will show [74, 75] that in the temperature range bounded by the level
splitting from below and by the Debye temperature from above, the two-phonon
rates for a biased rigid double well is given by a universal expression, very much
like the rate of the direct one-phonon process. Both the Raman and the direct rate
is proportional to the seventh power of temperature, while the one-phonon rate is
linear on temperature. Interestingly, however, at small bias, the Raman rate, unlike
the one-phonon rate, is proportional to the square of the bias. Consequently two-
phonon processes can be switched on and off by controlling the bias. This universal
result, which is a consequence of the parity of quantum states, must have important
implications for solid-state qubits at elevated temperatures. Indeed, for an electron
in a quantum dot, the rate of a direct one-phonon process is usually small. If the rate
of a two-phonon process can be made small as well, this means that one can eliminate
phonons as a significant source of relaxation and decoherence of the electron states

in solid-state qubits.

3.2.1 The double well as a two state system

The problem of a particle in a double-well potential is almost as old as quantum
mechanics. Although, attempts to obtain a nearly exact solution have been carried
out, for most practical purposes it suffices to treat the problem in the two-state
model. A particle in a double-well potential can tunnel between the two wells which
creates a splitting in the ground state energy that is proportional to the overlap of the

wavefunctions localized around the potential minima of the left and the right wells.
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For large energy barriers, the overlap and hence the energy splitting is much smaller
than the energy difference between the ground and the first excited states of each
separate well. For this reason, the double-well potential is to a good approximation
a two-state system.

Let’s consider the above argument in a greater detail. If the two wells are sep-
arated by a large distance the particle which is initially placed in say, the left well,
does not feel the second well. When the two wells are brought to closer proximity
the particle’s wavefunction penetrates the barrier without significantly changing its
shape. Equivalently, we might place the particle in the right well and expect the
same outcome. Therefore, the total wavefunction [¢)) must be a superposition of
the eigenstates |¢1) and |¢y) corresponding to the left and the right potential wells
respectively:

[V) = c1lpr) + calpa), (3.1)

such that |ci|® + |e2]? = 1, {p1]p1) = (palpa) = 1 and (p1]w2) = (palp1) = 0. The
Schrodinger’s equation then reads
ik ( 0'1‘<P1> ) Y ( ciler) ) . (3.2)
Calip2) C2|p2)
Multiplying both sides by (p1]| and (5| yields

1
ZFLCl = E101+§A002

1
ZhCQ = EQCQ + §A001, (33)
where F; and FEs are the ground state energies of the left and the right wells respec-
tively and Ag = 2(¢1|H|p2). The factor of 2 was inserted for convenience. Although,
the energies Fy and Fs, are the same for a symmetric potential one can make a gen-

eralization by introducing a bias €, so that the minimum of one well is shifted with
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Figure 3.1: A double-well well potential with a bias. The ground state energy of the
individual wells become separated by the energy splitting A due to tunneling.

respect to the other. If the bias is small compared to Ay our arguments stated above

must still hold. The Hamiltonian can than be written as
H = ( A (3.4)

where Fj is the ground state of the particle located in either one of the wells at zero

bias. The eigenvectors that diagonalize this Hamiltonian are

[_) = —=(c1lp1) + c2|p2))

[11) = —=(calp1) — cilp2)) (3.5)

S-Sl

with the coefficients

a=+vV1-¢/A c=+1+e/A A=, /AZ+e2 (3.6)

The first two eigenenergies are
1 1
Eg:Eo+§\/e2+A2 Ee:EO—§\/e2+A2. (3.7)

We can solve for the states that correspond to the particle being in the left and the
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Figure 3.2: Ammonia molecule is an example of a double-well system. Here the
Hydrogen plain tunnels across the Nitrogen atom.

right wells form Eq. (3.5):

1
lp1) = ﬁ[cl|¢—> + colthy)]
) = = [eatp) — calabs)] (3.8)

S5

2

—iHt/h

Applying the time evolution operator e to |¢1) yields

—iE_t/h

V2

For a symmetric double well (¢ = 0), the particle initially in the state |¢1) will tunnel

e

o1 (2)) = [ealto-) + cae™ My ). (3.9)

after the time t = wh/A to the state |ps) and vise versa. The tunneling will occur
with frequency f = A/h.

A well-known example of a two-state system is the ammonia molecule. Fig. 3.2
shows the structure of the ammonia molecule with two possible orientations. The
letters H and N stand for hydrogen and nitrogen respectively. The two possible
orientations have the same energy corresponding to the two minima of the potential.
If the wavefunctions of the nitrogen atom at the top position and the one below

the hydrogen plane overlap, a coherent tunneling between the two states will occur.
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Because the mass of hydrogen is much smaller than that of nitrogen, the hydrogen
plane will oscillate in free space around the center of mass situated close to the
nitrogen atom. If, however, the ammonia molecule were placed inside a solid and
coupled to the crystal matrix, the environment would inevitably co-wiggle with the
oscillating molecule and consequently radiate phonons. It has been argued by some
that in the scenario just described the entire solid would co-wiggle with the molecule
as in the case of Mdssbauer effect [76] in which case no phonons would be excited.
This proposal can be easily refuted by the following argument. The frequency of
tunneling can be of order f ~ 10%s™!. Let us take our sample size L to be ~ lcm
and the speed of sound v, ~ 10°%cm/s. In the time 10%s the information that the
ammonia molecule has tunneled travels a distance 10%, ~ 10~*cm. By the time
this information reaches the surface the molecule would have tunneled about 10,000

times.

3.2.2 Coupling of the particle to phonons

The problem of coupling a quantum system to the crystal matrix is an old and complex
one. The difficulty stems from the complicated behavior of the atoms in a crystal.
Although, the use of phonons as collective excitations of the crystal lattice present a
tremendous simplification the question still remains as to how the phonons interact
with the system of interest. A well-known approach is to consider a charged particle,
i. e. electron, in a double-well potential embedded in a piezoelectric material. In
substance, the longitudinal phonons expand and contract the local environment which
in turn induces electric fields that interact with the charged particle. The downside of
this approach, however, is that it only works in specific materials. Another approach

that has been introduced in the past is to write down the most general form of the
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interaction Hamiltonian of the form
Hint = bijl’iu]' + CijpTiuiur + ... (310)

with bj; and c¢;j; being some unknown interaction tensors to be determined from
experiment. One obvious disadvantage of this approach is that one cannot obtain
theoretical results from this Hamiltonian that can be compared to experiments. More
importantly however, Eq. (3.10) is not translationally invariant. This fact can be
easily seen by adding an arbitrary vector a to u. Equivalently, one can view this
as translating our coordinate system by —a which must preserve any Hamiltonian.
Clearly, Eq. (3.10) violates this necessary condition. We now present a new approach
already mentioned in the previous section which takes into account the translational
and rotational symmetries in the limit of long-wave phonons.
In the absence of phonons, the Hamiltonian in the laboratory frame is

Hy— v, (3.11)

2m

where r is the radius vector in the laboratory frame, p is the momentum, and m is
the mass of the particle (e.g. electron). A rigid double well at the position R will be
translated in space by a long-wave phonon described by the displacement field u(R).
The Hamiltonian of the system (including the free phonon field) in the laboratory
frame can simply be written as

2
p
H:%—FV(T—U)—FHP}L . (312)

Here, H,;, is the Hamiltonian of the free phonon field. Clearly, this form of Hamilto-
nian preserves the translational symmetry. We intend to obtain a Hamiltonian of the

form H = 'H, + Hpn + He—pn, where the last term describes the interaction of phonons
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with the electron in the double well potential. Using the fact that u is small, one can

expand V(r — u) in Taylor series to obtain

2 2
p v 1PV
) . Ul

1
o + (3.13)

The first three terms form the interaction-free part of the total Hamiltonian. The rest
of the terms containing powers of u comprise the electron phonon interaction. It is
clear that Eq. (3.13) requires detailed knowledge of the potential and its derivatives.
One can, however, obtain Eq. (3.12) by performing a unitary transformation on Eq.

(3.11) with the help of translation operator R= e, so that
H=eP" H,e®" + H,y, . (3.14)

This can be expanded for small u as
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H = Hy+ Hyn +i[Ho . pilus + %[[HO ol pilws + (3.15)

Working out the commutators brings one back to Eq. (3.13). However, the use of Eq.
(3.15) that we are going to employ allows one to obtain parameter-free results solely
in terms of the energy levels of our effective two-state system without knowledge of
the explicit form of V/(r).

We consider the case in which the particle, with good accuracy, is localized near
r = £R,, where £R,, are the energy minima of the left or right wells. Without loss of
generality we assume that £R, = +X,e,. The localization length of the state inside
each well is small compared to the distance between the minima of the double-well
potential. The bare ground states (when tunneling is neglected) in the left and right

wells, that we denote by | £ X,), are approximately orthonormal,

(EX £ X)) =1, (—X,|X,)=0. (3.16)
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As we already discussed in the previous section, the tunneling between the wells leads
to the hybridization of the states described by orthonormal wave functions given in
Eq. (3.5). Note that the double well also has states, |1¢), with energies, E¢, other then
E. corresponding to |¢1). The energy splitting A = E, — E_ is considered small
compared to the distance from Ey to other E;. As we shall see, in this limit the
summation over all states |1)¢) renders result for phonon-induced transitions between
|1b+) that is insensitive to the explicit form of the potential.

Below we shall deal with the matrix elements of operators p = p,, x, and their
combinations. Other components of p and r are irrelevant. Localization of [i4)
allows one to compute matrix elements of powers of the operator x with the help of

the relation

o+ X)) = X, £ X,). (3.17)
This gives
(lee) = X3 (€2~ 02) = X,(e/2) (3.15)
<¢—‘$|¢+> = XOC+C— = XO(AOA> (319>

To compute other matrix elements we shall use relations

p=mi = —im|z, H,] (3.20)
and
. . dz? o
pr +xp = m(iz + xi) = me = —imlx®, H,| . (3.21)
This gives
(Velpler) = im(Ee — Egr) (Ve x[¢)er) (3.22)

(Velpa + aplpe) = im(Eg — Eg)(tel2*[tg) (3.23)
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and thus, (¢_|pz|iy) = 0.
As we shall see, perturbation theory for Raman processes requires computation of

the sum

SEb S (W-[plve) (Yelplios) (3.24)

BB

Application of Eq. (3.20) eliminates the denominator and yields

= im Y _(¥_|p|ve) (te|z[th) - (3.25)
EA+

Using the completeness of |1¢) we obtain

= im[(Y_|px|hy) — (- |plvy) (Vilxlpy)] . (3.26)

Finally, with the help of the above relations for matrix elements of x, p, and px we
get

Y= -m?X2(A,/A)e. (3.27)
This is a mechanism of elimination of unspecified energy levels E, from the problem,

leading to a universal result.

3.2.3 Matrix elements - Raman process

In this section we compute the relaxation rates for two kinds of two-phonon processes
- the Raman process involving a scattering of a phonon with the particle and a direct
process via emission of two phonons.

We are interested in the transition rate between the eigenstates of H, + H,,

(Us) = [vs) @ [9) - (3.28)

Here, |¢)4) are the tunnel split states of the double well given by Eq. (3.5). The

states |¢p4) = |nk,nq) and |¢p_) = |nx — 1,nq + 1) are the eigenstates of H,, with
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Figure 3.3: Raman process on tunnel-split levels in a double-well potential, including
virtual transitions to higher levels E [the first term in Eq. (3.33) shown

energies F,, + that correspond to phonon states before and after particle transition
between F. states in the double well. Raman process involves absorption of a phonon
of frequency wy and emission of a phonon of frequency wq = wix + A, accompanied
by the transition of the particle |¢);) — [¢)_), see Fig. 3.3. The Raman rate can be
computed with the help of the Fermi golden rule in the second order in the interaction.

The matrix element for this process is the sum of two matrix elements,
Mp=MZ + MJ. (3.29)
The first term denotes the first order perturbation on
M2, = 2 [[Houp]. ol (3:30)
e—ph — 2 0s P|; P|Uy, .
while the second term stands for the second order perturbation on

HY = i[H,, plu,. (3.31)

e—ph —

The explicit expressions for M® and MU+Y are [77]

MP = (U |H2,, [0.) (3.32)
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and
M(l+l) _ Z <\I] |He ph|\I]§> <\II§|H6 ph|\I]+>
R - E, + hwy — E¢
(w_|HY e |\Iff> (el Hep [04)
3.33
+ 25: hwq — E& ( )

Here, |¥¢) is a direct product of the eigenstates of H, with the phonon states
|nk — 1,nq) in the first term and |nyk, nq + 1) in the second term.
First, we calculate the phonon parts of M® and M@*Y using canonical quanti-

zation of the phonon displacements [3

e ezkr
‘/zpvz ‘“wk e+ al kA) (3.34)

where p is the density of the solid, V' is its volume, ey, are unit polarization vec-

tors, A = ty, 1o, denotes polarizations, and wyy = v k is the phonon frequency. For
brevity we will drop the polarization index. Writing [W_) = |nx — 1,ng + 1) ® |¢_)

and |V, ) = |ny, ng) ® [ty ), for the phonon matrix element in M one obtains

(ne — 1, Ng + 1| ugzn |, n<1> (3.35)
1 L nk(ng + 1)

z oo gik—q)r [TK\lq T2 /R 3.36

Pi% €A Cqc€ WWq ph ( )

For the phonon matrix elements in M SH) one obtains

(nk — L, ng + 1 ug [k — 1, nq) (nk — 1, ng| ty |1k, ng) (3.37)
= (nk — 1,nq + 1| uy |nk, ng + 1) (N, ng + 1| uy [ni, ng) (3.38)
= M} /2, (3.39)

(One can see from the completeness relation that the sum of these two expressions is

MJ.)
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Next, we evaluate the particle parts of M}(%z) and M}(%Hl). For (v_| [[Hopl, p] |+)

that enters M®  writing the commutator explicitly and inserting the identity operator

I= ), [the) (Y| results in

(V| (Hop® — 2pHop + p°Ho ) [00) (3.40)
= N (By+ B —2Eg) (b-| plue) (el p ). (3.41)
13

The particle part of M1*Y simplifies to

— (V| [Ho, p] |the) (el [Ho, P [¥04) (3.42)

= (Bg— E_)(Eg — EL) (V- |plvhe) (el p[v4) - (3.43)

Collecting the terms, for M of Eq. (3.29) one obtains

1
Mp = 5 My > (-] p|be) (el p |v+) Qc, (3.44)
13

where

Qc=E,+E_—2FE;+ (B — E_)(E: — E,) (3.45)
1 1

X +

[ES—E+—wk Eg—E_i_—l—wq

(3.46)

A common mistake that propagates through literature [78] is summation of rates
due to M g) and M }(z1+1)7 instead of adding matrix elements first and then squaring the
result and computing the rate. This mistake is not innocent since M 1(%2) and M SH)

may cancel leading parts of each other. Taking into account conservation of energy

wq = wk + A and the relation £E_ = E, — A, one can rewrite this expression as

2wy (wk + A)(Ee — B+ + A/2)
(B — By —wi)(Be — By +we + A)

Qe = (3.47)
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One has Q1+ = FA. We consider the case of wxy ~ T < Fe — Fy and A < By — F,
when

~ ka(wk —I—A)
Qe =ZQe=———=.
3 3 Ee— B,

(3.48)
It follows from Eq. (3.23) that the terms with £ = + in Eq. (3.44) disappear. Using
Eq. (3.24), one obtains
1. n ~
My = 5 M5y~ (-] pli) (el pliy) Qe = Mppwrclwn + 2)8 (349)
e+

and finally, with the help of Eqgs. (3.36) and (3.27),
9w A,
m X e—uwy (Wi + A) . (3.50)

Here we have suppressed an irrelevant phase factor. This result for the Raman matrix
element is insensitive to the explicit form of the double-well potential V' (z). It would

be a hopeless task to obtain it from Eq. (3.13).

3.2.4 Matrix elements - direct two-phonon process

In this section we turn attention to the relaxation due to emission of two phonons
of frequencies wy and wq. Unlike the Raman process which requires finite number of
phonons in the system the transition of the particle from excited to ground state via
emission of two phonons occurs even at zero temperature - spontaneous two-phonon

emission. The phonon part of Eq. (3.32) yields

1 ng +1)(ng +1
(nye + 1,nq + 1|u2|nyg, ng) = p—Veﬁ/\ege\/( K wia(u atl) = M) (3.51)
q
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E-+

N e

Figure 3.4: Direct process - the particle transits from the excited state to the ground
state radiating two phonons of frequencies wy and wy.

The formula for the matrix element M S ™ becomes modified through the new relation

for energy conservation wy + wq = A:

U HY 1w (T HY W
Mg-‘rl) _ Z < | e—ph| §>< §| e—ph| +> (352)
1
g ol My 1) (0l My ) (3.59)
- E, — hwq — B¢ ’

where |W¢) corresponds to the state product |¢¢) ® [nk + 1, nq) in the first term and
|1¢) ® |nk, ng + 1) in the second. The matrix element of M l()l ™ for the phonon field
becomes
(nk + 1, ng + Lug|ng, ng + 1) (nk, ng + L|ug|nk, ng)
= (nk+ 1, ng+ Lugnk + 1, ng) (nk + 1, ngluz|nk, ng)
= MJ/2 (3.54)
The particle part of the matrix elements was worked out in the previous section.

Combining M) and M5t we obtain

1
My, = 5 My, > (- |plibe) (Velplvo ) QF (3.55)
:
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where

Qf =E, +E_— 2B + (B — B_)(E; — E,)
1 1
X +
Eg—E_i_—wk ES—E+—wq

(3.56)

We can simplify this expression with the help of the energy conservation wy +wq = A

and the relation £, — E, = A, so that

A(Ee — E4)?* + [wi(A —wi) + A?/2)(Ee — B4 ) + wi(A — wk)A/Q.

D —9 3.57
Z (Fe — By —w)(Be — By +on— &) (357)
As previously mentioned we have A < wy ~ T < wp and so,
2w (A — wy)
D ~ k Kk
2N+ —— :
Qun + Fe— B, (3.58)

Finally, recalling Eqs. (3.24) the total matrix element for the two-phonon direct
process is

MP = My [(Y-|p*|¢4) + wi(wie — A)m?*XF(Ao/A)e]. (3.59)

Unlike in the case of Raman scattering we cannot obtain an analytical result for MIQL
that is model independent due to the term (i_|p?|¢»,). However, notice that the
second term in Eq. (3.59) will contain a higher power of temperature than the first
and will therefore dominate relaxation at elevated temperatures. At zero temperature
one should expect the first term to be the leading source of two-phonon relaxation.
However, this will be of no consequence since at low temperatures the one-phonon
relaxation will always dominate over the higher order processes. In the next section
we compute the transition rates for the Raman and the direct two-phonon processes

and determine their relative importance in relaxation.
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3.2.5 Transition rates

According to the Fermi golden rule [77] the Raman rate is given by (in the units
where kg = h = 1)

dkdq
r, = Z/ (27T)6V2|M|227T5(wq —w— A). (3.60)
e

In spherical coordinates the integration variables dkdq = dkdq k*q*dhdq, and thus

mAXINPAZE®  [er
I, = TWB2/0 dwydwgwxwgnk (g + 1) (3.61)
Wk 4 A
X (K> {1 +0 (w—k)} §(wq — wi — A), (3.62)

where wp is the Debye frequency,
B = E 3.63
/ Ar 4 vy (3.63)

vy is the velocity of sound with polarization A\, whereas ny = (ewk/ T 1) ~!is the Bose

occupation number of a phonon. In the limiting case of A < wy ~ T one obtains for

the Raman rate

mAXAAA2 T
FQ: 27T3p2h11 <Z) O{(WD/T), (364)

where, within the Debye model,

wp /T
a(wp/T) = /0 dxm : (3.65)

At T < wp/10, one has a = (16/21) 7S.
The value of B can be calculated with the help of the transverse-phonons sum
rule 37, .. (ex - a)(ex - b) = (a-b) — (a-k)(k-b), where k = k/k, etc. Setting

a=Db = e, and averaging over the directions of k yields

Ay (k21— k2 2 1
B= | —|—= L)l =—+—. .
/ aT (vl?’ * v} ) 3v} - 3u} (3.66)
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According to theory of elasticity [48] v; > +/2v;. Thus, the second term in this
expression is a small correction and it can be neglected. Since we are interested in
the region A <T we can keep only the leading order on T/A in Eq. (3.64). The

Raman rate for A <7<« wp then becomes

320 T (AN (e (T\°
ntwn(3) &) (6) e

where we have introduced characteristic energy and frequency scales

3\ 1/4
& =h, Q= ( v ) (3.68)

m2X?2

The Fermi golden rule for the direct two-phonon process is given by a similar

integral as in Eq. (3.60)

dkdq
Fg) - Z/ (QW)6V2|M1£1|227T5(Wq + wi — A)- (3.69)
e

except for the argument under the delta function which must conserve the energy
according to the relation wy + wqg = A. As we mentioned earlier the first term
in Eq. (3.59) will be unimportant for elevated temperatures. Employing the same

simplifications that were used to calculate the Raman rate reduces Eq. (3.69) to

B2 mA XA T
] (3.10)

in which

wp/T 28dx
Bwp/T) :/0 ﬁ- (3.71)

Again we take A < T < wp which renders the result 3 = 327%/21. Making the
above mentioned approximation B ~ 2/3v? and inserting it into Eq. (3.70) gives us

the final result
B 3273 m4X§A352T7
© 189 Atp%

ry (3.72)
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If we rewrite this result in terms of the characteristic energy and frequency defined
in Eq. (3.68) we discover that the Raman rate and the direct two-phonon rate are

identical for elevated temperatures.

3.2.6 Double-well frame calculation

In this section we will check our result by calculating the Raman rate in the frame
of reference of the double-well, as it was done for one-phonon processes in reference

[64]. In the laboratory frame the Lagrangian of the particle is

Lp=

S+ W= V), (3.73)

where 1’ is the radius vector of the particle of mass m in the coordinate frame rigidly
coupled to the double well. The linear momentum that is canonically conjugated to

r’ is given by

oLp . .
p = 2L —m(if + ). (3.74)
The corresponding Hamiltonian is
p”
Hp(p',v') =p v — Lp = om p-u+V(r). (3.75)

The full Hamiltonian is Hp + H,,. Contrary to the previous model described by Eq.
(3.13), we now have only one interaction term, —p’ - a. Similarly to Section III, one

can write the matrix element for the Raman processes as

My = % (Y|P - age) (te|p - afepy)

3.76

3
(| p -1 |v) (Welp [ty
+ 25: B, — oy — E . (3.77)
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Inserting [3]

PO . 1 ik-r T
u=-—1 2pv ; €ek\C v/ Wi (ak,\ a_k)\) (378)

into Eq. (3.76) and evaluating the matrix elements, we obtain

My = SIME ST (I p ) (el pls) QF, (3.79)
3

which coincides with Eq. (3.44) up to an insignificant phase. Same can be shown for

the two-phonon process.

3.2.7 Discussion

We have demonstrated that the two-phonon relaxation of the tunnel-split states of
a particle in a biased solid-state double-well potential can be expressed in terms
of independently measured parameters and without any unknown constants. An
interesting observation is that at a small bias the rates of Eqgs. (3.67) and (3.72) are
proportional to 2, while at a large bias it becomes independent of €. This means
that one can switch two-phonon processes on and off by controlling the bias. This
result may seem strange at first, however, it is a fundamental consequence of quantum
mechanics. The reason for this effect is parity. If we remove the bias, the potential
well will become symmetric. Consequently, the Hamiltonian and the parity operator
commute which leads to eigenstates of even or odd parity. It is easy to see that the
states [¢)_) and |1),) at e =0 have even and odd parity, respectively. Therefore, the
matrix elements in Eq. (3.33) will all vanish.

To find the range of parameters where two-phonon relaxation becomes important,

the rate of the Raman processes should be compared with one-phonon transition rate
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[64] that can be written in the form

A (AN A2 A
N =—(=° = h{—). .
! :m(et) (a) cot (QT) (3:80)

Notice that Egs. (3.80) and (3.67) do not contain any unknown interaction param-
eters. The quantity of interest is the ratio I'y/I"; which can tell us the importance
of the second order process versus the first order process at various temperatures. In
our case of T'> A, the coth(A/2T) in Eq. (3.67) can be replaced by 27/A. The

above mentioned ratio then yields
E_E4(i)2 AWEAY (3.81)
T, 63 \A) \a) \&) '

At any given temperature this ratio has a maximum at € = Aq. For, an electron in a
double-well dot with X, ~ 10 nm embedded in (or deposited on) a solid with p ~ 5
g/cm?® and v, ~ 10° m/s, parameter & is of order 300 K if one takes the electron
effective mass, m, to be of the order of the bare mass, m.. Then, for, e. g., e ~
A, ~ 1 K, Raman processes, according to Eq. (3.81), will dominate electron-phonon
relaxation above 30 K, while below that temperature the relaxation will be dominated
by direct processes. The actual phonon rates for an electron are not likely to exceed
10% s7! even at T' ~ 100 K. Note that for m < m,, which is typical in semiconductors,
the rates are even smaller. For a proton in a molecular double well with X, ~ 0.3 nm
in a solid with p ~ 5 g/cm?® and v; ~ 103 m/s, one gets & ~ 40 K. At e ~ A, ~ 1 mK,
according to Eq. (3.81), Raman processes will dominate proton-phonon relaxation
above 1 K, while direct processes will dominate relaxation in the millikelvin range.
After this work was completed, we learned about a very recent paper by Stavrou

and Hu [79] who also investigated two-phonon relaxation for a particle in a double dot.
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Our paper and Ref. [79] bear similarities and differences. They both consider a similar
system — electron in a double dot interacting with acoustic phonons. Numerical work
in Ref. [79] is performed for a particular model of the double-well and is customized for
GaAs elastic environment, while our approach is more general, based upon symmetry.
Because of this, one cannot expect a substantial agreement between these two works.
In particular, we obtain that for a spatially symmetric double well (dot) of arbitrary
shape the relaxation rate is zero. The reason this is not the case in Ref. [79] is
that the deformation of the dot due to the elastic environment breaks the spatial
symmetry. However, the conclusions made in both works about the relative strengths
of one-phonon and two-phonon processes are similar.

Finally we should note that since our model is based upon bare quantum states
that are well localized in space, it is rigorous for heavy particles, like, e.g., a proton
or an interstitial atom, but is less rigorous for such a light particle as an electron.
Nevertheless, even for an electron our formulas should provide a good approximation
in the limit of weak tunneling between the wells. Note also that at a large tunnel
splitting, the actual rates for a heavy particle like proton, interstitial atom or defect,
can become so large that the approximation based upon Fermi golden rule will no
longer apply [80]. Even in this case, however, the matrix elements can be expressed

in terms of measurable parameters of the quantum well and the solid.

3.3 Decoherence of flux qubits

3.3.1 Flux qubits as two-state systems

In 1962, Josephson [81] discovered that when a superconductor is interrupted by a

thin insulating barrier the cooper pairs will flow from one side of the barrier to the
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Figure 3.5: A Josephson junction consists of two superconducting electrodes separated
by thin non-superconducting layer (normal metal or insulator). The cooper pairs
tunnel coherently across the barrier which gives rise to the Josephson’s effects.

other producing a current

Is = I.sin Ap, (3.82)

where I, is the critical current and Ay = @ — @p is the difference in phase between
the left and the right superconducting electrode. Josephson also predicted that if a
voltage is applied across the insulating barrier the phase difference Ay should change

with time according to
%Agp _ % (3.83)
For constant voltage Ay will increase linearly on time which according to Eq.
(3.82) generates alternating current across the insulating bridge. These type of
superconductor-insulator-superconductor (SNS) junctions became known as Joseph-
son junctions, see Fig. 3.5 and have since spawn an avalanche of research as well as
numerous applications. Other types of junctions that share similar properties include
the SNS and ScS, where N denotes normal metal and ¢ stands for constriction. The
common feature of all these devices is a "weak link” that couples the Cooper pair
wavefunctions on the two sides of the bridge.

The above equations can be derived from general arguments that require only

the assumption that cooper pairs can tunnel across the weak link separating the
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two superconducting electrodes. In fact this assumption has been proven, i. e. see
deGennes [9]. The argument is as follows. Let ¢; and ¢, be the wavefunctions of the

superconducting electrons satisfying the Schrodinger’s equation

e
ih prale Ve, (3.84)

where aw = 1,2. Similarly, this applies to the right electrode as well. If we allow the
two wavefunctions to overlap at then the total wavefunction must be a superposition
of ¥ and 1s:

U = f1e¥ + fre’?, (3.85)

where f; and f, are normalized such that f2 = N; and f7 = N,. Provided the overlap

of f; and fy at the junction is very small one can write

/d3Tf1f2 ~ O, /d?’rflfffg =K. (386)

The second integral is nonzero because the hamiltonian involves derivatives which
cannot be neglected near the insulating barrier. If a constant voltage V is applied
across the device the energies of the isolated left and right electrodes are E + ¢/V

and E — e/V respectively. The Schrodinger’s equation then becomes a set of four

equations
dN- .
hd—tl = —2K+/NiNysin(ps — ¢1)
dN- .
hd—tz = 2K V NlNl Sln(<P2 - 301)
d
hNL—:;tl = —eV Ny + K+y/NiNzcos(pz2 — 1)
d
ﬁ]\fR—;;2 = eV Ny + K+/ NNy cos(p2 — ¢1)

(3.87)
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Due to conservation of current we have Ny + Ny = constant and therefore

L dNy, N

Defining I, = 4eK+/N;Ny/h the first two equations give us the predicted current in
Eq. (3.82) while subtraction of the last two equations yields Eq. (3.83)

One fascinating and important application of Josephson junctions, not only in
technology but for fundamental understanding of quantum mechanics, is the super-
conducting quantum interference device (SQUID). A SQUID can by built by inter-
rupting a superconducting loop by one or more thin insulators, see Fig. 3.6 As we are
going to discuss presently SQUIDs can be used as quantum qubits which, along with
their macroscopic size, makes them very useful in the field of quantum computing.
For this reason, SQUIDs are often referred to as flux qubits. Flux qubits have re-
ceived much attention lately due to low decoherence exhibited at a macroscopic scale.
When half a flux quantum is applied to a flux qubit, the system forms a symmetric
double-well potential. The two classical states associated with the minima of this
potential correspond to clockwise and counterclockwise circulating currents. In terms

of the total flux ® this potential can be represented by the function

) ()] o

where 8y, = 2rLI./®q, Uy = ®2/(47%L), L is the inductance, and @, is the external

U(®) = U,

flux. For certain parameters this function behaves as a double-well potential in the
vicinity of its minima. When &, = ®,/2 the potential U is symmetric. Therefore,
any deviation of ®, from ®(/2 will create a bias in the minima of the two wells. The
fascinating property of this system is that it exhibits quantum tunneling between the

classical minima [82, 83, 84, 85], thus, providing an example of a quantum superpo-
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Figure 3.6: The simplest type of flux qubit with one Josephson’s junction.

sition of macroscopic current states. The ground state and the first excited state of
the system are symmetric and antisymmetric superpositions of clockwise and coun-
terclockwise current states, separated by the tunnel splitting A. Experiments have
demonstrated that the quality factor of the flux qubit, w/I", can be as high as 5000
[86], thus, pushing it to the front line of promising candidates for quantum compu-
tation. Recently, this promise has been further amplified by successful experiments
with coupled flux qubits [87, 88, 89].

Most of the work on decoherence of flux qubits concentrates on the effects of
non-zero impedance [90], electromagnetic [82, 94, 91, 92] and 1/f [90, 93] noise.
Decoherence due to coupling of a flux qubit to the acoustics waves has been studied

to a lesser degree [94, 95].

3.3.2 Coupling of SQUID states to acoustic phonons

Tunnelling between clockwise and counterclockwise circulation is accompanied by the
reversal of the angular momentum associated with the circular current. Experiments
on flux qubits showed that this angular momentum can be as large as 10'°A, so its non-
conservation would be quite dramatic. Similar problem exists for any LC circut. A

freely suspended ring containing an inductor and a capacitor would have to co-wiggle
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Figure 3.7: A snapshot of the elastic matrix responding to the alternating current of
the flux qubit.
mechanically with the oscillating current in order to conserve the angular momentum.
When such a ring is attached to a solid matrix it should produce torsional oscillations
in the matrix. This immediately suggests that unless the flux qubit is in the ground
state, it should have a finite probability to radiate a phonon. The latter can be viewed
as a consequence of the fact that the electric current is defined with respect to the
crystal lattice of ions so that quantum states of the current are inevitably entangled
with the lattice states. A snapshot of this process is depicted in Fig. 3.7

We consider a loop of radius R carrying a current J oscillating with frequency
f ~ 10 — 10! between the clockwise and counterclockwise direction of motion.
The angular momentum associated with the circular current changes from L to —L
every half a period. As a consequence, the local environment co-wiggles with the
same frequency and produces elastic distortions of the lattice in accordance with
angular momentum conservation. These distortions, u(r,t), being pure twists, satisfy
V -u = 0. The kinetic energy associated with the superconducting current is given

in Eq. (2.60). The interaction Hamiltonian then follows:
Moy = /d3rj - (3.90)
e

This Hamiltonian satisfies all the symmetries and is free of any unknown interaction
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constants.

We denote the eigenstates of the angular momentum, L, = L and L, = —L, as
| 1) and | |), respectively. The system under consideration can be approximately
modeled as a particle of spin L in a biased double well potential described by the

Hamiltonian H, whose lowest eigenstates are

1
0) = Z(C-| 1)+ Cl 1) (3.91)
and
1) = (4l 1) — O] 1)), (3.92)

V2

The coefficients Cy and the splitting energy A have been defined in Egs. (3.6).

The total Hamiltonian of the system is
H = Ho + Hpn + Hine- (3.93)

The first two terms stand for the interaction-free particle and phonon Hamiltonian,
respectively, and the last term is given by Eq. (3.90). Decoherence of a general
superposition state |¥) = ¢1|0) + ¢»|1) will take place through relaxation of |1) to
|0). The corresponding two phonon transition is determined by the matrix element
of H;,: that will be computed in the next Section. To shorten formulas, unless stated

otherwise, we will use the units in which kg = h = 1.

3.3.3 Small qubit

In the case of a small flux qubit of size R < A, with A\, being the average wavelength
of phonons, one can treat the local environment at the position of the qubit as a rigid
matrix rotating with angular velocity €2 = %V xu. Equivalently, the velocity vector u

can be expressed in terms of the angular velocity as 1 = €2 X r, where r is the position
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vector with its origin at the center of the qubit. The interaction Hamiltonian of Eq.
(3.90) can now be simplified as
Mo =L - Q, (3.94)
in which
L:%/dgrrxj (3.95)
is the angular momentum of the circulating current.
The matrix element for the Raman process is obtained by inserting the interaction
Hamiltonian, Eq. (3.94), into Eq. (3.29). Because the interaction Hamiltonian at
hand is of the first order on u only the second term of Eq. (3.29) will contribute.

Hence, the matrix element for the Raman process is
M;ﬁl = (ng+ 1] Q. |ng) (mx — 1|2, |nx)

= (e = 1[Q: ) (ng + 1] Q. |ng)

1

— Sp—v[k x e,].[q x eg]z\/wk,\wqo(nq + 1)ny.

(3.96)

The action of the angular momentum operator on |0) and |1) produces the following

states:

Loy = 552 |Iv - 510

A Ao
L.]1) = LTAO {|0) + Ai0|1>] . (3.97)

Inserting these results into Eq. (3.33) one can immediately see that [i¢) must be

either |0) or |1). Thus, we only need to consider

Le
LA,
(0] L |1) N

(1| L, |0) = (3.98)
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Taking into account the conservation of energy, wq — wx = A, the Raman matrix

element reduces to
2L25A0 1

Mg = M~ : :
R M AT (o + A (3.99)
Substitution of Eq. (3.99) into Eq. (3.60) yields
L4 2A2
R 2W52/dkdq (K x ex)-(a x e).)?
1
Mé(u}q — - A (3.100)

wi(wk + A)?
Replacing the integration variable dk with widwdfy/v? and the vector k with

kuwi /v;, one obtains

oo Lenn
2T 16p2A2(27)
“p dww?(w + A)3
x/o &1~ Gy (3.101)

where
dQe -
D= —k(k 2, 3.102
> [t (3102)

The sum in Eq. (3.102) runs over the two transverse polarizations. Making the change

of variable x = w/T yields

4 2 A2 277
Ty = %Q(A/T) (3.103)
where
g(A)T) = /0 (exdfﬁ)(étf—/i)A/T)‘ (3.104)

For completeness, we insert kg and h into our result which in the limit kT < A

reduces to
m L*e?A2ZAKLTH
I, =~ 0k p 1
2T210 p2olonT (3.105)
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where v; is the speed of the transverse sound. In the opposite limit kg1 > A one

obtains for the rate

b, o 17 L ARLTY
36 p2A20/0R7

(3.106)

3.3.4 Large qubit

For a large qubit, R > A\, one must integrate the interaction of the superconducting
current with phonons along the entire loop as expressed by Eq. (3.90). When this is

done the interaction hamiltonian takes the form

1M, Wk .
o § / . e — 1

where ji = [ dr3je™ T is the Fourier transform of j. We can obtain j in real space from

Eq. (2.18) with the superconducting phase ¢ = (®/®()0 and f ~ 1. In cylindrical

coordinates Eq. (2.18) becomes

0|10 0?A 9 o 1
or {;87“(7”4)} o ATA= 2N (3-108)
inside the ring, and
0 [10 0P?A
e L]~ =0 (3:109)

on the outside of the ring. These equations must be supplemented by the boundary

conditions

oA _1o0r4)

Hr = —3 > z =
0z r Or

(3.110)

For the case of a flux qubit made up of a ring with the cross-sectional area b much
smaller than R and A the solution to the current becomes particularly simple: j,(r, z) =
J/b. We should point out that this solution is correct only in the zeroth order on .

In other words we are ignoring the corrections to the spatial and temporal structure
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of the current in the ring of the flux qubit. The solution to jy in this approximation
is

jk = —’i27TRJ1(]{ZJ_,R)JHk, (3111)
where ny is a unit vector in the plane of the ring, k, is the z-component of k, and
J1(kL, R) stands for the Bessel function of the first order. The interaction Hamiltonian

can now be written as

Hint = L Qs (3.112)

where

1 w
Qesp = —Ezk:,/Q—Vkal(m,R)(akt—atkt)ez. (3.113)

The scalar product ny - ey = d;\ as ny is in the plane of the ring. To obtain the two
phonon matrix element one needs only to replace (k X e)).(q X e,), in Eq. (3.96)
with

2

- (E) Tk )y (4, R), (3.114)

Then, the rate for a large qubit becomes

L4€2A(2) wp
ly= —ov—— AT A A1
’ wsgpwmf/o dwf(w, A, T)O(w, B v, A), (3.115)
where
_ w(w+ A)
flw,AT) = T 1)1 = o @A)’ (3.116)
and
O(w, R, vy, A) = / dﬁl/ dby sin 0, sin 6, J? (ﬁ sin@l) Ji (L + AR sin92) )
0 0 Uy U

Due to its large argument, J; (jw + A]R/v; sin 63) can be approximated by its asymp-

totic form. The integral over 65 in Eq. (3.117) then yields approximately v;/(w+A)R.
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The integral over 6; equals

1 (wR\’ 35 wR\?
- — Fl=-=-,3—(— 3.117
3<'Ut) 1 2(2727 ) <Ut> )7 ( )

where | F5 is the generalized hypergeometric function. Inserting the results just ob-

tained into Eq. (3.115) gives

~ L4€2A3R5 wD w3(€w/T — ].)_lng
o = - — (3.118)
2432 A2 R30/ J (1 — e~ (@+2)/T)
or, making the change of variable x = w/T, one can write
TAZ2A2T4 wp/T 3(e — 1)1 Fo(— 3222
A 7/ L ol Ve U e (3.119)
24132 A2 R3v/ J, (1 —e—2=A/T)

where § = RT/v;. In the limit 7' > A, the integral in Eq. (3.119) simplifies to

00 l’3€m1F2(—ﬁ21'2)
d 3.120
| e (3120)
or, after integrating by parts
* e (=) 6 [ Jy(207)
d = — d . 3.121
e 12

For 3> 1, Eq. (3.121) reduces to 3372, The rate then becomes

~ LA AZk%T?
2T R 2 AZRBIR2

(3.122)
where we again inserted kg and A into our result. In the limit kT < A, one obtains

(3.123)

o LIS (RET
2473 p2 A2 R3v] h* ho, )7

where

%0 03 F (422
K(y) = /0 %d;p. (3.124)
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We are interested in the transition temperature between the rate due to a direct

process and the Raman process. The former was calculated in Ref. [94]. It was shown

that
L2A® A
'y = ————coth 12
LT rpuint (%BT) (3.125)
for a small qubit and
L2A? A
'y = ———-coth 12
! AT R3pvih «© (2kBT) (3-126)

for a large qubit.

In the limit kgT < A, equations (3.105) and (3.125) yield for a small qubit

Iy  12r°L2e*ARkLT?
Iy 270pA%Pk3

(3.127)

For, e.g., L ~ 10%, p ~bg/cm?, v; ~ 5 x 10°m/s, and fy ~ 5 x 10971, the ratio in Eq.
(3.127) yields 10737 Clearly, for kgT < A (T ~ 107?K), the two phonon process is
utterly insignificant. In the opposite limit kg7 > A, equations (3.106) and (3.125)

give
Iy 902 L22 ALK T®
T, AR

(3.128)

For the same parameters as considered above, Eq. (3.128) yields 10727°. The two
phonon process thus dominates over a one phonon process above T' ~ 2K. At T ~ 20K
the decoherence rate due to two phonon processes is of order 10%~! and, therefore,
its contribution to the quality factor of the qubit cannot be ignored.

For a large qubit in the small temperature limit one obtains with the help of

equations (3.123) and (3.126)

Ty  L22A2kAT kT
2 _Z° o (R B ) (3.129)

r, 6m2pAtvd 3 hu,
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For a large qubit parameters: L = 10, R ~ 10™*m and T ~ 102K, Eq. (3.129)
yields 107°. As in the case of a small qubit, the two phonon rate is negligible compared
to the one phonon rate. In the large temperature limit equations (3.122) and (3.126)

give
2272
11:—? = %, (3.130)
which yields 107%T. Evidently, for a large qubit, one phonon processes are the domi-
nant source of decoherence at any temperature. For the numbers used above the one
phonon rate is of order 10%s7!.

A few important observations for flux qubits follow from the above results. Firstly,
acoustic decoherence should definitely be taken into account when the quality factor
as large as 10% is desired. Secondly, for small biased qubits the inelastic scattering
of thermal phonons by the qubit can become a dominant mechanism of decoherence

above 20K. Finally, the proportionality of this mechanism to the bias provides an

additional way to control the flux qubit.

3.4 Conclusion of Part 11

We have considered decoherence due to the two-phonon channel of two different sys-
tems: a particle in a double-well potential and a flux qubit. Although these two
systems are completely different, especially in size and complexity, we showed, based
upon symmetry arguments, that the decoherence rate for the two-phonon process
at elevated temperatures is obtainable, in the long-wavelength limit, exclusively in
terms of measurable parameters. For a particle in a double well potential the direct
two-phonon and Raman processes become equally important at higher temperatures

and consequently double the relaxation rate. We checked our results by taking a
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different approach to obtaining the Raman matrix elements, namely also considering
the problem in the reference frame of the double well potential. This approach sim-
plified the interaction Hamiltonian by making it linear on the quantized velocity field
u. We found that the Raman matrix elements calculated by these two approaches
were identical. For typical values of the energy splitting, the bias, and the parameters
of the solid we found that the temperature at which two-phonon processes begin to
dominate over one-phonon processes is of order 30K.

Our analysis of the decoherence time of a flux qubit showed that only small flux
qubits with angular momentum ~ 102 are sensitive to processes involving phonon
scattering. Decoherence of large flux qubits is dominated exclusively by direct one-
phonon channel. In both cases, we found the rate to be proportional to the square
of the bias which, besides temperature, allows for additional control of the system.
The novelty of our approach to computing relaxation rates lies in the fact that all our
results are free of unknown interaction constants. This presents a great advantage
to experimental verification of our findings. As a concluding remark we would like
to point out that the above mentioned methods, which were based on symmetry and
conservation of linear and angular momenta, have been successfully applied to spins
and spin clusters in various magnetic systems [96, 97] that have yielded universal

results in terms of measurable parameters as well.
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