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Abstract

We study a flux qubit made of a superconducting loop interrupted by three
Josephson junctions, which is subject to a temperature gradient. We show that
the heat current induced by the temperature gradient, being sensitive to the
superconducting phase differences at the junctions, depends significantly on the
state of the qubit. We furthermore investigate the impact of the heat current on
the coherence properties of the qubit state. We have found that even small
temperature gradients can lead to dephasing times of the order of microseconds
for the Delft-qubit design.

Keywords: thermoelectrics, Josephson devices, quantum information

1. Introduction

The charge current through a superconducting weak link is sensitive to the phase difference of
the superconductor order parameters on either side of the link. In the absence of a bias voltage, a
dissipationless Josephson current flows through the link, which is proportional to the sine of the
phase difference. The origin of this supercurrent can be traced back to the Andreev reflection of
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incoming electrons, and as such it is an interplay of quasiparticles at the interface and the
superconducting condensate on both sides.

In 1965 Maki and Griffin [1] theoretically predicted that the heat current flowing through a
temperature-biased Josephson tunnel junction is also a periodic function of the phase difference
between the electrodes. Due to the invariance of the heat current under time reversal, it has an
even parity with respect to the phase difference. The phase dependence of the heat current—
carried by quasiparticles residing at energies outside of the energy gap of the superconductor—
comes again from an interplay between these quasiparticles and the superconducting
condensate.

This effect has recently been demonstrated experimentally [2—6]. A superconducting ring,
namely a dc-SQUID (superconducting quantum interference device) with two Josephson
junctions was exposed to a temperature gradient. The measurement of the resulting heat current
as a function of the magnetic flux penetrating the SQUID demonstrated the sensitivity of the
heat current to the phase differences across the junctions. In this way, the SQUID is operated as
a heat modulator.

Heat transport through weak links in superconductors has been theoretically studied in
great detail [7-9]; see also [10] for a review on interference in heat transport and thermoelectric
effects in superconducting weak links. It has been found that the heat current can be modulated
by the applied phase gradient [11], and recent experiments have shown that weak links in
superconductors can be used to refrigerate small islands [12] and trap hot quasiparticles [13].

An altogether different application of the phase sensitivity of the supercurrent in
superconducting rings is the realization of a persistent current flux qubit where the phase
sensitivity of the device is used to implement qubit operations. In particular, the Delft design of
the flux qubit consists of a superconducting loop interrupted by three Josephson junctions. It is
further characterized by the fact that the Josephson coupling of one of the junctions is smaller
by a factor @ ~ 0.75 [14], which in actual implementations is made tuneable by replacing this
third junction with a split Josephson junction [15]. Another important tuning parameter is the
external flux @ threading the loop. If the flux is close to half a superconducting flux quantum,
@ = h/4e, the superconducting system emulates a particle in a (shallow) double-well potential,
where the state in either well corresponds to a circulating persistent current, either flowing
clockwise or counterclockwise around the loop. These two states represent the qubit states of
the device.

In what follows, we will combine these two intriguing studies on the phase-sensitivity in
superconducting rings. We are in particular interested in the dependence of the heat current on
the state of the persistent current qubit. We therefore investigate a superconducting ring with
three Josephson junctions subject to a temperature gradient. We use a microscopic description
of the Josephson junctions in order to investigate the phase-dependent heat current through
them. We will show that the heat current in a temperature-biased Delft qubit is indeed sensitive
to the qubit state, with typical sensitivities of 4%.

Beyond this, the state-sensitive heat current has an impact on the qubit state. With the help
of a master equation approach, we investigate how the temperature gradient influences the
dynamics of the qubit system. We determine the rate of coherence suppression, which is shown
to be given by the rate with which the difference in heat currents at the two qubit states
accumulates an energy difference of approximately the gap energy. The difference in heat
currents due to a thermal gradient depending on the qubit state is hence demonstrated to be a
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Figure 1. (a) Sketch of a persistent current qubit realized by a SQUID with three
superconducting links, characterized in general by different phase differences, ¢, ¢,, ¢.

The SQUID is penetrated by a magnetic flux @. The direction of the supercurrent
circulating in the SQUID characterizes the state of the persistent current qubit. The
different sections of the SQUID are coupled to thermal baths with temperatures 7}, T,
and T;. (b) Potential landscape of the SQUID as a function of the phase differences for
a = 0.75 and @/®, = 0.495. The potential is 2z-periodic in ¢ and ¢, and it can be

divided into equal square cells of side length 2z. (c) Cut through the potential in the
central cell of (b) along the line ¢ = ¢ = — ¢,, visualizing the two minima

corresponding to the qubit states of oppositely circulating currents.

qubit-state measurement. Depending on the temperature gradient, the associated typical
dephasing times range from nano- to microseconds, with the proviso that the qubit is detuned
from the ‘sweet spot’ of half a flux quantum, @ = @,/2, threading the superconducting loop, to
a typical ‘operation point’ of @ = 0.495 &,. This adds an additional contribution to the
dephasing, which in general is attributed to non-equilibrium quasiparticles [16—18]. In the
appendix, we give a self-contained and detailed derivation of the results of Maki and Griffin for
the phase-sensitive heat current in a superconducting weak link.

2. Model

2.1. Persistent current qubit (Delft qubit)

We investigate a persistent current qubit as it is sketched in figure 1. Such a qubit consists of a
superconducting loop with three Josephson junctions, which encloses a flux @ supplied by an
external magnetic field. The three junctions, i = a, b, c, are in general characterized by different

®,/2x, where I, is the critical current of the junction and

crit

Josephson energies E;, with E; = I

crit
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@D, = h/2e the superconducting flux quantum. Following the Delft qubit design, we choose two
of the junctions to be equivalent, i.e. having the same Josephson coupling energy
E! = E’ = E,, and the third junction with a smaller Josephson energy E = aE,, where we
have introduced the asymmetry parameter a < 1. The contrasting phase differences, ¢, across
the junctions (the arrows in figure 1 define the direction for a positive phase difference ¢) are

related to each other due to the fluxoid quantization around the superconducting loop containing
the junctions5 ,

¢, =0+ q="2, )
where we have defined f = ®/®,. The total Josephson energy of the ring is given by the phase-
dependent expression U = ZIEJ’ (1 — Cos gz)l.). Combining this relation with the flux quantiza-
tion condition in (1), the Josephson energy can be written as

U=EJ[2+a—Cosgoa—cosgob—acos(2ﬂf+qgl—gob)]. (2)

The potential U is plotted in figure 1(b) for @ = 0.75 and f = 0.495, a typical operation point of
the Delft qubit. The plot shows a periodic structure of two nearby minima. These two minima,
indicated by L and R, fulfill the condition ¢ = — ¢, = ¢ and correspond to situations in which

the Josephson current in the loop has opposite signs. Due to the periodicity of the potential, all
other minima are equivalent to L and R. If the magnetic flux is tuned to f = %, the flux point

usually called the ‘sweet spot’, then the two minima are equal, U , = 2E (1 - é), and they are

situated at ¢, . = F arccos( 1/2a). Small deviations of = f — % from this point yield a shift of
the minima by dp = — 27 6f (20:2 - 1) /(40{2 — 1), such that ¢, . = F arccos(1/2a) + 5¢.
Consequently, the potential becomes asymmetric as indicated in figure 1(c). For values
a < 1/2, the two minima merge into a single minimum; in the following we will hence always
assume a > 1/2.

We are interested in the quantum properties of this system and therefore use a Hamiltonian
description taking ¢ as a general coordinate. The dynamics of the system is provided by the fact
that each of the junctions adds a small electrical capacitance C. In fact the conjugate momentum
to ¢ is given by the number of Cooper pairs N = — i%9/d¢, which charge the capacitances. We
arrive at the Hamiltonian

al

H —4EcF + E; [2 + a — 2 cos (@) — a cos (274f+ 29")] 3)
@

qubit =

where the first term takes account of the charging energy E. = ¢’/2C;, where C;, combines the
capacitive effects of the three junctions, and the second term is the potential energy U as given
in (2) with ¢ = ¢ = — ¢,. The low-energy physics of this system can be described by the two

metastable states ‘y/L> and ‘y/R>, corresponding to the ground states of the local minima of the

potential as shown in figure 1(c). They will serve as the two qubit states in the following. In
the vicinity of the local minima, the Hamiltonian can be approximated using

> Here we neglect the loop inductances.
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Figure 2. Cut through the potential of the SQUID along ¢ = ¢ = — ¢,, with the two
approximated qubit states |y ) and |y, ) in the phase representation for a = 0.75 and
f=0.495.

2
U(p)~ U (qoL/R) + E, [cos (goL/R) + 2a cos <2nf+ ZgoL/R)](go - goL/R) for ¢ ~ ¢ . The
qubit states are then given by the oscillator ground states

1/4 2 _ :
<(P |‘I/L/R> = (%) expq — L/R((pz (pL/R) 4)

with the inverse of the variance

A = % [COS (¢L/R) + 2a cos (2717( + 2¢L/R)]
C

E | 40> —1 _ 7(1+22°)4Af
h 2E. 2a aN4a® - 1 .

These states are shown in figure 2 together with the qubit potential. They are coupled through
possible quantum tunnelling through the potential barrier between the two minima, of which the
height that depends on the values of the asymmetry parameter, @, is tuneable via the Josephson
energy of junction c®. However, as soon as the flux deviates from the value & = ®,/2, then the
qubit eigenstates occur, well-localized in the potential wells, the coupling between the two

)

states is negligibly small, and they are hence approximately given by ‘UIL> and ‘l//R>.

2.2. Microscopic model of the Josephson junctions

In order to calculate the heat currents flowing through the SQUID, it is important to consider the
microscopic model of the three junctions. The microscopic Hamiltonian for two super-
conducting arms, which we here choose to be [ = 1, 2, connected by a tunnel contact is given by

® This can be done for instance by replacing junction c¢ by an additional two junction SQUID with a separately
tuneable flux [14, 15].
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— i ot
Hipntion = Z Zgl,kacl,kacl,kn - Z z (Azcz,mcl,u + H-C-)
k,o

=12 k, =12 k

+ Z (Vklkz’clT,kacz,k'a + H-C-) (6)

k.k'.o

~

where &, ,, = &, — H, 18 the electron energy relative to the chemical potential, which we take to
be equal for all electrodes, p, = 4, V [. The Hamiltonian for the other two junctions of the
SQUID is found equivalently. The creation (annihilation) operators for electrons in reservoir /,
with momentum k and spin ¢ = 1, | are given by cf,w (c,’ kg). The two superconductors are kept
at different temperatures 7, and have a superconducting gap A,, which we here assume to be
independent of k. The gap is characterized by its absolute value |4, and the phase ¢. This phase
enters the heat current across the junction only in phase differences ¢,, across a junction, with
¢, = ¢, — ¢,. For the SQUID model considered in this manuscript, we have ¢,, = ¢, etc. The
temperature dependence of the magnitude of the superconducting gap is approximately given
by ’A, (7}) ‘ ~ Aom with A, ~ kT, the gap of the superconductor at zero
temperature and 7. the critical temperature. Here and in the following, we assume that all

the superconductors are built from the same material with equivalent geometries, such that they
share 7., and A,. Tunnelling between the two superconductors 1 and 2 occurs with the

crit

tunnelling amplitude Vkl,f The resistance of the junction connecting reservoirs 1 and 2 is related
to the normal conducting density of states of the reservoirs at the Fermi level (including spin),

. . . . .o - 2
N’, and the tunneling amplitude; the inverse resistance is given by R,;' = ze’N,'N; |V12‘ 7.

2.3. Heat currents in superconducting links

We are in the following interested in the heat currents flowing through the junctions in the
SQUID, when the arms between the junctions are kept at different temperatures, as sketched in
figure 1(a). The ring is supposed to be large enough such that the arms between the junctions
are larger than the quasiparticle coherence length, and we can therefore model the arms as
quasiparticle reservoirs and treat the heat current through the junctions separately. Note that the
phase differences across the junctions are related through the superconducting fluxoid
quantization given in (1). The heat current in electrode / is defined as the flow of energy with
respect to the electrochemical potential of electrode [ = 1, 2, 3,

0' = S (H) =~ ([H.H]). )

where H, is given by the first line of (6). We are subsequently interested in the weak tunnel
coupling regime [1, 7]; see the appendix for a detailed derivation of the heat current. The heat
current through a junction connecting reservoir / and m due to a difference in temperature,
T, #7T, withl, m =1, 2, 3, can then be divided into a pure quasiparticle contribution to the

- . . . .
heat current, Q (]}, T ), and an interference contribution due to an interplay between

m
1

quasiparticles and the Cooper pair condensate, Q, (7} T ) namely

m
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Ql (7;’ Tm) = qup (T;’ Tm) - th (T T ) COsS (101 (8)
We find the pure quasiparticle contribution to the heat current to be
; f(w) — f (@)
0, (1 1) = o [ o 2 ©)
O AT o

where  f (w) = [1 + exp (w/kBE) ]_ is the Fermi function of electrode [ and
A
interplay between quasiparticles and the Cooper pair condensate depends on the phase
difference ¢, of the superconducting condensates and yields

2 do o |4,4,)| L@ =@ (10)

'R, '/IA \/a) — |4, | \/ |Am‘2

WehaveT, T, < |A0 |/kB, and the square root terms are changing faster than the other factors in

= max{ m } The interference contribution to the heat current due to the

max

th ( T;’ Tm)

the integrals of (9) and (10). The magnitude of the heat currents can then be estimated as
. -] .
0,(1.1,) =0,(T.T,) =0,
— |Amax ‘2

e’R

/A

K (’Amin ) I:e—|4max kT _ o=l Aman \/kBTm] , (11)

max
Im

. z/2 2 . p N2 L .
with K (k) = fo (1 — k” sin ¢) d¢ the complete elliptic integral of the first kind, and ‘Amm
the superconducting gap at the larger temperature. The elliptic integral is a monotonously

increasing function, which starts at z/2 for small arguments and has a logarithmic divergence
with K (1 - €2> ~ In 1/e when k approaches 1. Since the contribution of the integrands of (9)

, the

quasiparticle and the interference contributions to the heat current are generally of the same
order of magnitude.

Before discussing the sensitivities of the heat currents to the qubit state, we here want to
briefly give an estimate of the order of magnitude of the heat currents for the limits of small and
large temperature differences. In the case of a small temperature diﬁ‘erence

sT=|T,-T,| <T.T,

and (10) have a maximum for @ being in the vicinity of the superconducting gap |A

max

m? max

we obtain  from (11) the typical value QO =~ |A

K [1 — 6T/ 2( it T)]e"A'"“V SIsT/ (elekaTz) of the heat current. Assuming furthermore

3

11'1 [ (erit - )/Y;ut]
=0T,
which leads to a logarithmic divergence of the heat current for small temperature gradients, as
already pointed out in [1]. However, as shown in [7] this is an artifact of the tunneling

approximation, which fails to properly take into account a resonance in the density of states due
to a weakly bound Andreev state. The resonance introduces a new cutoff at the scale

1

cut

that 67T <« T

crit

— T, we obtain the estimate QO =~|A

max

e Aml/BT ST (ezR,kaTz) . The tunneling approximation gives a cutoff temperature T

cut

= DA, sinz(golm /2)/ kg, with D the transparency of the tunneling barrier.



New J. Phys. 16 (2014) 045020 S Spilla et al

In contrast, in the case of a large temperature difference, we have T . < T . Since in

min
this case 7, ;. is hence also always much smaller than T, the heat current only depends onT,

and we obtain the estimate Qlyp ~Aje™ o kslnas ( 1-7, /T,
have T ST

max ~ “crit?
; 2 A kT 12
O, = Age " [R, .
Thermal currents in a system similar to the one we study here were measured in the

experiment by Giazotto and Martinez-Perez reported in [3]. If we use these same experimental
values for an estimate, we have A, ~ 200 ueV and R ~ 1k£. For T = 0.17, and large

crit

max

)/ e’R, . If we additionally

then the elliptic integral is of order one and the estimate simply reads

temperature gradient we obtain O, ~ 107" W, while for a small temperature gradient we
obtain the estimate Qlyp ~ (AT/T) 10™'* W (assuming that the logarithm is of order one).

3. Qubit-state sensitive heat currents

In the following, we want to investigate the sensitivity of the heat current to the state of the
persistent current qubit realized by the three-junction SQUID introduced before. We therefore
propose to study the difference between the heat currents compared to the sum of the two

currents for the qubit being in the state |1//L> or |1//R>, characterized by the sensitivity,
. .
QR - QL . )
= with Or= <1//L/R
Or + O
The expectation values are obtained from the usual integral over ¢ of the product of the heat
currents given in (8) with the wave functions of (4). We evaluate the heat currents in each
electrode due to a temperature gradient induced by 7, = T, < T;. This yields heat currents in
electrodes 1 and 2 given by the heat flow through the junction with electrode 3 only, while the
heat current in electrode 3 has two contributions. To simplify the notation, we now take as a

0 ). (12)

reference the heat current into electrode 1, with O, = Q.. (T, T,) and O, = qup (T,, T;). The
sensitivities then take the simple form

s — ant (CL - CR)

20, - 0.(C+ G)

s — le (DL )

20, - 0. (D + Dy)

). D, — Dy) +(C,. - C
5, = : th ((1 ( ) ( R)) ) (13)

2qu(1+a)—le( (D +D) (CL+CR))

For a short notation and assuming the two qubit states to be well localized, we here define the
phase-dependent factors
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Tl == 0-1Tcrit 3
F 0.0
T = 0-1Tcrit

T3 =0.3Tic | |
0.02
F0.01

S1
-0.010 -0.006 -0.002 0

Figure 3. Plot of the sensitivities, s, for the three electrodes / = 1, 2, 3 as a function of
the flux enclosed in the loop, for a = 0.75 and E,/E. ~ 80. The vertical dotted line
indicates the flux value of the Delft qubit ‘operation point’ [14].

Figure 4. Coefficient of the linear expansion of the heat currents of the electrodes as a
function of a for 7, = T, = 0.1T,, T, = 0.3T ,,, and E,/E. ~ 80.

crit? crit?

WL/R> = cos (¢L/R) e—l/(4AUR),

‘/’L/R> = cos (20, , + 2af ) e, (14)

We also used the generalized Ambegaokar—Baratoff relations [19, 20] in order to relate the heat

Cr = <‘/’L/R ‘COS («)

cos ((pc)

D = <WL/R

currents Q(i) through the junctions i = b, ¢ to each other, when 7] = 7,. The heat currents

through the different junctions are furthermore related to the heat currents Ql into the different
reservoirs,| = 1,2,3,by 0" =0,0 =0 and hence 0’ = — 0" — 0"". By comparing
the separate quasiparticle and interference components of these heat currents, see (9) and (10),
we then find

Qi:l Qc Icl;i Rc R
—bt_.—q,f=ITt=—=£=a. (15)

Qint qu crit Rb Rl 3

This finally leads to the compact expressions in (13). The results for these three sensitivities as a
function of the flux, in the vicinity of the sweet spot and the operation point of the Delft qubit, are
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|YR)

Je
L)

Figure 5. Model of the two-level system with level-spacing e, tunnel-coupled to two
quasiparticle baths at different temperatures, 7] and T;.

shown in figure 3. The sensitivity of the heat currents to the qubit state hence yields a possible
measure of the latter. The heat currents in electrodes 2 and 3 are most sensitive to the qubit state
with a sensitivity of about 2% at the ‘operation point’, f = 0.495 [14]. The plot in figure 3 shows a
dependence of the sensitivities as a function of the magnetic flux penetrating the SQUID, which is
very close to a linear function. The slopes of the latter depend on the specific realization of the qubit,
namely on the ratio a, on the electrode temperatures 7; and the applied thermal gradient, as well as
on the ratio of the Josephson and charging energy. This is shown in the approximate result for the
heat currents for small deviations Jf from the ‘sweet spot’ f = %, s; & m, () of with the respective
slope m,. The rather complex explicit analytic form of the slopes of the three sensitivities are given
in appendix B, and they are shown in figure 4 as a function of the ratio a, which is tuneable in the
experiment. We find that the slopes of the sensitivities do not in general need to have the same sign.
The slope with the largest absolute value is the one obtained from the heat currents into reservoir 2.
This is related to the fact that the heat currents into this reservoir flow uniquely through the junction
with the weakest Josephson coupling, namely junction c, which consequently has the largest phase
difference and is most sensitive to the qubit state. While for the working point of the Delft qubit, that
is at a = 0.75, the slope of s, already has a rather large value, and this value can be improved by
lowering a. Note however that with a approaching 0.5, the two valleys of the potential get closer
and the qubit states are not well defined any more. Equivalently for @ > 1, the SQUID can not be
used as a qubit any longer.

4. Impact of temperature gradients on qubit dephasing

After having demonstrated the sensitivity of the heat currents to the state of the qubit, the aim of this
section is to study the impact of a temperature gradient—and the resulting heat current—on the
coherence properties of the qubit. Our interest in this point is twofold: on the one hand we want to
find out the behavior of the qubit state under measurement, and on the other we are interested in the
impact of accidental temperature gradients on the dephasing of the qubit. We therefore consider the

two-level system, defined by the states ‘ l//L> and ‘ z//R>, namely the qubit states obtained from the low-
energy physics of the SQUID, in contact with two heat baths, resulting in the model Hamiltonian

H, = s + z Z (gl,k - :u[)al,%kﬂal,kﬁ
2 2 1=1,3 k,o
+ 2 [ @ity (Ve + Vir') + He | (16)
k.q.0

10
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The model is depicted in figure 5. Here, the matrices 7 j =0, 1, 3 are Pauli matrices in the
qubit space. The level splitting between the qubit states is given by ¢, and the weak coupling
between them is denoted by w. The creation (annihilation) operators of particles with

momentum k and spin o in lead / are given by a,T,m (a,,,m).

In the simplified model (16), we do not explicitly take into account the three
superconducting leads with the heat currents, which depend on all three phase differences,
but rather discuss a simplified microscopic model, which involves only two leads. The idea is to
set the density of states and tunnelling matrix elements such as to reproduce the correct
macroscopic thermal current between the reservoirs at temperature 7, = 7, and 7, in the three-
lead setup. We expect that such a procedure, while being inaccurate for certain microscopic
details, will correctly incorporate the effects of the phase-dependent thermal currents on the

qubit. In linear response, the Hamiltonian (16) leads to a heat current,

< o /A e 2 2

05 =2 [ oo (v = W )N @N @[ @ - £ @] (7
with N (w) the density of states of the electrons in lead [ (including spin). If we set the
parameters

W= 5V [pae 2= Comc-apy+ )]
W = 5V [G-G+ald-D)]
N = N2 g (0 jaf) 9

«/co2 — ‘Al‘z

with @ (x) the unit-step function, we achieve the goal of reproducing the correct qubit-state

dependent heat current with 0 = 0’ = — 0' — 0”; here and below, we assume the
magnitude of the quasiparticle and interference parts of the heat current to be equal.

We are now interested in the dynamics of the qubit state depending on the qubit-state
sensitive heat current induced by the temperature gradient. Starting from the full system’s
density matrix, we therefore trace out the lead degrees of freedom and write down a master
equation for the reduced density matrix of the qubit, p(¢). If we write the density matrix of the
qubit as p (1) = 3 [1+ 7 - S (1) ] with

. T
S (1) =tr[p (7] = (p(®) + P (D, (P (D) = P (D), (D) = (D)
we obtain the Pauli rate equation
. T
S =S xh—y(S),S,(1),0). (19)

This equation contains a precession around a pseudo-magnetic field, h = (w, 0, e)T,
determined by the qubit properties, and a relaxation of the coherences of the reduced density
matrix with the rate y, while the diagonal elements, namely the occupations of the qubit states,
do not decay. This is also appreciable from the solution of the master equation, which for large
detuning & > w with respect to the weak tunneling between the qubit states, is given by

11
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P (D~ py, (0), Pra (1) % i (0);
P (D) = p (0)e I+, Po (1) % py, (0)e7", (20)
The value of the dephasing rate y reads,
_ 4x |V NN /oo " w2[1 — f(@) |, (0) +]1 —fS(a))]fl(w)'
|A

Vi mas| \/a)2 - ‘41‘2 \/w2 - ‘43‘2

Importantly, this rate equals zero if the sensitivity of the heat current to the qubit state vanishes

V3‘2 x Cy — C, + a(Dy — D) = 0. Note that this means that the temperature

gradient leads to dephasing only when the qubit is tuned away from the sweet spot. Indeed, it is
possible to conclude that the qubit-state sensitivity of the heat current represents a measurement
process which is reflected in the time-dependent solution of the master equation given in (20).

The dephasing rate is connected to fluctuations in the electronic subsystem which drive the
qubit. In equilibrium, we would expect a fluctuation—dissipation relation to hold, which relates
the fluctuations to the response coefficient of the system. Naturally, this is not true in the non-
equilibrium situation studied here. It is however interesting to compare the response of the
system to the temperature gradient, namely the heat current depending on the qubit states, to the

ydéf-Qﬁ

/kg. With a similar calculation as the

y 21)

and hence

related dephasing rate. We therefore introduce the dimensionless ratio r = |4,

As above, we specialize to the case when 7}, T, < ‘A

max

one following (10), we obtain the estimate

. coth( [ 17 - TS'] (22)
2k, TT, )

This means that r is universal with respect to microscopic details like the normal-state resistance
R,, or the phase difference ¢, across the junctions, and only depends on thermodynamical

quantities like the temperatures 7;, 7, and the gap A,. We see that for small temperature

differences, 6T = T, — T, < T,, T,, this ratio becomes r ~ k,T°/ (‘Amax 6T).
The dephasing time 7, = y~' is in this case given by
A; (1 -TIT,,)8T
T¢ ~ 0 ( - — crlt? - (23)
kBT 0L — Or
N €2R13€Am"x IkyT | ”
Amax ln (Tcrit/T;ul)[CL - CR +a (DL - DR)]

The dephasing time in units of e’R,,e*"#"/A  is shown in figure 6 as a function of the

temperature difference AT for different values of the minimum temperature 7;. The inset (a) of
figure 6 compares the full result (green line) with the approximation of equation (23).

In the opposite regime of large temperature bias, we have r ~ 1, and thus the dephasing
/|A
the dephasing time z; of the qubit is given by

rate is approximately equal to y ~ ‘QS - Q; . In particular, we find in this regime that

max

12
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—_ T1 = 01 Tcrit

- T1 = 0075 Tcrit
- T1 = 005 Tcrit
— T1=0.025 Tty

T¢A0
62R136A0/k}BT1

(b)

0.15 0.20

¢ 5T/Tcrit
0 0.05 0.10 0.15 0.20

Figure 6. Dephasing time as a function of the temperature gradient 67 for different
values of 7, with 7; < T;. The dephasing time was calculated for « = 0.75 and f'= 0.495.
In the inset (a) we show an enlargement at AT < T, for the case of 7, = 0.17_,, (green
line) together with the approximate function of the dephasing time given in (23) (dashed
black line) multiplied by a numerical factor of order 1. In the inset (b) we show the
enlargement of the plot for 0.1 < 6T /T, < 0.2 on a logarithmic scale. Note that this

plot is valid only for temperature differences larger than the cutoff temperature,

oT > T, which in turn depends on the microscopic details of the Josephson junctions.
A ezR eAO/kBTmax
Ty _30_3 ~ 13 , (25)
‘QL—QR A)[CL - Cy+ a(D, — Dy)]

1.e. the time after which the difference in the energy transported by the heat currents in the two
qubit states equals the gap A, of the superconductor. This is confirmed well by the inset (b) of
figure 6, which shows the dramatic decrease in the dephasing time with increasing temperature
gradient, which in this regime is approximately given by T, .

Using the values we applied to estimate the heat currents in this system, we can also

estimate the dephasing time. Taking 4,/ eZR13 ~ 1 THz as in [3], we have 7, ~ 1 ns for large

temperature gradients, 5T/T . > 1. For small temperature gradients, it can be shown that a
temperature 7. . of less than 0.17_ has to be reached in order to avoid a strong limitation of the

min crit
<1, T ~T <0.17T_, and

min max ~ crit?

dephasing due to the thermal current. Indeed, for 6T/T,,,
taking the logarithm to be of order one, we have 7, ~ 1 us. The actual dephasing times of the
Delft qubit range from a few tens of nanoseconds [21] up to a microsecond [22] and thus are of
the same order of magnitude. As the nominal temperatures reached for today’s superconducting
persistent current qubits are usually smaller than 0.17,, [23, 24], it is unlikely that the thermal
currents do constitute the dominant source of dephasing for those qubits. However, it is well
known that quasiparticles in small superconducting structures badly thermalize, leading to

problems in reaching the base temperature in the dilution refrigerator [13, 25], and thus the

13
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effects of the phase dependence of the thermal current on the coherence properties of the Delft
qubit cannot be excluded.

5. Conclusions

We have shown that due to the phase sensitivity of the heat current that flows in the weak links
of a superconducting loop, the heat current due to a temperature gradient applied to a flux qubit
depends on the state of the qubit which is formed when the loop is threaded with a magnetic
flux that is close to half a superconducting flux quantum. We found that the sensitivity of the
heat current to the qubit state can be up to 4%, when the qubit is tuned away from the ‘sweet
spot’ of exactly half a flux quantum threading the loop. This should allow us to identify the state
of the flux qubit in experiments of the type performed in [2, 3].

Moreover, we have found that due to this difference in heat currents at different qubit
states, a thermal gradient leads to a dephasing of the qubit. In particular, we found that the ratio
of the dephasing rate to the difference in the heat currents is universal with respect to
microscopic details, and only depends on the temperature of the reservoirs measured in units of
the superconducting gap at zero temperature. For example, in the case of large temperature
gradients, the dephasing time of the qubit corresponds to the time when the energy difference
transported by the difference in heat currents is of the order of the superconducting gap. We
have shown that the dephasing time of the flux qubit in the Delft design due to the phase-
sensitive heat current can range from microseconds for small temperature differences to
nanoseconds for large temperature differences, thus constituting a potential source of dephasing
given the fact that the qubits are driven by microwave pulses, which may lead to an imbalance
of heating between the different sections of the superconducting loop.

Acknowledgments

We thank Gianluigi Catelani, Simone Gasparinetti, Francesco Giazotto, Dmitriy Golubev and
Anna Napoli for useful comments on our work. We would like to acknowledge financial
support from the Excellence Initiative of the German Federal and State Governments, and from
the Ministry of Innovation (SS and JS), as well as from the Alexander von Humboldt
foundation (FH).

Appendix A. Derivation of the Maki—Griffin formula for the heat current

In this appendix, we derive in detail the analytic formulae for the heat current, which we use in
(9) and (10) and which were previously found in [1]. The aim of this section is to describe the
heat current in a superconductor—insulator—superconductor Josephson junction, biased with a
temperature gradient 67 across it, while no additional voltage is applied so that we have
H, = 1, = u,- We assume that each superconductor (the two electrodes are denoted by / = 1, 2)

is a particle reservoir in equilibrium at temperature 7; and that it is characterized by the mean-
field BCS Hamiltonian

14
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— i Pt *

H = Z (5‘1,16 - lu())cl,krrcl,lm - z (Al,kcl,kTCl,—kL + Al,kcl,—klcl,kT) . (A.1)
k,o k

In (A.1), clT,m and ¢, are single-electron creation and annihilation operators in the momentum k

and spin ¢ representation, and 4,, is the superconducting energy gap of the /th electrode.

Tunnelling between reservoirs is described by the tunnelling Hamiltonian

— 12 T 123
HT - Zk,q,a( cl k€2 N + V G qncl ka)’ (A2)

where k and ¢ are the momentum quantum numbers and the tunnelling matrix element is
denoted by Vquz The total Hamiltonian is then written as H, , = H, + H, + H,.

Assuming that the system is sufficiently isolated and that in particular phonons are frozen
out at very low temperatures, the heat current in electrode 1 is carried by electrons entering or
leaving it, accompanied by a change in the overall energy H, with respect to the
electrochemical potential. According to the quantum-mechanical equation of motion, the heat
current into the first electrode is

do" d
9 — () =5 ([t 1)) (a3)

Of the full commutator [Htot, H, ] only the contribution [Htot, H, ] = [HT, Hl] 1S non-zero. Since

we are dealing with fermionic annihilation and creation operators, they must obey the

anticommutation rule {c, o> ka'g/} 0,00, from which we can easily derive

Im
s
[Cl koCl ko Clka] 81405 Cz ko [Cl,kacl,ka’ Cl,k’a/:l —014055C (A4)

Using these commutation relations, the evaluation of [HT, HI] yields

_ 12 125 t t
[HT’ Hl] = ZZ {V Siw [Cl ko Cl ko€l lm]cz oo T Vg $14Coge [Cl,k(r’ Cl,k’o/cl,k’rr’]

k.q.c k',0'

2a% [ 4 12 T Pt
= VArw [Cl,ka’ Cl,—k’icl,k’T] Crge — Vig BiiCogo [Cl,ko’ Cl,k/rcl,—kw] }

- 2g 4 12 ( 4 % *
—2i Im Z Via€1uC1aoCogo T Vig (Al,—kcl,—chz,ql - Al,kcl,—klcz,qT) . (A.5)

k,q,0

Substituting this expression in (A.3), the heat current is found to be

dol 2
o "~ Im Z <‘/k1q2§1’kcl1:k502,qg + Vquz (A;,k—kcl,—mcz,ql - Alikkcl,—lequ)> : (A.6)

k.q,0

The next step is to calculate the expectation values in the general expression for the heat current
(A.6), yielding a Kubo formula, when expanding in the small tunnelling matrix elements. In
general, to first order in perturbation theory, the expectation value of an operator O(¥) is

(0(n) = —i[; de' ([0 ). H, (1)]) & (A7)

where the brackets <>0 denote the equilibrium average with respect to the Hamiltonian

H, = H, + H, without the perturbation H,, and # is a small parameter which is eventually taken

15
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to zero. Using (A.7), the heat current can be written as

dao 2 S
dr = s Re [wdte”( )z <[(Vquzé:l,kcgka(t)CZ,qﬂ(t)+

k.q,0

+ Vi (A% 0 (D6, () = Ale (D ey, (1) |, Hy (1) >) } (A8)
0

As a first step, we need to again evaluate the commutator expression in the integrand, which
assumes the form

Z z { ‘/quz‘/k]’j I:‘fl,k (Cl-{,-k(r (t) C2,qo- (t) Cl-fk’o" (t/) C2,q'o" (t/) - Cl-i,-k'o" (t/) C2,q'6' (t/) Cl-}:ko' (t) C2,qa (t) )

bqokgo
= A% (€1 (D €y (D6 g () g (1) = € (1) €200 () €4y (D) €1 (D)
+ A% (e (D sy (D6 () o (1) = € () €a e (E) 1y (D 03y, (t))]
+ VeV [ (0 (0 €0y (D €]y (1) €1 (1) = €y () €100 (1) €y (D €5, (1)
= A7 (e (D (D) 1 (1) €4 (1) = €1y () i () €1y (D €31 (D)
F A (G (D65, (060 (V) 14 (1) = ey (N e (Mg ey 0) ]} (A9)

In order to take the equilibrium expectation value of this expression, it is useful to employ the
Green’s functions defined in the following way

G (1) = —i{a, (D, (¥) >0, Go(t.t)=i(c,()a, @ >O,
Fo (1) = —i{auay () Filtr)=i{a()au®).
Fy (1) = i<cl,T—kl(t/)cl,Tkr(t) >0’ Fii(n 1) =~ i<cl,TkT(t) ¢ i (1) >0-

The linear-response formula for the heat current, equation (A.8), is then given by

d (1) 2 ! 1 n(t'—t > ’ < ’ < ’ > ’
gt =~ Re Z/ dr'e"t"") {V,ij_l,f_q[él,k (Flfk (0 0)Fs, (6 0) + FS (00 0) (2. 1)
k.q -®

= B (6 0B, (60) = F2(0 0 FL (1,0) + A5 (Gl (1 1) B, (1.1)

= G (6 ) FS, (0 8)) + AT (G (1 1) P (1, 0) = G (6 0 B (1)) |
vl (260, (GR (1) G, (1 1) = GLL (1. 1)GE, (1 1))

+ A% (Fr (0. 0)GE, (0 1) = B (1. 1) G, (1.))

A (R (6 0)GE (0 1) = B (1 1) G5 (1 1)) ] (A.10)
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The next step is to express the Green’s functions by their spectral densities

G (1) = _l/_oo ‘;‘” (1~ f(0))Ay(o),

T

Git.t) = i [~ S2e )4, (o)

F, (1) = i/_ (210) (1 - f(@)) Byy(),

T

Fi(tt) = _’/_m (;w " f (@) B, (). (A.11)

T
Where f (w) is the Fermi function of the /th electrode. Substituting these expressions (A.11)
into the equation for the heat current (A.10), the latter simplifies significantly

f O[T i (e - 1)

% (—A* L (@) By, (o) +AF A (@)B,, (- +oAF B (0)A,, ()
1,-k

1.k . 1.k

o —w—in Yoo —-w+in o —w+in
B* (w)B, (o) — B, (w)B; (o A (A, (o
61 ) 1,k 2,q9 (, ) lJf Z,q( ) + 25] ) 1,k/ 2,q ( ) ) (A12)
' W —w -1 T w—w— 17
Here, since the tunneling matrix element is invariant under time reversal, we used the relation
V,jqzV_k 4 | ‘ According to microscopic BCS theory, the spectral densities are
2 2
A (@) =21 [|u,,k\ 5(w—Ey)+ [wf 6(w+ E,vk)] and B, (@) = 2,

J=12(1-¢,/E)),

S . / 2 .
and the quasiparticle energy-momentum relation E,, = /&’ + |Al’k‘ . To continue the
calculation, it is important to notice that the parameters u,,, v, and 4,, are not independent,

[6(0 - E,) - 8(0+E,)] with |u,[ =12(1+¢,/E,).

but that their phases are related by A;’;{v,’k/uhk = E;, — &> such that Alivl’k/u,,k must be a real
number. That is, the phase of v, relative to u,, must be equal to the phase of 4,,. Without loss
of generality we can choose u,, to be real and positive, so that v, and 4,, must have the same
phase [26]. Finally, we introduce the phase difference ¢ between the electrodes with the relation
Af,kkvz,q = ‘Alivz,q| exp (iqo).

The next stage of the calculation is to substitute the spectral densities, A, , (w) and B, (w),

into the heat current expression (A.12) and to perform the sum over the momenta k and g. To do
that, the sum over the momenta is transformed into an integral over the electronic energies & ,

with [ = 1, 2, such that [27],
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AR
Ya, = ”T’ A2, (8 (0 — E,) + 6(w + E,))
& -0

=N [ dE,kL(é(a) —E)+6(w+E,))

5 R ) 2
[ El,k - ‘51,/<‘

NO
= ”’—|a)|29 (o7 = [AF): (A.13)
N ‘A,‘

We denote the normal-state density of states (including spin) of the /th electrode by N, and
finally assumed an isotropic superconductor with an energy-independent gap. Similarly, we find
for the other terms

0
3B, = sen (a))M9<a}2— 4f),
k

251,1841,1{ = sgn ()
k

Zfz,kBl,k = 0. (A.14)
Kk

In (A.12) the term depending only on B, B, ., which is related to the sole Cooper pair
contribution, vanishes, as it is easy to notice using the last expression in (A.14). If we also use
the relation lim,_,Im { ll(x - ie)} = 76 (x) and substitute the integrals over the spectral
functions (A.13) and (A.14) into the heat current (A.12), we obtain

VNN [ do (@ £ @)oo’ ~]af)o(e’ - |af)
kq 14V2 . \/0)2 _ ‘Al‘z \/0)2 _ ‘Az|2
x[o® = |4, |4,] cos g]. (A.15)

In the above derivation we assumed that the normal densities of states and the tunnelling matrix
elements are energy-independent. Evaluating the theta-functions we finally obtain

a" (%, 1) _ dQy) (1. T,) o\ (T, T,)
dt dr dr
0 () = 1, (©)
zi / dow (fl > 5 ) -
e R12 |Amux| \/0)2 —_ ‘Al‘ \/a)2 —_ ‘AZ‘
= max { ‘Al (7))
the Josephson junction, defined via the inverse of the normal-state resistance,

R = 7e’N'N,) ‘kar/}’l.

do!

(1)
dr

z
V4

cos @

[0® — |4 |4,] cos @] (A.16)

A, (T2)| } and the normal-state conductance of

where we introduced ‘Amax )
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In (A.16), the total heat current through the junction carried by quasiparticles is
do\ (T, T,)/dt, while dQ\)) (T, T,)/dt is the interference contribution to the heat current due to
an interplay between quasiparticles and the Cooper pair condensate. It is easy to see that
do.V (T, T,)/dr, which originates from the Josephson effect and is characteristic of weakly

coupled superconductors, vanishes when at least one of the superconductors is in the normal
state (|A, (7})| = 0).

Appendix B. Slopes of the sensitivities

In this section of the appendix we provide the analytic formulas for the slopes of the
sensitivities s, for small of < 1. We find

27t[(4a2 - 1)2(2(12 - 1] + a%[l + M)]

1= Q Ec 4
(40> = 1)7[ 1 = 202" (1)

int

[ E
2na (4(12 - 1) + 4a—C]

J

m, = - R 4
2 32 2 2qu B (4o
(4a* = 1) [ |22 = 1] = 207 =L " (+-)
int
2 i 3a E ﬁ 4a
2ra <4oc2 - 1) 20 — 1 + " (%) | 4 aEC 20 + 1 + " (%) | 4g* — 1
]

m, =

2 512 % 3)205 2 qu _% ;l
(40 = 1) [ |e" (D 20” = 1| + 1| = 2afa + 1| =Ze " ()

int

The results are plotted in figure 4.
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