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Abstract

Superconductivity is a result of quantum coherence at macroscopic scales. Two
superconductors separated by a metallic or insulating weak link exhibit the AC
Josephson effect: the conversion of a DC voltage bias into an AC supercurrent.
This current may be used to activate mechanical oscillations in a suspended weak
link, acting as an electromechanical resonator. As the DC voltage bias condition
is remarkably difficult to achieve in experiments, here the experimentally relevant
purely DC current bias case is analyzed thoroughly. It shall be demonstrated that
the Josephson effect can be exploited to activate and detect mechanical oscilla-
tions, eliminating the need for AC bias conditions that are generally required for
nanoelectromechanical systems (NEMS). The coupling between the electronic and
mechanical degrees of freedom may be tuned by an external magnetic field, allowing
the exploration of the Josephson effect in two distinct coupling regimes. In the weak
coupling regime, Shapiro-like plateaus and mechanically induced hysteresis loops de-
velop in the junction’s current-voltage (I-V) characteristic which allow for precision
measurements of the resonator’s resonance frequency by simple DC voltage mea-
surements. In contrast, in the strong coupling regime there are sudden mechanically
induced transitions to a zero voltage state which will be explained by energy shar-
ing between the electronic and mechanical degrees of freedom. These transitions
are intimately linked to the mechanical damping of the resonator, and may be used
to determine the junction’s quality factor, again with only DC voltage measure-
ments. It is further revealed that these sudden transitions may be eliminated by
using a setup consisting of two suspended weak links connected in parallel forming
a superconducting quantum interference device (SQUID), and tuning the external
magnetic flux appropriately. Finally, the quantum nature of Josephson junctions
is explored more thoroughly by considering Bloch-like oscillations that develop in
the junction. These oscillations, when coupled to mechanical vibrations, generate
non-classical mechanical states that are intimately linked to the quantum dynamics

of the junction.
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1 Introduction

Superconductivity is a macroscopic quantum phenomenon in which an electrical
current flows without dissipation. Below a critical temperature, electrons bind to-
gether into so-called Cooper pairs due to an effective attractive interaction mediated
by phonons. These electron pairs form a macroscopic condensate characterized by a
finite energy gap in its quasiparticle energy spectrum. The Cooper pair condensate
can thus flow without producing dissipation, leading to a zero resistance supercur-
rent [1].

A mini energy gap may open in a normal metal’s density of states when it is
placed in close proximity to a superconductor. This proximity effect is due to elec-
trons in the normal metal picking up correlations from the superconductor, resulting
in a finite density of Cooper pairs inside the normal metal [2|. A supercurrent may
then flow between two superconductors separated by an insulating or metallic weak
link, via either direct tunneling of Cooper pairs or by the proximity effect in a
phenomenon known as the Josephson effect. Brian Josephson made this surprising
discovery in 1962 when he was a PhD student and he was subsequently awarded the
Nobel prize [3]. Josephson also predicted that if a DC voltage bias is maintained
across such a (Josephson) junction, the supercurrent alternates due to interference
between the macroscopic wave functions of the two superconductors. This AC super-
current was soon observed experimentally by coupling it to external AC radiation,
resulting in new constant voltage steps in the current-voltage (I-V) characteristic
when the frequencies of the supercurrent and external radiation match [4,/5].

The proportionality constant between the supercurrent frequency and the ap-
plied DC voltage is simply 2e/h, depending only on the elementary charge e and
Planck’s constant h. This exact conversion between frequency and voltage has a
profound impact in precision metrology, with the Josephson effect providing the in-
ternationally recognised definition of the volt [6]. The Josephson voltage standard
defines one volt as the voltage that produces a Josephson supercurrent of frequency
2e/h = 483597.84841698...GHz, with Hertz being defined by the caesium frequency
standard.

Recently the Josephson effect has been extended, both theoretically and ex-
perimentally, to the case in which the weak link itself acts as a mechanical res-
onator in attempts to excite, cool and quantum mechanically ‘squeeze’ vibrational
states |7H20]. Experimental signatures of the excitation of mechanical resonances
in vibrating weak links have been reported in atomic scale oscillators produced in
break junctions [16], in torsional resonators [18] and in suspended nanowires [20].

These early observations testify the potential of current experimental setups to fully
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explore novel electromechanical effects in the context of superconductivity, but these

are rather isolated, sample specific, measurements without a systematic exploration.

In contrast to these very few observations in superconducting setups, the inter-
play between electronic currents and vibrations has been explored extensively in the
context of quantum transport through non-superconducting nanoelectromechanical
systems (NEMS). The most striking manifestations of the excitation of mechan-
ical vibrations by the electronic currents through the NEMS are the appearance
of vibrational sidebands to the Coulomb-blockade peaks in the I-V characteristic,
accompanied by a dramatic suppression of current at low bias (Franck-Condon block-
ade) when the electromechanical coupling is strong enough [21-24]. The analogous
effects associated with the strong coupling regime in suspended Josephson junctions
have never been explored so far. Moreover, the theoretical analysis of the I-V char-
acteristic of suspended Josephson junctions has so far been limited to the voltage
bias case [11H13[15]. While this is a convenient theoretical approach, it has seri-
ous limitations in addressing the response of experimental devices due to a major
constraint in the operation of Josephson junctions: their small impedance in com-
parison to that of the external circuit makes them invariably operate in the current

bias regime even if one attempts to maintain a fixed voltage bias across them [25].

Throughout this thesis, the electromechanical coupling in superconducting de-
vices will be explored extensively and, by means of numerical as well as analytical
investigations, it will be demonstrated that existing experimental setups can be used
to induce and detect high-frequency mechanical oscillations in suspended weak links

using purely DC current bias conditions.

The structure of the thesis is as follows. In chapters [2| and [3] we will briefly dis-
cuss the background theory of superconductivity and of the Josephson effect. Then,
in chapter |4, by exploiting a setup that allows one to tune the coupling strength
between electronic and mechanical degrees of freedom, the Josephson effect will be
explored in regimes that have not been studied before, revealing several new features
in the junction’s DC [-V characteristic. These features include mechanically-induced
Shapiro plateaus, a variety of new hysteretic behaviours, abrupt energy-induced
transitions to a zero voltage state and fractal-like structures. The predicted large
current range of the Shapiro plateau in particular should result in the relatively sim-
ple detection of vibrational effects and the possibility of new sensing and metrology
applications. This work has important consequences on the experimental research on
NEMS,; as high frequency mechanical oscillations may be conveniently activated and
detected in a resonator without the need for any AC equipment. Direct experimen-

tal measurements of the systems DC I-V curve suffice to unveil all the fundamental
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properties of the resonator, including its resonance frequency and quality factor.

For many applications of the Josephson effect such as in magnetometers and
qubits, rather than using a single junction, two junctions are connected in parallel
forming a loop, producing a so-called superconducting quantum interference device
(SQUID) [26},27]. An external magnetic flux penetrating the loop can then be used
to controllably alter the supercurrent flowing through the device. In chapter [5| we
will analyze SQUIDs where both weak links are suspended and may be coupled to
mechanical oscillations independently, forming a natural extension to the work of
the previous chapters. In this way, we will show that ordinary SQUID magnetome-
ters may be improved upon considerably. We will also unveil that one can choose
which of the two arms to excite, or even whether they oscillate in a symmetric or
antisymmetric mode, just by the application of the external flux.

In chapter [6] we explore the quantum nature of Josephson junctions, and in
particular their ability to produce oscillations that are a direct analogue of Bloch
oscillations in conventional electronic systems, with the DC current bias playing
the role of the external electric field. We show that, in a specific low energy limit,
these Bloch oscillations dominate with respect to the usual Josephson ones and may
be coupled to mechanical oscillations in the weak link. This allows the generation
of non-classical mechanical states that are intimately coupled with the quantum
dynamics of the junction.

The experimental realization of our theoretical proposals in state-of-the-art de-
vices is carefully discussed in each case. One paper has been published from the
work presented in chapter , focusing on the mechanically induced retrappings [28|,
while another is in the process of being submitted that will focus on the mechani-
cally induced hysteresis. Two further papers are in production that will discuss the
mechanically induced effects in SQUIDS, and due to Bloch oscillations as discussed

in chapters [p] and [6] respectively.
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2 Superconductivity
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Figure 1: The original data obtained by Kamerlingh Onnes showing superconduc-
tivity [29]. The resistance of mercury drops to zero (within experimental error)
abruptly as the temperature is decreased below T ~ 4.2K.

Superconductivity is a result of quantum coherence at macroscopic scales. In a su-
perconductor, below a critical temperature a fraction of electrons become condensed
into a ‘superfluid” which extends over the whole system. This macroscopic conden-
sate is responsible for the amazing properties of superconductors such as their zero
DC electrical resistance and perfect diamagnetism [1].

Superconductivity was discovered in 1911 when Kamerlingh Onnes first observed
that the electrical resistance of metals such as mercury, lead and tin decreased to
zero abruptly when the temperature 7' is decreased below a critical value T, as
shown in Fig. [1|[29]. The perfect diamagnetism of superconductors was discovered
by Meissner and Ochsenfeld in 1933 [|30]. They found that a magnetic field is not
only excluded from a superconductor, but that a magnetic field in an originally
normal metal sample is actively expelled when the temperature is lowered below
T.. This ‘Meissner effect’ only occurs up to some temperature dependent critical
magnetic field B.(T"), above which superconductivity is broken and the material
enters a normal conducting state.

In 1935 the brothers Fritz and Heinz London proposed a phenomenological the-
ory which produces both perfect conductivity and the Meissner effect [31]. They

5
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considered a two-fluid model which separated the total electron density n into two
contributions n = n, +ng from ‘normal’ electrons n, and ‘superconducting’ electrons
ns. The normal electron current density is given by the usual expression J,, = o, E
with a finite conductivity o,, while the superconducting current density Jg is pos-

tulated to satisfy

0Js  nee?
= E 1
at m ) ( )
2
VxJ =-"n8 2)
m

The first of these equations is simply Newton’s second law applied to a set of parti-
cles with charge —e and mass m, indicating that the superconducting electrons do
not experience the scattering mechanisms that usually give rise to a finite normal

conductivity. The second equation, when combined with Ampere’s law produces

1
2
V'B = 5B, (3)
L
which predicts that a magnetic field is attenuated inside a superconductor over the
London penetration depth A;, = y/m/ponse?, where pq is the vacuum permeability.
This is the Meissner effect. If one instead eliminates B from Eq. , a similar

equation is found for the supercurrent density

1
V3 = = Js, (4)
AL
showing that the supercurrent is confined to a thin layer at the boundary of the

superconductor.

In 1950 Ginzburg and Landau extended the phenomenological London theory
by allowing the superconducting electron density ng to vary in space [32]. They
introduced a complex ‘macroscopic wave function’ 1) which is related to the super-

conducting electron density ng by

[ o<, (5)

and is to be determined at every point in space by minimizing the free energy of the

system. By expanding the free energy in powers of |¢|? they derived the following

6
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equations for 1) and the supercurrent density Jg

1

0+ BYPY + 5 (Y — 4" A = (©)
3= L0 vy — vt — T jppa (7)
S 2mri m* ’

where m* and ¢* are the effective mass and charge of the superconducting charge
carriers, while A is the magnetic vector potential and 7 is the imaginary unit. The
parameters o and (8 are phenomenological expansion coefficients, but may be ex-
pressed in terms of physical parameters by ensuring agreement with the London
model, these expressions will be derived in section [2.2) when we discuss the Ginzburg-
Landau theory in more detail. The Ginzburg-Landau equations have a clear physical
interpretation, Eq. @ bears a similarity to the time independent Schrodinger equa-
tion except for the addition of a non-linear term, while Eq. is identical in form
to the usual probability current equation except that it describes a real electronic
current. The Ginzburg-Landau theory is able to predict important features outside
the scope of the London theory, such as non-linear effects of fields strong enough to
change ng and the spatial variation of ng, but its first major accomplishment was its

ability to treat regions where superconducting and normal domains overlap.

Despite the success of these macroscopic phenomenological theories, it was not
until the 1950s, 40 years after Onnes’ first discovery, that the basic microscopic
origin of superconductivity was first being understood. In 1950 Reynolds |33 and
Maxwell [34] independently discovered that the critical temperature and magnetic
field vary with the isotopic mass of the material mis, as Tc, Be o< 1/y/Mis. This
‘isotope effect” showed that the superfluid interacts with the ion cores of the metal
and gave support to Frohlich’s point of view that an effective interaction between
electrons arising from lattice vibrations was of primary importance in developing

superconductivity [35].

A further clue came from the precise measurements of the specific heat capacity
of superconductors Cs made by Corak et al. [36,37]. They showed that in the

superconducting state near T' = 0 the specific heat is dominated by the scaling
Cs o exp(—1.75T./T). (8)

Such a scaling implies that the quasiparticle excitations have a minimum excita-
tion energy of A(T = 0) ~ 1.75kgT.. The existence of an energy gap between
the ground state and the quasiparticle excitations was predicted earlier by Daunt

and Mendelssohn [38], and subsequently confirmed by additional experiments in

7
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electromagnetic absorption [39] and electron tunnelling [40].

Finally in 1956, Cooper showed that an arbitrarily weak attractive force between
electrons is sufficient to cause them to combine into bound pairs that lower their
total energy [|41]. These ‘Cooper pairs’ were interpreted as the primary reason
for the energy gap in superconductors and led to the development of a complete
microscopic theory by Bardeen, Cooper and Schrieffer (BCS) in 1957 [42|. The
BCS theory shows that below T., Cooper pairs condense into a macroscopic super-
fluid that extends over the whole superconductor. In terms of the two-fluid model,
these Cooper pairs give rise to the superconducting electron density ngs while the
quasiparticle excitations, having minimum energy A, act as the ‘normal electrons’
nn. In this chapter we give a detailed description of the BCS theory, followed by a
description of the phenomenological Ginzburg-Landau theory in preparation of its

use in providing a simple derivation of the Josephson effect in the following chapter.

2.1 BCS Theory
2.1.1 One Pair Problem

Following Cooper we consider a pair of electrons interacting with each other above
an inert Fermi sea. The electrons in the Fermi sea are non-interacting and serve only
to forbid the interacting pair from entering states below the Fermi level |k| < kg by
the Pauli exclusion principle. To describe a state with zero current, we will consider
a pair with zero net momentum. The pair wave function W(r) then depends only
on the relative coordinate r = r; — ry and we can expand it as a sum of plane waves

with momentum |k| > kg as follows

\IJ(I‘) _ Z gkeik-r _ Z gkeik-rle—ik.rg. (9)

[k|>kp [k|>kp

The total wave function is thus a superposition of pair states with gy being the
probability amplitude to find the pair in the state (k, —k). The Schrédinger equation

is then )

2m
where V (r) is the interaction potential and the energy F is measured from 2Fy with
FEr = h%k%/2m being the Fermi energy. Substituting Eq. @ into one obtains

(V2 +VHU(r) + V(r)¥(r) = (E + 2Ep)¥(r), (10)

(E+2FEp — 25y )9k = Z Vik 9k (11)

|k |>kp
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which is simply the Schrodinger equation in Fourier space, where g, = hi*k?/2m and

View — / V(r)ei0e)r gy (12)

Cooper chose a simple factorizable potential that captures the essential physics
Vk,k’ = /\wkwk/ (13)

where
1, for Fp < ex < By + hwp
Wk = ’ (14>
0, otherwise
indicating that electrons only interact within an energy window hwp above the
Fermi level, and interact with a constant strength A\. The Debye frequency wp is
chosen since hwp is the characteristic energy scale of phonons, and it was already

understood that the electron pairing was due to lattice vibrations. Inserting this
potential into Eq. we obtain

(E + 2EF — 25k)gk = )\wk Z W' Jk! = )\ka, (15)
K| >kp

where G is a constant given by

G= Z Wi' Gk - (16)

K'[>kp

The energy eigenvalues are calculated by inserting gy from Eq. into Eq.

to obtain the self-consistency equation

1 wi B
1= 2 55 = O(E). (17)

K[>k (51 — Erp)

The function O(F) is plotted in Fig. [2|for a one-dimensional system with N electrons
in the Fermi sea. For E > 0, singularities occur whenever E = 2(g, — Er) whereas

for ¥ < 0 the function is negative, approaching zero when £ — —o0.
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Figure 2: Plot of the function ©(E) (blue lines) for a one-dimensional system with
N electrons in the Fermi sea. Singularities occur whenever E = 2(ex — Eg )] Inter-
sections with the line 1/A give the solutions to the self-consistency equation and
thus the energy eigenvalues. Two example values of 1/\ are plotted (green lines).
The repulsive interaction 1/ > 0 gives trivial solutions for unbound pairs with a
positive energy only slightly renormalized with respect to the non-interacting case

while the attractive interaction 1/\ < 0 gives a unique bound state solution with
E < 0 (pink dot).

The solutions to Eq. , and thus the energy eigenvalues E are found from
the intersections of ©(FE) with the constant value 1/A. For a repulsive interaction
A > 0, the solutions are all positive and differ only a little from the non-interacting
results at 2(ex — Ep). An attractive interaction A < 0 also allows these trivial
positive energy solutions, but there is one unique solution at £ < 0 corresponding
to a bound state of the electron pair. Crucially, this ‘Cooper pair’ bound state exists
no matter how weakly the electrons attract.

To actually carry out the summation in Eq. and find the bound state energy

E we transform the summation into an integral over energy via the density of states

v(e)

1 fup 1
1= i V(e)E — 2€d5, (18)

where we have defined € = e — Fpr. Since hwp < FF in ordinary metals, the density

of states does not change appreciably in the thin shell from Ef to Er + hwp and we

!The singularities appear linearly spaced because we can expand ¢ = h?(kp + Ak)?/2m ~
Er + h2kpAk/m. This is valid since Ak/kr < 1 by virtue of the fact that the only terms that
enter the summation are in the thin shell Aiwp < Eg. For a one-dimensional system of length L we
then have Ak = nw/L where n is an integer, and we can write ¢, — Ep = 2mnEw/kp L = dnEwx /N
where in the last equality we have used kp = 7N/2L.

10
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can use the approximation v(e) ~ v(0). The integral is then easily carried out

- :11n<1—2@), (19)

to find the energy
2hwp

E = . 20

1 —exp(—2/v(0)N) (20)

In the case of an attractive interaction we have A = —|A|, and if this interaction is
weak (v(0)|A] < 1) the bound state energy reduces to

E ~ —2hwp exp(—2/v(0)[A|). (21)

Thus the Cooper pair bound state exists for arbitrarily small attractive interactions.
We also see that the bound state energy is non-analytical in the dimensionless inter-
action strength v(0)|\| and thus does not permit any perturbative solutions. This is
the reason why early theories by Frohlich [35] and Bardeen [43] based on a pertur-
bative treatment ran into mathematical difficulties and it took 46 years since Onnes’

discovery to develop a correct microscopic theory.

As a consequence of our choice of the interaction Vi, the pair wave function
Eq. (9) with gx given by Eq. is isotropic in real space, depending only on |r|.
A real space wave function that is symmetric means that the Cooper pair must be
in a singlet state where the two electrons have opposite spins (k 1,—k ). This
so-called s-wave pairing is the one considered by BCS theory, and is dominant in
the majority of superconductors. However, in materials with large anisotropy other
pairings such as p-wave or d-wave may be important and are thought to be crucial
in explaining unconventional superconductors with high 7., although this remains

a contentious issue [44].

2.1.2 BCS State

Motivated by the insight from Cooper’s analysis, Bardeen, Cooper and Schrieffer
(BCS) considered a many-body wave function where all electrons take part in the
pairing process. Following their lead we use the formalism of second quantization
and consider a ground state where each singlet pair (k 1, —k |) has a probability
amplitude uy to be unoccupied and amplitude vy to be occupied. For simplicity we

take uy, and vy to be real, and by probability conservation we must have uf +vg = 1.

11
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The BCS state is then

IBCS) = [ J(u + viecfipct ) 10) (22)

k

where |0) is the vacuum while CLU and ¢y, are creation and annihilation operators for
fermions with wavevector k and spin o. These satisfy the usual anti-commutation

relations

{Ck0'7 ck’a’} = 07 (23)
{C;[(cﬂ CI]L(’O"} = 07 (24)
{Ckm CLUI} = 5kk/500’7 (25>

where 0;; is the Kronecker delta. Around the same time that BCS were working
on their theory, Schafroth, Blatt and Butler (SBB) attempted a description of the
superconducting state as a Bose-Einstein condensate of electron pairs [45]. This is
a nice qualitative idea but is not completely correct as can be shown by considering

the commutation relations obeyed by the pair operator by = c_x cit

[bk7 bk’] = 07 (26)
[bl, ble] = 0, (27)
[bx, blu = O (1 — 1 — n_ey)s (28)

where ny, = cleck(, is the number operator. These are not the commutation relations
required by Bose-Einstein statistics, in fact the Pauli principle acting on individual

electrons is evident from the fact that (b )2 = 0.

The only interaction processes which have a non-vanishing amplitude on the
ground state |[BCS) are those which preserve the pairing structure, scattering a pair
from (k' 1,—k’ |) into (k 1, —k |). Considering only these processes we have the

effective BCS Hamiltonian

Hpcs = Z ExNk,o + Z Vk,k’CLTCT,kJ,C—k"LCk’T- (29)
ko Ik

Following the approach of Bogoliubov [46| and Valatin [47] we perform a mean field

analysis of Hgcs and diagonalize the resulting Hamiltonian to find the ground state

12
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energy and the quasiparticle excitation spectrum. The mean field Hamiltonian is

H]g/[c_g - MCPN = Z(gk = Hep) Tk o (30)
ko
+ Z ka/ <<C-|l-{TCkT>CT—k’\LC*k/\L _'_ <CT—k/J/ka/\L>CI(TCkT>
KK’

+ > Viaw <<CJIF<TCT—kJ,>C*k’iCk’T + <C*k’ick’T>cLTCT—k¢> :
kk’

where (...} are expectation values taken on [BCS), N = 37,y is the total particle
number operator and we have introduced a chemical potential p.,. Using Eq.

the ‘normal averages’ in the second line are found to be
(choCro) = Vi (31)

and contrary to the non-interacting ground state, the BCS state allows non-zero

‘anomalous averages’

(caqeir) = (el ) = mave. (32)

The mean field Hamiltonian then becomes

Hg[ég — ,uCpN = Z 8~knk0 — Z <AkCLTCT—k¢ + Af{c_kwl@) s (33)
ko k

where we have introduced
€x = €k — Mep T Z UIQ{/Vk,k/, (34)
k/

and
Ak = — Z Vk,k’<c—k/¢ck’T>' (35)
k/

Thus we see that the normal average terms simply renormalize the single particle
energies while all the interesting behaviour will result from the anomalous terms.
Our task is then to diagonalize this mean field Hamiltonian, i.e. to put it in the

form

H]I;/[Cg - MCPN = Egs + Z Ek%ta'Vkm (36)
ko

where Egg is the ground state energy and 7y, is a new quasiparticle operator de-
scribing particles with an energy spectrum Fj. It is important to realize that adding
an electron to |[BCS) in the state k 1 is equivalent to removing an electron from the

state —k | except that the total number of pairs differs by unity. Based on this
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2 SUPERCONDUCTIVITY

idea, Bogoliubov and Valatin independently introduced the following operators
(37)

Tkt = UkCkt — VkCy s

Y-k| = UkC—x| t+ Uk Cieq-

One can readily check that as long as the condition ui + vZ = 1 is preserved, these

operators obey the anticommutation relations
{'Vkov 'Vk’a’} =0, (39)

{’711(77 ’7]1’0-’} = 07 (40>

(41)

{’Ykav 7}1/0'} = 6kk’600’7

and thus describe fermions. We can now express the Hamiltonian in terms of these

operators and then diagonalize the syste. The terms proportional to vy and i~
can be forced to vanish by imposing the following condition on uy and wvy
2¢
= —kukvk (42)

Together with uf +v = 1 this completely determines uy and vy. The latter condition

can be imposed by writing
1 5
2 (14 =X 4
1 5
A () . 44
and Ey is then determined by Eq. (42)), yielding
(45)

Ey =/& + AL

With this choice of parameters, our Hamiltonian is diagonalized in the form Eq.

and the operators ’Ylta /7o create/annihilate quasiparticles with energy F.
The ground state energy measured relative to ,uCpN is given by
A2
Fag=—) ——k 46
s == (46)

k

Thus we see from Eq. that a finite Ay can be interpreted as a gap in the quasi-

2This is now a common-place treatment of many-body systems, known as a Bogoliubov or

Bogoliubov-Valatin transformation, although it was first developed in this BCS context.
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particle energy spectrum, and from Eq. that the existence of this energy gap
causes the total energy of the ground state to be reduced below the non-interacting

value Egs = 0. The last thing to do is solve for Ay from the definition Eq. (35).

One obtains

A t t
s (1= (ermer) = Oeen) (47)

Ay = — Z Vi
k/
the operator ’yfwfykg is just the number operator for the fermionic quasiparticle, and

as such its expectation value in thermal equilibrium is given by the Fermi-Dirac

distribution .

1 —
(Vio Vi) = CE/kol 1 1 (48)

Eq. then becomes

Ak/ Ek/
A = — / h . 4
k ; Vk,k 2Ek/ tan (2/63T> ( 9)

This is the BCS gap equation which determines the energy gap when the form of

interaction is specified. Using the simplified attractive interaction

—|A|,  for |&x| < hwp
Vi = (50)
0, otherwise

we see that the right hand side of Eq. no longer depends on k and thus A, — A.
We can solve the equation by transforming the summation into an integral over the
density of states v(£) and again making the approximations v (&) ~ v(0) since we

operate only in a thin shell around the Fermi energy. We obtain

1 /E“D tanh (V&2 + A?/2kpT) I
67
VOIAL S e 2WE + A2

which is easily solved in the 7" = 0 limit by performing the change of variable

(51)

¢ = Asinh(z), yielding

Fuw
A(0) = —Dl (52)
sinh <—u(0)\/\|>
In the weak coupling limit v(0)|A| < 1 this reduces to
A(0) = 2hwp exp(—1/v(0)|\]) (53)

which is very similar to Eq. originally obtained by Cooper.
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000002 04 06 08 10 12 14

k/kp

Figure 3: The quasiparticle energy spectrum FEj from Eq. sketched for A/ Ep =
0.2 (green line), compared with the non-interacting case (dashed blue line). In the
superconducting state an energy gap of size A opens at the Fermi energy.

With A determined, the quasiparticle energy spectrum and ground state energies
are fully determined from Egs. and (46). The energy spectrum E(k) is plotted
in Fig. [3 one sees that it differs from the non-interacting case by the small energy
gap A that opens at the Fermi level. Thus there is always a finite energy to pay in
order to create excitations, explaining the observed gap in absorption and tunneling
experiments. Most importantly, the superfluidity is explained as there is now a
critical phase velocity v. and thus electronic current density J. = —ngev. below

which there is no dissipation. This critical current density is given byﬂ

E A
J. = —nsemin (h—i> = —nse%. (54)

2.1.3 Critical Temperature

Eq. gives the full temperature dependence of A(T") and allows one to determine
the critical temperature T, above which A(T) becomes zero and superconductivity

is destroyed. Setting T'= T, and A = 0 and performing the integral yields
kgT, ~ 1.13hwp exp(—1/v(0)|\|), (55)

which when combined with Eq. produces the very useful expression

A0)
kT,

~ 1.764, (56)

3Note that the effects of the pairing on ng — ns/2 and e — 2e cancel eachother.
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which is well confirmed experimentally. The full temperature dependence of A(T")
must be calculated numerically from Eq. but close to T, it can be expressed

conveniently in terms of T, as

A(T) T\
20~ 1.74 (1 - 7) . (57)

The full temperature dependence and this approximation near 7. are both plotted
in Fig. [

1.0}

0.8}
A(T) 0.6
A0) g4

— exact
0.2 1.74(1 — T/T.)'/?
0.0%, . . . . .
0.0 0.2 0.4 0.6 0.8 1.0

T/T.

Figure 4: Temperature dependence of the superconducting energy gap A(T'). The
exact dependence from numerically solving Eq. is plotted in blue, while the
analytical solution Eq. valid near T is plotted in orange.

2.2 Ginzburg-Landau Theory

The microscopic BCS theory works excellently in cases where the energy gap A is
constant in space but there are many cases where there is spatial inhomogeneity such
as at interfaces between normal metals and superconductors. In these cases the full
microscopic theory becomes very difficult and we must use the more macroscopic
Ginzburg-Landau (GL) theory. In any case, in 1959 Gor’kov 48| showed that BCS
theory reduces to the GL theory at temperatures sufficiently close to T.. We shall not
follow the derivation of Gor’kov but instead postulate the theory phenomenologically
as was originally done by Ginzburg and Landau.

They introduced a ‘macroscopic wave function’ ¥ (r) whose squared modulus is

equal to the density of superconducting carriers n;}

[ = ng. (58)
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Since the charge carriers are Cooper pairs, the density n is related to the density
of ‘superconducting electrons’ ng considered by the London brothers by n¥ = ng/2.
Gor’kov showed that |i|* is proportional to the local value of the energy gap A(r)
within the BCS theory, with a complex phase arising from the phase difference
between the generally complex parameters uy, vx. This wave function is then to
be determined at each point in space by minimizing the free energy of the system
S fsd®r. They focused on the region T' ~ T, and expanded the free energy density f;
as a function of ¢y around the normal state value f,,. The phase of ¥ is unobservable,
so that the free energy should depend only on |¢)|. Furthermore, to keep the first
derivative continuous at 1) = 0, only even powers of |¢| are included. We thus write
the free energy density as

1 B2

[(—ihV — ¢*A)Y[* + 2’ (59)

fu= futoloP + Sl + o
where a and [ are phenomenological expansion coefficients to be given an exact
form soon. This expression also includes the kinetic energy of the charge carriers
with mass m* and charge ¢*, and the energy of the magnetic field B. The kinetic
energy term is modified to the usual gauge invariant form using the magnetic vector
potential A. For now we will leave ¢* and m* unspecified but the BCS theory
gives their values as ¢* = —2e and m* = 2m as expected since the carriers of the
supercurrent are Cooper pairs.

Deep in the interior of the superconductor, it is screened from any surface fields

or currents and the free energy takes the simple form

fu o =l + St (60)

We can then determine [)|? by minimizing this quantity. Clearly to obtain a physical
solution 8 must be positive or the minimum would occur for arbitrarily large values
of |¢|*. Minimizing Eq. then gives the following solutions

[¥|* =0, (61)

a
WP =—=. (62)
g
If & > 0 then the only real solution is [¢)|* = 0 which corresponds to the normal
state with ng = 0. On the other hand, if a < 0, the [¢)|> = 0 minimum becomes
unstable and a new stable solution develops at ||*> = —a//3, which corresponds to
a superconducting state. This situation is illustrated in Fig. [f] Clearly then, as «

transitions from positive to negative there is a second order phase transition where
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Figure 5: Sketch of f; — f,, the difference in free energy between the normal and
superconducting states, as a function of the macroscopic wave function ¢ for v > 0
(T'>1T.) and o < 0 (T < T¢). The pink dots indicate the equilibirum solutions,
which for a > 0 is the normal state |1)|> = 0 and for a < 0 are the states [¢|* = —a/3
with non-zero density of superconducting carriers.

superconductivity emerges. From what we know about superconductors, we expect
a to be a function of temperature, which decreases below zero as the temperature

is lowered below T..

The free energy difference f, — f,, in the superconducting state is then obtained
by inserting Eq. into Eq. obtaining

o? B?
fs_fn—_%—_zuo- (63)

Here we have also used the definition of the critical magnetic field B, that destroys
superconductivity. We thus have in Eq. a relation between «, 5 and B.. From
Eqgs. and we also deduce n} = —«/f so that we can express a and  in

terms of the physical parameters B. and n} as

2
a=— Be , (64)
HoTvy
BZ
= Mog’&. (65)

It is more common to write these in terms of the London penetration depth A;, =
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Vv m* [ uoniq? as follow.

S (66)
ms
poBEALG™

f=—0 (67)

In the general case with fields, currents and gradients, |1|> must be calculated
by minimizing the total free energy [ fod®r with f, given by the full expression Eq.
(59). Using standard variational techniques this leads to the GL equationsﬂ

b+ Bl + o (iRV — A =0, (65)
3= I i - v - Djpa (69)
* 2mri m* '

The first of these is similar in form to the time-independent Schrédinger equation
except for the addition of a non-linear term, while the second equation is identical
in form to the usual probability current equation, except that it is multiplied by the
charge ¢* so that it describes a real electronic current. In fact by writing ¢ = [1]e?,

this equation takes the simple form
_ q* 2 * _ 2k
3= LjpP(hve - g A) = [wPg'v,, (70)
with the identification of the kinematic momentum m*vy = AVH — ¢*A.

2.2.1 Coherence Length

Let us look at the differential equation in the case where there are no fields
A = 0. In this case the differential equation has only real coefficients so that we can

choose 9 to be real. We also non-dimensionalize the wave function as 1) = /1)y,

where 2, = —a/ > 0. In one dimension we obtain
s d%ﬂﬁ—zﬁ?’—o (71)
2m*|a| da? -

It is then natural to define the characteristic length scale £(7T") as follows

h2
" 2m*|al

¢(T)

(72)

4This definition of \;, agrees with the one introduced by the London brothers if we take ¢* =
—2e, m* = 2m and n} = ng/2 since our charge carriers are Cooper pairs.

5These equations were already briefly introduced in Egs. @ and but I reproduce them here
for ease of reference.
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So that Eq. becomes

() +i—v* =0, (73)

from which it is clear that £(7"), named the Ginzburg-Landau coherence length, gives
the length scale over which variations of 1 occur. For example, at a superconductor-
normal metal interface, 1) does not immediately drop to zero as we cross from the
superconductor to the normal metal but instead continuously decreases to zero over
the length scale £(7"). This implies that the normal metal adopts some supercon-
ducting behaviour when in close proximity to a superconductor. This proximity
effect was first discussed in a pioneering paper by De Gennes [2]. We explore this
further in the following section and see how this gives rise to the Josephson effect

in superconducting weak links.
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3 Josephson Effect

In 1962 Josephson carried out an analysis of tunneling processes in a system of two
superconducting electrodes separated by an insulating barrier [3|. This led to his
remarkable prediction that a zero voltage supercurrent may flow between the two
electrodes due to the tunneling of Cooper pairs through the insulating barrier. This
supercurrent I is strongly dependent on the phase difference ¢ = 6y — 6, where
0, and 0y are the phases of the macroscopic wave functions in the two electrodes,
through the simple relation

I = I sin ¢, (74)

where I, is a sample dependent critical current. He also predicted that if a voltage

bias V' is maintained between the two electrodes, then the phase ¢ should evolve as

=2y (75)
so that the supercurrent becomes AC with the frequency 2eV/h. This so-called
Josephson effect was first confirmed experimentally the following year by Anderson
and Rowell in the zero voltage case [49], while Shapiro soon after confirmed Eq.
in the finite voltage regime [4}5].

While the Josephson effect was first predicted from a microscopic analysis of
tunneling in superconductor-insulator-superconductor (SIS) junctions, it soon be-
came clear that it was much more general, occurring whenever two superconductors
are connected by a "weak link". This weak link may be a normal metal, forming
superconductor-normal-superconductor (SNS) junctions, as a result of the proximity
effect [51], or even a short, narrow constriction in an otherwise continuous supercon-
ductor, forming superconductor-constriction-superconductor (SCS) junctions, also
known as Anderson-Dayem bridges |50]. The fundamental equations and
remain valid in each of these cases. In what follows, we present a very simple deriva-
tion of the Josephson effect that follows directly from the Ginzburg-Landau theory,
which is general enough to describe all these different weak link structures, rather
than do a microscopic tunneling calculation as originally carried out by Josephson

himself.

3.1 DC Josephson Effect

We consider two superconducting electrodes separated by a short link of length [

and apply the Ginzburg-Landau theory. The one dimensional Ginzburg-Landau
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equation is -
2 4%
da?

where we recall that ¢ = /1), is the order parameter in units of ¢, which is the

E—+v—9° =0, (76)

equilibrium value deep inside the superconductor. Assuming that the superconduct-
ing electrodes are in equilibrium and there is a phase difference ¢ between them,
we must then solve Eq. subject to the boundary conditions ) = 1 at = 0
and ¢ = exp(i¢) at x = [. The first term of this equation is larger than the other
terms by a factor (£/1)? so that in the limit [ < ¢ this equation simply reduces to
Laplace’s equation d*y /dz? = 0. Fixing our boundary conditions we obtain as a

solution
V= (1—x/l)+ (x/1)e". (77)

This has a very simple interpretation, with the first bracketed term giving the spread
of the order parameter with phase zero from the first superconductor and the second
term giving the spread of the order parameter from the second superconductor with

phase ¢.

Now that we know the value of the order parameter we can find the supercurrent
density Js flowing through the weak link by simply inserting this expression into the
Ginzburg-Landau expression Eq. which is expressed in terms of ¢ as

1,12
i [bPve. (78)

m*e m*

g e <¢*dw dw*> _ 2ehyd,

where 6 is the complex phase of 1) = || exp(if) and we have used ¢* = —2¢ as the
charge of a Cooper pair. Inserting our solution we obtain

_ 2eh?

Js s Sl o, (79)

which upon multiplying by the cross-sectional area of the weak link .S, yields the

supercurrent I and thus the Josephson expression

I = I sin ¢, (80)
with the critical current 2ehi?. S
e
1. = x* 81
m* | (81)

The modulus square || and phase 6 of the solution Eq. are plotted in Fig.
|§| for various phase differences ¢. One can see from Eq. that the supercurrent

is a product of the two factors |1|?, proportional to the Cooper pair density in the
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Figure 6: Plots of the modulus square |)|* and phase 6 of the solution Eq. (77))
for the normalized order parameter v, with several values of ¢, the phase difference
between the superconducting electrodes. In the two electrodes at z < 0 and x > [
we have [¢)|> = 1 while in the weak link 0 < 2 < [ the order parameter is reduced
but generally non-zero, this is the proximity effect that gives rise to the Josephson
effect. The phase 0 evolves from § =0 at z <0to 6 = ¢ at © > [.

weak link, and V6, proportional to their effective velocity. From Fig. [] we can then
interpret the sinusoidal Josephson relation Eq. . When ¢ = 0 there is a high
number of carriers [|? but with zero velocity Vé so there is no supercurrent. When
¢ = 7 there is a high velocity, but in the middle of the weak link where the carrier
number is zero. However between these two extremes both [¢)|> and V6 are finite so

that a supercurrent can flow, reaching a maximum at ¢ = 7/2.

The fact that I. scales with the length and cross sectional area of the weak link
exactly as S/l is an important result that is confirmed experimentally. In fact I.
scales in exactly the opposite way as the normal state resistance R = p,l/S, where
pn is the normal state resistivity. Thus I.R = 2ehp,1)2 /m* is an invariant quantity
that does not depend on the weak link dimensions, and is named the characteristic
voltage. Ambegaokar and Baratoff [52| derived the following exact value for this

I.R product for SIS tunnel junctions using BCS theory
I.R = (mA/2e) tanh(A/2kgT), (82)

which at T" = 0 reduces to I.R = wA(0)/2e. This same formula applies for short
constriction weak links except for a small pre-factor of order one [54,55|. However
for SNS junctions I. decreases exponentially with the thickness of the normal layer
[ as exp(—1/&,), where &, = hvp/27kgT is the normal metal coherence length. The
characteristic voltage I.R can thus be lower than the ideal value given in Eq.

by this same exponential factor.
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3.2 AC Josephson Effect

In order to derive the AC Josephson effect Eq. , we employ an alternate deriva-
tion due to Feynman [56]. Again we consider two superconductors, with a bias
voltage V' between them and separated by a thin weak link. We denote the effec-
tive wave functions of the two superconductors as ¢, and ¥g respectively and write
down a two level system. Defining the zero point of potential to be between the two
electrodes, a Cooper pair in 7, has an electrostatic energy (¢ | H 1) = eV, while a
Cooper pair in ¢ has an electrostatic energy (¢g| H |1)g) = —eV. Here H is the ef-
fective Hamiltonian of the system. We also introduce the probability amplitude for a
Cooper pair to transition between the two states as (¢Yg| H |r) = (Y| H |[vg)" = K,
which may be due to tunneling or direct conductivity. For more generality we can
account for the effects of a magnetic field by including a vector potential A, in this
case the transition amplitude is modified from the zero field value K, by a correction
K =K, exp(+i2§ J A -dl) in accordance with the usual laws of quantum mechan-
ics [57], where the line integral is taken from the left electrode to the right one. The

time dependent Schrodinger equation is then

Uy, eV Kyexp —z—fA dl) U,
h— = . . (83)
YR K, exp(+@%e JA-dl) —eV YR

Denoting the phases of the two superconductors as 6, and 6y, as well as their Cooper
pair densities as ny, and ng, we can make the substitutions ¢, = \/nr exp(if.) and
Yr = /nrexp(ifr). The following four equations are then obtained by matching
the real and imaginary parts of the two complex equations in Eq.

dgL_ eV KO
E__f_F/nL (¢——/A dl) (84)

dn 2K, .
d—tL = +T° nLng sin (¢ - = / A dl) (85)
dGR o eV KO nr
T 7\/@‘“@ —/A 0“) (86)
dn 2K )
d_tR = _TO npng sin (gb - — /A dl) (87)

where ¢ = 0z — 01,. From these equations we can calculate the current flow, being
proportional to dng/dt = —dny/dt. In reality the two electrodes are connected by
a battery so that extra terms should be added to Eqgs. and (87) which keep
ng and ny constant, but our expression for dng/dt still gives the change due to the

flow of current through the weak link. Assuming the superconductors are similar
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we can set ng = ny, = n which produces

an . 2K0
o hnsm(gb— /A dl> (88)

This is proportional to the total electronic supercurrent so that we obtain

IS:ICsin(gzﬁ—Z—he/Adl), (89)

where I, is a critical current that is highly sample specific, depending on Ky, n
and the weak link geometry. This is the Josephson relation Eq. except that
the argument of the sine is no longer the real phase difference ¢ = g — 0, but a

gauge-invariant phase difference

¢——/A dl. (90)

This same modification can be obtained from the Ginzburg-Landau equations by
keeping the full gauge invariant gradient expression (—ihAV — 2eA).

From Eqgs. and we can now see how the phase difference evolves in time
when a voltage bias is applied

do_ d 2

which is the AC Josephson relation Eq. . We can write both the Josephson

relations in terms of the gauge-invariant ¢ as

I, = I.sinp, (92)

i—‘f 2e (V——/A dl) (93)

In what follows we will make extensive use of these equations. In the absence
of external electromagnetic fields A = 0, ¢ = ¢ and we recover Egs. and
, however when we begin applying external fields and coupling to mechanical

oscillations the correction to Eq. will play an important role.

3.3 RCSJ Model

The ratio between the frequency of the supercurrent and the voltage across the weak
link as given by the Josephson relation is very large, 2¢/h ~ 3 GHz uV ™', so that

Josephson oscillations in real experiments typically have very large frequencies of
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order GHz—THz. At such high frequencies the external circuitry, such as wires and
contacts, has a very large impedance compared to the Josephson junction itself. If
one then attempts to apply a voltage bias across the junction, most of the voltage
drop occurs over the external circuit leaving the actual voltage across the junction
hard to control. However, the current is very well defined so that the vast majority
of Josephson junction experiments are done assuming a current bias rather than a
voltage bias [25]. Under this assumption, Eq. remains valid except that the

voltage V' is now a dynamic variable that develops naturally due to the current bias.

From Eq. we see that the supercurrent has a maximum amplitude I, it
is then clear that given a certain DC current bias Ipg, if Ipc < I. then all the
applied current can be carried by a supercurrent, but if we have Ipc > I. there
must arise additional current components. In 1968, the resistively and capacitively
shunted junction (RCSJ) model for current biased Josephson junction dynamics
was introduced separately by W. C. Stewart [58] and D. E. McCumber [59]. This
model describes an equivalent circuit consisting of three parallel current channels: a
pure supercurrent I.sin ¢, a normal current V/R with effective resistance R and a
displacement current C'dV/dt where C'is the capacitance between the two electrodes.
In contrast to the other current components, the displacement current is not carried
by real electrons through the weak link but is a result of charge accumulation at the
electrodes. Current conservation then yields the following equation

[DC:[CSincp—i—%—i-C%, (94)
where Ipc is the DC bias current and V' is the voltage across the junction which is
generally time dependent. This voltage drop is related to the phase ¢ by Eq. (93),
inserting this into Eq. produces the following second order differential equation

for ¢. ,
[DC:]Csingont%i—va%in. (95)
which is the main equation we will use to model Josephson junction dynamics. For
bias currents Ipc < I., one can see by inspection that there is a solution with
constant phase difference ¢ = arcsin(/pc/I.) where all the bias current is taken
by the supercurrent channel and there is zero voltage drop across the junction.
However, the supercurrent has a maximum amplitude I, so that for bias currents
Ipc > 1., some of the current must be taken by the normal and displacement current
channels, which involves developing a finite voltage. In this finite voltage state ¢

evolves with time due to Eq. and the supercurrent becomes oscillatory.
We can simplify Eq. by introducing a dimensionless current ipc = Ipc/I.
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and time 7. = w.t where w. = 2el.R/h is the characteristic frequency corresponding

to a voltage I.R
iDC = sin (2 + gO + ﬂcﬁp (96)

Here f refers to the derivative of f with respect to 7. and 8. = w.RC' is the Stewart-
McCumber parameter that can be expressed as the ratio 5. = |Zr|/|Zc|, where
Zr = R and Z¢ = —i/w.C are the impedances of the resistive and capacitive
channels at the frequency w,, respectively. In the finite voltage state the oscillatory
supercurrent must be compensated by either the resistive or capacitive channels in
order for the total current Inc to be constant. In the regime . < 1 the supercurrent
is mostly compensated by the resistive channel, while in the regime £, > 1 it
is mostly compensated by the capacitive channel. The voltage drop across the
junction is now conveniently expressed in units of the characteristic voltage I.R by
o =V/I.R.

3.3.1 Washboard Analogy

Before proceeding we consider an illuminating mechanical analogy. Our equation of
motion Eq. is identical in form to the one governing a particle of mass (%/2¢)*C

moving along the ¢ axis in the ‘tilted washboard’ potential

Ulp) =—FE; (cosgo + [IDC <p> , (97)
c
under the effect of a drag force (h/2¢)?(1/R)dy/dt, where Ey = hl./2e is the Joseph-
son energy. The washboard potential U(y) is plotted in Fig. [ In this analogy
the bias current Ipc is proportional to the tilt of the washboard potential, while
the voltage is proportional to the velocity of the particle dp/dt by Eq. . For
bias currents Ipc < I. the washboard particle can be trapped in a local minimum
¢ = arcsin(Ipc/I.) where it has zero average velocity corresponding to the super-
conducting (zero voltage) state. However, the particle oscillates in the potential
minimum for a while before coming to rest. One can show by expanding U(y)

around a minimum that these oscillations have a frequency
Wose = wp[l - (IDC/IC)2]1/47 (98>
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Figure 7: The tilted washboard potential U(p) which serves as a mechanical analog
for the RCSJ model Eq. . The tilt of the washboard increases with increasing
current Ipc. When Ipc < I, there are local minima in which a particle may become
trapped, corresponding to a zero voltage state of the superconducting system. When
Ipc > I, there are no local minima and the particle may freely roll down the
washboard, corresponding to a finite voltage state.

where w, = (2el./hC)Y/? is the Josephson plasma frequencyﬁ and unless Ipc is very
close to I. we can approximate wes. =~ wp. This plasma frequency is an impor-
tant quantity used frequently in the literature, especially in the context of thermal

fluctuations where the particle never comes to a complete rest in the local minimum.

In contrast, for bias currents Ipc > I. there are no local minima and the parti-
cle rolls down the washboard with a finite velocity corresponding to the dissipative
(finite voltage) state. In reference to this mechanical analogy, the zero and finite
voltage states will often be referred to as the ‘trapped’ and ‘running’ states respec-
tively.

The meaning of . becomes evident by considering that damping occurs over a
time scale given by the mass of the particle divided by the drag coefficient, which
amounts simply to the RC product of the junction. The Stewart-McCumber pa-
rameter [, is then the ratio of this time scale over 1/w,, the time scale over which
the particle progresses by a ‘distance’ Ap = 27, corresponding to the separation
between two successive local minima of the washboard potential. For this reason
the regimes . < 1 and . > 1 are referred to as the overdamped and underdamped

regimes respectively.

6Named because these oscillations about the potential minima produce voltage, and thus charge,
oscillations. Although this Josephson plasma frequency should not be confused with the usual bulk
plasma frequency.
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3.3.2 Overdamped Regime, . < 1

In the overdamped regime 5, < 1, the impedance of the capacitive channel domi-
nates over the impedance of the resistive channel leading to a negligible displacement
current. In this limit Eq. reduces to the first order equation

Ipc = I.sinp + %i—f (99)
In the running state, the AC supercurrent is thus compensated by a resistive current
(and therefore voltage) which has an average value Ipc but is highly oscillatory, as
shown by the numerical solution in Fig. (a). In the washboard analogy the highly
oscillatory voltage is a result of the particle’s velocity being modified considerably
during one cycle Ay = 27 due to the large damping.

Fig. [§(b) shows the DC component of the voltage (V) as a function of DC bias
current Ipc i.e. the junction’s I-V characteristic. When Ipc < I, the trapped state
(V) = 0 is the only solution but when Ipe > I. the system enters a running state.
One can solve for the time average voltage (V) in the running state by integrating
Eq. to determine the period of time T required for ¢ to advance by 27 and
then using the relation 2e(V)/h = 27/T. The integral may be carried out either
through the substitution u = tan(¢/2) or by employing Cauchy’s residue theorem,

and after a lengthy calculation one obtains

(V) = Ry\/I3. — I2. (100)

Which shows that (V') varies smoothly from (V) = 0 for Ipc < I. to Ohmic be-
haviour (V') = IR for Ipc > I..

3.3.3 Underdamped Regime, 5. > 1

In the underdamped regime (. > 1, the impedance of the resistive channel dom-
inates over the impedance of the capacitive channel so that the AC supercurrent
is compensated by the displacement current. This results in a normal current /
voltage which is predominantly DC with only a small AC component, as shown by
the numerical solution in Fig. [9(a).

The corresponding I-V characteristic is plotted in Fig. [9b). Similarly to the
overdamped case, upon increasing Ipc from zero, the system remains in the trapped
state until Ipc > I. at which point the system enters a running state. However,
in contrast to the overdamped case, the voltage does not change continuously from

zero but jumps to a finite value (V') &~ I.R corresponding to the terminal velocity of
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Figure 8: (a) Numerical solution of Eq. (95) with ipc = 1.2, 8. = 0.1 showing
overdamped (f. < 1) behaviour. The impedance of the capacitive channel dominates
so that the AC supercurrent sin ¢ is compensated by a strongly AC normal current
¢, with a negligible displacement current S.p. All currents are given in units of I..
(b) Corresponding I-V characteristic calculated numerically, again with §. = 0.1.
The analytical expression for this curve is given by Eq. .

(a) (b)eo .
0 —— Increasing current
' —— Decreasing current
1.5
0.5 I,
—_— s.in © vy, 0
0.0 T
° I.R
Bep I;
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1.0
wel ipc = Ipc/le

Figure 9: (a) Numerical solution of Eq. with ipg = 1.2, 5. = 10 showing un-
derdamped (. > 1) behaviour. The impedance of the resistive channel dominates
so that the AC supercurrent sin ¢ is compensated by a strongly AC displacement
current (., leaving a normal current ¢ that is predominantly DC with a small AC
component. All currents are given in units of I.. (b) Corresponding I-V characteris-
tic calculated numerically, again with §. = 10, showing hysteresis behaviour where
the increasing and decreasing current paths access different states.
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Figure 10: (a) The washboard potential U(yp) plotted in three different current
regimes, with filled and unfilled circles representing possible trapped and running
states respectively. When Ipc < I, there exists only a trapped (zero voltage) state
and when Ipc > I. there are no potential minima and there exists only a running
(finite voltage) state. However if the junction is underdamped, I, # I., and there
is a regime I, < Ipc < I. where there exists both a trapped and a running state.
(b) The I-V characteristic of an underdamped junction with circles corresponding
to the states labeled in (a).

the washboard particle. Even more striking is the presence of a hysteresis whereby if
the current is reduced from above I. the system remains in the running state until a
lower ‘retrapping current’ I, is reached. This hysteresis is most easily understood by
referring again to the washboard analogy. The washboard potential U(y) is plotted
again in Fig. [I0|(a) alongside the hysteretic I-V curve in Fig. [10[(b). Similarly to
the overdamped case we see that there are the usual trapped and running states for
Ipc < I. and Ipc > 1. respectively. However due to the low damping there is the
new regime I, < Ipc < I. in which there is both a trapped solution and a finite
voltage running solution in which the particle has enough inertia to make it over the
potential barriers without becoming trapped. The initial conditions decide which of
these two solutions is chosen, leading to the observed hysteresis loop. To calculate

the important current value I, we must first discuss the energy stored in the system.

3.3.4 Energy

The total energy supplied by the external current Ipc over some time period is given
by the integral [ IpcVdt. Using the RCSJ model Eq. we can find how this

energy is stored in the system. We obtain

_ V2 dVv
IncVdt = [ (I.sinp)Vdt + Edt—k OEth’ (101)

where the first and third terms on the right hand side give the energy that is stored by

the supercurrent and displacement current, while the second term gives the energy
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dissipated by the normal current. Carrying out the integrals using the Josephson
relation Eq. we obtain the total energy stored as

hilnc I W
5 ¥ / Rdt 20V Ejcosp (102)

When the system reaches a steady state, the total energy supplied by the bias
current over one cycle must be dissipated over this same period, leaving a stored
energy that has a constant average value but that is generally time dependent. In
the washboard model, the capacitive and supercurrent energies are interpreted as
kinetic and potential energies respectively. Note that the term —hlpcp/2e appearing
in the washboard potential Eq. should be interpreted as the energy supplied

by a constant external force.

3.3.5 Retrapping Current

We can derive an expression for the retrapping current I, in the underdamped case
by using a simple energy argument. In terms of the washboard analogy, at the
retrapping current, a particle infinitesimally close to rest » = 0 at a potential
maximum ¢ = —m will just reach the next potential maximum ¢ = +m where it will
again have zero velocity. Reducing the current any further will raise the potential
barrier, forcing the particle to become trapped. At the potential maximum then
V = 0,0 = 7 and the energy from Eq. is £ = Fj. If we now make the
approximation that E does not vary much during one cycle, which is true in the
underdamped limit, we can assume the total energy is constant at Ej and thus give
the voltage in terms of ¢ from Eq. as

VZ= 2—gJ(l + cosp). (103)
The retrapping energy is then calculated by ensuring that the total energy supplied

as the particle goes from ¢ = —7 to p = 4+ is completely dissipated

T T 2
/ LVdt = / Vo
0 0 R

RI, (7 . dt TR dt
L= [ Lyvedy
26/ Spdgo v / QeRVgodgo >

™ ™

whl,  h  [2B, [*T
LY V1 d
2R\ C / _ viTcospdy,

e

4 [|Ej

T xRV O
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where the integral has been evaluated using the double angle formula. Using the
definition of Ej one may then show that the fraction I,/I. depends only on f.

through the simple relation

4
I =——1I,. 104
— (104)

3.4 Finite Temperature Effects

So far we have not included any effects of thermal currents in our RCSJ model, but
they can be included straightforwardly by adding a Johnson-Nyquist noise current
term 1(t) to Eq. as follows

. , h de hCd%*p
I I(t) =1, —_——t ——. 105
po +1(?) Sm@jLQeRdt—FQe dt? (105)
This noise current should satisfy the usual correlation function
. 2kgT
(L)1) = ; ot — 1), (106)

where §(t — t') is the Dirac delta function. This equation assumes that the noise is
a Gaussian uncorrelated process, meaning that at each point in time I (t) takes on a

random value given by a Gaussian distribution with zero mean and a finite variance

2

Ooise

given by
o 2ksT

Onoise — m )

where At is the time step over which the noise is sampled. We can write the cor-

(107)

relation function in terms of dimensionless quantities by defining #(t) = I(t)/1. and
measuring time again in units 7. = w.t. After using the transformation properties

of the Dirac delta function we obtain

((r)i(r)) = 2%5@ _ o, (108)

where T} is the temperature scale associated with the Josephson energy Fy = kg1 =
hi./2e. The corresponding variance is
9 2 T

= —. 1
Unmse ATC TJ ( 09>

These equations imply that temperature fluctuation effects become important only
when the thermal energy kgl' is comparable or greater than the Josephson energy
Ej ie. the height of the potential barriers in the washboard model. In insulating

tunnel junctions temperature effects are usually only significant near 7. whereas in
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Figure 11: I-V curves of an overdamped junction (5. = 0.1) at four different tem-
peratures by numerically solving Eq. (105). At 7' = 0 (blue line) we have the usual
analytical form Eq. , while at finite temperatures T'/Ty = 0.1,0.5, 1.0 (orange,
green and red lines) a finite voltage develops even at Inc < I. due to phase slip pro-
cesses. At higher temperatures these processes are more common leading to higher
voltages, and in the limit 7' > T we recover an Ohmic curve (V') = IpcR.

metallic weak links temperature effects can be important at lower temperatures due
to the much lower critical currents involved. A typical critical current of /. = 100nA

corresponds to a Josephson temperature of Ty = 2.38K.

3.4.1 Thermal Effects in Overdamped Junctions

In overdamped junctions . < 1, the ideal I-V curve Eq. is fundamentally
modified by the presence of thermal fluctuations. These fluctuations allow a finite
voltage even when I < I. due to so-called ‘phase-slip’ processes where the washboard
particle can be kicked out of one potential into a lower one by the thermal current,
causing a phase shift of Ay = 27. This same process can then occur many times,
leading to a finite velocity of the washboard particle, and thus a finite voltage which
is less than if the particle was continuously rolling down as happens when Ipc > I..
Numerically produced I-V curves for an overdamped junction (5. = 0.1) at finite
temperatures are shown in Fig. which show this finite voltage due to phase slip
processes developing as the temperature T° becomes comparable to the Josephson

temperature T}.

3.4.2 Thermal Effects in Underdamped Junctions

In underdamped junctions 5. > 1, the particle can also randomly receive a kick

big enough to allow it to transition over a potential barrier. However in this case
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Figure 12: I-V curves of an underdamped junction (S, = 10) at four different tem-
peratures by numerically solving Eq. , showing both the increasing and de-
creasing current paths, distinguished by the arrow directions. At T'= 0 (blue line)
the switching and retrapping currents are I. and I, while at finite temperatures
T/Ty = 0.05,0.1,0.2 (orange, green and red lines) the switching current decreases
while the retrapping current increases, leading to the eventual elimination of hys-
teresis in the limit 7" > Tj.

due to the low damping it becomes harder for the particle to become trapped again
and carries on running in the finite voltage state. This leads to the effective critical
current at which a finite voltage develops, sometimes called the switching current
Isw, being reduced below the ideal value I.. This is a stochastic process, so that
different values of the switching current are measured with each current sweep, but

the mean value has been calculated by Fulton and Dunkleberger [61] to be
(L) = Ie{1 = [(T/213) In(wydt/2m) ]}, (110)

where 0t is the time taken to experimentally sweep the bias current. Assuming
dt = 1sec, this can be up to 10 orders of magnitude larger than the time scale 1/w,
so that In(w,dt/27m) ~ 10 and the reduction in I. can become significant even when
T/Ty ~0.1.

While a fluctuation can cause the particle to transition from a trapped state to a
running state, the reverse process is also possible where a particle rolling down the
washboard receives a random kick strong enough to lower its velocity causing it to
retrap. This retrapping can occur above the ideal value I, so that while the effective
critical current is reduced by thermal fluctuations, the effective retrapping current
is increased. The combined effect of both these processes leads to the suppression

and eventual elimination of hysteresis in the I-V curve as the critical and retrapping
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currents approach each other. Numerically produced I-V curve for an underdamped
junction (S, = 10) are shown in Fig. showing this elimination of hysteresis as T'

increases.

3.5 AC Bias and Shapiro Steps

In 1963, a few months after the first experimental detection of the Josephson effect by
Anderson and Rowell [49], Shapiro confirmed these findings and made an important
discovery of his own [4]. He found that when a Josephson junction is irradiated
with radiation of a frequency wy, a series of constant voltage steps arise in the I-V
characteristic at voltages (V') = nfuw;/2e. On these ‘Shapiro steps’, the frequency
of the Josephson supercurrent 2e(V')/h is thus locked to multiples of w;, and this
historically provided the first indirect evidence of the AC Josephson effect.

A theoretical understanding of Shapiro steps can be obtained by treating the

radiation as an ideal AC voltage source
V = Vbc + Vac cos(wit). (111)

Similar to the DC bias case, an AC current bias is a much more realistic assumption
since the current of a small impedance device is fixed by the resistance of the external
circuit [60]. However using the ideal voltage bias Eq. gives some useful
qualitative results. Integrating the AC Josephson relation Eq. thus tells us

how the phase ¢ evolves in time

2 2
(1) = o+ 200 4 2EVAC G o), (112)
h hw

and we can find the supercurrent I by

I _
T =sing (113)

C

— I {exp(ip)} (114)

2 2
=Im < exp Yo + GVDCt exp | ¢Vac sin(wit) ) ¢, (115)
h hwl

where Im{} indicates the imaginary component of the enclosed expression. To pro-

ceed we must use the Jacobi-Anger expansion

exp(iz sin 6) Z JIn(2) exp(inf), (116)

n=—oo

37



3 JOSEPHSON EFFECT Thomas George McDermott

where J,(z) are Bessel functions of the first kind, yielding

%: Im {exp( (goo 6VDC )) Z T (2€VAC) exp(inwlt)}, (117)

n=—oo

—+o00
2¢eV, 2eVp
:Im{ Z jn( ;wAc)exp( <g00 hc ))}, (118)
— 1
400
2eVac\ . 2eVpe
— nz_oo T < o, ) sin <g00 + - t+ nwlt) ) (119)

It is also convenient to make the transformation n — —n using the identity J_,(z) =

(=1)"Tn(2)

I, 2eVac\ . 2 hw
7= Z (=1)"Tn ( ;}AC) sin (900 + Ee (VDC - n2e 1) t) ; (120)

— 1
n=-—00

from which it is obvious that there is a DC component of the supercurrent at pre-

cisely the voltages Vpc = nhw; /2e observed by Shapiro.

In the experimentally relevant AC current bias case, this DC component of the
supercurrent leads to the formation of the Shapiro plateaus in current appearing at

these voltage steps. We can see this numerically by adding an additional AC current
source ¢ sin(wit) to our RCSJ model Eq.

hodp  hC d%p
I I t) = 1I. — 4+ —— 121
pc + Iacsin(wit) = smg0+2Rdt+ SPNTER (121)
which upon non-dimensionalizing in the same way as Eq. becomes
ipc + iacsin(wi ) = sing + ¢ + B, (122)

with iac = Iac/l. and @W; = wy/w.. Solving this equation for various values of
the DC component of the bias ipc leads to the I-V characteristic plotted in Fig.
. Multiple Shapiro plateaus are visible, with higher plateaus having generally
smaller widths, providing an adequate theory to describe Shapiro’s experimental

observations.

A numerical analysis of the dependence of the Shapiro plateau widths on the AC
bias strength was carried out by P. Russer [62]. The maximum supercurrent before
entering the finite voltage state differs from I. due to the influence of the AC current
and may be conveniently considered as the width of an n = 0 Shapiro step. The

dependence of this maximum current, as well as the widths of the n =1 and n = 2
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Figure 13: I-V curve of an AC current biased Josephson junction, produced by
numerically solving Eq. (122) with w; = 0.5, iac = 0.8 and 5. = 0.1. Shapiro
plateaus are visible at voltages (V') /I.R = nw;. i.e. (V) = nhw,/2e, with decreasing
step sizes on higher plateaus.

steps, on the AC bias strength iac is shown in P. Russer’s results in Fig. [I4 The
step widths oscillate as a function of ip¢ in a qualitatively similar way to the Bessel
function form Eq. found in the voltage bias treatment, with higher steps and
lower frequencies w; having generally lower amplitudes.

In the next chapter we will discuss new effects that arise when the Josephson
weak link is suspended and allowed to oscillate mechanically. In particular, we will
see the emergence of Shapiro-like constant voltage plateaus in the junctions I-V
characteristic where the supercurrent frequency becomes locked to the weak link’s

mechanical resonance frequency.
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Figure 14: Dependence of the maximum supercurrent before entering the finite
voltage state (n = 0) and the width of the first two Shapiro steps (n = 1) and
(n = 2) (in units I.) as a function of the AC bias current amplitude isc, adapted
from the work of P. Russer [62]. Four different values of the driving frequency @, were

used and each show that the width of the steps oscillate in a qualitatively similar
way to the Bessel function form Eq. (120]) found in the voltage bias treatment.
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4 Josephson-Mechanical Coupling
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Figure 15: (a) Electromechanical resonator suspended between two superconduct-
ing contacts above a substrate. The system is biased with a constant current I,
and vibrates in the presence of an in-plane magnetic field B. A constant back-gate
voltage applied to the substrate can be used to tune the mechanical resonant fre-
quency. (b) Equivalent circuit of the RCSJ model. Current may flow through either
resistive, capacitive or supercurrent channels. Mechanical oscillations produce an
extra electromotive force that redistributes the current through the channels.

In the previous chapter we studied the Josephson effect in detail. We saw how a
Josephson supercurrent I, sin ¢ can flow through a weak link between two supercon-
ducting electrodes, and saw that when a voltage drop V' is present between the two
electrodes this supercurrent becomes AC with a frequency dy/dt = 2eV/h. In this
chapter we will investigate new effects that arise when the weak link is suspended
and allowed to oscillate due to electromechanical coupling between the Josephson
supercurrent and its mechanical motion.

By means of numerical as well as analytical investigations, we show how existing
experimental setups can be used to induce and detect high-frequency mechanical
oscillations in suspended weak links using purely DC current bias conditions. Ex-
ploiting a setup that allows one to tune the coupling strength between electronic
and mechanical degrees of freedom, we explore the Josephson effect in regimes that
have not been studied before, revealing several features in the DC I-V characteristic.
Among them we analyze Shapiro step features that appear for weak electromechan-

ical coupling as well as new mechanically induced hysteresis loops. We unveil that
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for strong coupling these new Shapiro steps collapse to a zero voltage state with
a sudden mechanical-induced retrapping due to energy being subtracted from the
electronic system by the oscillations. Accessing the strong coupling regime thus
results in a dramatic shift in the retrapping current of up to 50%. We reveal how
the crossover between the weak and strong coupling regimes is intimately related to
the quality factor of the resonator. Remarkably, our predictions suffice to unveil all
the fundamental properties of the resonator, i.e. not just its proper frequency but
also the quality factor, allowing their direct experimental measurements by simply

recording the DC I[-V curve without any additional measurement setup.

4.1 Model

We analyze theoretically a nanomechanical resonator of length [ suspended between
two superconducting contacts and biased by a DC current Inc [see Fig. [I5{a)].
The suspended resonator is subject to an in-plane magnetic field B that allows one
to tune the coupling between the electronic current and the fundamental flexural
deformation mode via the Lorentz force. The proposed device behaves as a Joseph-
son weak link and thus allows us to explore how the Josephson junction dynamics
of the previous section are modified when coupled to mechanical vibrations. This
rather standard setup can be realised experimentally in various ways using differ-
ent suspended resonators, e.g. nanowires |20, one dimensional carbon nanotubes
(CNTs) [63-67] or ultra-thin two-dimensional materials like graphene [68,/69] and

transition metal dichalcogenides [70].

The essential idea is to enter the running state so that there is an AC supercurrent
1.sin ¢ whose frequency can be matched to the resonance frequency wy of the res-
onator’s fundamental flexural mode by the Josephson relation dy/dt = 2eV/h = wy.
The applied in-plane magnetic field can then exert a Lorentz force on the super-
current which will activate out of plane mechanical vibrations. This idea has been
explored previously in the simple voltage bias case [12,/13], but as mentioned in
section [3.3] the vast majority of Josephson junction experiments are done with a
current bias since the current of a low resistance device is fixed by the resistance of
the external circuit |25,/60]. Here we consider the more realistic current bias case.
Obviously in this case we cannot match the voltage to the resonance frequency
directly, but we can choose the bias current so that the system develops a time
averaged voltage (V') such that we reach the resonance condition

V) =Vo= 2, (123)
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leading to forced amplification of oscillations.

4.2 Achieving Resonance

There are two main problems that must be overcome in order to activate mechanical

oscillations in the current bias case.

e How can we obtain an AC electronic current through the device if the total

bias current is DC?

e In most devices the mechanical resonance frequency is much lower than the
characteristic frequency of the Josephson junctions i.e. wy < w. (wo/we = 1073
for graphene and nanowire devices [68,69,71,72| and wy/w. =~ 0.1 for carbon

nanotubes [27,/63-67,73]). How can we reach low enough voltages to reach the
resonance condition Eq. ((123])?

Pleasingly, both difficulties may be overcome by ensuring our device is in the un-
derdamped (8. > 1) regime.

The first problem may be overcome by realising that the displacement current is
not carried by charge carriers through the device but is a result of charge accumu-
lation at the superconducting interfaces, this is the effective capacitor in the RCSJ
model. The total electronic current which will experience the Lorentz force is thus
given only by the supercurrent and normal current contributions. As discussed in
section in the underdamped limit the AC supercurrent is compensated mostly
by the displacement current, leaving a normal current / voltage which is strongly
DC. This results in a strongly AC electronic current which can be exploited to
activate mechanical vibrations, despite using a DC current bias.

The second problem may be overcome if we recall that in the underdamped case
there is a hysteresis in the junction’s -V characteristic which allows us to decrease
the current from above I, and remain in the running state until a retrapping current
at I, = 41./7+/B.. In this way much lower voltages may be achieved, with the lowest

possible being of the order

hw
LR~ =2, (124)

where w, = /2el./hC is the plasma frequency of the junction. Thus, as long as we
satisfy the important condition
Wo 2 Wp, (125)

then the junction is underdamped enough to reach the resonant condition on the
decreasing current path. This is illustrated by Fig. [I6]
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41, 1. ]DC
TV Be

Figure 16: Sketch of an I-V curve for an underdamped junction. The voltage Vy =
hwo/2e needed to activate mechanical vibrations in our setup is typically less than
the characteristic voltage I.R and thus cannot be reached on the increasing current
path (blue line). However if the junction is underdamped enough, we can exploit
the hysteresis and reach lower voltages, and thus the resonant condition, on the
decreasing current path (red line).

In terms of 5. the above condition can be written as

8.2 (&)2, (126)

Wo

but from an experimental point of view, one should increase the capacitance above

some threshold value
> 2el.

CZ s

(127)

Fortunately, typical graphene and CNT based suspended Josephson weak links op-
erate in this underdamped regime with 5. ~ 10 — 100 |71H73|. In any case, the
capacitance can always be increased by connecting the junction in parallel with an

external capacitor [74].

4.3 Equations of Motion

We will write down the equations of motion of our system by using a modification
of the familiar RCSJ model discussed in Section [3.2] The presence of an in-plane
magnetic field has two major effects. First, it generates a Lorentz force on the
electronic currents which induces mechanical oscillations. These in turn produce
an additional electromotive force across the weak link that redistributes the current
through the channels.

Referring to our model Fig. [L5|(a), the electric field between the superconductors
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may be expressed as E = QQ/Cly with § the direction of positive current flow and
() the charge accumulation at the superconducting interface, while the in-plane
magnetic field is B = B2Z. Due to the oscillations of the weak link the charge
carriers acquire a transverse velocity v = dz/dt % that couples to the magnetic field
to produce an electromotive force. Here we use the approximation that the weak
link is displaced uniformly, including the spatial profile simply modifies the coupling

strength by a factor of order unity. The normal current density is then
Jo=0m(E+vxB)=— (——Bl—) v, (128)

with o, the conductivity of the normal metal. In terms of the resistance, the normal

dx
I, = In (V Bl@) (129)

where V' is the voltage drop measured across the device given by

current is given by

Q
V= /[|E-dl==. 130
/ C (130)
The supercurrent may still be expressed as
I, = I.sin g, (131)

However referring to the derivation given in Section [3.2] the gauge-invariant phase
© is no longer given simply by ¢, the phase difference between the macroscopic wave

functions of the two superconductors, but instead the two are related by

¢——/A dl, (132)

where A is the vector potential and the line integral is taken along the weak link.

We also showed that ¢ evolves in time according to d¢/dt = 2eV//h so that ¢ evolves

i—f 2 (V— —/A dl) (133)

In our case we can choose the gauge A = Bx'y. Here 2/ is a spatial position, whereas

in time as

x is the displacement of the weak link, of course when we perform the integral we

integrate over the line 2’ = x. Since dl = dyy and we integrate over the length [ of
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the weak link, we obtain

dp 2e dx
—_ = — — Bl— | . 134
dt h(v ldt) (134)

Note that in our case A itself is not time dependent, but the path over which we

integrate is since the weak link is oscillating.

The displacement current is still given by

_ @4V (135)

I — —
T dt’

so that we can finally write the current conservation equation as

Inc :ICsingo—i—% (V—Bl%) +C’%, (136)
which upon substitution of Eq. can be written as a differential equation in ¢
and @ hode hCd%p d*z
IDC:]CSin(’D+ﬁd_t+2_ed_752+CBld_t2' (137)
In comparison with the uncoupled case, an extra current emerges resulting directly
from the electromechanical coupling. It is through this extra term that the oscillator
affects the I-V characteristic of the weak link and allows the oscillations to be de-
tected. In particular, during resonance this extra current oscillates with a frequency
wp. As this scenario is analogous to the case of a Josephson weak link biased by an
AC current, we may expect a Shapiro plateau to develop at a voltage Vo = fug/2e

when vibrations are induced.

The flexural mode of the suspended weak link is modelled mechanically as a
simple harmonic oscillatorﬂ with mass M, resonance frequency wg, damping coef-
ficient I'y and quality factor Qr = wy/I'g. As to be seen later, anharmonic effects
are irrelevant in this work as only small amplitude mechanical oscillations will be
activated. Taking into account the Lorentz force exerted on the electronic currents

by the magnetic field, the equation of motion of the oscillator can be written as

Bl
=t 2F0E +wiz = i (I.sing + 1) . (138)

“The displacements we predict are significantly larger than the zero point motion of the res-
onator, justifying this classical treatment.

46



Thomas George McDermott 4 JOSEPHSON-MECHANICAL COUPLING

Substituting Eq. (137)) into Eq. (138)), we obtain

B2\ d*z dx Bl hC d?p
I+ = ) —= 42— +wle =" Inp0— ——= | . 1
( + Bg‘) e T V7 ( DC ™ 9e dt2> (139)

The electromechanical coupling produces a correction to the effective oscillator
mass of the form M (B/B,)?, where we introduced the magnetic field scale B, =
(1/ l)\/M—/C' . The strength of the electromechanical coupling can then be expressed
in terms of the dimensionless parameter p = B/Bj. Similarly, we introduce di-
mensionless quantities for the current ip. = Ip/Ie, time 7 = wyt and oscillator
displacement a = z/zy — ipcp. Here zg = Bol.l/Mw3 is the displacement at which
the restoring force equals the magnetic force scale Byl.l and we have subtracted the

small constant displacement arising from the force BIpal.

In terms of these dimensionless quantities, Egs. (137]) and ((139) can be rewritten

as

ipc = sinp + 51 + Pop + pa, (140)

(1+p*)id+ é(z +a=—phap. (141)

Here B = woy/we, P2 = B?83. and a dot over a quantity refers to a derivative with
respect to 7 (recall that in our discussion of the uncoupled case we instead measured
time in units of 7. = w.t). The coupled AC Josephson relation Eq. (134 can now

also be written in the simple form
== — —a. (142)

The key experimental measurement is the DC time averaged voltage (V). Since (a)
and thus the second term of Eq. (142) have zero average, we can calculate the DC

voltage in units of V; very simply as
(143)

Eqgs. and capture the essential aspects of the coupled Josephson-mechanical
system. Their solutions and corresponding I-V characteristics obtained both numer-
ically and analytically will be the main topic of this chapter. However first we will
briefly discuss the Lagrangian and Hamiltonian that give rise to these equations, in

anticipation for their use in subsequent sections.
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4.4 Lagrangian Formulation

The equations of motion and may be derived from the Euler-Lagrange
equations 1 or or op

11 9(dg,/dD) ~ Dg; ~ B(dgy/d)’ (144
with generalized coordinates ¢; = {¢, 2} [75]. The Lagrangian £ and dissipation

function P are given by

dt 2

(V- Bldz/dt)? dz
pP= o7 +MTo (=) (146)

d 1
L= /IDCth+ —CV?+ Ejcosp + 2M< x) — ~Muwix?, (145)

which upon using the Josephson relation Eq. (134]) become

hpe 1, [ hde)’ 1 A
= —C | —-= E M+ CB 14
L 5 <p+2C(2 dt> + Jcosg0+2( + CB*l7) 5 (147)
1.5 de dz
§MWOIL’ +B[DclI+ CBldt dt
1 h de dx
P MTo (=) . 14
2R (2edt> * O(dt) (148)

A dimensionless Lagrangian and dissipation function may also be defined by £ =
L/Ej and P = P/Ejwy respectively. Using our dimensionless scales of the previous

section these may be written as

o1 (0w N\ 1
L== +=a) +cosp+ipap+ — (a* —a?), 149
252 (90 2 > % pc¥ 28, ( ) ( )
15 + L a2 (150)
= — a N
2 1’ Qr B2

and one may easily show that upon insertion to the Euler-Lagrange equations

doL oL oP
dr d¢; qu_ 8%7

(151)

with ¢; = {p, a}, that the dimensionless equations (140)) and (141]) are recovered.
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4.5 Hamiltonian and Energy

We may also derive the Hamiltonian of the system in the usual way

dg;
i = Zdt@dqz/dt —£ (152)

where the canonical momenta 0L£/9(dg;/dt) are given by

% - g (%if zi—f) - 2201/, (153)
% — (M + (/”B?F)fhj n OBz‘ilf M(ix + BICV, (154)
and we obtain
H = —/]Dcht—i- 10V2 Ejcosp + = M (if) + %ngxQ, (155)
H= —hglzcgo + §O (Qh i‘f) — Ejcosp o+ ;(M + OB (if) (156)
+ %ngxz — Blpcle + 2—203[%—?3—?

Comparing the Hamiltonian with the Lagrangian it is clear that they can also be
written in the traditional forms H = k.e. +p.e. and £ = k.e. — p.e. with an effective

kinetic energy

d
_ _cv2 n M (d":) , (157)
and effective potential energy
1 2 2
p.e.=— [ IpcVdt — Ejcosp + §Mwoa: : (158)

The first term in the Hamiltonian Eq. (155]) is the energy of the external source,
which continuously decreases in the running state as energy is supplied to the
Josephson-mechanical system. Removing this term, we are left with the total energy

of the system, being the energy stored by the displacement current and supercurrent,
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plus the kinetic and potential energy of the oscillator.

1 1 (dz\* 1. .,
E= 2CV Ejcosp+ 2]\/[ (dt) + 2Mw0x , (159)
1 h de 1 o\ ((dz
E_EO(Qedt) EJcosgo—l—z(M—l—CBl)(dt) (160)
1 9 h dgod:v

The Hamiltonian and energy may both be put in dimensionless forms H = H/FEj
and E = E/FEj as follows

1 2

H:§62 (@—l—éd) — oS — ZDC<p+2B (a* +a?), (161)
A 1

E—§62 (¢+Ea) —cosgp+2—52(a + (a +ipcp)?) . (162)

It should be noted that in our definition a = x/x¢—ipcu we removed the slack due to
the constant force BIpcl. This results in extra constant terms in the dimensionless
forms of the Lagrangian and Hamiltonian which may be discarded since the same
equations of motion are obtained. Finally we note that the energy may be split up
into three contributions £ = E@ + Ey + E., being the terms that depend on ¢ (the

‘electronic energy’)

_ 1 .
E, = §ﬁg<p2 — Cos @, (163)

the terms that depend on a (the ‘mechanical energy’)

E, = 2;2 (1 + p*a® + (a+ipcp)?), (164)

and the terms that couple them (the ‘coupling energy’)
E. = pag. (165)

The rate of energy change is given by

dE 2
— 166
e = ipcy — B¢ Or ﬁg (166)

where the first term on the right-hand side is the power supplied by the external
current while the second and third terms describe energy losses due to Joule heating

and the intrinsic damping of the resonator. When the system reaches a steady state,
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the supplied energy must be completely dissipated on average, i.e.,

2
Qrpa

inc(p) = Bi(*) + (). (167)
This important energy balance equation is obeyed by any steady state solution, and
will be an important test for any analytical treatment. In the uncoupled case at
large currents, it simply leads to the Ohmic solution (¢) ~ ipc/f1. Upon cou-
pling to mechanical oscillations, the intrinsic damping of the oscillator must also
be considered. Energy is transferred from the electronic subsystem to mechanical

oscillations leading to measurable effects on the total voltage across the device.

4.6 Weak-Coupling Limit

Due to the highly nonlinear nature of Egs. and , their solutions are
expected to display strong dependence on initial conditions. A general exact ana-
lytical solution cannot be achieved. In what follows, we first numerically solve the
equations to establish the characteristic I-V curve. The properties of the numerical
solutions will then suggest an ansatz for a semianalytical treatment of the problem
leading to a good agreement with the numerically established I-V curve.

We numerically solve Egs. and using a fourth order Runge-Kutta
method. The experimentally tunable parameters are the input current ipc and the
coupling parameter u, while the directly measurable quantity is the average voltage,
(VY/Vo = (¢). All parameters other than i, and p are sample specific, as such
we use the following parameters which are consistent with previously studied CNT
devices |27,63-67,73]: I. = 10nA, R = 33092, 5. = 200, wy = 1GHz, Qr = 107,
M = 10"2kg, | = 1pum. All other parameters may be derived from these, including
the important dimensionless quantities, 5; = 0.1, 2 = 2 and the dimensional scales
Vo =0.3uV, By = 10T, x¢y = 10pm.

Unless otherwise stated, the numerical simulations shown here will be carried out
with the above choice of parameters. While these are typical parameters, state of
the art devices may have larger quality factors Qr = 10° and resonance frequencies
wo = 10GHz which allow measurements to be made at higher temperatures and
lower magnetic fields, as will be discussed in later sections. We have verified that
the general features of our analysis are present for a wide range of parameters as
long as the resonance region can be reached, i.e. if the junction is underdamped
enough. All simulations were performed at zero temperature with no noise currents,
the limits of validity of this approximation and the possible effects of temperature

are discussed in a later section.
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For now we will look at cases where p is not too large, the weak coupling regime,
where the predominant feature is a Shapiro-like plateau. If p exceeds some critical
value, we enter a strong coupling regime that is characterized by sudden retrap-
ping into the trapped state. The numerical value of p where this strong coupling
regime is reached will be discussed in detail later when we look at the semianalytical

treatment.

4.6.1 Mechanically Induced Shapiro Steps

As Egs. and are highly non-linear, different states can be accessed
depending on how the free parameters ipc and p are varied. This was already seen
in the uncoupled case p = 0 in underdamped junctions where the decreasing and
increasing current paths yielded different I-V curves. Now we are free to take any
path in the space (ipc, ) when performing an experiment and each choice can yield
wildly different results. The simplest choice is a decreasing current path with a fixed
coupling u, and that is what we shall use in this section, moving on to some more
complicated procedures later.

We employ continuous initial conditions whereby we start with ip- > 1, where
the only solution is the running state (@) ~ ip/f1, and gradually decrease ipc in
small increments, at each point using as initial conditions the results for a, ¢, a and ¢
from the simulation for the previous value of i after transients have decayed. This
adequately models the quasi-static process in which the characteristic time scales of
the system are much shorter than the time over which the impressed current i is
experimentally varied. This process is then repeated to obtain the I-V curves for
different values of pu.

The I-V curves for four different values of i are plotted in Fig. (a), along
with corresponding plots of the root mean square displacement x,,s = +/{(x?) in
Fig. [I7(b). The dashed part of the curves are unphysical, showing transitions
where (V) and 2,s abruptly jump from one value to another. For p = 0 (blue
line) we recover the usual uncoupled decreasing current path discussed extensively
in the previous chapter. However as u increases we see that a plateau develops at
(V) = Vi = hwy/2e, where the supercurrent frequency is locked to the mechanical
resonance frequency. In fact we see from the corresponding values of x,,s that
this plateau is associated with a strong mechanical resonance of the oscillator, with
higher currents deeper in the plateau corresponding to stronger oscillations. The
drop on to the plateau is not continuous but an abrupt transition, and similarly the
oscillator amplitude jumps up from close to zero to a finite value in a very small

current range. Increasing the coupling p leads to an increase in the width of the
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Figure 17: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = /(2?) as functions of the applied current ipc = Ipc/I. for a simple de-
creasing current experiment, obtained by numerically solving Eqs. and
with 8 = 0.1, B2 = 2, Qr = 103. Results are shown for four different magnetic
field coupling values u = B/By. For u = 0 (blue line) we recover the usual un-
coupled decreasing current path, but for finite u a Shapiro-like plateau develops at
(V') = Vi where the supercurrent and mechanical resonance frequencies are locked.
The plateau widens with increasing coupling and coincides with a resonant peak
in s, with the oscillations being stronger with higher currents deeper into the
plateau and with stronger coupling. Two additional small resonant peaks are visible
at low currents, these correspond to sub-harmonic Shapiro plateaus at 1/2 and 2/3
of wy and will be discussed further in section m

plateau and a corresponding increase in the strength of the oscillations x,,s. This
behaviour is expected from the form of Eqs. and , with the term —pufs¢
in Eq. acting as a forcing term that stimulates the oscillator into resonance
when the resonance condition is met. During resonance the term pa in Eq.

then acts as an effective AC current term producing the Shapiro-like plateau.

This locking of frequencies on the Shapiro plateau may be seen in more detail by
looking at the time evolution a(7) and ¢(7) of a particular solution. Fig. [18|shows
the solution for g = 0.1 at the current value ipc = 0.125 where the current has just
been decreased on to the plateau solution. After a long transient period, the system
enters a resonant state and mechanical oscillations increase in amplitude. The oscil-
lations continue to increase but eventually saturate, while the average supercurrent
frequency (and thus voltage) (¢) = (V)/Vy lowers from an approximately Ohmic
value (@) = ipc/f; to being locked at the mechanical resonant frequency (@) = 1,

giving rise to the Shapiro plateau.

Thus we see that it is possible to activate mechanical oscillations in a suspended
Josephson weak link using only a DC current bias. By measuring the I-V character-

istic of such a junction it is then possible to detect these oscillations, and measure
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Figure 18: Time evolution a(7) and ¢(7) for the solution to Egs. and
when ¢ = 0.1 and at the current value ipc = 0.125 where the current has just
been decreased on to the plateau solution. After a long transient the oscillations
a(T) increase and the supercurrent frequency (@) becomes locked to the resonant
frequency, giving rise to the Shapiro plateau.

the mechanical frequency of the junction wy by measuring the voltage Vi = hwy/2e
at which the mechanically induced Shapiro plateau develops.

The Shapiro plateau found for our realistic parameters in Fig. has a width
in current of the order ~ 0.01/. = 0.1nA for magnetic fields B ~ 1T. This plateau
is measurable with state of the art devices, but we will now see that it is possible
to obtain much larger plateaus at the same coupling strengths by exploiting new

hysteresis loops that develop in our highly non-linear system.

4.6.2 Mechanically Induced Hysteresis

In the previous section we looked at a simple decreasing current experiment at fixed
coupling. We now explore what happens when we first decrease the current to reach
the Shapiro plateau, but then increase the current again. One finds that instead
of retracing the same path there is a mechanically induced hysteresis whereby the
system remains in the plateau state until much larger current values are reached.
We shall refer to this procedure as the increasing current path, although this should
be understood as increasing from an already finite voltage state, if one increased
the current from a zero voltage state we would of course stay at zero voltage until
reaching /..

The I-V curves obtained on this increasing current path are plotted in Fig. (a),
with corresponding plots of the root mean square displacement x,,s = \/W in Fig.
19(b). The dashed lines again show abrupt transitions. For p = 0 (blue line) we
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Figure 19: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = \/ (22) as functions of the applied current ipc = Ipc/I. for the increasing
current path described in the main text, obtained by numerically solving Eqs. (140
and with 81 = 0.1, 8, = 2, Qr = 103. Results are shown for three different
magnetic field coupling values u = B/By. For = 0 (blue line) we retrace the same
path as the decreasing current path, but for finite ;1 we explore much larger plateaus
with larger oscillation amplitudes.

retrace the same path as the decreasing current path, but for finite ;1 we explore much
larger plateaus. For example considering the case = 0.06 (green line), a plateau of
width 0.3/, is obtained by exploiting the hysteresis in the increasing current path,
compared to a plateau width 0.01/. in the simple decreasing current path. This
represents a huge improvement in terms of the experimental feasibility of measuring
the plateau. The mechanical oscillation amplitude continues to increase as we go
deeper into the plateau, with the increasing current path producing oscillations with

roughly four times larger amplitude than the decreasing current path.

4.7 Analytical Ansatz

Having explored these mechanically induced Shapiro steps and hysteresis loops by
numerically solving Eqs. (140) and (141)), we now give an analytical solution and
show in detail how these interesting new phenomena emerge. We choose a simple

ansatz for a steady state solution. For ¢(7) we choose
B g
© = o+ wr — = cos(wT), (168)
w

which is simply a statement that the voltage ¢ has a constant average w with a

sinusoidal correction of amplitude g

¢ = w + gsin(wr). (169)
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For the mechanical oscillator a(7) we again choose a simple sinusoidal ansatz, with

amplitude A and a phase lag v compared to the voltage
a = Asin(wt + 7). (170)

Our task is then to substitute these into Eqgs. (140) and (141]) and solve for the five
unknowns w, g, g, A,v7. We will find the latter four as functions of w and then be

left with an equation involving only w which we can solve.

Starting with the mechanical equation Eq. (141]), after substitution we obtain

_ pBagw

I cos(wr). (171)

[1— (1 + p?)w?]sin(wr +7) + é_w cos(wt +7) =
r

We can then use the trigonometric addition formulae and match the terms propor-

tional to sin(w7) and cos(w7) from which we obtain

2
[1— (14 p*)w?]cosy — Q—i siny = 0, (172)
and 5
[1— (1 + p®)w?]siny + Q—i cosy = _,uﬁzgw, (173)

respectively. Using sin®~ 4 cos?y = 1, Eq. (172) then gives 7 in terms of w

1— (1 + p2)w?
siny = (L4 : (174)
VE
2
cosy = ci;gr, (175)
where k is defined by
f=[1— (1 +p)w? + (20/Qr)*. (176)
Eq. (173) then gives A in terms of g and w,

VE
Notice that if we had instead chosen the negative square root for x, we would change

A — —A and v — 7 + 7 which yields the same solution a(7).

Turning now to the electronic equation Eq. (140)), substituting our ansatz we
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obtain
ipc = sin ¢ + Bi[w + gsin(wr)] + Bagw cos(wr) — pAw? sin(wr + 7). (178)
To expand out the sin ¢ term we can write

sin ¢ = sinf[gy + wr — (g/w) cos(wT)] (179)
— Im {ei(gao—l—wT)e—i(g/w) cos(wT)} (180)

and then use the Jacobi-Anger identity
ezzcos@ _ Z ?:njn<2)€m9, (181)

n=—oo

as we already did when looking at the regular Shapiro steps in section [3.5] We then

simp:hn{ (porter) Z jn< ) ’”“T*“/Z>}, (182)

n=—oo

have

which after transforming n — —n and using the identity J_,,(—z) = J,(2) finally
becomes

sinp = Z TIn ( ) sin[pg + wr — n(wr + 7/2)]. (183)
To proceed further we must make some approximations. We have already included
only terms oscillating at the single frequency w in our ansatz, keeping only these

terms here we obtain
sinp ~ -7, ( ) cos o + [jo ( > + 7 ( )] Cos g sin(wT) (184)
+ [jo <;> - T (;)} sin g cos(wT).

Returning to Eq. (178) we can now match the terms proportional to sin(w7) and

cos(wT) as well as the constant terms to obtain the following three relations.

piw —ipc — N ( > cos g = 0, (185)
Brg — pAw? cosy + [Jo (;) + T (;)] cos g = 0, (186)
Bagw — pAw® siny + [jo (%) - (gﬂ sin ¢y = 0. (187)

In principle these three equations along with Eqs. (174]), (175) and (177) suffice to

determine our five unknowns but to carry on with our analytical treatment we will

o7



4 JOSEPHSON-MECHANICAL COUPLING Thomas George McDermott

have to make a further approximation to treat the Bessel functions. However there
is one important relation we can obtain that is worth showing is true without any
need of approximation. We proceed by combining Eqs. (185 and (186] to eliminate

COS ©p.

Brg — pAw? cosy + (B — inc) (‘7" (%j)f(;? (g)) 7 (188)

then inserting A from Eq. (177)), cosy from Eq. (175]), and using the Bessel function

recurrence relation

Tn-1(2) + o1 (2) _ n (189)

Tn(2) 2

we obtain ¢ as a function of w

2 2w<iDc — 51&))

T 7 By + 126y (2w0/Qr) [k

(190)

This is an important relation because we can now show that it is equivalent to the
energy conservation relation Eq. (167]) as follows

2
inc(p) = Bi(p*) + O (@), (191)
2 A2 2
iDCw = 51 (w2 + %) + QF—(;Q,
2 2 2, 4
iDcw = 51 (w2 + %) + %,

2w(ipc — fiw) = ¢° (b1 + 1? B’ (2w/Qr) /k) |

from which we recover Eq. ((190]).

As promised we will make one final approximation to treat the Bessel functions
and continue our progress. We already saw that in underdamped junctions the
voltage is almost constant at its average value w = (V') /V; with small fluctuations
of amplitude g. A reasonable assumption is then g/w < 1, allowing us to expand

the Bessel functions in the small argument limit, i.e.,

In(z) = ! (E)n (192)

n! \2

Keeping only terms up to first order in g/w our six equations (174), (175)), (177),
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(185), (186) and ([187) are then

1— (14 p2)w?

siny = (L + ) : (193)
NG

2w/Qr

cosy = : (194)
VE

pBagw
A=-— 195
e (195)
B — inc — 5 cosipo = 0, (196)
Brg — prAw? cosy + cos gy = 0, (197)
Bagw — pAw? siny + sin ¢y = 0, (198)

with x a function of w given by Eq. (176). Combining Eqs. (196]) and (197 again
gives Eq. (190]) so that «, A and g are all determined as functions of w. All that
is left is to eliminate g by rearranging Eqs. (197) and ((198]) for cos ¢ and sin ¢

respectively and writing sin” gy 4 cos? ¢y = 1 as

(AwW? cosy — B1g)* + (pAw? siny — fagw)? = 1. (199)

After inserting the relevant expressions for the other unknowns, we obtain the fol-

lowing eighth order polynomial for the DC voltage w = (V') /V}

2w(Biw — ipc) Do + Bik + p?Pow2w/Qr = 0, (200)

where we have introduced a new quantity Ds (the reason for this name will become

apparent)
Dy = 242 By (51% + Bow[l — w?(1 + MQ)]) + (B + B30k + (1?Baw®)?. (201)

In principle the polynomial Eq. can be solved for w as a function of ipc
and thus produce the I-V curve, but the polynomial is eighth order and thus does
not have a general analytical solution. A smarter approach is to notice that the
current ipc appears only once in this equation and thus we can rearrange for the
bias current as a function of voltage, ipc(w), providing an analytical form for the

I-V characteristic.
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Figure 20: The current function ipc(w) [Eq. ] plotted for 5, = 0.1, B, = 2,
@r = 100 and g = 0.04. This shows the allowed values of w for a given current
ipc and when the axes are flipped gives the I-V characteristic in its traditional
form. Dashed lines are unphysical solutions with dipc/0w < 0. The resonant peak
at w = 1 splits the I-V characteristic into two branches, an upper Ohmic branch
ipc ~ fiw (red line) and a lower branch that includes half of the resonant peak
giving rise to the Shapiro plateau (orange line).

4.7.1 Current Function

The current function ipc(w) is thus found from rearranging Eq. (200]) to be

2 3 2
@'Dc(w> _ Blw X ﬁlfi + % 26&2}('52( W/QF) ) (202)

This function is plotted in Fig. [20] with the same electronic parameters as used in
our numerical results, 81 = 0.1, 5y = 2, but with a lower quality factor Qr = 100 to
make it easier to see the qualitative features. As w — 0, ipc — o0 and as w — oo
the system becomes Ohmic ipc — 1w as is obvious from the form of Eq. .
The main feature however is a sharp peak close to the resonance frequency, this
produces a wide range of current values where the voltage is pinned very close to
w=11e (V) ="V, = hwy/2e, which will give rise to our Shapiro plateau.

We see that there are multiple possible values of w for a given bias current ipc.
Some of these solutions may be disregarded since they give a voltage that decreases
with increasing current, dipc/dw < 0, these solutions are marked with dashed lines
in Fig. The resonant peak at w = 1 splits the I-V characteristic into two regions,
an upper branch with w > 1 which is essentially Ohmic, ipc ~ [iw, and a lower
branch with w < 1 which contains half of the resonant peak that forms the Shapiro-
like plateau. The presence of the peak thus admits multiple physical solutions for w

at a fixed current and induces a hysteresis loop.
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Figure 21: The electromechanical coupling when p # 0 induces a hysteresis loop in
the I-V characteristic as a result of the resonant peak in ipc(w). On the decreasing
current path (blue line) only a fraction of the resonant peak is explored producing
a small Shapiro plateau. On the increasing current path (red line) however, one can
reach the top of the peak producing a much larger plateau.

This hysteresis loop is shown in Fig. from which we can see the origin of
the difference between the decreasing and increasing current paths in our numerical
treatment. On the decreasing current path (blue line) only a fraction of the resonant
peak is explored producing a small Shapiro plateau. On the increasing current path
(red line) however, one can reach the top of the peak producing a much larger

plateau.

Fig. shows ipc(w) for various coupling values p from which we see that it
consists of a p independent profile plus the p dependent correction that is peaked

very close to w = 1. Using this fact we can write the function in the form

ino(w) = iS5 (w) + dino(w), (203)

where the p independent profile ig%(w) is found simply by setting © = 0 in Eq.

[202)

1
iSow) = B (w T T B§w2)> . (204)

This function is the blue curve plotted in Fig. 22 The u dependent correction

dipc(w) can be put into the form

NI,
DDy’

Sipe(w) (205)
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Figure 22: The function ipc(w) [Eq. (202)] plotted for 3, = 0.1, 8, = 2, Qr = 100

and p = 0,0.02,0.04,0.06. The coupling p modifies the u = 0 curve ig%(w) (blue
line) simply by the addition of a resonant peak at w ~ 1 whose height and width
increase with increasing coupling. The mechanically induced Shapiro step is thus
predicted to grow in size with increased coupling.

where the numerator terms Ny, N, and denominator terms Dy, D, are given by

Ny = (o, (206)
2 2

Na = B1Ba(w® — 1) + w?Bs (SQF + 612”) - cﬂglp’ (207)

Dy = B} + B3, (208)

2 2
Dy = (w? — 1) [(82 + fRw?)(w? — 1) + 2w2u22] + w (5w2 N 2ﬁ2> e <2cv> .
Qr Qr

(209)

The function dipc(w) is plotted in Fig. 23] where we notice the important fact that
the resonant peak is not centered at the frequency 1/4/1 + p? as might be expected
from the form of the equation of motion Eq. (141 but instead a frequency wpax

which is much closer to the bare resonance frequency w = 1.

So far our form of dipc(w) is very complicated but a massive simplification occurs
by performing an expansion around w? = 1 under the assumptions p?,1/Qr < 1.

To be more exact, we make the following perturbation
2 2 1 € 2 2
w®—= 14w, — = —, u° —eu’, (210)
Qr  Qr
keeping terms up to lowest order in € in both the numerator and denominator. This
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Figure 23: The function dipc(w) plotted with the experimentally relevant param-
eters B = 0.1, B = 2, Qr = 10 and u = 0.08. The ‘renormalized’ frequency

1/4/1+ p? plays no special role, with the peak occurring at wp.x which for these
parameters is very close to the bare resonance frequency w = 1.

procedure yields

Ny & (i o, (211)
Ngzﬁlﬁg(wz—l)—i—ﬂ%_ﬁ%+5152M2, (212)
Qr 2
Dy~ 8} + 53, (213)
2 2 2 2 2 02 2 252 ? 2 2 ?
Dy~ (2 — 1) [(82 + B — 1) + 2787 + (ﬁlu i —) I (—) - (214)
Qr Qr

We note that this approximation is equivalent to keeping only the singular terms
(w? — 1) in the exact expressions, while setting w = 1 elsewhere. Inserting these
expressions into Eq. (205)), dipc(w) can be put into the Fano form

(215)

Sinow) ~ LB (&7~ o) F )
DC - (B2 + B2)2 (W2 —wi )2+ (g)z

where
N
WFano — 1 /6% +6%’ (2]‘6)
_ 2B1Bop® | 4
R AR 20
and 8
_ 72
=3 (218)

The Fano line shape of dipc(w) is difficult to see with the realistic parameters
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Figure 24: The function dipc(w) plotted with the parameters f; = 1, fs = 2,
Qr = 10% and pu = 0.08. The blue line is the approximate Fano form Eq.
and the orange dashed line is the exact function Eq. . When §; and [, are
comparable this Fano form is obvious, but when 5 > ; the Fano form reduces to
an ordinary Lorentzian as seen in Fig.

chosen in Fig. but if we increase (; to be comparable to (3 the Fano shape is
obvious, as seen in Fig. 24] The frequency wrano plays no direct role, but helps to
define three important frequencies, those of the minimum, maximum and crossing

points of the Fano function, which are given by

] re s 26
Winin = w%‘ano_T_\/l 12 0 (219)

r 2
e = + 32 =14 00 220
— o E(E_)_ o L(ﬁ_@)
ecn \/‘“’Fano+ i\ \/1 2 o\ma) Y

respectively. The parameter I' is a measure of the width of the resonance, and

and

contains a term inversely proportional to the mechanical quality factor as is expected.
However it also contains a term proportional to u? showing that the resonance peak
gets wider with increased coupling. The parameter ( = 5/ is a measure of the
asymmetry of the resonance and in the limit ( — oo i.e. 55 > i, the Fano form

reduces to the simple Breit-Wigner (Lorentzian) expression

% 1

~ T [W —1)2(2) +1

Sinc(w) . (222)
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This is a good approximation for our experimentally relevant parameters as can be

seen from the Lorentzian shape of Fig. [23]

We thus see that the exact peak frequency is wpy.x which is not dependent on
at all and is extremely close to the bare resonance frequency 1 for experimentally
relevant parameters. We now realise that the plateau found numerically is actually
not a true plateau but the slope of a resonant peak, which becomes flatter with
increasing Qr. The frequency increases as we get deeper into the plateau at higher

currents, reaching wy., at its deepest point.

We can also now give an expression for the plateau width, given by

2123 3 2
. By B3 I
5ZDC(wmax) - = . (223)
o+ PTG P | B &

For low p the plateau width increases as u? as

,uerﬁg’

§ipc(Winax) A R (224)

while for large 4 the width saturates at a value 83 /28,(8?+/33). In reality u generally
cannot become too large before other effects begin to dominate, as we will see in a
subsequent chapter when discussing the strong-coupling limit, so that Eq. is a
good approximation. We note that this plateau width is the full width of the plateau
explored on the increasing current path rather than the much smaller section of the

plateau found on the decreasing current path.

The area of the mechanically induced hysteresis loop can also be estimated.
Looking at Fig. [21] it is clear that the area is dominated by a right-angled trian-
gular region with height given by the max plateau width dipc(wmax) and a width
given by the Ohmic voltage associated with this current jump dipc(wWmax)/ /1. This
approximation is better with decreasing width of the resonance i.e. higher quality

factor Qr and low coupling. The area is thus approximated as

Area ~

L L (225)

260 260 LB+ 73
and scales as p* for low coupling. This area is expressed in units of I.Vy = 3, I2R.

Now that we have the current as a function of w we can find similar expressions
for other important quantities. The parameter g appearing in our ansatz Eq. (168)
was expressed in terms of w and ipc in Eq. (190]). Inserting the exact expression
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Figure 25: (a) The parameter g plotted as a function of voltage w with various
coupling values p. (b) Zoom of the function close to the mechanical resonance
frequency w = 1 showing a Fano-like resonance. ¢ becomes fairly large for high
coupling deep into the plateau at w ~ 1 indicating that our approximation ¢g/w < 1
starts to break down.

for ipc(w) in Eq. (202)) we can express g in the form

s K 1 [1 = (1 + p*)w?]* 4 (2w/Qr)?

g = — = I
D2 5% + 53 <w2 - w%ano)z + (5)2

(226)

where x and D, are functions of w defined in Eqgs. and . The right
hand expression is derived using the same approximation that led to the Fano form
of dipc(w). g is plotted as a function of w in Fig. for various coupling values
showing that once again a Fano-like resonance appears near w = 1. The peak of
this resonance in g occurs at a higher frequency than wy,., but because the largest
physical plateau solution occurs at wpax the largest physical value of g is g(wWmax)-

In the limit £y > [ where wpa, ~ 1 this value is

g(1) ~ é\/1 + <“22QF)2. (227)

We note that g can become comparable to 1 when p? ~ 2(3 — 1)/Qr which for

our experimental parameters is p &~ 0.06. Since w = 1 in the region of interest,
our approximation g/w < 1 breaks down and our analytics become quantitatively
incorrect above this point. However we will see that we can still make qualitative

predictions that are in good agreement with the numerical results.
The amplitude of the mechanical oscillations themselves can also now be calcu-
lated from Eq. (177). Inserting ¢> = k/Dy we obtain
A= _ Mﬁ2w_
VD
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Figure 26: Mechanical oscillation amplitude |A| plotted as a function of w for various
coupling values p. The true resonance frequency of the coupled system is wgay,, which
differs only slightly from 1 for low coupling. The width of the resonance is given by
I' which depends on Qr and increases with p.

Using the same approximations that led to the Fano form of dipc(w) i.e. expanding
around w? = 1 with % 1/Qr < 1, we obtain the Lorentzian form

P ! | (229)

VIR i+ (5

The mechanical oscillation amplitude |A| is plotted in Fig. We thus see that
WFano, Which depends on p according to Eq. (216)), has a physical interpretation as

the true mechanical resonance frequency of the coupled system.

The phase delay v between the voltage and mechanical oscillation is calculated

from the two equations

siny = L= (1\;%#2)002, (230)
cosy = 20/Qr (231)

N

derived previously, and is plotted as a function of w in Fig. . Forw < 1, v =7/2,
and for w > 1, v = —7/2 with the crossover occurring in a region of width 1/Qr
around the central frequency w = 1/4/1 + p2.

8We have plotted |A| since A is negative because of the phase convention chosen for +.
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Figure 27: The phase delay v between the voltage and mechanical oscillations plotted
as a function of w for various coupling values u, calculated from Eqs. and .
For w < 1, v = 7/2, and for w > 1, v = —x/2 with the crossover occurring in a
region of width 1/Qr around the central frequency w = 1/4/1 + p?.
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Figure 28: (a) The phase ¢g plotted as a function of w for various coupling values p,
calculated from Egs. and . Away from the resonance gy ~ —m /2, but on
resonance it is shifted from this value. A physical interpretation of g comes from
the fact that the average supercurrent is given by (sin ¢) = —(g/2w) cos ¢o. This is
plotted in (b) showing that the shift of ¢y at resonance causes the supercurrent to
acquire a finite DC component.
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Finally the phase ¢ is calculated from Eqgs. (197)) and (198)) i.e.

sin gy = pAw? siny — Bagw, (232)
cos g = ptAw? cosy — Big, (233)

after the insertion of the expressions for A, v and ¢ given above. The phase ¢ is
plotted as a function of w in Fig. (a). A physical interpretation of ¢y comes from
the fact that the average supercurrent is given by (sin¢) = —(g/2w) cos g, which
is plotted in Fig. 2§(b). We see that off resonance we have ¢y ~ —m/2 and thus the
average supercurrent is zero, but on resonance  is shifted so that the supercurrent
acquires a finite DC component. A more useful expression for this supercurrent
average is obtained by taking the time average of our equation of motion Eq. ,
yielding

(sinp) = —(g/2w) cos py = ipc — fiw, (234)

which was found earlier in Eq. . This has a simple interpretation, the more the
voltage w differs from the ideal Ohmic value ipc/f1, the greater the supercurrent’s
DC average. This DC average thus becomes very large on the Shapiro plateau.

From all these parameters we see that there are a number of important frequen-
cies in this complicated coupled problem. As we increase w towards the mechanical
resonance, first the phase delay v becomes zero at 1/ m, then the oscillation
amplitude |A| has a maximum at wgaye then finally the plateau dipc(w) reaches
its maximum at wpna.. These are all distinct frequencies, different from the bare
resonance frequency w = 1, with 1/ m < WFano < 1 and wpax > 1.

We thus have a good analytical theory that can explain the Shapiro-like steps that
were seen in the numerical analysis, as well as the mechanically induced hysteresis
that results in different I-V curves being obtained on the decreasing and increasing
current paths. We now move on to explore new phenomena that occur as p continues

to increase.

4.8 Strong-Coupling Limit

In the previous section we numerically calculated the I-V curves of the coupled
system for both decreasing and increasing current paths, shown in Figs. and
[19] respectively. The width of the resulting mechanically induced Shapiro plateau
is predicted to increase with p according to our analytically derived expression Eq.
. This agrees well with the numerical analysis when p is not too large but fails

when p exceeds some critical value, as we will now see.
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Figure 29: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = 1/ (22) as functions of the applied current ipc = Ipc/I. for a simple decreas-
ing current experiment, obtained by numerically solving Eqs. and with
1 = 0.1, By = 2, Qr = 103. Results are shown for five different magnetic field
coupling values u = B/By. The results for = 0.15 show that instead of forming
the Shapiro plateau, the system instead abruptly retraps to the zero voltage state
prematurely. This retrapping occurs for all coupling values 1 above a critical value,
and will be shown in the next section to be a result of energy being transferred from
the electronic subsystem to the mechanical one.

4.8.1 Mechanically Induced Retrapping

Starting again with the simple decreasing current path, the numerically calculated
[-V characteristics displayed in Fig. 29 show that for g = 0.15 the system abruptly
retraps to the zero voltage state instead of forming the Shapiro plateau. This occurs
at the current value at which we would expect the Shapiro plateau to start. The time
evolution of the system at this point is plotted in Fig. After a long transient the
oscillations a(7) increase and it seems that the system is going to enter the phase
locked Shapiro state, but instead the oscillations increase too rapidly and cannot
be maintained; the system is abruptly retrapped into the zero voltage state. The
supercurrent frequency rapidly goes to zero and oscillations decay. Soon we will see
that the analytics allow us to interpret this as due to the mechanical oscillations
subtracting too much energy away from the electronic system.

Having looked at I-V characteristics for some specific values of  we can now look
at a colour plot showing how the Shapiro plateau develops as a continuous function
of p. Such a colour plot is given in Fig. BI|(a), displaying the average voltage (V')
as a function of both ipc and p when traversing the decreasing current path. The
coloured lines correspond to the specific values of 1 shown in Fig. [29. The white
region in this plot corresponds to the Shapiro plateau which widens as p increases,

until we reach a critical value that we call pe.. For coupling p above this value, the
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Figure 30: Time evolution a(7) and ¢(7) for the solution to Egs. and
when g = 0.15 and at the current value ipc = 0.128. After a long transient the
oscillations a(7) increase and it seems that the system is going to enter the phase
locked Shapiro state, but instead the oscillations increase too rapidly and cannot
be maintained; the system is abruptly retrapped into the zero voltage state. The
supercurrent frequency rapidly goes to zero and oscillations decay.

system instead retraps to zero voltage instead of forming the plateau, as has already
been seen in the specific case p = 0.15 in Fig. 29) This amounts to an increase in
the retrapping current by up to 50% and should be easily detectable in state of the
art experiments. An accompanying plot of the root mean square displacement
is seen in Fig. (b) which shows that the plateau region is characterized by strong

mechanical oscillations which grow with increasing current and magnetic field.

A natural question is whether this retrapping phenomenon occurs also on the
more complicated increasing current path. We recall that this path involves decreas-
ing the current to reach the plateau, and then increasing the current again exploiting
the mechanically induced hysteresis. Obviously we must have p < peo or we would
not be able to reach the plateau initially. The I-V characteristics for this increasing
path are shown in Fig. [32|(a). The plot for 4 = 0.09 shows that the system is locked
to the Shapiro plateau for a small range of currents before becoming unstable and
retrapping in a similar way to the decreasing current case. There must be a lower

critical value fi.1 < pe2 at which this phenomenon first occurs.

Once again a colour plot is displayed in Fig. [33|a) showing (V) as a function
of ipc and p, this time on the increasing current path. The full extent of the
Shapiro plateau is visible as the white region whose width grows approximately
quadratically with p as expected from the analytical expression Eq. . Below

a critical coupling value .1, as we increase the current we explore the entire width
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Figure 31: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = 4/ (22) as functions of the applied current Ipe and magnetic field B, obtained
by numerically solving Eqgs. and with experimentally relevant parameters
B = 0.1,8, = 2,Qr = 103, for the decreasing current path. The white region in
panel (a) shows the Shapiro plateau (V') ~ V which widens as p increases, until a
critical value p.o above which the plateau becomes unstable and instead the system
retraps to zero voltage prematurely. The coloured lines refer to the specific values

of p plotted in Fig.

of the plateau at which point the voltage increases to the Ohmic solution. However
above this critical value we only explore a small section of the plateau before the
system is retrapped. Again a plot of the root mean square displacement s is
seen in Fig. (b) One should compare these two colour plots to the ones for the
decreasing current path in Fig. [3I] We notice that by exploiting the hysteresis we
can obtain a plateau width of approximately 0.4/, compared to just 0.01/. with the
decreasing current. Similarly, we can obtain mechanical oscillations that are up to
three times stronger. Clearly this increasing current path obtained by exploiting the
mechanically induced hysteresis represents a significant experimental advantage.

A comparison between the numerically calculated plateau width and the analyt-
ical one Eq. is shown in Fig. , showing good agreement for low p as they
both grow as p? but beginning to differ as we approach p.;. We believe this slight
discrepancy to be due to our approximation g/w < 1 failing as we get deeper into

the plateau where the mechanical oscillations are very strong.

4.8.2 Fixed Current, Varying Magnetic Field

We have so far considered two simple possible experiments that both involve keeping
the magnetic field fixed while varying the current. However due to the non-linearity
of our system, and thus its strong dependence on initial conditions, there are an
infinite number of possible paths that can be taken in the space ip¢, ¢ that will yield
different results. Most of these are of course far too complex to be experimentally

practical, but there is one additional simple one that we have not yet considered.
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Figure 32: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = \/ (22) as functions of the applied current ipc = Ipc/I. for the increasing
current path described in the main text, obtained by numerically solving Eqs. (140
and with 8, = 0.1, 8, = 2, Qr = 10°. Results are shown for four different
magnetic field coupling values = B/By. Similarly to the decreasing current case,
a portion of the Shapiro plateau becomes unstable when the coupling 1 becomes
too large. In this case, the line at ;1 = 0.09 shows that the system abruptly retraps
to zero after exploring only a fraction of the whole plateau.
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Figure 33: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = +/ (22) as functions of the applied current Ipc and magnetic field B, obtained
by numerically solving Eqs. and with experimentally relevant parameters
B = 0.1,3, = 2,Qr = 103, for the increasing current path. The white region in
panel (a) shows the Shapiro plateau (V') ~ Vi, which widens as p increases, until a
critical value . above which a large portion of the plateau becomes unstable and
the system instead retraps to zero in a similar way to the decreasing current path.
The coloured lines refer to the specific values of u plotted in Fig. .
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Figure 34: Shape of the Shapiro plateau region calculated numerically compared to
the shape predicted by the analytics (yellow line). The edge of the plateau is given

by the current at the local maximum point wy,.c. The plateau edge is thus predicted

analytically to be ipc(wWmax, i) = i](% (Wmax) + 0ipc(Wmax, 1), where the p dependent

part is given by Eq. 1' growing as p? for low p.

Instead of fixing the magnetic field and varying the current we do the opposite and
fix the current while varying the magnetic field. To obtain non-trivial results we of
course must be in a finite voltage regime to start with or else the system will just
remain in the trapped zero voltage state with a DC supercurrent and no mechanical
oscillations. The process then involves decreasing the current from above I. down
to a current near the resonant region (V) ~ V4 and then keeping the current fixed
while increasing p from zero.

We have simulated this experiment numerically over a wide range of starting
currents, with the results being shown in Fig. [35] Panel (a) shows the DC voltage as
a function of ipc and p. We see that as p increases the voltage becomes pinned to the
plateau value V, over a wide range of currents. This constant current procedure thus
maps all the plateau states explored by the decreasing current path at constant p (cf.
Fig. but also accesses additional states, as the sharp boundary at .o extends into
a funnel-like feature. The system eventually retraps as the coupling is increased too
much, occurring at a different p for each current value. At a third critical coupling
value fie3 > fic2, the plateau becomes unstable for all current values. Fig. B5|(b)
shows the corresponding colour plot of the root mean square displacement, while
panels (c) and (d) show the result for specific current values corresponding to the
coloured lines in panels (a) and (b) respectively.

We thus have seen three different possible experiments that can be carried out
on this coupled system, each associated with its own critical coupling value. For
the decreasing current experiment, the plateau becomes unstable at u.o. For the

increasing current experiment, the plateau becomes unstable at u.;. Finally for the
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Figure 35: (a) DC voltage (V) and (b) root mean square mechanical oscillation
Trms = 4/ (22) as functions of the applied current Ipc and magnetic field B, obtained
by numerically solving Egs. and with experimentally relevant parameters
B = 0.1,8, = 2,Qr = 103, for the fixed current, increasing magnetic field path.
This constant current procedure thus maps all the plateau states explored by the
decreasing current path at constant u (see Fig. but also accesses additional
states, as the sharp boundary at jio extends into a funnel-like feature. At fis,
the plateau becomes unstable for all current values. (c¢) DC voltage (V) and (d)
root mean square mechanical oscillation z,,s = /(2?) for specific current values
corresponding to the coloured lines in panels (a) and (b).
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increasing magnetic field experiment, the plateau becomes fully unstable at 3. The
results for all three of these experiments are collected for convenience together in
Fig. 36l We now carry out an analytical treatment based on an energy argument to
understand why the plateau becomes unstable leading to these sudden retrappings.
This will lead to analytical expressions for the dependence of ji.1, o and pi.3 on the

system parameters.

4.9 Analytical Explanation of Retrapping

In section 4.7 we derived a number of important parameters as functions of voltage
w, but we have not yet considered the various energy contributions in the system.

Recall that the total energy of the system is given by

2
E= %52 (@ + éa) — cosp + 2%2 (@® + (a +ipcp)?) (235)

which is given in units of the Josephson energy Ej = hl./2e and may be split up

into three contributions £ = E, + E, + E., where the electronic energy is

_ 1

E, = 562952 — Cos , (236)
the mechanical energy is
B = 5 (1 202 + (a + ive?). (237)
and the coupling energy is
E. = pag. (238)

These are in general time dependent quantities, but inserting our ansatz Eqs. (168)

and ([170)) we can obtain expressions for their time averages as functions of w

2
(B,) = %52(002 + %) — % sin ¢y, (239)
-\ _ inc(w)’u? A%,
(Em) = 2%, +4ﬁ2<w +1), (240)
(E.) = —“142“’9 sin 7. (241)

The mechanical energy is positive definite and strongly peaked at the resonance, as
we would expect. While the mechanical energy can be extremely large, the coupling

energy is a rather small contribution and not particularly significant. The electronic
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Figure 36: DC voltage (V) and root mean square mechanical oscillation z,,s =
\/(x?) as functions of the applied current Ipc and magnetic field B, obtained by
numerically solving Egs. and with experimentally relevant parameters
B = 0.1,8, = 2,Qr = 103. Typical parameter scales are I, = 10nA, By = 10T
and V5 = 0.3uV (a) DC voltage measured along the decreasing current path for
a range of coupling values. (b) I-V characteristics for specific values of coupling
(n=0,0.03,0.06,0.09,0.15) corresponding to the cuts in (a). A plateau at (V') = 1}
develops for low coupling ;1 < pie2 which becomes unstable when p > pico. (¢) Plot of
Tyms for the same cuts as (b) showing that mechanical oscillations are amplified on
the voltage plateau, growing stronger at higher currents. (d) DC voltage measured
when increasing the current from the plateau, for a range of coupling values. (e) I-V
characteristics for specific values of coupling (1 = 0, 0.03,0.06, 0.09) corresponding to
the cuts in (d). The plateau here starts to become unstable above a critical value fi.;.
(f) Plot of x,s for the same cuts as (e). On this increasing path we can reach higher
currents deeper into the plateau, leading to stronger mechanical oscillations. (g)
DC voltage measured when increasing magnetic field at fixed bias current. (h) DC
voltage against coupling u for specific bias current values (ipc = 0.1,0.11,0.12,0.13)
corresponding to the cuts in (g). As the coupling is increased, voltage values begin
to lock to the resonant value Vj as the Shapiro-like plateau widens, but eventually
retrap to the zero voltage state as the plateau becomes unstable. Above ji.3, the

plateau becomes unstable for all current values. (i) Plot of x., for the same cuts
as (h).
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Figure 37: (a) Average electronic energy (E,) plotted over a wide range of voltage
values w. (b) Zoom around the resonance value w = 1 showing that on the physical
portion of the curve with w < 1, the electronic energy is on average reduced by the
mechanical oscillations. The plot for 4 = 0.08 shows that when p becomes too large
(E,) can drop below 1 in a range of w values.

energy displays a much more interesting dependence on w. Inserting g and sin ¢q
from Eq. (226) and (232) we can write (E_’¢) explicitly in terms of w as

> Bol o 3k piw?
E) =2 o
(Bp) =5 | top, T D,

(1— 1+ pH?)|. (242)

This is plotted as a function of w in Fig. [37], which shows that the coupling again in-
duces a Fano-like resonance in (E,,) close to the resonance frequency. It is important
to notice that on the physical portion of this resonance with w < 1, the electronic
energy is substantially reduced by the mechanical oscillations (recall that the right
side of the resonance region with w > 1 is regarded as unphysical as Jipc/0w < 0).
This reduction becomes more significant the stronger the coupling is. The lower
average energy the electronic system has, the harder it is to remain in the running
state with a finite voltage. In terms of the washboard analogy, the particle’s kinetic
energy is reduced so that it only just makes it over the maxima of the potential
—cos . In fact, when p becomes too large the average electronic energy can drop
below the potential maximum i.e. (E,) < 1, as shown by the curve g = 0.08 in Fig.
We find this to be a very good condition for predicting when the system becomes
unstable, providing an analytical understanding for the various sudden retrappings

observed in the numerical analysis. The coupling value at which (E,) first goes

below 1 is thus identified with the first critical value ;.

4.9.1 First Critical Coupling, f

In Fig. we explain the transition that happens as p exceeds p;. In panel (a)

we see a sketch of the function ipc(w) when p < 1, with the blue and green
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Figure 38: Sketch of ipc(w) for (a) pu < pe; showing the usual decreasing and
increasing current paths, and (b) for 1 > . showing the emergence of the ‘forbidden
region’ (E,) < 1. When this region is entered on the increasing current path the
system retraps to w = 0 explaining the sudden retrapping observed numerically in

Fig. [36{d).

arrows showing the states explored by the decreasing and increasing current paths
respectively. The decreasing path reaches the end of the Ohmic branch and then the
voltage falls to a value wy near the bottom of the resonant peak. The increasing path
reaches the top of the resonant peak and then there is a jump to the Ohmic solution.
In contrast, panel (b) shows the case y > . where over a region of w values we
have the so-called ‘forbidden region’ (E,) < 1, highlighted as a thin red strip. On
the increasing current path, the system enters this region and subsequently retraps
to w = 0, explaining the transition seen numerically in Fig. (d) Notice that
this transition to w = 0 occurs somewhere in the middle of the peak rather than at
its maximum point, explaining the instantaneous reduction of the observed plateau
width when p crosses p.;. As p continues to increase, the observed plateau width

continues to decrease as more and more states become unstable.

The region (E,) < 1is plotted as a function of w and g in Fig. . Our expression
Eq. (242)) allows us to solve for the contour (E,) = 1 and thus the minimum point

pe1. Multiplying (E,) =1 by 2D, /3, we obtain an equation for the contour as

B

Inserting the expressions for x and Dy from Egs. (176) and (209)), we notice that
p appears in Eq. (243)) only as u? or u* and thus we can express it as a quadratic

2
<w2 - _) Dy + ;Fa + 0 (1= (14 p*)w®) = 0. (243)
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Figure 39: The region (E,) < 1 plotted as a function of w and u. The contour
(E,) = 1 is found from the two real solutions to Eq. . When the system
crosses into this region, it retraps to w = 0, the lowest value of p at which this can
OCCUT 1S [l¢1-

polynomial equation in 2.

Ap' +Bp*+C =0, (244)
where
A 2 1
L= )y (245)
% = <w2 - %) {B%W 1)+ —2%5%2} +w’ -1, (246)
2
c— [(& - é) (82 + B2u?) + g] (W — 1?2+ (%) ] L ()

The two positive solutions to this biquadratic equation thus give an analytic form

for the upper and lower bounds of the region (E,) < 1 shown in Fig. [39,

Unfortunately it is not easy to find . the minimum value of ;1 with respect
to w since Eq. contains powers of w up to eighth order. However, since the
minimum occurs very close to w = 1 we can perform our now familiar expansion
w? = 1+ edw? 1/Qr — ¢/Qr, u*> — ep?, to approximate the contour. Eq.
then reduces to

Apt + By +C =0, (248)
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Figure 40: Comparison between the exact contour (E‘p) = 1 calculated from Eq.
and its approximation, calculated from Eq. . These are plotted with
our experimentally relevant parameters 3; = 0.1,3, = 2,Qr = 10° for which we
see that the approximation is very good, leaving the minimum point pu.; basically
unchanged.

where
- 2 1
A=p? (I—E)+§:AO, (249)
B =2 (1 - 3) [ﬁf(wQ —1)+ 25152} +2(w?— 1) =By + By (w® — 1), (250)
52 QF
C= [(1 - 3) (87 + B3) + §] (W? —1)% + (3)2 = Cp+ Cy(w?® —1)%. (251)
By) T2 Qr

Here we have also defined coefficients A,,, B,,, C,, by grouping up powers of (w? — 1)
for future use. This approximate contour is compared to the exact one in Fig. [0
showing a very good agreement, especially at the minimum point that defines ;.
In employing this approximation we have removed many powers of w so that our
contour equation can now be written as a quadratic polynomial equation in

(w? — 1) as follows
CQ(WQ — 1)2 —+ MQBl(WQ — 1) + A0/L4 —+ Bo[ﬂ + (CO = 0. (252)

The solutions to this equation still give the same contour of course, but the benefit
is that now we can set the discriminant of this new quadratic equation to zeroﬂ

and obtain an equation for the minimum point p.;. This yields the following final

%.e. finding the point where the two real solutions for w at fixed p are equal.
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equation for . itself

Dﬂil + FM§1 +G =0, (253)
where
2 2\°
D =B} — 4A,Cy, =1 —23; <1 — —> — 483533 (1 — —) : (254)
B2 Bo
. 16618 (1 2 2N\ o 2y, 3
Fo—iBoC= -0 (1- 2 ) [(1- 2 @ ap+ 3], @)
16 2 317

Our first critical coupling pi.; is thus determined in terms of 5y, S and Qr as

, _ ~F+VF*—iDG

/’Lcl - 2D

(257)
This can be simplified by noticing that

F? — 4DG = (%)2 [(1 - %) (81 + B3) + gr {1 — 232 (1 - %)} . (258)

The resulting expression is then

26182(1 — 3) £ /12831 - 7))
fm (L) DA BRI 12y ]
1-23 (1-2) —4p283 (1- %) :

(259)
which has the form (z £+ ,/y)/(y — #*) = 1/(—x £ ,/y) so that we finally obtain

(260)

M2:< 4 ) (B2 —2) (B + 53) + 35
4 \Qrba) —28, (B —2) £ /T — 2B, (B — 2)

We immediately see an important result, the critical coupling u.; scales with the

mechanical quality factor Qr as pe1 o< Qp 12,

The dependence on the other two parameters 3; and (5 is much more compli-
cated. Firstly it seems that there are multiple solutions, however we can easily show
that only one of these is real for a given set of parameters. Writing Eq. as
(2, —u)(u? —v) = 0 where u and v are the two solutions above, we see that r = uv.
Since r < 0, one solution must be positive and the other negative so that in terms of
[te1, one value is real and the other imaginary. As it turns out, the negative square
root solution is only valid in a small range of parameters where 5, ~ f5. Since

B2 > [ for experimentally relevant underdamped junctions, we can simply take
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the positive square root solution. In fact in this limit our expression becomes

2 %i 435(B2 —2) +6
T Qr /1-2B2(B - 2)

(261)

The scaling of p. with Qr gives an excellent agreement with the numerical results,
as we will show in Fig. Numerically u.; increases with g5 and decreases slightly
with [, agreeing with the Eq. (260)), but the exact functional form of this equation

is not particularly accurate.

There is another important qualitative prediction we can make however, which
is that for certain combinations of 5; and (s, ue; diverges so that this mechanically

induced retrapping does not occur. The critical value of (3, is easily shown to be

L+ V3R +3/2 (262)

1+ 232

ﬁ?,crit =2
For low (3; one root becomes negative and can be ignored, while the other becomes

Bocrit = 1+ 1/3/2 & 2.225. (263)

The numerical results indeed show that such critical value of By does exist, but is
higher than predicted analytically with (5 i ~ 5. This disagreement arises due to
the assumptions ¢ < w and p? < 1 not holding in this regime. Experimentally,
our system must be sufficiently underdamped to achieve resonance as discussed in
section @ Furthermore if the system is so underdamped that 3 > B ¢ then the
Shapiro plateau is stable with respect to the energy-induced retrapping mechanism
discussed here. The value of S5 ¢t seems fairly low but we should remember that
B2 = B?83. where B; < 1 so that a small change in S5 corresponds to a relatively
large one in terms of the more physical Stewart-McCumber parameter .. In reality
we expect it to be fairly difficult to experimentally achieve a junction underdamped

enough to reach 5 qis.

Now that we have an analytical expression for j.; we can also find the maximum

size of the Shapiro plateau, which is simply dipc(wWmax, fe1). Combining Eqgs. (224)

and (261)) we obtain

| 1 [4(B—2)pa+6
5ZDC(UJmaXnu01) ~ m |:1 — 2ﬁ2<52 - 2):| .
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Figure 41: Sketch of ipc(w) for p > piea. As the current is decreased, we reach the
bottom of the Ohmic branch and then move horizontally to the point ws. When
i < liea, this point is stable and we continue decreasing the current on the plateau
until we reach the global minimum before retrapping [see Fig. [38(a)]. However when

[ > ficz as shown here, the point ws is in the unstable region (E,) < 1 so that the
system retraps to w = 0 early rather than forming the plateau. This is the scenario
discovered numerically in Fig(a).

4.9.2 Second Critical Coupling, fics

We see from Fig. [39|that the region (E,) < 1 widens as u increases beyond fic;. At a
second critical value pi.o this region has widened enough that states on the decreasing
current path also become unstable. This scenario is sketched in Fig. Ordinarily,
i.e. when g < pe, when decreasing the current we would reach the bottom of the
Ohmic branch, move horizontally to the point wy and then continue decreasing the
current to reach the global minimum before retrapping [see Fig. (a)]. However
when g > peo the point ws is in the unstable region (E’(p) < 1 so that the system
retraps to w = 0 directly rather than forming the plateau. This is precisely what

was found in the numerical analysis [see Fig. [36((a)|.

To obtain an analytical expression for p. we then must find how the point wy
depends on p, and then find where this intersects with the contour (ESD} =1. A good
approximation for wy when Qr > 1 is the point we.ss defined in Eq. (221)) which

we recall is the point where dipc = 0. Inserting w = weoss iNtO OUr approximate
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contour equation Eq. (248]) we obtain the following quadratic equation for fies

2
(G- (5a2) () (- (-2
(265)
Since By o< 1/Qr, we can simply multiply through by Q2 and obtain an equation
in p2,Qr, showing that e o< Qp 2 in the same way as pc1.- The full expression for

[le2 18 again rather complicated but we can take the limit 5, > [; and obtain the

following simple expression

s . 2P 2 B
e ™ Bar (\/1 —255(B2 — 2) 1) ' (266)

This predicts that peo diverges when 1 —285(82 —2) — 0, which occurs at the same

critical By value at which pi; diverges i.e. Bo it ~ 2.225.

4.9.3 Third Critical Coupling, fi3

We have seen that when 1 > e we can no longer decrease the current to reach
the plateau without becoming prematurely retrapped. However if we have already
decreased the current on to the lower plateau branch before we increase the coupling
above (i, we can remain on the lower branch. This is precisely what was done
numerically in the fixed current, varying magnetic field scenario discussed in section
. Our analytics suggest that as p increases above i, the region <E¢> <1
continues to expand, causing increasing numbers of solutions to become unstable.
This reaches a critical point at some value .3 where the forbidden region extends
all the way down to the global minimum point dipc(w)/0w = 0, rendering all of the
plateau states unstable. This scenario is sketched in Fig. [42]

To obtain an analytical expression for our final critical coupling .3 we first
require a value for this global minimum point. Actually, this value does not vary
much with the coupling and can be relatively well approximated by its uncoupled
value 8ig)()j(w)/8w = 0. This is calculated from Eq. to bw ~ (3/2)Y4/\/Bs.
This value should then be inserted into our contour equation Eq. and solved
for p.3. Note that since w is not necessarily that close to the resonant region in
this case, it does not make sense to use our approximation that (w? — 1) is small.
Similarly g is not necessarily that small in this regime, leaving the only remaining

small quantities as 1/Qr and /3. Neglecting terms involving these quantities and

10Note that this is just the voltage at the retrapping current I, and thus scales with f. in the
same way as the exact expression I,/I. = (4/7)/+/Be.
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Figure 42: Sketch of ipc(w) for p > pie3. As we progress towards ji.3 fewer and fewer

states are stable, reaching a critical point at p.; where the region (E,) < 1 extends
all the way down to the global minimum point dipc(w)/0w = 0, so that the plateau
is unstable for all current values. This is the scenario discovered numerically in Fig.

36(g).-

inserting w = (3/2)'/*/1/B2 we obtain

“33+4(1—52\/g> u§3+6(1—\/§> (1—52\@)2:0. (267)

There are two real solutions to this equation but one is unphysical at a very high u
where our approximations are invalid. We thus require the lower of the two solutions,

obtaining »
ucw( 2/3 (2— 2( 6—1))) / By — /3/2. (268)

The complicated numerical prefactor amounts to simply 0.493... ~ 1/2 so that we

can make one final approximation

1
ez = B B —/3/2. (269)
Note that this is independent of Qr which is not surprising since we neglected the

small terms involving 1/Qr.

We now have analytical expressions for our three critical coupling values p.1,

tez and gz in Eqgs. (261)), (266]) and (269)) respectively. The analytics suggest that
fte1 and peo both scale with the mechanical quality factor as Q;l/ 2, while 3 is
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Figure 43: Logarithmic plot of p; (blue), peo (orange) and pes (green) as functions
of Qr, with 51 = 0.1, B3 = 2. In the high Qr limit, the numerically calculated values
(data points) agree well with the analytical values (solid lines) given by Egs. (261)),
(1266|) and d269|). Both methods predict that pi.; and pico scale as Qp 2 while fues is
independent of Qr.

independent of Q)r. These expressions are compared with numerical results in Fig.
[43] showing that the predicted Qr dependence is very accurate for realistic large
quality factor devices. For the numerical results shown in Fig. with #; = 0.1,
fa = 2 and Qr = 103, we see that pe = 0.07, pe = 0.12 and pez = 0.36, while
the analytics predict that i, = 0.08, pe2 = 0.2 and pic3 = 0.44. Thus our analytics
provide good order of magnitude estimates, as well as predicting the correct Qr
dependencies.

A summary of all the different coupling regimes is given in Fig. with panels (a-
d) showing the possible transitions. Panel (e) shows the region (E,) < 1 and how the
three critical p values are defined. The minimum point defines ., the intersection
of the region with wy(1) defines ji.o and the intersection with the line dipc /0w = 0,
visible in the inset, defines u.3. The grey regions are the unphysical solutions where
Jipc/0w < 0. This plot shows that our analytics predicts an additional stable region
for strong coupling to the right of the region (E,) < 1 very close to the top of the
resonant peak. However it is not clear that this region exists experimentally since
our analytics are expected to break down here where the approximation g/w < 1

fails.

4.10 Additional Plateaus

So far we have analyzed only the main Shapiro plateau at w = 1, but in reality
there can exist additional mechanically induced plateaus at any fractional frequency

w = n/m where n and m are natural numbers. Actually, two steps at w = 2/3 and
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Figure 44: (a-d) Sketches of bias current as a function of voltage, ipc(w), for various
coupling regimes (Qr = 50 for illustrative purposes). (a) u < pc1 - a finite coupling
introduces a resonance peak on top of the uncoupled (u = 0) profile, plotted in
yellow. This creates a hysteresis loop, with the decreasing and increasing current
paths plotted with blue and green arrows respectively, while unphysical solutions
are shown as grey dashed lines. Reducing ipc on the Ohmic (w > 1) branch to the
minimum causes a transition to the frequency ws (blue dot) on the plateau. (b)
fer < p < peo - a range of frequencies (red regions) have a critically low electronic
energy ((E,) < 1) and are thus unstable. The system retraps to w = 0 as this
region is entered on the increasing current path. (¢) peo < p < pie3 - the solution at
wy is unstable so that the system retraps to w = 0 on the decreasing current path.
(d) p > pes - the whole plateau becomes unstable. (e) A contour plot illustrating
the various regions in the space (w, ). The black lines are dipc/dw = 0 contours,
separating the physical /unphysical solutions (white/grey regions). The blue line is
the solution wsy (1), and the red region again represents the energy unstable solutions.
The minimum of the unstable region defines i1, while the intersection of this region
with the lines wo (1) and dipc/O0w = 0 define ey and pes respectively.
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Figure 45: (a) DC voltage (V) as a function of ipc and p for a decreasing current
experiment at fixed coupling [reproduction of Fig. [36|(a)], highlighting the existence
of fractional Shapiro steps at w = 2/3 and w = 1/2. (b) DC voltage (V) as a function
of ipc and pu for an increasing coupling experiment at fixed current [reproduction of
Fig. [36[(g)], highlighting that these fractional Shapiro steps extend into spike-like
features in the same way as the main w = 1 plateau. These fractional Shapiro
steps are associated with their own energy induced retrappings and critical coupling
values.

w = 1/2 are visible already in our decreasing current color plot Fig. (a). This plot
is reproduced in Fig. (a) with the additional steps highlighted. When increasing
the coupling at fixed current, these steps extend into spike-like features in the same
way as the main w = 1 plateau, as highlighted in Fig. (b) These additional steps
are each associated with their own critical coupling values.

A zoom of the w = 1/2 plateau on the decreasing current path is shown in Fig.
This shows an almost identical form to the main w = 1 plateau which really
highlights the self-similar, or fractal, nature of our non-linear equations of motion
Eqgs. and . Further sub-plateaus at smaller fractions are even visible in
this zoomed plot. Earlier we discussed that above a critical value of 35 the energy-
induced retrapping on the main w = 1 plateau do not occur. However, retrapping
does still occur on these smaller plateaus, themselves being associated with higher
critical By values.

Our analytics of course fails to capture these additional plateaus since we in-
cluded only terms oscillating at a single frequency w. In principle it is possible, but
challenging, to include higher frequency components and obtain a general theory for

the w = n/m Shapiro plateau.

4.11 Finite Temperature Effects

In order to experimentally observe the phenomena discussed here, temperatures

must be below the critical temperature T, of the superconducting contacts. These
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Figure 46: Zoom of the DC voltage plot Fig. 45{(a) around the w = 1/2 plateau,
showing how similar it is in form to the main plateau. This smaller plateau is even
associated with its own critical coupling value at which there is an increase in the
retrapping current.

contacts could be realised with rigid nanostructures based on e.g. niobium ni-
tride [72] or molybdenum rhenium |76] with rather high 7. ~ 10K. Even at these
temperatures thermal currents and displacements may exceed the typical scales I
and xg, disrupting the experimental signatures. We analysed temperature effects
by including a Johnson-Nyquist noise current ¢ to our equations of motion with

correlation function T
(i(r)i(r")) = 2B 707~ ), (270)
J

where T is a temperature scale related to the Josephson energy hl./2e = kgT;. To
minimize the effects of temperature the thermal energy kg7 must be less than the
energy scale hlpc/2e associated with the current Ipg i.e. T < $;T;. In terms of

physical parameters, this condition reads

N AN (271)
B 2¢) R’

so that experiments may be optimised using devices with low resistances and high
mechanical resonance frequencies. For state of the art CNT devices with wy ~
10GHz [63,64] and R ~ 1k |27,/73] we find T" < 100mK.
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5 SQUIDs

In 1964, two years after Josephson discovered the Josephson effect, Robert Jaklevic,
John Lambe, James Mercereau, and Arnold Silver invented the SQUID (supercon-
ducting quantum interference device) [26]. A SQUID consists of two Josephson
junctions connected in parallel, forming a superconducting loop. An applied mag-
netic flux through the loop produces quantum interference between the two junctions
so that the total supercurrent becomes sensitively dependent on the applied field.
SQUIDs thus make extremely good magnetometers, being able to measure magnetic
fields down to 1075T [77]. In this chapter we will first develop the theory of ordi-
nary DC SQUIDs that have no mechanically vibrating parts. We will then move on
to consider SQUIDs where one or both arms may be free to mechanically oscillate,
extending our work of the previous sections. The external flux will prove to be a
useful experimentally variable parameter, allowing us to redirect the current flow
between the two arms. In particular we can choose which of the two arms to excite,
or even whether they oscillate in a symmetric or antisymmetric mode. The two
arms of the electromechanically coupled SQUID can thus allow the creation of two

distinct states that can be switched between controllably.

5.1 DC SQUIDs

Inc
I=1Ipc/2—J
»
sc [ 2]

L =1Ipc/2+ T
-
[—]
KA

SC

Inc

Figure 47: Sketch of a DC SQUID, which consists of a superconductor that branches
into two arms which later recombine forming a loop. Inside each arm are Josephson
junctions (grey regions) that are associated with their own phase differences ¢ and
9. The SQUID is biased with a DC current Ipc and a magnetic field is applied
such that a magnetic flux ® penetrates the loop. This flux imposes a constraint on
1 and @y as well as inducing a circulating current J so that the current flowing in
the two arms are Iy = Ipc/2+ J and I, = Ipc/2 — J.
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A DC SQUID is sketched in Fig. {7 Two Josephson junctions are connected
in parallel in an otherwise superconducting loop that is biased with a DC current
Ipc. The current is not split symmetrically in both arms but differs due to a
circulating current J that is induced by an applied magnetic flux ® that penetrates
the loop. The current in the two arms can thus be expressed as I} = Ipc/2 + J
and Iy = Ipc/2 — J. Each junction hosts a supercurrent I, sin ¢,, where ¢, is the
gauge-invariant phase difference, related to the voltage drop V,, across the junction

by the usual Josephson relation

dpn,  2e d
w7 <Vn dt/A dl), (272)

derived in section [3.2] In the present case we consider a constant external magnetic
field and Josephson junctions that do not mechanically oscillate so that the second
term of Eq. does not contribute. Using the now familiar RCSJ model, we
can also write down the resistive and capacitive current contributions, V,,/R,, and
C,dV,, /dt respectively. In all the above expressions, the subscript n = 1,2 labels
the two separate junctions and for generality we have allowed them to have different
critical currents I.,, normal state resistances R, and inter-electrode capacitances

C,. Current conservation in the two arms thus yields the following two equations

Inc ) h dp;  RCyd%p
DO Ly , 273
> E L Y N PR B PR V> (273)
Inc : ho dgs  hCy %,

-1 , 274
o T lesie T o T o e (274)

To completely describe our system we also require a third equation that relates
and s to the flux through the loop. This is derived by ensuring that the supercon-

ducting phase ¢ is single valued as we now show.

5.1.1 Flux Relation

Applying Stokes’ law we can find the total magnetic flux penetrating the SQUID by
integrating the vector potential A anticlockwise around the loop shown in Fig. [47]
The fact that the arms have finite width does not matter, we can take the integral

as far inside the electrodes as we like, since no flux penetrates them by virtue of
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them being superconducting. E This integral then produces
fA-dlz/A-dl—k A -dl - A -dl, (275)
sc link 1 link 2

where the integral over the two weak links are separated from the integral over the
superconducting electrodes and we have reversed the final integral so that it is taken

in the direction of current flow.

The real (non-gauge invariant) superconducting phase ¢ is related to the vector

potential and supercurrent velocity v, by the canonical momentum relation
hV ¢ = 2mv, + 2eA, (276)

where m is the mass of an electron and the factors of two arise due to the charge
carriers being Cooper pairs. Deep in the electrodes the supercurrent velocity is zero,
by virtue of Eq. , so that

h
A = 2—Vq§ (in electrodes). (277)
e

Inserting this into Eq. (275)), it becomes

h
%A~dl:—/v¢-dl+ A -dl - A -dl (278)
2e Js link 1 link 2

The integral over the electrodes may be simplified by realising that the phase ¢
must be single valued so that this integral plus the phase differences ¢, ¢ across

the weak links must be zero (mod 2m)

/ Vo -dl+ ¢; — ¢ = 0 (mod 27). (279)

Here we have again reversed ¢5 so that it gives the phase difference in the direction

of current flow. We thus have
2 2 2
—ej{Adl:(gbz——e A~dl>—(¢1——e A.d1> (mod 27). (280)
h h link 1 h link 2

The bracketed expressions on the right hand side are just the definitions of the gauge

11 Assuming that the dimensions of the SQUID arms are large compared to the London penetra-
tion depth.
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invariant phase differences 1,09 across the two weak links, so that we can write
2e
Y2 — p1 = ﬁfA -dl (mod 27). (281)

The total magnetic flux may differ from the applied contribution ® due to the natural
inductance of the loop. We can account for this by assigning each arm an effective

inductance L,, and writing the total flux as

I
fA dl=®+ L[y — Lyl =& + (Ly — LQ)%C + (L1 + Ly)J. (282)

Eq. (281) can then finally be written as

2 I

Py — o1 = (}%T @+ (L = La) 50 + (Ly + L2)J | (mod 2m), (283)
0

where we have introduced the flux quantum ®, = h/2e. This equation provides an

extra constraint for our system and thus when combined with our two equations of

motion (273) and (274)), the variables i, @5 and J are completely determined.

5.1.2 Voltage

We can calculate the voltage across the device

h de A, h dpy drl,
L NN it S e NN et )
e dt T Var T ar TP

(284)

One can check that the same voltage is obtained by traversing either of the two arms
by taking the time derivative of the flux relation Eq. (283)). We can also express

the voltage in a symmetric form

1 h (dpy  dpo dJ
=—|—|——+—= Li— Ly)— 2
2|:26<dt+dt>+(l Q)dt}’ (285)
h (Lade;  Lydes
= -_— —_— —_— 2
Qe(L dt+L dt)’ (286)

where in the second equality we have inserted J from Eq. (283]), and written the
total inductance of the loop as L = L1 + Lo.
5.1.3 Dimensionless Equations

For simplicity, from now on we shall assume that the inductances of both arms are

identical Ly = Ly = L/2. The flux term proportional to Ipc in Eq. (283]) then
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vanishes, which in any case is a small contribution and only produces a constant
shift to the applied flux ®. We will also no longer explicitly write (mod 27) when
employing the flux equation , with the understanding that ¢, and ¢4 are phases
and of course only physical modulo 27.

Our three equations can be made dimensionless by introducing the average crit-
ical current I. = (I + I.2)/2, average capacitance C' = (Cy + C3)/2 and twice
the parallel resistance of the SQUID R = 2R Ry/(R; + Ry). We can then measure
currents in units ipc = Ipc/Ile, j = J/I., applied flux in units of the flux quantum
¢a = P/Py and time in units 7. = w.t where w, = 2el.R/h. We can also intro-
duce the Stewart-McCumber parameter 5. = w.RC and dimensionless inductance
B, = 2I.L/®. This is an obvious generalisation of how we non-dimensionalized the
single junction in section [3.3] Eqs. (273), (274) and (283)) can then be expressed as

o ti= (= ansing + (1 - ar)é + Gl - ac)é, (287)

%—j = (14 ay)sinps + (1 + ag)s + (1 + ac) s, (288)
1.

Y2 — 1 =27 (¢a + §BL]) ) (289)

where ay = (Ipo — 11)/(Ie1 + 1e2), ar = (R — Ry)/(R1 + Rs) and a¢c = (Cy —
C1)/(Cy + Cy) characterise asymmetries in the junction critical currents, resistances
and capacitances.

The voltage can then be expressed in units of I.R from Eq. as

V . ™. . wBL-
or, in symmetric form
V. 61+
= , 291
I.R 2 (291)

A Lagrangian formulation for the uncoupled SQUID is presented in appendix [A]

5.1.4 Static Solutions

We will first consider the simplest case of identical junctions a; = ag = ac = 0 and

look for static solutions. Eqs. (287)) and (288]) then simplify considerably to

o4 =singy, (292)
ol —j=sings, (293)
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and if we further assume that the inductance is low, 8, < 1, then the flux relation

Eq. (289) reduces to
P2 — 1 = 2T Qa. (294)

From these equations we find ipc = sin ¢y + sin(p; + 27¢,), which can be written

as
ipc = 2sin(p) + m¢,) cos(mpa). (295)

If we apply a bias current, ¢; will adjust so that this equation is fulfilled. The
maximum supercurrent before we must include dissipative currents is then obtained
for sin(yp; + m¢,) = £1. In other words, the SQUID acts as a single junction with
a modified critical current

I = 21| cos(mgu)]. (296)

which is heavily dependent on the applied flux. This function is plotted as a blue
line in Fig. , showing that the maximum supercurrent I/ is periodic in the applied
flux with a period equal to the flux quantum ®5 = h/2e¢ ~ 2 x 107"Wb. When an
integer number of flux quanta penetrate the loop, the superconducting phases are
equal ¢; = o, and thus the supercurrents in both arms flow in the same direction
giving I, = 2I.. However when there is a half integer number of flux quanta, the
phases are half a cycle out of phase o = @1 + 7 so that the supercurrents flow in
opposite directions and cancel out yielding I, = 0. A small change in the applied flux
of the order of one flux quantum can thus produce a large change in the supercurrent,
which is the basic principle behind SQUID magnetometers [77].

Plots of I/ for non-zero inductance 31, # 0 have been calculated numerically and
are given in Fig. , which shows that the basic principle remains unchanged, 1]
is still periodic in ® with period ®;. The only major change is that the minimum
value of I/ is raised from zero. This is due to the circulating current J being induced

that keeps the total flux ¢, + (1j/2 close to an integer number of flux quanta.

5.1.5 Dynamic Solutions

To study the dynamic solutions to Eqgs. (287)), (288]) and (289) it is convenient to
perform a change of variables to ¢ = (1 + ¢2)/2 and ¢p_ = (¢1 — ¢2)/2. The flux

relation is then given by

Y- = _7T<¢a + ﬁL]/2>7 (297>
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Figure 48: The maximum supercurrent of the SQUID I/ as a function of the applied
flux ®. This modified critical current is periodic in ® with a period equal to the flux
quantum ®y = h/2e. It is maximum for integer number of flux quantum, I, = 21,
since the supercurrent flows in the same direction in both arms and minimum for
half integer number of flux quantum where the supercurrents in both arms tend to
cancel out. For zero loop inductance, S, = 0 (blue line), this cancellation is perfect
and I, = 0, but for finite inductance (orange, green and red lines) the minimum
value is raised due to the circulating current J inducing an extra flux on top of the
applied value ®.

while the other two equations become

ipc = 2¢o8(md, + mBLJ/2) sin oy + 264 + 2664, (298)
, . . 7B - wPLrL -
Jj = —sin(ng, + w6Lj/2) cospy — ng — ﬁQﬂLJ. (299)

where we have again assumed symmetric junctions, ay = ar = a¢ = 0, and inserted

Eq. (297) to obtain two coupled equations in ¢, and j. The voltage Eq. (291)
becomes simply

V .

In the limit 8, < 1, Eq. (298]) becomes decoupled and is identical to the RCSJ
equation for a single junction with a critical current 2I.cos(m¢,), resistance R/2
and capacitance 2C' H If we are also in the overdamped limit 5. < 1 we can follow

the same logic as in section and exactly solve for the DC voltage as

V)= oo - 12, (301)

where I/ is given by Eq. (296]) [cf. Eq. (100)) for a single junction|. SQUIDs used

in practical magnetometers are usually made to satisfy [;,8. < 1 to eliminate

12This resistance and capacitance are simply those of the two arms taken in parallel.
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Figure 49: Increasing current I-V curve of a symmetric SQUID calculated from Egs.
(298)) and (299)). The junction is underdamped with . = 10 and a finite inductance
B, = 0.02. Plots for various values of applied flux ¢, = ®/®, from integer flux,
¢ = 0, to half integer flux, ¢, = 0.5, are given (¢, is only physical modulo 1
and the system is symmetric around the point ¢, = 0.5). The modification of the
effective critical current I is clearly visible, as well as the addition of a new plateau
at a value (V)/I.R = \/2/7B.5r. This plateau is due to an internal LC resonance
and thus appears when (dy, /dt) = 1/2/LC. Since it is induced by the circulating
current the plateau is most prominent at half integer flux and vanishes for integer
flux.

both magnetic hysteresis and hysteresis in the I-V curve, so that Eq. is
widely used [60]. If the junction is instead underdamped there is no exact analytical
solution, but if one can still neglect the inductance, 5, < 1, the SQUID displays all
the same behaviour as the single junction discussed in section [3.3.3]

In the more interesting case where both . and 3, are finite there is an interesting

new phenomenon. The increasing current I-V curves in Fig. [49] calculated from Egs.

(298)) and (299)), show that a new voltage plateau develops at a finite voltage. Our

knowledge of Shapiro plateaus immediately leads us to the conclusion that this must
be due to some internal resonance in the circuit. We also expect it to be related to
the circulating current since the plateau vanishes at integer flux quantum when there
is little circulating current, and reaches maximum size at half integer flux quantum
when the circulating current is large. Such steps have been observed experimentally
and are due to an LC resonance in the loop induced by the circulating current
[78,[79]. The steps thus appear at a frequency 2e(V)/h = (dp, /dt) = \/2/LC,
or in dimensionless units (V)/I.R = (¢}) = 1/2/7B.8.. In fact Eq. (299) can
be interpreted as an oscillator equation in j at exactly this frequency, but with
an additional non-linear term. The current flowing in each arm thus acquires a
component oscillating at this frequency and a Shapiro-like plateau develops. The

factor of two arises due to the fact that the total capacitance of the loop taken in
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series is C'/2.

We will now move on to allow the possibility of the two weak links to mechani-
cally oscillate, extending our work of the previous chapter. It is important that we
discussed the above LC resonances because it may be necessary in an experiment to

distinguish between these Shapiro steps and those due to mechanical oscillations.

5.2 SQUID-Mechanical Coupling

Inc

sc | 2]
. L
BIX —
—> |1 Y
SC
>
X
Inc

Figure 50: The two weak links that make up the DC SQUID are now suspended
and allowed to oscillate out of the plane. The SQUID is exposed to a total magnetic
field B = B1X 4+ Boy + B3z, where B3 controls the applied flux as before while B,
and Bs excite mechanical oscillations in the two weak links via the Lorentz force.

We now couple the current flowing through the SQUID to mechanical oscillations
in the same way as we did in the single junction case. The SQUID is exposed to a
total magnetic field B = B1X 4+ By + B3z such that oscillations in the two weak
links are forced independently by B; and By while Bs penetrates the whole loop
inducing the applied flux ®. The supercurrent in each junction is still /., but Eq.

(272]) which gives the relation between V,, and ¢, now becomes

de, 2e dw,
=y, B, 2
dt h (n nln dt)’ (302)

where [,, are the length of the weak links and x, are their displacements in the Z
direction. Analogously to the single junction case, the normal and displacement
currents are given by (V,, — B,l,dx, /dt)/R, and C,,dV,,/dt respectively, so that the
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current conservation equations are

Inc . h dey | RCy d2<P1 d2iC1
i — Byl —=
5 +J c1 81 Y1 + 2€R1 dt 2% dr2 + Cl 1l1 a2 y (303)
Inc ) ho dps  hCyd%p, Az
= _J=1 Byl : 4
y T lesie o T e a TP (304

The flexural modes of each weak link are again modelled as harmonic oscillators
with masses M,,, resonance frequencies w,, damping coefficients I',, and quality
factors Qr, = w,/T",. Each oscillator is excited by a Lorentz force that acts on the

supercurrent and normal currents so that the two mechanical equations of motion

are
Az dz . h d
A4yag§—%2ALIﬁiﬂ}%—Aﬁu€xl:aBJl<?dsn1¢1+—2eR17%l>, (305)
d’z dz . h d
MQ dt22 + 2M2F2d—tz + MQW;CCQ = BQZQ <102 S Y9 + 26R2 %) . (306)

We then have four differential equations in the five unknowns ¢, ¢o, z1, o and J.

We must again use the flux relation to impose another constraint.

5.2.1 Flux Relation

The relation between @1, @9 and the total flux was derived in section |5.1.1] as
2
m—ngfAdL (307)

Naively one might assume that the total flux is fA -dl = &+ LIy — Lyly as in
the uncoupled case. Let’s be more thorough and actually write down the vector
potential for our system and perform the integration. As the flux is gauge-invariant

we can freely choose the vector potential to be
A= BQZ)A( + (Bg.’L' — Blz)y. (308)

For ease of calculation we shall assume a square geometry as shown in Fig.
where the whole SQUID has dimensions of X, Y, while the junctions themselves
have lengths [y, [;. The whole loop is in the z = 0 plane, except the junctions
which are displaced by z = z; and z = x5 respectively. We can then split the

integral up over the four sides of the SQUID, remembering that the integral is taken
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anticlockwise. The contribution from the bottom edge where y = z = 0 is

X
/ Byzdx = 0. (309)
0

Similarly for the right side where x = X, 2 = 0 we have
Y
0

At the top y =Y, 2 = 0 except over a distance [, where z = x5 so that it contributes

0
/ BQZdZL‘ = —Bgl'glg. (311)
X
Finally at the left edge x = 0, z = 0 except over a distance [; where z = zq,
contributing
0
/ (ng — Blz)dy = BlfL’lll. (312)
Y

If we then add the contribution due to the inductances L; and Lo as before, the
total flux is
fA -dl =& + Blflflll - BQI‘Q[Q + Llll - LQIQ. (313)

Thus there is an extra contribution to the flux due to the mechanical oscillations.
When x; and x5 are non-zero the whole loop does not lie in the z = 0 plane so that
the field B; penetrates an area x1l; while By penetrates an area x,ly. While this may
seem like a small contribution we will see that we must include this extra flux for

our resulting equations to be consistent and to be able to write down a Lagrangian.
The flux relation Eq. (307)) is then

2 I
P2 — 1 = g ® + Byxily — Byxaly + (Ly — LQ)%C +LJ|, (314)
0

which, when combined with the four equations of motion Egs. (303])-(306), com-

pletely determine 1, 9, 1 and x».

5.2.2 Voltage

The voltage across the device may again be taken along either of the two arms

h ngl dl‘l d]l h dg02 dZL’Q d[g
= ——— 4+ Bli—+ [{1— = ——= + Bylo—= + Lo—=. 1
Vi=goqr TBbg thgy =9 q TBlg Ty (315)

101



5 SQUIDS Thomas George McDermott

Interestingly, if we rearrange and integrate with respect to time, we obtain

h

% ((,02 @1) = lelll — Bgl’glg + Llll - L2]2 + COHStaIlt, (316)

which is simply the flux relation Eq. (314]) with the constant of integration equal to

the applied flux ®. In symmetric form the voltage becomes

. h ngl d(,OQ dJ d dl’z
V= 5 { ( & + T ) +(Ly — Lo)— T + Bili— 1 L+ Byl T (317)
h L2 ngl L1 d(pg L2 d L1 d
= — —— —B 1
2e(L dt+Ldt) L 1l1dt L 2le (318)

5.2.3 Dimensionless Equations

We can non-dimensionalize our mechanically coupled equations in a similar way as
we did in the uncoupled case. We define the average junction length [ = (I; +
l5)/2 and a combined mass M = 2M;M,/(M; + M,). This allows us to define
dimensionless couplings u, = B,/By and displacements a, = x,/z. where By =
(1/1)\/M/C and . = Byl.l/Mw?. These are mostly the same parameters as in the
single junction case, except that we use z. oc 1/w? rather than xy oc 1/w2. We also
measure time in units of 7. = w.t and frequencies in units of w. as w, = w,/w.. These
modifications make analysing the case w; # wy easier. A more subtle modification is
that, when defining a,,, we no longer remove the constant slack due to the constant
force Bylpcl,/2 that is present in both junctions. This is because, unlike in the
single junction case, this slack has the physical consequence of increasing the flux
through the SQUID by a constant amount.

With the above quantities defined we can write down our full set of dimensionless

equations of motion as

i%c +i=0—=aj)sing; + (1 —ag)pr + (1 — a.)[Bepr + (1 — oy)dq],  (319)
%C —j=1+arn)sing + (1+agr)ps + (1 + ) [Bepz + pa(l + )ida],  (320)
ap + 2—0_;11(11 +@?a; = (1 — ap)(1 — ap)[(1 — ap)sing + (1 —ag)@y],  (321)
Qg + %ag + wiag = po(1 4 ay)(1 + an)[(1 4 ap) sin gy + (1 4+ agr)@s],  (322)

P2 — 1 = 2w+ mPLj + ﬁi[(l —ap)pmar — (1 4+ oq)peas],  (323)

C

where oy = (lo —11)/(l1 +13) and apy = (My — My) /(M7 4+ Ms) characterise asymme-

tries in the junction lengths and effective masses. The voltage is similarly expressed
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as
v
IR =¢1+ W—ﬁL] + = 3, (1 — )y = Py — 7T—BLJ + = 3, (1 + ay)ds, (324)
or in symmetric form,
V )+ ¢ 1
= B2 4 (1= apuds + (1 + apadi) (325)

I.R 2 Be

Since (a;) = (dg) = 0, the extra contributions due to the mechanical oscillations
have zero average so that they do not contribute directly to the measured DC voltage
(V), just as we saw in the single junction case.

Egs. — contain a very large number of free parameters in the general
case where the junctions are non-identical so that it becomes challenging to draw
any general conclusions. For simplicity when we move on to solve these equations
we shall generally assume that the junctions are identical so that all the asymmetry
parameters oy etc. become zero. However we will allow the junctions to have distinct

resonance frequencies wq, wo and electromechanical couplings piq, ps.

A Lagrangian formulation for the coupled SQUID is presented in appendix [B]

5.2.4 Single Junction Equivalence

We now move on to numerically solve our equations of motion - We will
reduce the large number of free parameters by assuming identical junctions as usual
so that af = ar = ac = oy = ay = 0 and Qr = Qr1 = Qr2, Wy = W1 = Wo,
(= p1 = pg. The remaining free parameters are then ipc, 8., O, ¢a as in the

uncoupled case but with the additional parameters u, wg and Qr.

Just as we did in section [5.1.5] it is convenient to perform a change of variables

to pr = (14 ¢2)/2, o = (o1 — ¢2)/2, ay = (a1 + a2)/2 and a_ = (a1 — az)/2.
The equations of motion can then be put in the form

L€ =sing cos o + Gy + B + pd, (326)
Jj=sing_cosgy + @G+ fep_ + pa_, (327)
20 . .
(1+ p?)d + Or ==2dy +@3ay = pline/2 — Begl), (328)
2\ - 2(Z}O . _9 . .
(L4 p%)a” + 0, 4 T = u(j — Bep-), (329)
(gt Fri/2) = fa- (330)
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and the DC voltage is (V)/I.R = (g+). We thus see immediately that the bias
current ipc is responsible for exciting the symmetric mode a, while the circulating
current j is responsible for exciting the antisymmetric mode a_. This is due to ipc
flowing in the same direction in both arms while j flows in opposite directions.

We will take the limit 8, < 1 since we already saw in the uncoupled case that
the inclusion of inductance does not produce any qualitative differences, except for

the existence of LC resonance steps. In the integer flux case ¢, = 0, Eqgs. (327),

(329) and (330) are solved by j = ¢_ = a_ = 0 while the remaining two equations

become
DT = singy + ¢y + By + pal, (331)
.o 2w . _ . .
(1+p?)ay + Q—FOCL+ +whay = plinc/2 = Bepy). (332)

These are identical to the mechanically coupled single junction equations and
(141)) except that the bias current is halved by splitting in the two junctions.ﬁ All
the results of section [f] then follow, including all the mechanically induced Shapiro
steps, hysteresis loops and retrappings. We now investigate how these results are
modified when the applied magnetic flux differs from an integer number of flux

quanta.

5.2.5 Effect of Magnetic Flux

We will solve Egs. — numerically using the same experimentally realistic
parameters that we used in the single junction case i.e. @y = 0.1, Qr = 103,
B. = 200 while the relevant dimenzsional scales are I.R = 3uV, By = 10T and
z. = 0.1pm. The bias current ipc and in plane magnetic field p = 1 = po are
directly controllable variables as usual, but we can now also vary the applied flux
.. We will begin with a decreasing current experiment as we did in section [4.6.1]
In Fig. we compare the I-V curves for integer number of flux quanta, ¢, =0
[panel (a)], to those for half integer flux quanta, ¢, = 0.5 |[panel (c¢)]. The former
case exactly emulates the results found in the single junction case as discussed above,
while the latter case shows a strikingly different behaviour. The main differences

arise due to the effective critical current I approaching zerﬂ as was discussed in

13The form of the equations are slightly modified due to the different dimensionless units dis-
cussed previously. Also note that @y is just 81, but the new notation is used for consistency with
the non-symmetric case.

14The effective critical current is slightly greater than zero even for ¢, = 0.5 due to the small
amount of flux that enters the SQUID from the constant displacements [see Eq. ], but this is
a very tiny correction unless the coupling reaches unrealistically large values.
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Figure 51: I-V curves and oscillator root mean square displacements on a decreasing
current path calculated by numerically solving Eqs. — with the experimen-
tally realistic parameters wy = 0.1, Qr = 103, 3. = 200, 8, = 0. Panels (a) and (b)
show the results for integer flux quanta ¢, = 0, which are equivalent to the single
junction case, cf. Fig. 29 Panels (c) and (d) show the results for half integer flux
quanta ¢, = 0.5 which differ due to the vanishing effective critical current I.. The
trapped state then no longer exists so that the plateau is stable for all coupling
values. The case ¢, = 0 is characterized by the excitation of the symmetric mode
ay while the case ¢, = 0.5 is characterized by the excitation of the antisymmetric

mode a_.
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section m This means that the trapped state (V') = 0 no longer exists for any
current values. This is useful as one can reach much lower voltages without relying
on the hysteresis of underdamped junctions as we had to in the single junction case.
The sudden mechanically-induced retrappings also no longer exist since there is no
state to become trapped to. For example consider the I-V curves for u = 0.15
(pink), when ¢ = 0 [panel (a)] the system becomes retrapped as we decrease the
current approaching the plateau whereas when ¢ = 0.5 [panel (c¢)| no such retrapping
occurs. This latter case thus results in larger voltage plateaus than are observed in

the integer flux quanta or single junction case.

We can also study the oscillator displacements which again show very different
behaviour in these two opposite cases. For ¢, = 0 the symmetric mode a is strongly
excited on the plateau state, as shown in panel (b), while the antisymmetric mode
a_ is zero everywhere, as we argued in the previous subsection. In other words, for
integer flux quanta the two oscillators are equally excited in phase a; = as since the
circulating current j is vanishingly small and the supercurrents in both arms flow in
the same direction. In contrast, the case ¢, = 0.5 displays the opposite behaviour,
with the antisymmetric mode a_ being strongly excited, as shown in panel (d). The
symmetric mode a is here zero except for a small constant value pipc /2w which
is negligible compared to a_ and results from the constant force BIpcl/2 acting on
both resonators. Thus in this case the two oscillators are excited antisymmetrically
a1 =~ —ay due to a strong circulating current j and the supercurrents in both arms

flowing in opposite directions.

An increasing current experiment can also be performed, using the mechanically
induced hysteresis to access the full plateau width. Fig. (52) compares the I-V
curves for ¢, = 0 |panel (a)], equivalent to the single junction, to those for ¢, = 0.5
[panel (c)|. In the former case we must first decrease the current to the plateau
before increasing the current just as we did in section [4.6.2] but in the latter case
we may increase the current directly from zero due to the vanishing critical current.
Panel (c) shows that when ¢, = 0.5 one can explore the full extent of the Shapiro
plateau without becoming retrapped, reaching widths in excess of I.. The plateau
size asymptotes to a maximum value at a finite coupling, although for the parameters
chosen here this occurs at unrealistically large magnetic fields. The regimes ¢, = 0
and ¢, = 0.5 are again characterized by resonances of the symmetric mode a, [panel

(b)] and of the antisymmetric mode a_ |panel (d)], respectively.

If we fix ipc and g such that we are in a stable plateau state, we can thus
controllably switch between exciting the modes a, or a_ simply by varying the

applied flux. This behaviour is illustrated in Fig. [53] where we choose ipc = 0.22,
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Figure 52: I-V curves and oscillator root mean square displacements on an increasing
current path calculated by numerically solving Egs. — with the same
parameters as in Fig. . Panels (a) and (b) show results for ¢, = 0, again equivalent
to the single junction case cf. Fig. while panels (c) and (d) show results for
¢a = 0.5. One sees much of the same behaviour as the decreasing current path Fig.
pI]except that here much larger plateaus are accessed by exploiting the mechanically
induced hysteresis. The fact that retrapping does not occur for ¢, = 0.5 means that
we can obtain very large plateaus with widths greater than I..
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Figure 53: Simulation with varying external flux ¢, for fixed current, ipc = 0.22,
and coupling, © = 0.09. The system is in a stable plateau state so that mechanical
oscillations are excited, but whether these oscillations are excited symmetrically
a, = (a;4ag)/2 or antisymmetrically a_ = (a;—asg)/2 is flux dependent. When ¢, =
0, or more generally an integer, there is no circulating current and the supercurrents
in both arms flow in the same direction so that the oscillator is excited symmetrically.
In contrast when ¢, = 0.5, or half integer, the circulating current is strong and the
supercurrents flow in opposite directions so that the antisymmetric mode is excited.

p = 0.09 and access the plateau (V)/I.R ~ wy = 0.1. The same experiment can
be performed at stronger coupling, choosing ipc and p such that the plateau is
unstable for ¢, = 0 but stable for ¢, = 0.5. In this way one can switch between the
trapped and plateau states. The results of such an experiment for ipc = 0.22 and
p = 0.3 are shown in Fig. 54 Around ¢, = 0 we are in a region where the plateau
is unstable so that the system is trapped (V') = 0. As we then approach ¢, = 0.5
the trapped state vanishes when I/ becomes less than I and the system makes a
discrete jump to the plateau state (V')/IpcR =~ @y = 0.1 which is now stable. In
between these two extremes however there is a multistable region where the plateau
is stable but the trapped state still exists. Which state the system enters then
becomes history dependent, forming the hysteresis pattern depicted in Fig. [54] with
the blue and orange lines showing increasing and decreasing flux paths respectively.
This multistable region decreases in size as p increases and more plateau states

become unstable.

5.2.6 Double Steps

Up until now we have assumed that the resonance frequencies of both weak links

wi and wy are identical, but we will now briefly explore what happens if they are
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Figure 54: Simulation with varying external flux ¢, for fixed current, ipc = 0.22,
and coupling, ¢+ = 0.3. Here the coupling is large enough that the plateau is unstable
when ¢, = 0 and the system is trapped. Increasing the flux to ¢, = 0.5 then forces
the system to make a discrete jump to the mechanically resonant plateau state
since the trapped state vanishes as I/ < Ipc. A multistable region is present where
the trapped state exists and the plateau is stable. This multistability leads to the
hysteresis pattern shown, with the blue and orange lines corresponding to increasing
and decreasing flux respectively.

different. Fig. shows possible I-V curves calculated numerically when w; = 0.1,
wy = 0.15, p = 0.09, ¢, = 0. The other parameters are the same as we have used
previously, 8. = 200, @ = 10® and 3, = 0. As one might expect, instead of a
single Shapiro plateau, there are now two plateaus appearing at the frequencies w;
and wo. On the wy step, the oscillator a; is in resonance while on the ws step as is
in resonance. The I-V curve is as usual strongly hysteretic and by increasing the
current from different starting points we can explore the full width of either of the
two steps. The full hysteresis profile is highlighted by the various arrows in Fig. [55|
We see that in some regions there are four possible stable solutions for the same
current value, a trapped state at (V') = 0, a non-resonant running state (V') ~ IpcR
and two resonant plateau states (V)/I.R = w; and (V) /I.R = w,. Thus by varying
the current we can choose to excite either of the two oscillators a; or as.

For larger couplings, the Shapiro steps exhibit energy-induced retrappings, and
are each associated with their own critical coupling values. This produces a large
number of additional transitions that are not displayed in Fig. If ¢, is not
an integer value there is of course also different behaviour in the same way as we
discussed in the equal frequency case, in particular the aforementioned retrappings

do not occur.

We have now analyzed DC SQUIDs whose two constituent weak links can me-
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Figure 55: Possible [-V curves of an electromechanically coupled SQUID whose arms
have distinct resonance frequencies w; = 0.1 and @y = 0.15. The other parameters
are u = 0.09, ¢, = 0, B. = 200, Qr = 103 and 3;, = 0. Two distinct plateaus are
present at the frequencies w; and wy. The I-V curves are highly hysteretic, with each
line corresponding to different possible paths and the arrows indicating whether the
bias current is increased or decreased. In particular by increasing the current from
different starting points we can explore the full width of either of the two steps. On
the wy step the oscillator a; is in resonance while on the wy step the oscillator as is
in resonance.

chanically oscillate under the application of DC currents and magnetic fields. This
forms a natural extension of the electromechanically coupled single junction dis-
cussed in the previous section, where the external flux through the loop becomes an
important new parameter. We have seen that varying this external flux allows one
to control whether we activate the symmetric mode a, or antisymmetric mode a_.
In addition, in the strong coupling regime we can make discrete transitions from a
zero voltage state to a mechanically resonant one at finite voltage, while keeping
the bias current and coupling fixed. This large increase/decrease in voltage over a
very small range of flux could be useful for ultra high-precision magnetometers. The
Josephson junctions in this set up do not necessarily need to be underdamped, since
we can reach much lower voltages by reducing the effective critical current, and the
induced circulating current can provide the electronic AC current. The requirement
to reduce thermal noise in our device still remains however, with temperatures still
needing to be reduced below 100mK, as discussed in section [4.11}

In principle a full analytical treatment of the electromechanically coupled SQUID
is possible using an ansatz similar to Egs. and although the sheer number

of parameters in the general case makes it a challenging problem.
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6 Josephson Bloch Oscillations

When subjected to a constant and uniform electric field, electrons in solids may
undergo periodic motions known as Bloch oscillations [80]. These oscillations can
be revealed either by the transport properties of the solid [81,82] or by the radiation
generated by them [83]. One of the most practical aspects of Bloch oscillations is
that they can be used to amplify radiation in the terahertz range |84].

Bloch oscillations are not exclusive to solids. In their pioneering work, Likharev
et al. showed [85-88| that the dynamics of a Josephson junction was formally equiv-
alent to that of an electron moving in a one-dimensional solid. As such, Bloch
oscillations also occur in these junctions when driven by a DC current, which plays
an analogous role to the constant uniform electric field that induces ordinary elec-
tronic Bloch oscillations. Bloch oscillations in a Josephson junction can be revealed
in its I-V characteristic in the presence of a probing AC current [89,90].

In this chapter we will begin by discussing the theory of Josephson Bloch os-
cillations before moving on to consider how they may be coupled to mechanical
oscillations in the weak link. We will consider the same mechanically coupled sin-
gle junction set up that was considered in chapter [ but in a regime where Bloch
oscillations dominate with respect to the usual Josephson oscillations. We will see
that these Bloch oscillations, induced only by a DC current and uniform magnetic
field, can excite nano-scale mechanical vibrations that may be detected in the junc-
tion’s DC [-V characteristic. This could provide a novel way of observing the Bloch
oscillations without the need of an AC current, as well as producing non-classical
mechanical states that are intimately coupled with the quantum dynamics in the

junction.

6.1 Likharev Theory

The following Hamiltonian describes a Josephson junction biased with a current Ipc

Q* KL . h,. o
50 " 2, 059 + 2—6(Iq — Ipc)p+ Hy, (333)

where symbols have their usual meanings. In contrast to the previous chapters,
dissipation has now been included directly by introducing fq, the normal current
carried by thermally excited quasiparticles, which serve as a heat bath for the Cooper
pair condensate, and fIq, the Hamiltonian describing these quasiparticles. Recall
that H is identical in form to the Hamiltonian for a particle in the ‘tilted washboard’
potential U(p) = —h(I. cos ¢ + Ipcp)/2e (see section 3.3.1)), except for the coupling
to the quasiparticle current that generates damping. We saw that around the local
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minima, this potential can be approximated as harmonic with a frequency w, =
(2el./RC)Y2, when Ipc < I.. In quantum mechanical terms, we thus expect the
first few energy levels of H to be separated by a spacing hw,. When the Josephson
energy Ej = hl./2e is much larger than this energy spacing, Ej > hw,, we can
neglect the quantum nature of ¢ and treat it as a classical variable, as has been
done throughout the preceding chapters. However in the opposite limit, we must
treat the system quantum mechanically. It is in this limit that the Bloch oscillations

dominate with respect to the much faster, lower amplitude, Josephson oscillations.

To continue we must then treat the system parameters as quantum mechanical
operators, in particular ¢ and Q must satisfy the canonical commutation relation
[, Q /2e] = i. The first two terms of Eq. (333)) make up the bare Hamiltonian H,

in the absence of currents. In the coordinate representation this becomes

A o?
Hy = _4E03_902 — Ejcos g, (334)
where we have expressed the charge operator as Q = —2¢e10/0¢ and substituted

the Josephson energy E; = hl./2e¢ and the charging energy Eo = ¢?/2C. The
Schrodinger equation is then identical to that of a particle in the periodic potential
—Fjcos g, so that the solutions are Bloch waves. The energy dispersion is thus a

series of energy bands with a periodic dependence within each band i.e.
En(q) = En(q + 2e), (335)

where n = 0,1, 2... is the band index and ¢ is the quasicharge, which differs from the
real charge () in the same way that quasimomentum differs from real momentum in
a crystal lattice. We will consider the low temperature kg7T' < hw,,, and low current
hipc/2e < hw,, limits where Zener transitions to higher energy bands have low
probability and we can restrict our analysis to the lowest energy band E(q) = Ey(q).
Also in this limit, we can perform a semiclassical analysis, treating the currents as

small perturbations to H,.

We then proceed by analogy with the semiclassical model of electron transport,
with the current Ipc playing the role of an applied electric field. In what follows we
will use unhatted symbols to represent quantum mechanical state averages of the
corresponding operators, while angle brackets will be reserved for time averages as

usual. The time derivative of ¢ is then given by the group velocity

de  2e0E(q)
dt  h Oq

(336)
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from which we identify the voltage as
= —. (337)

In the electron transport analogy, the term (fq—]Dc)gﬁ appearing in the Hamiltonian
Eq. (333) acts as an effective electronic scalar potential, so that the quasicharge g
evolves due to the following applied force

dg

— =Ipc — 1, 338

The expectation value /, should be determined in a self-consistent way by solving
the Heisenberg equations for [, and H,, but if the superconducting gaps of the

electrodes are much larger than Ej it takes the simple form

V. 10E(q)
l,=—=——"> 339
q R R aq ) ( )
where R is the normal state resistance, in accordance with the RCSJ model. Insert-
ing this into Eq. (338)) we obtain the main equation that describes the dynamics of

the system.
dg _, ~ 10E(q)

— e - 222\ 4
at PR oq (340)

When the energy dispersion E(q) is specified, this equation may be solved for the

evolution of the quasicharge ¢(t). The evolution of the voltage is then determined
from Eq. (337).

If Ipc is smaller than the following threshold value

I, = max (ag_;@) /R, (341)

then there is a stationary solution ¢ = 0 which yields an Ohmic voltage V' = IpcR.
However, if the DC current is larger than this threshold current, ¢(¢) evolves in time
producing oscillations in voltage and energy. These oscillations are a direct analogue

of Bloch oscillations. Their time period ¢t may be calculated by integrating Eq.

(340), producing

(1)~ (0) = foctn -~ 7 " Vgt (342)

The energy and voltage are periodic in ¢ with period 2e so the time period is the

time needed for ¢ to increase by 2e i.e. ¢(tg) — q(0) = 2e. Defining the average
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voltage as (V') we then obtain the frequency as

wp = i_;r = g (IDC - %(W) : (343)

To continue we must specify the energy dispersion E(q). In the limit E; > E¢
the potential can be approximated as a series of deep wells so one can use a tight-
binding approaChE The energy dispersion is then well known, with the lowest band

being N
Blg) = < (1 - cos(ma/e)), (344)

where )y is the band width given by

QO \/5 8E]
20164/ 2 22 345
£, T P ( Ee > (345)

The equation of motion (340)) is then

dg

= Ipc — Iisin (lq> , (346)

e

where the threshold current is Iy = 7§/2eR. For ease of calculation we can write
these equations in dimensionless form as usual. The current will now be expressed in
units of the threshold current by redefining ipc = Ipc/I;. Time is measured in units
of 7, = wit, where wy = 7l /e is the Bloch frequency wg at the threshold current,
in the absence of damping. The quasicharge ¢ is conveniently expressed as ¢ = q/qo
where gy = e/m so that the voltage is V/I;R = sinq. Eq. then becomes

q = ipc — sing, (347)

where a dot over a quantity now denotes a derivative with respect to 7, = wyt.

This equation can now be solved numerically for g(t), and the DC voltage ob-
tained by taking the time average (V') /I{R = (sing(t)). This produces the I-V curve
displayed in Fig. [56|(a). The regime Ipc < I; is Ohmic (V) = IpcR (blue line),
while the oscillatory regime, Inc > I;, is characterized by a region with negative
differential resistance d(V')/dIpc < 0 (orange line). Panel (b) displays a plot of the
energy dispersion F(q), highlighting the evolution of ¢ in time. Below the threshold

current ¢ is constant giving a definite energy and voltage, while above the threshold

15Tn the opposite limit Ec > Ej, the potential is weak so the energy dispersion within the first
Brillouin zone is approximately parabolic ¢>/2C. Bloch oscillations also arise in this limit with
little qualitative difference, except that the analysis is more difficult [90].
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Figure 56: (a) I-V curve obtained from solving Eq. . When the DC bias
current Ipc is less than the threshold current Iy, the DC voltage is Ohmic (blue line)
and there are no Bloch oscillations. In contrast, when Ipc > [; there is negative
differential resistance d(V)/dIpc < 0 (orange line) which signals the existence of
Bloch oscillations. (b) Energy dispersion E(q) of the lowest energy band, given by
Eq. . Dashed lines show the boundary of the first Brillouin zone, while the
blue and orange dots show the behaviour of ¢ in the two current regimes.

current the quasicharge increases with time, producing oscillations in the energy and
voltage.

One may also include an AC current Ia¢ sin(wact) on top of Ipg, just as we did

in the classical limit in section . Eq. (347) then becomes
(j: iDC + tAC Sin(@AcTt) — sing, (348)

where iaxc = Iac/I; and wac = wac/wi. The I-V curve obtained in this case is
shown in Fig. (a) from which we see that the oscillatory region now contains
Ohmic branches where the Bloch frequency locks to harmonics or subharmonics
of the driving frequency, wg = (n/m)wac. The fact that this coupling leads to
Ohmic branches rather than flat Shapiro plateaus can be readily seen by the fact
that wg, as defined in Eq. (343), is proportional to Ipc — (V)/R rather than (V')
directly. A plot of wg as a function of a current is displayed in panel (b), where the
frequency locking is easily visible. It was by measuring this frequency locking under
the application of an AC current bias that Bloch oscillations were first observed in

Josephson junctions [89).

6.2 Bloch-Mechanical Coupling

We now attempt to couple these Bloch oscillations to mechanical vibrations, just
as we did with the Josephson oscillations in the classical limit. We use an identical

set up to the one used previously, which is extensively discussed in chapter {4 and
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Figure 57: (a) I-V curve obtained from solving Eq. where the bias current con-
tains an AC component with amplitude Ixc/l; = 1 and frequency wac = wac/wy =
2. Two additional Ohmic branches are clearly visible in the region Ipc > I, where
the Bloch oscillation frequency locks to multiples of the bias frequency wac. This
frequency locking is more visible in panel (b) which shows a plot of the Bloch oscil-
lation frequency directly, wp/wy = ipc — (V) /I R.

displayed in Fig. (15 The Josephson weak link is now suspended and allowed to
oscillate due to the application of an in-plane magnetic field B. The mechanical
oscillations have their usual effect on the electronic system, leading to an effective
AC bias current flowing through the weak link. However, instead of forming Shapiro
plateaus in the I-V curve, the oscillations are expected to produce Ohmic branches

as discussed above.

6.2.1 Coupled Hamiltonian

The following Lagrangian and Hamiltonian for this coupled system were derived in

sections [4.4] and [4.5]

1 . (hd dz\” h 1. (dz\* 1
L= 50 <2€d(f + Bl;;) + Ejcosyp + 2—€IDC<,0 + §M <£> — §Mw8:132 + Blpclz,
(349)
1 . (hd dz\” h 1. (dz\* 1
H = 50 <2€d(f + Bldt) — Ejcosp — 2—61'ch0 + §M <dt> + §Mw8x2 — Blpglez,

(350)

where symbols have their usual meanings and damping has not yet been included.
In order to treat this Hamiltonian quantum mechanically we must of course write
it in traditional form in terms of the canonical momenta of the variables ¢ and .
Instead of ¢ we will find it is more convenient to perform a change of variables

and use s = fip/2e since its conjugate momentum is equal to the charge ). These
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conjugate momenta are then

oL B 90, A ds
p= Az /) = (M +CB?l )dt +C’Bld (351)
oL ds dz
Q= 8(ds/dt) =C < BZE) (352)

so that the two commutation relations both take the canonical form [z, p] = ih and

[s, Q] = ih. In terms of these momenta the Hamiltonian is

. 2

- 1 CBl 21

H=— (Q — —p) — Ejcos(2es/h) — ]Dcs—i-;ﬂnL 2Mw0x — Blpclz, (353)

where for convenience we have defined a renormalized capacitance C' = C/(1 4 p?)

and mass M = M(1 4 p?), and p has the usual definition . = B/B, with By =
MC-=1/l. We can now proceed with quantization and add explicitly terms that

produce both the electronic and mechanical damping as follows

.1 (. CBI.
H:ﬁ<Q——p) — Ejcos(2e$/h) + ( ch)S+H (354)
p* 1
+m+2M wai? — Blpcli + Hy + H;.

Here H'q and fq produce the electronic damping as before, but we have also intro-
duced

Ty = hw(blb, +1/2), (355)

which models a mechanical heat bath consisting of a spectrum of harmonic oscillators
and

H; = h(abl, + afb,) (356)

which describes the coupling to this bath. The operators Z;w, I;L are the annihilation

and creation operators for the heat bath oscillators, while @ and a' are those for

the resonator, yielding & = */2Mw (a+a') and p = iy/ 20 (4" — a). The vibron

number operator is given by 7 = a'a. The parameters )\, are chosen by assuming a

white noise distribution for the heat bath, i.e.

D AL =Tos(t — 1), (357)
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so that the interaction with the heat bath will lead to the usual velocity dependent
damping.

Mathematically, the Hamiltonian Eq. resembles that of an ordinary elec-
tronic Bloch oscillator placed in a single mode optical cavity with frequency wg. The
current fq — Ipc acts as an electronic scalar potential as it did previously, but the
mechanical resonator also introduces an effective vector potential proportional to p.
It is through this term that Q and p are coupled, with the coupling strength CBI /M
being tunable by the field B. Thus, by again employing the analogy with electron
transport, the particle velocity ds/dt is still given by the group velocity as

ds hdp OF

2 _ 77 358

dt  2edt dq (358)
The voltage however is proportional to the charge () so that
oF d 1 OF Bl

_Q_0E  pdr_ —, (359)

C o Pw T ixpog T n

where we have used Eqs. (351)) and (352)) to write this in terms of momenta. How-
ever, since the resonator velocity dz/dt has zero time average, the DC voltage is

still given by the simple expression

(V) = <88—§> . (360)

Just like the uncoupled case, there is an effective force Inc — I, due to the gradient
of the scalar potential but now there is an additional component from the time
derivative of the effective vector potential C’Blp/ M. The time evolution of ¢ is then

given by ~

dq CBI
— =Ipc—1,— —p. 361
We can again include electronic dissipation by assuming that the expectation value

of the quasiparticle current takes the classical form

1 dz\ 10E
I=—(V-Bl=—) ===, 2
‘TR (Vr ldt) R 0q (362)

We must now find how the mechanical resonator evolves in time. This can be

achieved by writing down the Heisenberg equations of motion for the operators z
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and p as follows

dz p— CBIOE/0q
L) = .
& i) oL, (363)
dp ) R dz
df FlH, p] = Blpcl — Mué — 2MTo. (364)

The first of these equations follows directly from the definition of p from Eq. (351]).
By taking quantum mechanical state averages these equations transform simply into
ones for the expectation values x and p. Inserting p from Eq. (363) into Eq. (364)
one then obtains the following second order differential equation for x

A’z dz

MEZ L oMT,

dt? dt

d
+ Mwix = Bl ([DC - d—?) (365)

which is identical in form to the classical equation obtained in chapter {4 [cf. Eq.
(138))]. If we write @ in terms of ¢ using Eq. (359)) this equation becomes

d2 dz _ Bl 9?E d

which when combined with the equation for the evolution of ¢

dg 10E CBI .

(Y el 367
dt DC R@q Mp7 ( )

completely determine the evolution of x, p and q.

We could immediately solve these equations and produce I-V curves and plots of
the root mean square displacement. However, as the mechanical vibration amplitude
turns out to be of the order of zero-point motion amplitude, z,, = \/m , 1t is
desirable to also characterize the resonator by the evolution of the vibron number

f = a'a, or more precisely, its expectation value n(t).

6.2.2 Vibron Evolution

We begin by finding how the creation and annihilation operators a' and a evolve

from the Heisenberg equation of motion, yielding

da i .~ . o ~ Blpdl o

E — i_j,[H’a] = —iwp — BZQ ZHM \/i —Tpa + F, (368)
dat 0.~ Blpcl ~
Y ol = 4 — BI — i —Toal + FT. 369
@ = pil ' = +iwa' - BIQ th e T (369)
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where we have used [d,a'] = 1 and defined F = —i 3 A\,b,(0). The terms F and
F't, which depend only on the initial configuration of the heat bath, describe the
effect of thermal noise and can thus be neglected if we consider the low temperature
limit kg7 < €2y. For the realistic parameters discussed later, this corresponds to
very low but achievable temperatures of the order of 10mK. The evolution of 7 = afa

is then found from

dn - . . da dAT
d—’; - %[H, ata] = % {&T[H, i) + [H, aT]a} - aTd—i + d—i&, (370)
yielding
di  Blwy. ~ Blpdl
N 2050 4 Z2PCN5  orgn. (371)

dat — h hMw,
Here the first term on the right hand side describes the excitation of mechanical
vibrations by the electromechanical coupling, the second term arises from the con-
stant force Blpcl and the final term gives the damping due to the coupling with
the heat bath. This operator equation can be easily transformed into a classical
equation for the expectation value n(t), producing

dn  Blwy Blpcl

an _ C _or 372
& no T R T o (372)

where C; is the state average of 50@ Applying Heisenberg’s equation to C; and any

new quantity that appears in the ensuing equations, one finds

ac,  dQ

E:.%‘E—FCQ/M—Bng/M—FoCl, (373)
d d

% = pd—cf — MwSCl + BIDle - FOCQ, (374)
dc; . .dQ

KT (875)

where Cy and C3 are the state averages of ]5@ and Qz, respectively. If we again use

Eq. (359)) to express @ in terms of the quasicharge ¢, Egs. (372) - (375 can be
solved for n(t), with x, p and ¢ obtained from (366 and (367]).

6.2.3 Magnetic Field Dependence of Band Energy

To actually solve the above equations, we must specify the energy dispersion E(q).
This is the dispersion of the lowest band of the bare electronic Hamiltonian when
the effective scalar and gauge fields are zero, I, = Ipc = p =0 i.e. Hy = QZ/QCY —
Ejcos¢. This is identical to the uncoupled case Eq. except that the magnetic

field renormalizes the effective capacitance C = C/(1 + ). If we remain in the

120



Thomas George McDermott 6 JOSEPHSON BLOCH OSCILLATIONS

tight-binding limit Ey > Fc(1 + p?) we can then write down E(q) by analogy with

Egs. (344) and (345) as follows

E(q) = 5 (1 = cos(mq/e)), (376)

Nl

where € is the band width given by

0 2 SE,
2216y Zexp | =y ). 377
E, \[reXp ( Ec(l+ ;ﬁ)) (877)

Thus the magnetic field acts to slightly increase the band width. For convenience

we will define the ratio of {2 to the zero magnetic field band width 2 as

0 .
Dlu) =g = O+, (378)

d = exp (‘\ / SE—E;:]> . (379)

This modification is usually very small, since u? < 1 for realistic magnetic field

where

strengths.

6.2.4 Dimensionless Equations

Before numerically solving our equations of motion and , we will write
them in dimensionless form. Just as in the uncoupled case we define ipc = Ipc/I,
4 = q/qo and measure time in units of 7, = wyt. Here Iy = m€)y/2eR is the threshold
current at zero magnetic field, ¢o = e/m and w; = 7l /e. We also define the quality
factoxm Qr = wo/To, dimensionless resonance frequency w = wy/w; and displace-
ment a = x/x; where z; = Byll/Mw?. The equations of motion then take the

following form

. 2
q = ipc — D(u)sin(q) + . f/ﬂ <w2a + Q—id - iDc,LL) : (380)
2 .
(1+ 1)+ =i+ w?a = pline — AD(p) cos(q)d). (381)

Qr

Here A = wyRC' is a new parameter that is reminiscent of the Stewart-McCumber
parameter 3. = w.RC' in the classical case. In fact A may again be regarded as the
ratio A = |Zg|/|Z¢c|, where Zr = R and Zo = —i/w,C are the impedances of the

16Not to be confused with the charge Q.
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resistance and capacitive channels at the frequency wy, which is the characteristic
frequency scale of Bloch oscillations. It is clear from Eq. that in order to
excite oscillations A should not be too small. This is just the condition that the bias
current is mostly shunted by the displacement current so that the electronic current
is predominantly AC. This was one of the reasons we needed to use underdamped
junctions S. > 1 in the classical treatment in chapter [4 and the same principle

applies here. The voltage may be expressed dimensionlessly as

ALR — D(u)sing + %a, (382)

where, as usual, the second term on the right hand side has zero time average so it

does not contribute to the DC voltage.

The vibron evolution equations (372) - (375)) may also be put in a dimensionless

form as follows

. 2Xu . P 9 2w
_ i R 383
n=—- (uch (po) w Cl) o (383)
. Q w
cit=a|—|+c— pucg ——o=c, 384
1 <QO 2 — MC3 Or 1 ( )

(PN (Q) L (Q) @

“o (p0> (%) " hive <q0> Qe (359

Gy =2 <9> (9) , (356)
q0 qo

where py = Muzow; is a characteristic momentum scale, ¥ = E./fw; while ¢; =
C1/woqo, ca = C2/poqo and c3 = C3/q? are dimensionless forms of the state averages

of #Q, pQ and Q? respectively. Upon insertion of

p% = (1+ p?)a+ AuD(p) sin(q), (387)

and

% = AD(p) sin(q) + pa, (388)

these four equations may be solved for n(t) once ¢ and a are determined from Egs.

(380) and (381)). The fixed parameters of our system of equations are w, Qr, d, A

and Y while ipc and p may be experimentally tuned as usual. We now finally move
on to numerically solve these equations to establish whether mechanical oscillations

are excited and what effects they have on the electronic system.
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6.2.5 Mechanically Induced Voltage Peaks

We numerically solve Eqgs. (380)), (381) and the vibron evolution equations (383)-

(386)) using the following parameters appropriate for carbon nanotube devices /. =
InA, R = 10k, C = 5 x 107"F, | = 1uym, M = 1072'kg, wy/27 = 1GHz,
Qr = wy/Ty = 10* [27,/63-67,|73]. All other parameters may be derived from
these fundamental ones, and in particular the important dimensionless parame-
ters w = wo/wy = 1.92, A = wRC = 1.64 and ¥ = E./hw, = 0.74. The ratio
of the two energy scales Ej and F¢ may then be derived as Fj/Ec = 1.29 so
that our tight-binding approximation is fairly reasonable. The final parameter d
that characterizes the change in the energy band width is then calculated to be
d = exp(—+/8E;/Ec) = 0.04.

Fig. [p8(a) shows the numerically calculated I-V characteristics for a number
of different values of the coupling ., where the characteristic current, voltage and
magnetic field scales are Iy = 0.167nA, V; = [[R = 1.67uV and By = 141T. In
the absence of electromechanical coupling, i.e. p = 0, the usual Ohmic behaviour
for Inc < I; is observed along with negative differential resistance for Ipc > I.
Switching on the coupling causes the oscillator to vibrate, resulting in distinctive
voltage peaks in the I-V curve. These peaks develop when the Bloch oscillation
frequency wg matches the resonance frequency wy, due to the gauge field C*Blp/M
acting as an effective AC current. The inset of Fig. displays a plot of wp against
current that explicitly shows this frequency locking, similar to the familiar Shapiro
plateaus. The voltage peaks reach a maximum size of ~ 0.2V, but if the coupling
is increased further the peaks begin to reduce in size. At first glance, it appears that
this may be due to the coupling entering the electronic equation as u/ (14 pu?),
due to the renormalization of the capacitance, but this reduction begins to occur
at low coupling p =~ 0.3 where the renormalization is still insignificant. The true
explanation of this effect seems to be that when the oscillations become too strong,

their back action on the electronic degrees of freedom brings the system off resonance.

The excitation of the oscillator may be studied by looking at the expectation
value n(t) of the vibron number. Solving Egs. - (386), we find that the
oscillator eventually evolves into a state with n(¢) generally oscillatory but highly
localized around an average (n). In Fig[58(b) we display (n) as a function of the
bias current Ipc, focusing on the region Ipc > I; where mechanical oscillations are
excited. Comparing this plot with panel (a) shows that the oscillator excitation
coincides with the voltage peaks in the I-V characteristic. As such, the mechanical

vibrations have a direct influence on the I-V curve and may be turned on or off by
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Figure 58: (a) I-V characteristic obtained from Egs. and for various
values of coupling strengths p = B/B, with the parameters quoted in the main
text, for which Iy = 0.167TnA, V; = LR = 1.67uV, wo/2r = 1GHz, By = 141T.
A distinct voltage peak of size ~ 0.2uV is observable when the Bloch oscillation
frequency wg locks onto the mechanical resonance frequency wy. The inset displays
a plot of wp against current that explicitly shows this frequency locking. (b) Time
average of the vibron number (n) as a function of Inc, obtained from Egs. -
for various values of coupling u = B/ By using the same parameters as in Fig.
Plots with p # 0 are displaced upward along the vertical axis slightly for clarity.

simply tuning wg toward or away from wy. Note that the oscillator is not excited
gradually, increasing Ipc does not increase (n) until frequency locking happens, the
oscillator is then suddenly activated, increasing n by multiple orders of magnitude
within a small range of current, from zero to the peak value ~ 200 for the parameters
used here. The zero-point motion of the oscillator is \/m ~ 2.9pm so that we
can estimate the maximum amplitude of the oscillations by x,,v/2n + 1 ~ 58pm.

To observe in more detail how these voltage and vibron number peaks are mod-
ified by the coupling, Fig. 59| displays colour plots of (V) [panel (a)] and (n) [panel
(b)] as functions of both the current and the magnetic field. Only the region Inc > I;
is shown for clarity. A direct correspondence between (V') and (n) is observed. Op-
timal values of p and Ipc are observed where (n) and (V') are peaked, see the red
spot in the plots. For the parameters used here the optimal coupling value occurs
around p =~ 0.03, corresponding to a magnetic field of B ~ 4T. If u is increased

further, vibrations begin to be suppressed as discussed above.

Thus we have seen that Bloch oscillations in Josephson junctions can be used
to amplify mechanical vibrations with only DC techniques, just as the classical
Josephson oscillations were used in chapter [l This could provide a novel way
of observing Bloch oscillations without the need of a probing AC current as has
been used in previous set ups. Our work may also give an insight into non-classical
mechanical states, as the vibrations excited here are intimately coupled to the Bloch

oscillations, a strictly quantum phenomenon.
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Figure 59: (a) DC voltage (V') and (b) average vibron number (n) as functions of
Ipc and p for the same parameters as in Figs. Optimal values for Ipc and
i exist for which the mechanical oscillations are maximally excited, leading to the
maximum size of the voltage peak. (V) and (n) peak at approximately 1uV and
200, respectively.

In order to experimentally realize this proposal, or at least to reach the optimal
value of p, fairly large magnetic fields must be used of the order of 1T. Supercon-
ducting contacts with fairly high critical fields of the order of 10T or more should
then be used, for example ones based on niobium nitride . The optimal magnetic
field value may also be lowered by increasing the quality factor Qr, analogously to
the critical values pio; and o of chapter [d Additionally, as the coupling strength
CBI /M is proportional to the capacitance C, it is desirable to increase C' to enhance
the coupling. On the other hand, the peak value of (V) = (7£2/2¢)(sin(mwq/e)) is
proportional to the band width  which, as Eq. suggests, decreases with
increased capacitance. For the best experimental outcome, C' should therefore be
tuned between these two extremes. Finally, low temperatures are required to en-
sure that the amplified mechanical vibrations exceed thermal excitations, and also
so that voltage fluctuations do not destroy the voltage peak. This latter condition
is much stricter, requiring the thermal energy to be lower than the band width,
kg T < €). For the parameters used here this corresponds to very low but achievable

temperatures of the order of 10mK.
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7 Conclusions and Perspectives

Throughout this thesis, we discussed the theory of electromechanically coupled
Josephson junctions. It is clear that the Josephson effect, via the conversion of
a DC bias into an AC supercurrent, allows the excitation of mechanical oscillations
in a suspended weak link, removing the need for AC bias in NEMS devices. We ana-
lyzed in depth a very simple setup consisting of a weak link, or a SQUID, suspended
between two superconducting contacts. A DC current bias and uniform magnetic
field, combined with DC voltage measurements, are then all that is required to ob-
serve a variety of interesting mechanically induced effects including Shapiro steps,
abrupt energy induced retrappings and fractal-like structures.

In state-of-the-art devices with resonance frequencies and quality factors wy ~
10GHz and Qr ~ 10° [63],/64], mechanically induced effects are predicted to appear
at voltages of the order 14V and span over large current plateaus of the order of the
critical current. There is no difficulty in achieving this level of resolution in present
setups [27,/73]. The crossover to the strong coupling regime may be observed in
these devices at magnetic fields of the order of 100mT.

One challenge for the experimental observation of the predictions presented here
is the need for the Josephson junctions to be in the underdamped regime, . =
w.RC > 1 (or in the Bloch oscillation regime A = wyRC' > 1) i.e. devices with
large inter-electrode capacitances. Fortunately, many graphene and CNT based
junctions seem to naturally operate in this regime [71H73|. In the Bloch oscillation
regime, a stricter constraint is placed on the capacitance, as increasing it too much
reduces the width of the energy bands, and thus decreases the mechanically induced
voltage signal. This difficulty is easily overcome, as the effective capacitance may
be tuned by connecting the junction in parallel with an external capacitor [74].

A further challenge is the need to minimize the effects of temperature by de-
creasing the thermal energy kgT below the energy scale hlpc/2e associated with
the bias current Ipc. For the state-of-the-art devices with wy ~ 10GHz discussed
above, we predict that the observation of the proposed effects requires temperatures
T < 100mK, compatible with recent measurements [18,20]. Once again in the Bloch
oscillation regime a stricter constraint is placed on the temperature by the require-
ment that the thermal energy is lower than the energy band width €2, so that to
observe the mechanically induced effects in this regime, lower temperatures of the
order of T' ~ 10mK are required.

It is hoped that the mechanically induced effects presented here will soon be
observed experimentally in suspended Josephson junction resonators. They could

subsequently find their use in a number of potential applications. The existence of a
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Shapiro plateau, located at precisely the bare resonance frequency of the weak link,
could be very useful for metrology as well as further research into NEMS without
requiring complicated AC setups. The abrupt transitions that emerge in the strong
coupling regime, and in particular their dependence on the magnetic flux in SQUIDs,

could result in high precision sensors for current, voltage and magnetic fields.
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A Lagrangian: Uncoupled SQUID

The equations of motion (273) and (274) can be derived from the Euler-Lagrange

equations

d oL oL oP
= = (389)
where ¢; = {1, 2} are the generalised coordinates and the Lagrangian £ and

dissipation function P are given by
L= Z CV2 o — cos e +/I Vdt (390)
% n 2 nip DC )
V2

P = —n 1
En: TR (391)

where the summations are over the two arms n = 1,2. These are just the sums of
the corresponding functions for two separate junctions, except for the inductance
term which couples the two together through the circulating current J. This can be

seen by writing £ and P explicitly in terms of ¢ and ¢, as
h ngn 2 hjcn hIDC Lred
L= Z{ (2 dt ) T e ST e, P
AN 2D
— (= it 2
(2e> 2L (902 71 cbo) ’ (392)
1 [ hde,\?
P = -
S (aa) 9

where Leq = L1Ls/L is the reduced inductance. Here we can see that the inclusion

of the energy stored in the inductance leads to a term that couples ¢; and 5. The

following equations of motion can then be derived

h dy, hC, d2<pn
2eR, dt 2¢ dt?’

Lo h 27 d )
d:I:—( gol—L)_Imsmgon—i-

L, ~ 2L 0 (394)

Inc

where the plus sign is taken for n = 1 and the minus sign for n = 2. Using the flux
relation (283)) to write J in terms of ¢y and ¢y we see that the LHS of (394]) is just
Inc/2 £+ J so that these correctly produce Eqgs. (273)) and (274).
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The Hamiltonian may also be derived from the usual relation

g

Z dt o( dqn/dt —£ (395)
B h dy,
— Zn:cn (26 i ) ~ L. (396)

So that, compared to the Lagrangian, the kinetic energy terms keep the same sign

while the potential energy terms reverse sign as usual, producing
hden\®  hle Plne Liea
H - n - n
> (3o () - e - e,
AN 21D\ 2
— -—— . 397
* (26) 2L (902 Ty, ) (397)

For completeness the total energy is given by £ = H + f IpcVdt as follows

hdp,\? R, R\? 1 2D
E= Z{ (26 ft) T 2 %0}*(2—) Z( WqTo> '
(398)
If the junctions are symmetric, we can express each of these functions in terms of
dimensionless quantities, £ = L/E;, P = P/Eyw., H = H/Ey and E = E/Ej,
where Ej = hl./2e, as follows

522{609024—605@”4—“370@”} _ﬁ(%_%_%wa)a (399)
P = %; o (400)
H = Z {&Sbi — COSPn — il)—CSDn} + ! (¢2 — 1 — 27 a)?, (401)
L2 2 2mPL
E = Z {&%21 — cos %} + L(s02 — @1 — 2m,)°. (402)
2 21O,
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B Lagrangian: Coupled SQUID

The Lagrangian and dissipation functions of the mechanically coupled SQUID are
given by

1 hl., 1 1 day\ 2
L = Z {2Cnvn2 + %6 COS Yy, — §Ln[g + §Mn ((dt) . w%xi> } + /IDCth,

(403)

2
. Z{V Bldmn/dt) T <d(in> } (s04)

which in terms of our generalized coordinates ¢; = {1, a1, p2, as} become

1 h den dzn, \?  Alen RIpe Lre 2
L= -Cy, s . + Bnlni + COS Yy, + DC Zred On + —eBnln:rn
~ 2e 2¢ L, h

1 dz, \*> 5 o 1 [k 2
+ iMn ) T Wntn 37 %(%92 — 1) — ® + Baoloxg — Bilyz1| ,  (405)
M,

wLn <d§;>2} : (406)

We note that this Lagrangian (405|) is obtained from the uncoupled one by first
adding the purely mechanical terms, and then replacing ¢, with (p,,+(2¢/h) B,l,x,)
everywhere except the Josephson energy (cosine) term. This reflects the fact that
the voltage is related to ¢, in this new way, while the supercurrents remain as

I, sin ,,. The Hamiltonian and energy are then derived in the usual way, yielding

h degn dzn \?  hlen AIpc Lyed 2e
H= Z{ (2 ar T Brln dt) T e OS¢n T o g, \ P T g Palntn

ha ((f) pee) Ly L M (s — 1) — @ + Bolows — Bl 2 (407)
5 a Wn T, oL | 2¢ P2 — Y1 20272 11z
1 h dey, dzn \?  hlen
E—zn:{fn (2dt Bnlndt) ~ 3o cosen
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Finally, the dimensionless forms in the symmetric junction case are

E = Z {%(‘pn + Una'n/ﬁc)Q + €os ¢y, + ZDTC ((p" + 'una"/ﬂc)

* 2; (a5 — Wiai)} - ﬁ [p2 — 1 — 27 + (p202 — puar) /B, (409)
P=X {3+ g} (410)
H = {%m + finin/ Be)? — c08 @y — % (O + oo/ 5)

+ 2}% (@ + wiai)} — ﬁ (02 — 1 — 270 + (p2as — pnay)/B%,  (411)
F=2 {%m o finin [ Be)? = cos g

+ 2;(: (a2 + aziai)} + ﬁ (P2 — o1 — 2 + (2 — miar) /B2, (412)
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