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ABSTRACT

The microwave-driven dynamics of the superconducting phase difference across a Josephson junction is now widely employed in supercon-
ducting qubits and quantum circuits. With their typical energy level separation frequency being several GHz, cooling these quantum devices
to the ground state requires temperatures below 100 mK. Pushing the operation frequency of superconducting qubits up may allow for opera-
tion of superconducting qubits at 1 K and even higher temperatures. Here, we present measurements of the switching currents of niobium/
aluminum-aluminum oxide/niobium Josephson junctions in the presence of millimeter-wave radiation at frequencies above 100 GHz. The
observed switching current distributions display clear double-peak structures, which result from the resonant escape of the Josephson phase
from a stationary state. We show that the data can be well explained by the strong-driving model including the irradiation-induced suppres-
sion of the potential barrier. While still being measured in the quasi-classical regime, our results point toward a feasibility of operating phase
qubits around 100 GHz.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0258193
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Quantum circuits employing superconducting qubits have seen a
lot of progress over the past two decades.’ These circuits operate at
microwave frequencies, typically around 4-8 GHz, and temperatures
around 20 mK. Cooling is required to reduce the population of the
excited states of these qubits, which translates into fulfilling the tem-
perature condition T < Ty = hf /kg. Here, h is the Planck constant, f
is the frequency of the transition between the ground and first excited
states of the qubit, and kg is the Boltzmann constant. For the transition
frequency f = 4 GHz, the temperature T, is about 200 mK. However,
it appears interesting and appealing trying to increase the qubit opera-
tion frequency to explore the possibility of operating them at tempera-
tures much higher than currently required for superconducting
quantum computers.

Increasing the qubit operation frequency beyond 20-30 GHz is
hardly possible when using aluminum, which is currently the standard
material for most modern quantum circuits. The superconducting gap
energy of aluminum,” which is on the order of 0.18 meV, is equal to
the energy of photons with a frequency of 87 GHz. An appropriate
superconducting material for making high-frequency qubits can be
niobium or niobium nitride, both having superconducting gap

energies larger by an order of magnitude than aluminum.
Furthermore, reaching the above goal also requires junctions with sig-
nificantly higher Josephson plasma frequency, which primarily
depends on the critical current density of the junctions.

In this work, we report millimeter (mm)-wave spectroscopy of
the potential well profile for a current-biased Nb/Al-AlO,/Nb junction.
Similarly to the previously studied superconducting microwave phase
qubit,” ” we measure the statistics of the escape events from the super-
conducting state as a function of bias current with applied electromag-
netic radiation in the range of 100-110 GHz. At the chosen mm-wave
radiation power level, the switching current distributions display
double-peak features, which result from the resonant escape from a
stationary state.” While the measurements here are performed at a rel-
atively high temperature of 4.2K in the regime of the thermally acti-
vated escape, our results validate the fabrication of low-loss Josephson
tunnel junctions with high plasma frequency and demonstrate the pos-
sibility of operating Josephson phase qubits at mm-wave frequencies.

A description of the Josephson phase dynamics including the
behavior at finite voltage is provided by the resistively and capacitively
shunted junction (RCSJ) model.” This model takes into account the
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dissipative quasiparticle current at finite voltage V across the
Josephson junction by means of the linear shunt resistance R. The
shunt capacitance C models the geometric capacitance of the junction
electrodes. The effect of thermal fluctuations is taken into account by
the addition of a Johnson noise current Iy, which is determined by the
shunt resistance R at temperature T.**” The dynamical behavior of the
junction is described by

C<(2D12)5+R<®72) I(DO(Si“‘S—I/Ic)HF(t):o, (1)

where I is the total current flowing through the junction, I. denotes
the critical current of the junction, @, represents the flux quantum,
and 0 is the Josephson phase, ie., the phase difference across the
junction.

Equation (1) has the mechanical analog of a particle of
mass m = (®y/27)*C moving along a tilted-washboard potential
given by’

B @1
U(0) = —Ejcosd — (E)é, )

where the phase J is interpreted as the position and E; = I.®y/(27)
denotes the Josephson energy. The curvature at the potential minima
O of (2) defines the frequency of small oscillations,”

e 1/4
Wp - {1_ (ﬂ) } ; (3)

with @, = (2el. /hC)'? the plasma frequency of the junction. The
quality factor Q = woRC describes the damping of the classical oscilla-
tory behavior of the phase at the small oscillation frequency wy.*
When the bias current surpasses I, the minima J,, vanish and the par-
ticle is moving down the potential hill, which causes a finite voltage V'
across the junction.

For bias currents close to the critical current (1 — I/I.) < 1, the
wells of the tilted-washboard potential are well approximated b
cubic potential** with barrier height AU = (4v/2E;/3)(1 — I/1.)*?

In underdamped junctions, defined in terms of the McCumber
parameter fc = (w,RC)” as junctions with i > 1, thermal noise
enables switching of the junction from the superconducting to the volt-
age state for bias currents I, < I..° This process is described by a ther-
mally activated escape of the phase from a metastable well. Following
the calculations conducted by Kramers,'’ the thermal escape rate is
given by4,| 1,12

CL)()(I) =

o o AU
Fnw=a . exP( . ) (4)

where AU denotes the barrier height and w, plays the role of an
attempt frequency. The damping-dependent transmission factor a; in
the regime of weak to moderate damping and in cubic approximation
is given by a, = 4a/[(1 + aQkgT/1. 8AU)1/2 +1)* with a numerical
constant a ~ 1.

The crossover temperature, given by Ty = hwy/(27kg) in the
weak-damping limit, separates the thermal regime, where T >> T,
from the quantum regime, where T' < T, where the escape is domi-
nated by macroscopic quantum tunneling,*'*"*

The escape temperature T is related to the escape rate I via*

pubs.aip.org/aip/apl
o) AU
r= z—iexp (— . Tesc)' 5)

To a good approximation, T is independent of the bias current and
provides a measure for the escape process in addition to the bias
current-dependent I'. In the thermal regime, the escape temperature is
derived from Eq. (4) as

T
1—Ina,/[AU/(ksT)]’

which is expected to be close to the actual temperature.*
Making use of the cubic approximation for the potential barrier,
Eq. (5) yields"’

_o B 4v2) (1Y
= exP{(kBTesc 3 ) 0 @

Therefore, the escape rate calculated from the measured switching cur-
rent statistics in the thermal regime depends on three parameters: I,
Tese> and .

The irradiation of microwaves onto a Josephson junction causes a
resonant enhancement of the escape rate,” *'”' which has been
observed in measurements of the switching current distribution
below”” as well as above'’ the crossover temperature T.. This
microwave-induced rate enhancement results in a multi-peaked
switching current distribution and the resonant peak position is depen-
dent on the irradiation frequency, in good agreement with the fre-
quency of small oscillations e (I).>"”

A quantum model for the escape in the strong-driving limit’
describes both the quantum and the thermal regimes. In the presence
of microwave irradiation at a frequency w/(2n) and power P, the
escape mechanism of the phase in the limit of strong driving, defined

Tesc = (6)

by (w/ cop)5 > hw, /Ej, is governed by a process of effective barrier
suppression. By taking into account thermal fluctuations, the average
shift in switching current (0l (P)) = 1 — (I (P)) /L is described by
a transcendent equation as follows:

(0L (P)) = (314 (0)) + k~'P

XZ ai — (8)

1Enm(<5ISW(P)>) - w} + o

Here, k is the microwave coupling coefficient, & = w/+/Q is the
damping parameter, E,,(I) = E,(I) — E,,(I) is the separation of
the resonantly interacting energy levels, and f,,,, = (1|6|m) denote
the matrix elements of the phase operator. The damping parameter
o is not only dependent on the quasiparticle conductance but also
influenced by the frequency-dependent impedance of the junction
leads.” For temperatures above T, the fluctuation induced shift
in a current sweep experiment with constant sweep-rate I is given

by
B I 2/3
B Wplc
(5T (0)) ~ [2}3] ln(2n1):| : ©)

Depending on damping, temperature, and microwave power, Eq. (8)
possesses multiple solutions, explaining the existence of double-peak
structures in the switching current distribution.”
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In the harmonic approximation, the sum in Eq. (8) is reduced to
the term with n = 0, m = 1 and the transition frequency is approxi-
mated by the small oscillation frequency w.”'® By utilizing the transi-
tion matrix element of the harmonic oscillator,'” Eq. (8) simplifies to'®

(0144 (P)) = (S, (0)) + kflpﬁe;cz
X ([wo(<5lsw(P)>) — o + %) 7 . (10)

The investigated samples were fabricated with a Nb/Al-AlO,/Nb
trilayer process, as described elsewhere.'® The expected critical current
density is in the range of 2000-2200 A cm 2 at 100 mK, while the
expected junction capacitance is around 80 fFum 2 This set of fabrica-
tion parameters aims for a junction plasma frequency at zero bias
around m,, /27 = 140 GHz. The nominal junction area is 4 x 4 um’.

The sample is measured in liquid helium at 4.2 K by means of a
dipstick cryostat containing a dielectric waveguide. The dielectric
waveguide is connected to a horn to which the sample holder is
attached, allowing for the irradiation of the sample by mm-waves. Low
pass and current divider filters submerged in liquid helium reduce the
thermal noise from the room temperature setup.

The measurement setup is schematically shown in Fig. 1. A cur-
rent ramp with constant ramp rate I is generated by a sawtooth gener-
ator attached to a voltage-controlled current source at room
temperature. A pulse generator connected to the sawtooth generator
restarts the ramp in an adjustable time interval At,ys and the zero-
crossing of the current ramp triggers a start signal. The voltage across

Ram
Gen.p ﬂ_rL
/ Pulse
Start ———
Stop
Mod. Out

VCCS

[ Trigger
<> Tt *;H\

Trigger
LT

4.2 K 2700 2700 |

PC

)

FIG. 1. Schematic of the switching current measurement setup. A time interval
counter determines the duration between the zero-crossing of the bias current ramp
and the moment a finite voltage develops across the junction, exceeding a threshold
value. The knowledge of the current-ramp rate allows to convert the resulting time
interval into a switching current. The setup allows for the irradiation of the sample
by mm-waves in the frequency range 75-110 GHz.

v
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the junction is amplified and a stop signal is triggered as soon as a
threshold is exceeded. This stop signal terminates the current ramp.
The interval Aty is sufficiently large to ensure that the junction
returns to the zero-voltage state.

The start and the stop signals are detected by a time interval
counter SR620 from Stanford Research Systems to measure the dura-
tion of the current ramp. The process is repeated continuously and the
measured time intervals of the counter are read out by a computer.
The time intervals are converted into switching currents through a cal-
ibration of the ramp rate.

The biasing electronic is electrically isolated from the digital data
acquisition devices by optocouplers and optical fibers. Additionally,
the part of the measurement setup located in liquid helium is protected
by a mu-metal shield.

Electromagnetic radiation in the W-band is generated by a low-
noise frequency synthesizer APSYN140 from AnaPico connected to an
active multiplier QMC-MX6-10F10DB from Quantum Microwave,
enabling irradiation by mm-waves in the range 75-110 GHz onto the
sample. The power of the mm-waves is regulated with a voltage-
variable attenuator VA100-010 from Micro Harmonics. The attenua-
tor is calibrated with the help of a vector network analyzer.

In the conducted current-ramp experiment, the junction is ini-
tially in the zero-voltage state and the bias current is increased with a
constant ramp rate.” The probability distribution P, (I) of the switch-
ing currents is defined such that the probability to measure a switching
event in the small interval from I to I + dI is given by Py, (I)dI. Thus,
repeatedly measuring I, allows to reconstruct P, (I) from which the
escape rate is calculated. The relation between Py, (I) and the escape
rate ['(I) is given by’

Py (I) = T(I) <g) h (1 - J: P(T)di) ) (1n)

For the analysis of the experimental data, the measured switching cur-
rent distribution is collected in a histogram with a bin width AI result-
ing in a discrete escape probability density given by'”

p=—"1
TTN-AD

where 7; is the number of counts in the j-th bin and N is the total
number of counts. The according escape rate is*'’
_

(L) = —1In M
k Al ijkﬂpj

First, the switching current distribution is measured without
external mm-wave irradiation. The measurement is performed with a
current-ramp rate of 0.8A s~' and a measurement frequency of
200 Hz for a total of 5 x 10* counts. The result is presented in Fig. 2.
The obtained asymmetric histogram with a bin width of AI ~ 58.3 nA
possesses a mean switching current of (I, ) &~ 233.72 uA with a stan-
dard deviation of ¢ ~0.62uA. This yields a relative width of
0/ (Ige) = 2.7 x 1073,

A fit according to Eq. (7) with I, Tes, and ), as fit parameters is
performed. In this least squares fit, the weight of the data points corre-
sponds to the square root of the number of escape events collected in

(12)

13)
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FIG. 2. Top: Switching current histogram in the thermal regime measured at 4.2 K.
Bottom: The escape rate calculated from the switching current distribution. A fit of
the calculated escape rate according to Eq. (7) vyields [, =242(1) uA,
Tesc = 6.3(4) K, and w;/(27) = 0.1 (2) THz. The result of the fit is represented by
a black curve for both the escape rate and the escape probability.

each bin." This procedure does not allow for a precise determination
of wp, but provides a value for the critical current I = 242(1) uA. The
escape rates and escape probabilities calculated from the fit parameters
are in agreement with the experimental data as shown in Fig. 2.

Under mm-wave irradiation, the switching current distribution,
with the primary peak located at I,, shifts to lower values with increas-
ing mm-wave power, until a second resonant peak at position I, < I,
develops. This double-peak structure is shown in the inset of Fig. 3 for
a radiation frequency of 109.92 GHz. By increasing the mm-wave
power further, the primary peak vanishes and the resonant peak shifts
to lower values.

The frequency of the irradiated mm-waves is varied to measure
the dependence of the resonant peak position I, on the radiation fre-
quency. Here, the power of the irradiated mm-waves is adjusted, so the
primary and the resonant peaks are of equal height. This ensures a sta-
tistically significant measurement of both peaks and provides a mea-
sure that allows to compare and reproduce the switching current
measurements at varying frequencies. Each histogram is taken with at
least 2 x 10* counts. The peak positions are determined by the fit of a
curve with a double-Lorentzian shape for each histogram.

The results are depicted in Fig. 3. A fit of fo(I) = wy/(27)
according to Eq. (3) to the observed data yields an estimate for w,.
The accuracy of this heuristic approach is limited, as the resonant peak
position I, is dependent on the mm-wave power. The plasma fre-
quency wp/(2m) = 138.3(7) GHz, extracted as a fit parameter from
this spectroscopic measurements, is close to the design expectations.
The corresponding maximum crossover temperature, evaluated at
zero bias current, is T,, = 1.056(5) K, which is lower than the bath
temperature of liquid helium 4.2 K. This confirms that the measure-
ments presented in this work are performed in the thermal regime.

ARTICLE pubs.aip.org/aip/apl
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FIG. 3. Results of the spectroscopic determination of the plasma frequency. The posi-
tion of the resonant peak in the switching current distribution is measured as a function
of the irradiation frequency. The inset shows a switching current histogram measured
under irradiation of mm-waves at 109.92 GHz and a double-Lorentzian fit, performed
in order to determine the peak positions. The dashed blue line shows a fit of the fre-
quency of small oscillations fy = @/ (27) according to Eq. (3) to the observed data
with the parameters I, = 258(3) A and f, = w,/(27) = 138.3(7) GHz.

Measurements of the switching current distribution in dependence
of the irradiated mm-wave power are shown in Fig. 4 for three different
frequencies. For each mm-wave power, a measurement with a total num-
ber of 2 x 10* counts is taken. It is visible how the branch of the primary
peak is moving to lower switching currents for increasing mm-wave
power. The development of a resonant peak is observed, which coexists
with the main branch within a narrow range of mm-wave power, where
the switching current distribution displays a double-peak structure as
shown in the inset of Fig. 3. By further increasing the mm-wave power,
the primary branch vanishes while the resonant branch becomes the
main branch. In comparison, the jump between the primary and the
resonant branch is less pronounced for lower frequencies. The relative
width of the resonant peak, determined at a level of mm-wave power
for which only the resonant peak is observed, is of the order of
0/{Is) ~ 1.8 x 1072, This value is smaller than the relative width of
the primary peak observed in the absence of mm-wave irradiation.

Using I. =242 uA, o = 2 - 100 GHz, and w, = 27 - 138.3 GHz
yields Ej - (cu/wp)s/hwp ~ 170 > 1, ie., the condition for the
strong-driving limit is fulfilled. Therefore, the data for the power
dependence are compared to the model of effective barrier sup-
pression. Differing widths for the primary and the resonant peak
are explained by the theory of escape in the strong-driving limit, as
the width of the primary peak is determined by thermal fluctua-
tions while the width of the resonant peak depends on the damping
of the junction.’

Figure 4 also displays fits of the solutions of Eq. (8) in the thermal
regime to the measurement data. As fixed parameters, the critical cur-
rent I, =242 jA obtained from the switching current distribution in
the absence of mm-wave irradiation is used, as well as the bath temper-
ature of liquid helium T = 4.2 K. The fits for the three distinct fre-
quencies of mm-wave radiation share the plasma frequency
wp = 2m-145.5GHz as a common fit parameter. The obtained
frequency-dependent effective quality factors are of the order of
Q ~ 90, which we expect to be limited by quasiparticles at the temper-
ature of 42 K.
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FIG. 4. Measurement of the switching current distribution in dependence of the applied mm-wave power for three different frequencies: (a) 109.8, (b) 108.0, and (c) 106.2 GHz.
The red lines represent fits obtained from the solutions of Eq. (8). Fixed parameters are I, =242 uA and T = 4.2K. The plasma frequency w, = 27 - 145.5 GHz is a common
fit parameter, The individual fit parameters are (a) Q ~ 97, k='C~2 = 0.82 x 10% (arb. unit), (b) Q ~ 91, k'C2 = 0.115 x 10% (arb. unit), and (c) Q ~ 90, k~'C~2

= 0.6 x 10% (arb. unit).

In summary, we studied the interaction of Nb/AI-AlO,/Nb
Josephson tunnel junction with mm-waves by investigating the switch-
ing current distribution. The analysis of the observed double-peak
structures allows for direct determination of the plasma frequency.
Spectroscopic measurements of the dependence of the resonant peak
bias current position on the radiation frequency are conducted.
Furthermore, the dependence of the switching current distribution on
the mm-wave power at fixed frequency was analyzed by means of a
quantum model in the strong-driving limit. These measurements yield
similar results and show that junctions with plasma frequencies of the
order of w, = 27 - 140 GHz have been fabricated. The application of
these techniques provides a quick turnaround methodology for the
characterization of mm-wave Josephson junctions, allowing a rapid
process development for qubit devices.
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