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Abstract.

We have directly measured non-equilibrium quasiparticle tunnelling in the time domain as
a function of temperature and RF carrier power for a pair of charge qubits based on the single
Cooper-pair box, where the readout is performed with a multiplexed quantum capacitance
technique. We have extracted an effective electron temperature for each applied RF power,
using the data taken at the lowest power as a reference curve. This data has been fit to a
standard T electron heating model, with a reasonable correspondence with established material
parameters.

1. Introduction

In recent years, mesoscopic superconducting devices have attracted considerable interest both as
a laboratory for studying fundamental physics and as a building block for advanced technology.
Examples of such systems include superconducting qubits [1], probes of nanomechanical
oscillators [2], and sensitive radiation detectors [3]. Many of these devices employ microwave
or radio-frequency (RF) readout techniques, which are flexible and low in noise [4]. Since the
performance of such devices is often sharply enhanced at low temperatures, it is important to
understand the impact of RF measurements on the temperature of the sample. These devices
are frequently operated at millikelvin temperatures, where the conduction electrons in the metal
are only weakly coupled to the lattice phonons. FElectron heating effects have been studied
extensively at low temperatures, and previous studies have revealed a T° dependence for the
electron energy flow rate in a variety of different materials [8, 9, 10].

In this work, we have studied electron heating effects due to RF measurements in a single
Cooper-pair box (SCB) charge qubit with an RF capacitance readout [5, 6]. As a probe, we
have used direct measurements of non-equilibrium quasiparticle tunneling rates, which for certain
sets of qubit parameters depend very strongly on temperature. Perhaps surprisingly, at very low
temperatures the rate at which non-equilibrium quasiparticles tunnel out of the CPB island into
the reservoir increases sharply as the electron temperature goes to zero. This effect has recently
been observed experimentally and can be well described by a kinetic theory of quasiparticle
trapping [11, 12].



In the experiment, we have measured the quasiparticle tunneling rates as a function of
temperature for a variety of RF carrier powers, and computed an effective electron temperature
using the data taken at the lowest power as a reference curve. We have then fit this
effective temperature to a standard 7° model of electron heating, and have found reasonable
correspondence with established material parameters. Such electron heating effects were also
observed qualitatively by Ferguson et. al. [15].

2. Experimental Setup

Details of the experimental setup and measurement technique can be found in Ref. [11]. Scanning
electron micrographs of the qubit and readout circuitry and a circuit diagram can be found in
Fig. 1. A pair of SCB charge qubits were fabricated by double-angle evaporation on a R-plane
sapphire substrate. Although the two qubits are weakly coupled with a fixed capacitor, for the
purposes of this experiment they can be treated as independent devices. Readout was performed
using a quantum capacitance technique, where the center frequency of a lumped-element LC
tank circuit is shifted by the state of the qubit. This shift is detected by RF reflectometry
using a 556 MHz cw carrier. For sample temperatures which are low compared to the even-odd
free energy difference, equilibrium quasiparticle tunneling events are exponentially suppressed
[7]. However, non-equilbrium quasiparticle tunneling has been commonly observed in single-
charge devices, even at millikelvin temperatures. The kinetics of quasiparticle tunneling can be
directly observed in the time domain using the quantum capacitance readout [13]. As individual
quasiparticles tunnel, the capacitance switches stochastically between two values, which are
characteristic of odd and even parity in the device. The resulting random telegraph signal can
then be digitized directly. By analyzing the statistics of this fluctuation in the time domain,
we can independently measure the rates of odd-to-even (island-to-reservoir) and even-to-odd
(reservoir-to-island) transitions, corrected for the finite bandwidth of the measurement [14].
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Figure 1. (color online) A) Scanning electron micrograph (SEM) of multiplexed on-chip LC
oscillators. The qubit features are at the center. B) False-color SEM of qubit structures. The
qubit islands are formed by the thin bars at top and the inside of the interdigitated RF gate
capacitors, at center. The qubit junctions sit at the top of the loop structures. The control gate
capacitors are off to the sides. Red (1): Left qubit island. Blue (2): Left RF gate. Green (3):
Left control gate. Yellow (4): Qubit leads and ground plane. Orange (5): Right qubit island.
Purple (6): Right RF gate. Pink (7): Right control gate. C) Schematic diagram of on-chip qubit
and quantum capacitance readout circuitry. Nominal component values are given in the text.
Not shown explicitly is the fixed interqubit coupling capacitor, which is formed by the shadow
of the two qubit islands spanned by a small bridge. Also not shown are the superconducting
filters on the RF leads, which can be seen toward the center of figure 1a.



3. Results

To perform the measurements, the sample was mounted on a dilution refrigerator with a base
temperature of 18 mK. To measure the effect of the RF carrier power on the electron temperature,
we measured the tunneling rates while varying the power from 0.1 to 1 fW, at mixing chamber
temperatures of 18 to 200 mK. Below 0.1 fW, the signal-to-noise ratio was too poor to perform
measurements. We assume that at the lowest RF excitation power, the electrons are in thermal
equilibrium with the lattice and the mixing chamber. As such, the data taken with an 0.1 fW
excitation is used as a reference curve to define an effective electron temperature for the data
points taken at higher carrier powers. While this assumption may not be strictly valid, the data
extracted in this way captures the essential physics and agrees with a conventional model for
electron heating within the error of the experiment. The observed odd-to-even tunneling rates,
corresponding to quasiparticles tunneling out of the island into the reservoir, are shown in Fig.
la. Note that these rates increase dramatically at low temperatures, following the square root
singularity in the superconducting density of states [12]. At higher RF powers, this increase
is not as steep, since the electron gas is at a higher effective temperature than the lattice. To
extract effective temperatures for the data taken at 18 mK, we perform linear interpolation
between the tunnel rates at 18 and 50 mK, taken at the lowest RF power. A schematic of this
process is shown in figure 2b. The effective temperature as a function of RF excitation power is
shown in figure 2c, along with a least-squares fit to a T° power law, as discussed below.
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Figure 2. (color online) A) Odd-to-even (island-to-reservoir) quasiparticle tunnel rates as a
function of mixing chamber temperature for a variety of RF power levels. Dashed lines are
interpolations between data points. B) Illustration of the extraction of an effective temperature
for each RF carrier power when the mixing chamber is at 18 mK. C) Plot of the applied RF
carrier power as a function of the effective temperature. The solid line is a fit to Eq. (1) with
ay/5=3.9x 1079WK™°

4. Discussion

The elevation of the electron temperature above the phonon temperature will follow dT" =
RepdQ = Q1ep/C, where dT is the increment in the electron temperature, 1/Rcp is the thermal
conductance between the electrons and the phonons, dQ is the rate at which the energy is
injected onto the electrons, 7 is the electron-phonon energy-relaxation time, and C' = T
is the electron heat capacity. The electron-phonon energy-relaxation time can be defined by
dl,/dt = —(Te — Tpn)/Tep, where T, and Ty, are the electron and phonon temperatures,
respectively. The functional form of the electron-phonon relaxation rate depends on the
dimensionality of the phonons, and whether or not one is operating in the limit of a clean
or dirty material. Assuming that 1/7e, = o773, it is found that [8, 16, 17]



dQ = (12~ T5). (1)

We may take the value of a to be approximately 107 s 7' K~3. The value of v can be estimated
from the electron heat capacity,

T D (e)RaVe = T NeVik 2
v =7 = 3 Dler)ksVL = 5 NrVikp (2)
where Ny is the electron density, D(er) is the density of states at the Fermi level, and V4,
is the volume of the lead. The effective lead volume V1, can be estimated by considering the
physical volume of the reservoir which is within one diffusion length of the SCB tunnel junctions.
For the aluminum films produced in our evaporation system, we have extracted the diffusion
constant D = 35 cm?/s from magnetoresistance experiments. To compute the diffusion length
L = /D7y, we have taken the quasiparticle recombination time to be 74, = 100us, in keeping
with recent measurements of quasiparticle injection with SIN junctions and accepted values from
the literature. This gives an effective lead volume of Vi, = 10~%m?. By comparison, the fit to
Eq. (1) for ay/5 = 3.9 x 107 WK™ shown in fig. 2c is in reasonable correspondence with
the theoretical value, &' = 2.7 x 10~8 WK, given the considerable error in the quasiparticle
tunneling rates, the crude extraction technique for the effective temperature, and the uncertainty
in the effective lead volume, the quasiparticle recombination time, and the electron-phonon
coupling constant .

In summary, We have shown that the RF carrier power applied in a time-domain measurement
of quasiparticle tunneling rates in a single Cooper-pair box contributes to electron heating at low
temperatures. This was done by assigning effective temperatures for each value of the applied
power, using the lowest-excitation data set as a calibration curve. While crude, this analysis
agrees reasonably well with a standard electron heating model. In order to minimize electron
heating in systems probed with RF reflectometry, it is imperative to use very low excitation
power and/or pulsed readout techniques.
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