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Abstract: Josephson junctions (JJs) with Josephson energy E; S 1K are widely employed as non-linear
elements in superconducting circuits for quantum computing operating at milli-Kelvin temperatures.
In the qubits with small charging energy Ec ( Ej/Ec >> 1), such as the transmon, the incoherent
phase slips (IPS) might become the dominant source of dissipation with decreasing E;. In this
work, a systematic study of the IPS in low-E; JJs at milli-Kelvin temperatures is reported. Strong
suppression of the critical (switching) current and a very rapid growth of the zero-bias resistance
due to the IPS are observed with decreasing E; below 1 K. With further improvement of coherence of
superconducting qubits, the observed IPS-induced dissipation might limit the performance of qubits
based on low-E; junctions. These results point the way to future improvements of such qubits.

Keywords: superconducting; Josephson junction; phase slip; critical current; Josephson energy;
quantum; quantum circuit; qubits

1. Introduction

Josephson junctions (JJs) with the Josephson energy 0.1 K< E; < 1 K have been
recently employed as non-linear elements of superconducting qubits (see, e.g., [1-4]).
Though Ej of these junctions remains much greater than the physical temperature of qubits
(~20 =+ 50 mK), a non-zero rate of thermally-activated phase slips in these junctions might
soon limit the coherence of superconducting qubits. Indeed, with the qubit coherence time
exceeding 1 ms [5], even rare dissipative events might become significant. Thus, the study
of incoherent phase slips, induced by either equilibrium (thermal) or non-equilibrium noise,
might help better understand the limitations of the low-E; JJs as elements of quantum
circuits operating at mK temperatures.

In the past, phase slips in JJs [6] and associated phase diffusion [7-10] attracted a
great deal of experimental and theoretical attention. This effort was mainly aimed at
better understanding of a crossover from the classical Josephson behavior (well-defined
phase difference, strong quantum fluctuations of charge) to the Coulomb-blockade regime
(localized charges, strong quantum fluctuations of phase) (see, e.g., [11-14] and references
therein). The crossover is observed in ultra-small JJs with the Josephson energy E; of the
same order of magnitude as the Coulomb energy Ec = (2¢)%/(2C)) (C; is the effective J]
capacitance) provided the junctions are included in a circuit with the impedance Z greatly
exceeding the quantum resistance Rg = h/ (2¢)? ~ 6.5k). The rate of the coherent phase
slip processes (the so-called quantum phase slips, or QPS) exponentially increases with
decreasing the ratio Ej/Ec [15].

The qubit dephasing by QPS [16] has been considered for the charge-sensitive trans-
mon qubits [17] and heavy fluxonium qubits [1,18,19]. However, energy relaxation due
to the incoherent phase slips in the ubiquitous elements of the multi-qubit circuits, the
charge-insensitive transmons, has never been addressed. To fill this gap, in the current
paper the dissipative processes in the low-E; Josephson junctions are systematically studied
in the regime E; 2 T > E¢, which is relevant for operation of superconducting qubits
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shunted with a large external capacitance [13-15]. In this regime, quantum fluctuations
of charge are strongly enhanced and the QPS are suppressed. To explore the dynamics of
low-Ej junctions at mK temperatures, we designed JJs with E; = 0.1-1 Kand Ec < 10 mK,
and studied the IPS in these JJs with low-frequency transport measurements. The JJs in this
work have been implemented as SQUIDs to allow in-situ tuning of E; by the magnetic field.

The paper is organized as follows. In Section 2, the known facts about the phase
diffusion induced by incoherent phase slips in underdamped JJs are briefly reviewed. The
sample design and experimental techniques are discussed in Section 3. The measurements
of current-voltage characteristics (IVC) of low-E; devices are presented in Section 4. In
Section 5, our results and the data reported by other groups are discussed with the focus
on implications of the dissipation induced by incoherent phase slips for the operation of
qubits that employ low-E; Josephson junctions. The conclusions are presented in Section 6.

2. Phase Diffusion in Underdamped Junctions

At T = 0, the critical current IéB of a “classical” J] (E; > Ec) is provided by the
Ambegaokar-Baratoff relation [6]

2e tA(0)
fE] T 2eRy’

N
where A is the superconducting energy gap and Ry is the normal-state resistance of a
JJ. This relation has been derived by neglecting phase fluctuations. In the absence of
non-equilibrium noise and charging effects, the voltage drop across a J] is expected to
be zero at I < IAB(T = 0). The quantum phase fluctuations, which become strong at
Ej < Ec, result in the so-called coherent quantum phase slips (CPS) in one-dimensional JJ
chains (see [20-22] and references therein). The junction capacitance C plays the role of the
effective mass of a fictitious particle that tunnels between the minima of the “washboard”
potential U(¢) = —Ejcos ¢ — %q) [6]. Reduction of C and, thus, increase of E¢, facilitates
tunneling and promotes CPS. The CPS shift the system energy levels and renormalize the
effective Josephson coupling Ej ~ E% /Ec. The CPS also result in energy dissipation in
one-dimensional superconducting wires [23,24] as well as in the external circuits connected
to the Josephson junctions.

In the regime E; > Ec, on the other hand, the incoherent classical phase slips (IPS)
induced by either non-zero temperature or non-equilibrium noise are expected to dominate.
The IPS correspond to the over-the-barrier activation in the washboard potential [6]. In thermal
equilibrium, the IPS rate depends exponentially on the temperature: vypg o wpe’Au/ k8T [6].
Here, w, = %. /2E[Ec is the plasma frequency which plays the role of the attempt rate, AU
is the height of the potential barrier, which is close to 2E; at currents I < I25.

The IPS process is analogous to a single flux quantum @ crossing a JJ (the process is
dual to the transfer of a single Cooper pair through the JJ [25]). Each phase slip generates a
voltage drop V() across the JJ, such that [ V(t)dt = ®y and, in the presence of a current
I, releases an energy I®y. Thus, the zero-voltage state can be destroyed by the energy
dissipation due to the time-dependent phase fluctuations. At zero tilt of the “washboard”
potential U(¢), the phase slips with different signs of the phase change occur with the
same probability and, as a result, the average voltage across the junction is zero. However,
when the junction is biased with a non-zero current I, the tilt of the washboard potential
breaks the symmetry and a non-zero average voltage proportional to the phase slip rate is
generated across the junction.

The dynamics of JJs depends on all sources of dissipation, such as IPS, thermally
excited quasiparticles, etc. The low-dissipative (underdamped) regime, observed at T < A
and in a high-impedance environment, is relevant to the operation of superconducting
qubits. Typically, dissipation is highly frequency-dependent: it is strongly suppressed at low
frequencies w < wy and, potentially, significantly enhanced at frequencies approaching
wp. This frequency-dependent dissipation leads to the phenomenon of underdamped
phase diffusion [7,8,26]. Characteristic signatures of this regime are the absence of the zero-
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voltage superconducting state and the existence of a low-voltage (V < %) IVC branch,
which extends up to Isyy < Ié‘B. The IVC is hysteric at currents I < Ig: the low-V branch
observed with increasing the current from 0 to Iy coexists with a high-voltage (V > %)
branch observed with decreasing the current from I > Igy to zero. At high voltages
V> %, the main dissipation mechanism is the Cooper pair breaking and generation of
non-equilibrium quasiparticles. In the low-voltage state V < %, the energy gained by
a system in the process of the over-the-barrier activation is dissipated mostly due to the
Josephson radiation [27].

The theory of the DC transport in underdamped Josephson junctions in the regime
Ec < T < E; < Ain presence of a stochastic noise has been developed by Ivanchenko
and Zilberman [28] (the IZ theory, see Appendix C). The IZ theory predicts that Iy « E%

at small E; [29], in contrast to the dependence IZ8 o« E; for the regime Ec,T < Ej
(Equation (1)).

More recent analysis of the effect of non-zero temperature in the underdamped
junctions was provided by Kivioja et al. [30]. By considering the quality factor at the
plasma frequency, Q(wy), and the energy dissipated between adjacent potential maxima
AEp =~ 8E;/Q(wp), Kivioja et al. showed that the maximum possible power dissipated
due to phase diffusion before switching to a state with V ~ 2A /e can be expressed as

2tV AEp

@ < 2m
where Igyy = 4Ic/Q is the maximum possible current carried by underdamped junctions
in the phase diffusion (UPD) regime. At I < Igy, there is a non-zero probability for a
fictitious particle to be retrapped after escape from a local minimum of the potential U(¢).
As a result, instead of a run-away state with V = 2A /e, the IVC demonstrates a non-zero
slope at I < Igy due to the phase diffusion. The value of Ry, therefore, provides valuable
information regarding the nature of damping in the junction circuits.

=V < Isw, @)

3. Experimental Techniques

All the samples studied in this work have been implemented as SQUIDs, in order to
be able to in-situ tune E; by changing the magnetic flux ® in the SQUID loop [6]:

)
E; =2E —
7 J COS (nq)o ), 3)
Figure 1 schematically shows the design of a chain of SQUIDs formed by small
(0.2 x 0.2 um?) Js. The area of the SQUID loop, Asquip, varied between 6 um? and 50 pm?.
The chains of SQUIDs had additional contact pads (shown in yellow in Figure 1) to provide
access to individual SQUIDs or pairs of SQUIDs within a chain.

. 2E .
In order to reduce the rate of quantum phase slips vgps o exp(—1/ E—C’) [6], either the
low-transparency JJs junctions with a relatively large in-plane area Ajj (> 1pum?), or smaller
junctions shunted with external capacitors (the design details are provided in Appendix A)

have been used. In both cases, the charging energy Ec was reduced below ~10 mK, and
this allowed us to maintain a large ratio E;/ Ec for all studied J]Js.
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Figure 1. (a) Schematics of a chain of SQUIDs made of Josephson junctions with a relatively large
area (i.e., large Cj) and a low transparency of the tunneling barrier (i.e., small Ej). The common
ground electrode made of a sputtered Pt film is shown in pale blue. A few nm thick AIOx oxide
covers this electrode and serves as a pinhole-free dielectric that isolates the ground from the SQUIDs.
The typical value of the capacitance that shunts a single SQUID, Cq, is 0.5 nF for 50 um? pad area.
This Cq corresponds to a charging energy per SQUID Ec = (2225 = 8 mK. (b) The circuit diagram of a
chain of SQUIDs. (c) An alternative design of a chain of SQUIDs shunted by external capacitors to
the ground. The vertical 5 um-wide pads are the ground electrodes for the capacitors, a few nm thick
AlOx serves as a dielectric between the electrodes.

The amplitude of variations of E; with the external magnetic field depends on scat-
tering of parameters of individual JJs that form a nominally symmetric SQUID. This
scattering did not exceed 10% for the JJs with the normal-state resistance Ry ~ 1 kQ)
and Aj; =0.02 um?. However, fabrication of the low-transparency JJs with Ry ~ 100 k()
and Aj; =4 um? (the nominal critical current density Ié‘B /Aj =5 x 10~*A/cm?), which
required very long oxidation times and high partial pressure of O, resulted in a larger
(~230%) scattering of the Ry values (Appendix A). This scattering was one of the reasons
for different dependence Isy (B) observed for the nominally identical SQUID chains (see
below). The parameters of representative samples are listed in Table 1 (the total number of
tested samples exceeded 50 [31]).

Table 1. Parameters of single Josephson junctions in SQUID chains. Ry and Ajj are the normal-state
resistance and the junction area, respectively. The Josephson energy E; = 7hA/((2¢)?Ry) has been
calculated using Ry and T = 1.3 K. The charging energy Ec, where C is the shunting capacitance,
did not exceed 10 mK for all samples. The critical current I2 was calculated using Equation (1).

Sample Ry (k) Ej (K) Ajy (um?) 148 Isw (nA)
1 24 2.9 1.9 130 48
2 29 24 3.74 107 68
3 9.4 0.76 0.04 33 9
4 15.8 0.45 0.04 20 0.3
5 16.6 0.43 0.04 19 0.1
6 175 0.04 0.04 1.8 0.003
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4. Current-Voltage Characteristics of Low-Ej Junctions

The results below focus on data obtained at T < 200 mK—in this temperature range one
can neglect transport of the thermally-excited quasiparticles in Al-based superconducting
circuits. Typical IVC measured at Tp,s, = 25 mK for the samples with E; ~ 1Kand E; < 1K
are shown in Figure 2. Several characteristic features of the IVC are addressed below.

05| -

) >/\/LI _
10 ]

V, mV

-80 -60 -40 -20 0 20 40 60 80

. . . 03 . . . . . . . .
-10 5 [) 5 10 0 08 06 -04 02 00 02 04 06 08
I, nA 1, pA

(b) (©)

Figure 2. (a) Current-voltage characteristics of two connected-in-series SQUIDs at & = 0 (blue curve)
and ® = 0.5 (red curve) at T ~ 30 mK. Each SQUID is formed by two nominally identical JJs with
E; = 0.76 K (sample 3 in Table 1), thus the SQUID Josephson energy is 1.52K. Even for this circuit with
relatively high Ej, the measured switching current per junction, Isyy = 9 nA, is significantly lower
than IAB = 33 nA. (b) The IVC of a chain of 20 SQUIDs with E; = 80 mK (for single-JJ parameters,
see sample 6 in Table 1). (c) The enlargement of the region of small currents/voltages in panel (b).
Note that the resistance is non-zero for all biasing currents. The switching current (its value for a
given sample, 0.6 pA, is indicated by an arrow) corresponds to a rapid increase of the voltage across
the chain. This switching current is almost four orders of magnitude smaller than the I’CL‘B value for
this sample (see Table 1). The zero-bias resistance (Rg ~ 500 MQ) per junction) was determined as the
slope of the IVC at I < Igpy.

4.1. The Switching Current Igw and the Zero-Bias Resistance R

Figure 2 shows how the switching current Iy and the zero-bias resistance Ry mea-
sured at small DC voltages V < 2A/e and currents I < Igy are determined. Note that the
zero-bias resistance per junction is twice as large as the zero-bias resistance of a SQUID.
For the JJs with E; = 0.76 K (Figure 2a) a non-zero Ry could not be detected within the
accuracy of measurements conducted in this work (=~ 10? ~ 10%Q), depending on the
magnitude of Igy). This is the behavior expected in the “classical” regime E; > T, Ec. At
currents I > Iy, the voltage across the chain approaches the value N x 2A /e, where N is
the number of SQUIDs in the chain and 2A ~ e x 0.4 mV is the sum of superconducting
energy gaps in the electrodes that form a junction. For the chains with E; < 1K, the
switching current is several orders of magnitude smaller than the Ambegaokar—Baratoff
critical current (Figure 2c). With the magnetic field B approaching the value ®y/(2Asquip),
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the switching current vanishes and Ry increases by orders of magnitude (red curves in
Figure 2a,c ). The IVC at ® = ®y/2 resemble that observed in the Coulomb-blockade
regime. Note that for most of the studied samples in this regime Ec is close to the base
temperature, so the Coulomb blockade is partially suppressed by thermal effects. The
resistance Ro(® = ®(/2) for the samples with E; < 1 K is limited by the input resistance
of the preamplifier (a few GQ}).

The evolution of the IVC measured at different temperatures for & = ®(/2 is shown
in Figure 3a. The Ro(T) drop observed with an increase of temperature at T > 0.2 K
(Figure 3b) is due to an increasing concentration of thermally excited quasiparticles in Al
electrodes: the J] becomes “shunted” by the quasiparticle current. The dependence Ry(T)
at T > 0.25 K can be approximated by the Arrhenius dependence Ro(® = ®y/2,T)
exp(8/kpT) with § ~ 2.1 K. The activation energy 0 is close to the superconducting energy
gap A =~ 2.3 Kin Al electrodes with T¢ ~ 1.3 K.

0 5 10 15 20 25
() /.pA (b) 1UT.K'

Figure 3. (a) Current-voltage characteristics of two connected in series SQUIDs measured at
® = 0.59( and different temperatures (from 30 mK to 560 mK, as shown in the panel). The SQUIDs
are formed by JJs with E; = 0.76K (sample 3 in Table 1). (b) The temperature dependence of the zero-
bias resistance for this sample. The red dashed line corresponds to the dependence Ro(® = 0.5®y, T)
=4kQ xexp(6/T) withd =2.1K.

4.2. The IVC Hysteresis

For all studied samples, strong hysteresis of the IVC is observed at & = n®; where n
is integer. The hysteresis is a signature of the underdamped junctions with the McCumber
parameter 8 > 1 [32]. Observation of the hysteresis is also an indication that the noise
currents Iy in the measuring setup are significantly smaller than the switching current
even for the samples with Isyy in the sub-pico-A range (in the opposite limit, Iy > Iy, the
hysteresis vanishes, see Appendix C and Ref. [33]).

4.3. The Isy (B) Dependences

Even in the “classical” regime E; > Ec, T, several unexpected results are obtained. Firstly,
the dependence of Iy (®) for some samples significantly deviated from the dependence

Iswo (@) = Isw(® = 0)x | cos(mg ) | @
0

(see Figure 4c). These deviations can be at least partially explained by a relatively
large scattering of parameters of individual JJs and non-uniformity of the local magnetic
field in the SQUID loops due to the magnetic field focusing. Observation of a steeper drop
of Isy with @ — 0.5® than that predicted by Equation (3) can be attributed to violation of
the condition Ej(®) > E¢ and crossover to the Coulomb blockade regime.
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Figure 4. (a) Current-voltage characteristics of a single SQUID formed by JJs with E; = 2.4 K (sample
2 in Table 1) measured at different values of ®/®y = 0,0.08,0.17,0.25,0.37,0.5. A sub-gap voltage
plateau at V ~ 75 uV appears at & > 0.35®. For different samples the sub-gap voltage plateau was
observed at V = 40-200 pV. (b) The dependence of Igy; on the magnetic field B. (c) The measured
Isw (®)/Isw (P = 0) as a function of cos(7t®/Py). The dashed line corresponds to the dependence
Isw o cos(m®/Py).

Secondly, sub-gap (Viupeap < 2A/e) voltage steps on the IVC are observed (Figure 4a),
which significantly reduced the accuracy of extraction of Isyy and Ry at the values of ®
close to ®y/2. A possible reason for appearance of sub-gap steps might be the Fiske
resonances due to the microwave resonant modes of the circuit [34]. Identifying the
circuit elements that would be responsible for the corresponding resonance frequencies
at fres = (75 neV)/h ~ 18 GHz (this frequency corresponds to a wavelength ~2.5 mm for
the electromagnetic wave propagating along the interface between a silicon substrate and
vacuum) requires further investigation.

5. Discussion

There are several potential sources of dissipation in Josephson circuits at T < A, such
as non-equilibrium quasiparticles or two-level systems in the circuit environment (see,
e.g., [35] and references therein). However, we are unaware of a mechanism other than the
IPS that would explain the observed strong dependence of dissipation on the ratio E;/T.
Below, we focus on the IPS as the dominant dissipation mechanism in this work.

5.1. The Switching Currents Igy

The results of Isyy measurements for samples with different E; are summarized in
Figure 5. Here, the data for four samples are plotted at different values of external magnetic
flux threading the SQUIDs loop. The effective E; for these devices was calculated using
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Equation (2). For comparison, in Figure 5 the Isyy data reported in literature for the J]Js
with large values of Ej/Ec are also plotted. Scattering of Isyy values at a given E; can
be attributed, at least partially, to different noise levels in different experimental setups,
and to a relatively wide range of E;/E¢ values (see Table 2)—proliferation of QPS with
decreasing Ej/ Ec can strongly reduce Isy. Despite the data scattering, the general trend is
clear: with decreasing Ej, the switching current decreases significantly faster than the linear
dependence Isy (Ej) predicted by the Ambegaokar—Baratoff relationship (Equation (1)). At
E; = 0.1K, Isy is already two orders of magnitude smaller than I‘éB (T=0).

Qualitatively, the data are in agreement with theory of the DC transport in under-
damped Josephson junctions with Ec < Ej developed by Ivanchenko and Zilberman [28].
In the regime Ec < T < Ej < A, dissipation in the JJ circuits is associated with IPS induced
by either an equilibrium noise generated by thermal excitation or a non-equilibrium noise.
According to the IZ theory, the equation for the phase ¢ across a classical Josephson junction
(Ec < Ej) can be written as

%(Ib +1,) = %aa—g: + %Icsinq), (5)
where I, is the bias current, (I,(0)I,(7)) > ZI‘TBTé (1) is the delta-correlated Johnson—
Nyquist noise across the resistance R connected in parallel with the junction. The super-
conducting part of the current as a function of bias voltage Vp can be found by solving the
corresponding Fokker-Planck equation (see Appendix D). With decreasing Ej, the theory
predicts a quadratic drop of the maximum superconducting current that the junction can
sustain (i.e., the switching current Igyy) [29]. This maximum value of the switching current
is realized at a non-zero voltage V,;, which depends only on the voltage noise amplitude, so
the zero-bias resistance in the IPS regime is expected to scale as EI_2 .

The dependence Isy (E;) predicted by the IZ theory in presence of additional Gaussian
noise with amplitude of V,;,isc = 24 1V is plotted in Figure 5. This noise corresponds to
the Johnson-Nyquist noise 6V; = |/4kpTRAf generated at T = 50 mK by two 100 kQ)
resistors connected in series with the device (Figure A2 in Appendix B). These chip resistors,
designed for microwave applications, had a very small imaginary part of their impedance.
The bandwidth was estimated as Af ~ w), /27, where w,/27m ~ 1 GHz is the plasma
frequency of the shunted JJs. Though the theory (the solid curve in Figure 5) is in qualitative
agreement with the experimental data, most of the experimental Igyy values are an order-
of-magnitude smaller than Igy predicted by the IZ theory. A possible explanation for
this discrepancy might be more complex phase dynamics in the devices with a very high
IPS rate, outside of the limits of applicability of the IZ theory. Another possibility is
the exponentially strong sensitivity of the IPS rate to the noise level in different setups
and the physical temperature of samples, the parameters that are not easy to control in
most experiments.
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Figure 5. The switching current sy as a function of E; measured in experiments conducted in this
work (the color-coded symbols, the sample numbers correspond to that in Table 1) and by other
experimental groups (black dots, the references are given in square brackets). All the data have been
obtained at T ~ 20-50 mK for Al/AlOx /Al junctions. For the values of Igy measured at B # 0
the Josephson energy Ej(B) was calculated using Equation (2). The dashed red line corresponds to
the Ambegaokar—Baratoff dependence I‘C“B (Ej) (Equation (1)), the solid red curve—to the switching
current predicted by the IZ theory in presence of additional V,,y;5, = 24 1V generated by the biasing
scheme (see Appendix D).

5.2. The Zero-Bias Resistance R

Figure 6 shows Ry as a function of E; measured in this work and by other groups
for Al/AlOx /Al junctions. To simplify the Figure, the data in this work are plotted
only for the sample with the lowest values of Ry (sample 5); Ro for other samples are
approximately in line with the data from literature shown in Figure 6. The zero-bias
resistance, being unmeasurably low at E; > 1 K, rapidly increases at E; < 1K, and
becomes much greater than the normal-state resistance Ry at E; < 0.1 K. Instead of a
well-defined “superconductor-to-insulator” transition at a certain value of E;/Ec, a broad
crossover between these two limiting regimes is observed. Note that different JJ samples
(single junctions and arrays) demonstrate similar values of Ry, though their charging
energies could vary over a wide range.
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Figure 6. The zero-bias resistance Ry as a function of E; measured for a chain of SQUIDs made of
JJs with E; = 0.43 K (sample 5 in Table 1) (red dots). For comparison, the values of Ry measured by
other experimental groups for Al/AlOx /Al junctions (black dots, the references are given in square
brackets) are also plotted, the parameters of these samples are listed in Table 2. All the data have been
obtained at the base T < 50 mK, though the physical temperature of the Josephson circuits has not
been directly measured. The Josephson energy E;(B) for sample 5 was calculated using Equation (2).

Figures 5 and 6 show that the findings are in good agreement with the literature
data on the highest values of Isyy and lowest values of Ry measured for low-Ej junctions.
Despite large scattering of the data in Figures 5 and 6, a very rapid drop of Isy and increase
of Rg has been observed in most of the experiments as soon as Ej becomes significantly less
than 1 K. Figure 5 shows that for typical experimental conditions, the crossover between
the “classical” behavior I¢ « Ej to the behavior controlled by the phase diffusion occurs
at E; = 1 K. Note that the literature data in Figures 5 and 6 correspond to samples with
different values of the ratio Ej/ Ec. Given strong scattering of Isyy and Rg , the effect of QPS
is hard to detect. For the same reason, it is unclear if the impedance of the environment
plays any significant role in these experiments; similar values of Isy could be observed for
single JJ in a highly-resistive environment (> 100 kQ2 as in [36] and the setup in this work),
single JJ in a low-impedance environment [37], and chains of SQUIDs frustrated by the
magnetic field [31,35].

The observations are in line with an expected strong dependence of the IPS rate on
the sample parameters in the regime Ec < T < E; < A. At E; > T, one can estimate
the rate of the thermally-generated IPS as I' = wpexp(—2E;/kpT), where w), is the plasma
frequency (or an attempt rate) and exp(—2E; /kpT) is the probability of the over-the-barrier
excitation. For example, at E; = 0.25 K and w;, /27 = 1.32 GHz, the rate decreases from
3 x 10° s7! to 0.1 s~! if the physical temperature decreases from 50 mK to 20 mK. This
might also explain why the experimental results are so sensitive to the noise level in the
experimental setup.
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Table 2. The literature data on Isy and Rg, ranked by E;.

Reference Ej (K) Ej/Ec I2B nA)  Isw mA)  Rg (k)
Watanabe 2003 [10] sample C 5.7 8 240 40 0.6
Kivioja 2005 [30] 5.2 500 220 145
Schmidlin 2013 [33], Figure 5.2 2.5 50 106 25 0.13
Shimada 2016 [29],
SQUID at ®/®y = 0.375 1.1 14 47 1.2 0.11
Weissl 2015 [36],
SQUID at /P = 0.26 0.95 10 38 0.35 0.14
Watanabe 2003 [10] sample G 0.76 1 32 14
Jack 2015 [38] Figure 4.6 0.54 1.5 13
Senkpiel 2020 [37] 0.47 0.3 33
Senkpiel 2020 [37] 0.23 0.07 143
Yeh 2012 [39] 0.18 1.3 6.5 0.35 31
Jéck 2017 [40] 0.17 7.5 0.05 400
Murani 2020 [14] 0.12 5 0.07
Senkpiel 2020 [37] 0.09 0.012 830
Kuzmin 1991 [41] 0.05 <1 0.014 8000

6. Conclusions and Outlook

Phase slips in JJs have been actively studied over the last three decades in different
types of Josephson circuits (single JJs, JJ arrays, etc.) over wide ranges of E; and Ec. In this
work, we focus on the incoherent phase slips, which are expected to become the dominant
source of dissipation at sufficiently low temperatures T < A, where the concentration of
quasiparticles becomes negligibly low.

It is observed that in all studied devices with E; < 1K, the switching current Igyy is
significantly suppressed with respect to I25. At the same time, a very rapid growth of Ry
with decreasing Josephson coupling below E; ~ 1 K is observed. Large scattering of the
data might reflect a steep dependence of the rate of incoherent phase slips on the physical
temperature and non-equilibrium noise in different experimental setups. Our observations
are consistent with similar data that have been previously reported in the literature.

The observed enhanced dissipation in Josephson circuits with E; < 1 K might impose
limitations on the further progress of superconducting qubits based on low-Ej junctions.
This important issue requires further theoretical and experimental studies. An especially
important direction would be measurements of the coherence time in the qubits with
systematically varied Josephson energy over the range E; = 0.1-1 K. One of the signatures
of IPS-induced decoherence might be an observation of a steep temperature dependence of
the coherence time at T < 100 mK [42].
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Abbreviations

The following abbreviations are used in this manuscript:

JIs Josephson Junctions

IPS Incoherent Phase Slips

QPS Quantum Phase Slip

vc Current-Voltage Characteristics
1z Ivanchenko and Zilberman

SQUIDs  Superconducting Quantum Interference Devices

Appendix A. Device Design and Fabrication

The Josephson junctions in this work were fabricated by the Manhattan pattern tech-
nique with multi-angle deposition of Al electrodes through a bilayer e-beam resist mask [43].
The oxidation process performed between depositions of the bottom and top aluminum
electrodes has been optimized for fabrication of junctions with required values of E; and
minimal scattering of junction parameters. Typically, the dry oxygen partial pressure
1 — 100 torr and oxidized the structures for 5-15 min were used. The standard deviation
of the normal state resistance Ry across the 7 mmx 7 mm chip did not exceed 10% for
sub-ym-wide junctions with Ry ~1 kQ) and 30% for the junctions with Ry ~100 kQ). The
junction area variations did not exceed 10% across a 200 pm-long chain.

All the samples studied in this work have been implemented as SQUIDs, in order to
be able to in-situ tune Ej by applying the external magnetic field. Figure A1l schematically
shows the design of a chain of SQUIDs formed by small junctions (0.2 x 0.2 um?). The
area of the SQUID loop varied between 6 um? and 49 pm?. In this work, the experiments
are focused on the JJs with 1 K > E; > Ec; this regime is relevant to the quantum
circuits in which JJs are shunted with large external capacitors (such as the transmon
qubit). Large Ej/Ec ratio also significantly reduces the rate of quantum phase slips I'gpg «
exp(—2+/Ej/Ec) [13]. The specific capacitance of the tunneling AlOx barrier is about
50 fF/um?, and in order to reduce Ec down to ~10 mK, the junctions should either have
relatively large in-plane dimensions (Aj; > 4 um?) or be shunted with external capacitors
(Cg > 200 fF). Both methods are used in different structures. In the approach where
relatively large JJs are introduced in order to keep Ej below 1K, the oxidation recipes are
fine-tuned for the growth of low-transparency tunneling A/Ox barrier. In the “external
capacitor” approach, several designs of the shunting capacitors have been implemented.
Figure Al shows that each SQUID unit cell is flanked by two large metal pads, which are
used as shunting capacitors C to the common ground when the entire chain was covered
by an additional top electrode (sputtered Pt film). A few nm thick native AIOx oxide
grown at the atmospheric pressure serves as a pinhole-free dielectric for this parallel-plate
Cg with a typical capacitance around 500 fF for 50 pm? pad area. Such Cgq corresponds to a
charging energy per each cell as low as Ec = (2¢)?/2C = 8 mK.



Electronics 2023, 12, 416

13 of 16

200nm X 200nm

'd 2pm X Zpm, C; = 205fF

49um?

External capacitor €, = 495fF

Figure A1l. Various designs of SQUIDs. (a) Each SQUID unit cell was shunted by a large Cg ~ 0.5pF
the ground. The common ground electrode is shown by a yellow rectangle. (b) SQUIDs formed by

large JJs with junction area Ajy ~ 2.2 “m?. Yellow rectangles show electrodes used to measure the
IVC of individual SQUIDs.

Appendix B. Measurement Setup

To measure the IVC of low-E; junctions with small switching currents (typically,
within the pA-nA range), careful filtering of noise in the measurement circuit is required
(see, e.g., [25]). Our measurement setup included the cascaded low pass filters shown
in Figure A2. The wiring for DC setup inside the cryostat consists of 12 twisted pairs
made of resistive alloys CuN#:NbTi (5:1) with multiple thermal anchoring points. Near
the cold finger which supported the sample holder, about 1-meter-long twisted pairs are
used as central conductors of the copper-powder-epoxy lowpass filter with the cut-off
frequency ~100 MHz (see, e.g., [44]); this filter also provides thermal anchoring of all wires
before connecting to the sample. On the sample holder, 100 k() surface mount metal-film
resistors with low parasitic capacitance have been installed in each lead. The voltage
across the sample was amplified by a preamplifier (DL Instrument 1201) with a few GQ)
input impedance.

The circuit outside of the dilution refrigerator (Figure A2) included a commercial LC
low pass filter (BLP 1.9+, DC—1.9 MHz) and a homemade RC filter (DC—8Hz) box with
variable biasing resistors up to 1 GQ). The voltage drop across the sample was amplified
with a voltage preamp DL1201 and measured by HP 34401A digital multimeter.

Dry fridge end Preamp 1201 1P34401

| 100k 100k | | >160

Figure A2. The wiring schematics for DC current source measurements. The device-under-test (DUT) was
mounted inside a sample holder thermally anchored to the mixing chamber of the dilution refrigerator.

Appendix C. The Effect of Noise on the Current-Voltage Characteristics

In this work, the noise reduction is the primary concern in characterization of low-E;
junctions, and most of the measurements have been performed in the constant current
mode. According to Equation (1), I‘C“B = 30nA at T = 0 for an Al/AlOx/ Al J] with
E; = 1 K. With further reduction of E; and increase of the phase slip rate, the current range
well below 1 nA becomes relevant.

Figure A3 illustrates the importance of proper filtering of noises in both the current
supply part and the voltage recording part of the measuring setup. By using the combi-
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nation of cascaded low-pass filters and 100 k() resistors on the sample holder, switching
currents in the pA range precision are achieved (Figure 2c of the main text).

1.0 |- .

05 F .

0.0 - -

VvV, mV

-1.0 M

-100 -50 0 50 100
/, nA

Figure A3. The IVC recorded for a two-unit SQUID device with different measurement setups at
T = 25 mK (sample 3 in Table 1). Without thorough filtering, the IVC was non-hysteretic and
smeared. Proper filtering of all leads enables observation of a well-developed hysteresis expected for
an underdamped junction at low T.

Appendix D. Modeling the Effect of Thermal Noise

The theory of the DC transport in underdamped Josephson junctions in presence of
a stochastic noises has been developed by Ivanchenko and Zilberman [28]. According to
the Ivanchenko-Zilberman (IZ) model, a voltage-biased Josephson junction is subject to
thermal noise of the biasing resistor which causes phase diffusion (see Equation (4) in the
main text). By solving the corresponding Fokker-Planck equation, the superconducting
part of the current as a function of bias voltage Vp can be found as:

Is = I x Im[]l—iav(“)]l (A1)

]im/(“)
Vi

where o = k%]T’ V= IC—% and J,.j is the modified Bessel function. In the limit of a small
Josephson energy E; < kg, this expression is simplified:

IcR Vg
Jo == __"°2 A2
T2 VIgv? (A2)

Vv, = %RkBT (A3)

The maximum current that can be carried by Cooper pairs is realized at Vp = V,, (V}; is
the Johnson noise from the resistor R); the further increase of the biasing current leads
to switch to the resistive state. As Figure A4b shows, the value of the switching current
predicted by the classical IZ (cIZ) model starts to deviate from IZ2 for the junction with
E; < 1K. The maximum value of the switching current is realized at a non-zero voltage V,,
which depends only on the voltage noise amplitude, so the zero-bias resistance in the IPS
regime is expected to scale as E]_2 .

In the case when a system is subject to other sources of noise such as the thermal noise
across the junction capacitance or the external electromagnetic noise due to insufficient
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filtering, the modified IVC can be calculated by convolving the cIZ curve with Gaussian-
distributed Vg of the width corresponding to the noise amplitude V¢, (Figure A4a,b). As
Figure A4b shows, the cIZ model can explain qualitatively the switching current behavior
in systems with low Josephson energy, the value of the excessive noise V55, could be used
as a fitting parameter to obtain quantitative agreement.

10

- —clz ] 107 b i
—— ¢lZ + Vnoise!

1(nA)
\
\
S

1(A)
=)
\
\
Y

-10
S 1010 i b--clz 1
[——clZ +V_noise
- 101 F - ]

0 v L 1012 L 1
0 25 50 75 0.01 0.1 1 10

(@ Ve (b) =

Figure A4. (a) The supercurrent branch of the IVC of a J] with E; = 1 Kat T = 50 mK, predicted by
the classical IZ theory (dashed line) and its modification in presence of gaussian noise with amplitude
24 uV (solid line). (b) Nominal critical current (dot-dashed line), switching current according to the
IZ theory without (dashed line) and with (solid line) extra voltage noise of the same amplitude.
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