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Operation of a high-frequency, phase-
slip qubit

Cheeranjeev Purmessur1, Kaicheung Chow2, Bernard van Heck 3 &
Angela Kou 1,2,4

Aluminum-based Josephson junctions are currently the main sources of non-
linearity for control and manipulation of superconducting qubits. A
constriction-based junction provides an alternative source of nonlinearity that
promises new types of protected qubits and the possibility of high-
temperature and high-frequency operation through the use of super-
conductors with larger energy gaps. Junctions made from such super-
conductors have been challenging to incorporate into superconducting qubits
because of difficulty controlling junction parameters and have had extremely
low lifetimes, which limited their utility. Here we demonstrate that junctions
made using titanium nitride (TiN) are a promising and controllable qubit
platform. We use TiN junctions to build superconducting qubits based on
quantum phase slips through the junction. We operate the qubit at zero flux
where the qubit frequency ( ~ 17GHz) is mainly determined by the inductance
of the qubit. We perform readout and coherent control of the super-
conducting qubit, andmeasure qubit lifetimes >60μs. Finally, we demonstrate
operation of the qubit at temperatures exceeding 300mK. Our results add the
TiN-based junction as a tool for superconducting quantum information pro-
cessing and opens avenues for new classes of superconducting qubits.

Aluminum-based Josephson junctions (JJ) are the workhorse of
superconducting circuits and are the basis of a multitude of useful
quantum devices such as quantum-limited amplifiers, single-photon
detectors, and superconducting qubits1–5. In these devices, super-
conducting junctions are modeled as tunneling elements for Cooper
pairs or as tunneling elements for flux quanta, depending on their
impedance environment. The beneficial nonlinearity arising from flux
quanta tunneling across the junction, a process known as a coherent
quantumphase slip (QPS), can be obscured by unwanted capacitances
when implemented using aluminum-based junctions. Super-
conducting constrictions that allow QPS’s are a promising imple-
mentation that offer the possibility of qubits with stronger
anharmonicities than their Al JJ-based counterparts6, phase-slip oscil-
lators that arehighly sensitive and tunable via parametric drives7, and a
current standard based on QPSs8. Despite these proposed benefits,

constriction-based QPS junctions have only been used in a handful of
experiments9–17. This is in part due to the difficulty with fabricating
narrow constrictions. Recent experiments have started to incorporate
superconducting constrictions into quantum interference devices15

and into circuits that could be used for metrology16.
Incorporating constriction-based junctions into qubits would be

particularly beneficial for quantum information processing. First,
superconducting constrictions can be used to create qubits based on
superpositions of persistent-current states6 but without the need for
incorporating shunting capacitors into the qubit circuit. Such qubit
states are the basis for those used in the fluxonium18, the bifluxon
qubit19, and the 0–π qubit20,21. The smaller parasitic capacitances
enabled by superconducting constrictions are useful since capacitors
lead to spurious modes that limit the operating frequency range and
control mechanisms of the above-mentioned qubits. Second, it has
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been proposed that building a circuit that contains a junction acting as
a tunneling element for fluxquanta and a junction acting as a tunneling
element for Cooper pairs could lead to a robust noise-protected
qubit22. The lower shunting capacitances needed for implementing
constriction-based QPS junctions significantly reduces the require-
ments for realizing such a circuit. Finally, constriction-based QPS
qubits can be made from single films of higher-energy gap super-
conductors than aluminum. These qubits could have transition fre-
quencies higher than those of current superconducting qubits, which
would enable qubit operation above dilution refrigerator tempera-
tures and would ease signal transduction between superconducting
qubits and higher-energy quantum communication platforms such as
optical photons. While GrAl-based qubits17 are a promising pathway to
realize devices with lower capacitances, they remain limited for use at
high temperatures by the transition temperature of aluminum. It has
been singularly challenging, however, to build non-Al constriction-
based qubits9,11. Qubit frequencies could not be determined through
design9, and qubit coherence times were only inferred by spectro-
scopic linewidths11.

In this work, we demonstrate the operation of a high-frequency
superconducting qubit based on coherent QPSs tunneling through a
superconducting constriction. We fabricate the qubit using a single
thin film of TiN. The qubit is biased to zero flux, where the qubit basis
states are similar to the recently-demonstrated bifluxon qubit19,23,24,
and the qubit frequency is mainly determined by the well-controlled
qubit inductance. At this sweet spot, we demonstrate readout and
coherent manipulation of the qubit. We observe qubit lifetimes in
excess of 60μs and qubit coherence times of ~17 ns. Finally, we exploit
the higher-energy gap of TiN to operate the qubit at temperatures
>300mK. The relaxation and coherence times of the qubit remain
robust, with T2R unchanged and T1 remaining above 10μs, at these
temperatures.

A phase-slip qubit is formed from an inductance in parallel with a
QPS junction, which creates a superconducting loop as shown in
Fig. 1a6. The eigenstates in a continuous superconducting loop are
persistent-current states that correspond to quantized flux quanta in
the loop. The addition of a QPS junction, here implemented as a
constriction in the loop where quantum fluctuations of the super-
conducting order parameter are large, leads to flux quanta tunneling
across the junction. While the QPS junction is sometimes discussed as
an independent circuit element9,22, we take here the point of view25 that
a constriction will behave as a QPS junction only if shunted by a circuit
with the right impedance. If the constriction impedance dominates,
then the current through the circuit will be determined by the tun-
neling rate of Cooper pairs across the constriction, resulting in the
constriction acting as a JJ. If the loop impedance significantly exceeds
that of the constriction, then a small circulating current determined
mainly by the loop will flow through the entire circuit, and the con-
striction will act as a QPS junction. The resulting eigenstates of the
circuit in the latter case are then coherent superpositions of different
numbers of flux quanta in the loop. The normal state resistance of the
superconducting loop in our device is larger than that of the con-
striction by two orders of magnitude (See Supplementary Informa-
tion), indicating that our constriction acts as a QPS junction.

The phase-slip qubit is defined by the ground (∣g
�
) and first

excited (∣ei) states of this device. By tuning the flux through the phase-
slip circuit, Φext, one can adjust the qubit energies and eigenstates as
shown in Fig. 1d. Qubits based on phase slips have been implemented
with Al-based JJs,18,23,24,26, granular aluminum17, and disordered
superconductors9,11. The main difference between these implementa-
tions is the energies at which the phase-slip circuit shown in Fig. 1a no
longer describes the device, and it becomes necessary to include the
contribution of parasitic capacitances. Plasmon modes due to the
capacitive contribution occur at a few GHz for circuits using Al-based
JJs18 but can be significantly higher in circuits using constrictions in

disordered superconductors and granular aluminum9,17. In our device,
we estimate that the first plasma mode occurs above 50GHz (see
Supplementary Information).

At integer and half-multiple flux quantum, qubit eigenstates are
equal superpositions of flux quanta through the loop and become
insensitive to dephasing from fluctuations in the flux through the
phase-slip qubit. Previous implementations of constriction-based
phase-slip qubits have been operated at half-flux quantum9,11. Half-
flux quantum, however, is a difficult operating point for phase-slip
qubits made using constrictions due to the exponential sensitivity of
the qubit energy on the width of the constriction.

We focus instead on the integer-flux operating point of the phase-
slip qubit. Here, thequbit energy remains insensitive tofluxnoisewhile
also being only weakly dependent on the phase-slip rate through the
QPS junction. The qubit frequency is primarily determined by EL in the
limit EL≫ Es, i, where EL =Φ

2
0=Lk is the energy due to the inductance (Lk)

of the loop and Es, i is the rate of i coherent quantum phase slips
through the QPS junction. The inductive energy is controlled reliably
through the inductance of the phase-slip qubit. Es, i determines the
energy splitting between the first and second-excited ( ∣f

�
) states,

which is a small perturbation on the qubit frequency. At integer flux,
the qubit is thus minimally sensitive to the geometric parameters of
the constriction. Moreover, the minimal overlap between the ground
and excited state of the qubit eigenstates at integer flux provides
increased protection against qubit relaxation19,23,24.

Results
Our implementation of a phase-slip qubit is shown in Fig. 1b, c. The
device is formed from a single layer of thin (5 nm thick) TiN, whichwas
chosen due to its large kinetic inductance27–29 and high measured
quality factors27,30. We fabricated the junction from a narrow con-
striction of width ~18 nm (Fig. 1c), which is smaller than the expected
coherence length of TiN to enable coherent QPSs through the
constriction31–33. Since uncontrolled phase slips across the loop
inductance are a detrimental dephasing process for the phase-slip
qubit34,35, we designed thewidth of the inductance to be 150 nm,which
should be wide enough relative to the superconducting coherence
length to prevent these spurious phase slips. The inductance is shown
in green in Fig. 1b. We couple the phase-slip device inductively to a
readout resonator in order to perform dispersive readout using stan-
dard circuit QED techniques36. We have measured two devices (A and
B), which showed similar results. We will discuss Device A in the main
text, while measurements from Device B can be found in the Supple-
mentary Information.

We first performed two-tone spectroscopy on the device to check
that it is behaving as a phase-slip qubit (Fig. 2).We expect the behavior
of the device to be described by the following Hamiltonian written in
the fluxon basis:

H =
EL

2

X

m

½ðm�Φext

Φ0
Þ
2

∣mi mh ∣�

� Es, 1

2

X

m

ð∣mi m+ 1h ∣+ ∣m+ 1i mh ∣Þ

+
Es, 2

2

X

m

ð∣mi m+2h ∣+ ∣m+2i mh ∣Þ

ð1Þ

wherem is the number of fluxons in the loop, Es, 1 is the phase-slip rate
for coupling the fluxon statesm andm + 1, and Es, 2 is the rate at which
two flux quanta tunnel simultaneously, coupling the fluxon states m
andm + 2. We fit both the ∣g

�� ∣ei and the ∣g
�� ∣f

�
transitions to the

Hamiltonian described by Eq. (1) (solid lines in Fig. 2a) and observe
good agreement between the data and theory. From the fit, we find
EL = 34.4 GHz, Es, 1 = 1.03 GHz, and Es, 2 = 0.05 GHz. Equation (1) is an
effective low-energy Hamiltonian that only holds for our circuit up to
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the energy of the first plasmon mode. By fitting our data to the more
general fluxonium Hamiltonian (fit parameters provided in Supple-
mentary information), we find that the first plasmonmode is expected
above 50GHz, which indicates that Eq. (1) describes our experiments
well. As an additional check that the qubit is behaving as predicted, we
note that this Hamiltonian enforces a parity selection rule at exactly
zero flux for transitions between the ∣g

�
and ∣f

�
state, which we

observe as a decrease in the visibility of that transition.
We also demonstrate our ability to perform single-shot readout,

which is essential in implementing future quantum algorithms and
quantum error correction schemes. We drove the qubit at the ∣g

�
-∣ei

frequency to populate the qubit in both the ground and excited states,
and measured the resonator response. We performed this measure-
ment 2 × 106 times and constructed a histogram of the resulting data,
which is presented in Fig. 2b. We observe clear separation between the
∣g
�
and ∣ei resonator responses with an assignment fidelity of 96%37.
We next perform qubit control by driving Rabi oscillations

between the ground state and the excited state. We applied a drive
with amplitude, A, and varied the duration, t, before measuring the
state of the qubit via a readout pulse as described by the sequence
shown in Fig. 2d. Figure 2c shows oscillations in the qubit state as a
function of A and t. The extracted Rabi frequency for each pulse
amplitude is plotted in Fig. 2e. The measured Rabi frequency depends

linearly on the amplitude, whichwe expect for the behavior of a driven
qubit. We note that despite the proximity of the ∣g

�� ∣f
�
transition to

the ∣g
�� ∣ei transition, we do not observe any spurious oscillations in

Fig. 2c. This further indicates that our phase-slip qubit is behaving as a
well-controlled two-level system (TLS).

We conducted time-domain measurements to characterize the
qubit lifetime and coherence at the zero flux sweet spot. We used
standard measurement protocols to measure the relaxation time T1,
the Ramsey coherence time T2R, and the single Hahn-echo coherence
time T2E (Fig. 3a–c). The observed T1 improves upon previously mea-
sured relaxation times inphase-slip qubits atΦext = 0.5Φ0by a factorof
103. The T2R is significantly smaller than T1, however, which indicates
strong qubit dephasing. The coherence time only partly improves with
an echo pulse, indicating that the qubit may be suffering from high-
frequency noise. The echo may also have resulted in limited
improvement because our Xπ pulse was imperfect due to our pulse
width being comparable to T2R.

Next, we investigate theflux and timedependenceofT1 to identify
the loss mechanisms affecting our phase-slip qubit (Fig. 3d). The
relaxation time demonstrates well-defined flux dependence around
zero flux, but fluctuates significantly as the flux is moved away from
zero flux as shown in the inset of Fig. 3d. Near zero flux, we canmodel
the flux dependence of the relaxation due to inductive loss38 and find
an inductive quality factor, Qind = 4.2 × 104. We speculate that the
inductive loss originates frommaterial defects or excess quasiparticles
in the superinductance38. The measured T1 deviates significantly from
the fit as we sweep away from zero Φ0. From qubit spectroscopy in
these regions, we suspect that the qubit may be coupling to multiple
TLS, which would unpredictably degrade the relaxation time and
contribute to this deviation. We have also measured T1 over multiple
days at zero flux and observed fluctuations from T1 = 40−70μs (shown
in the multiple data points at zero flux in Fig. 3d). We conjecture that
this variability could also be due to spurious TLS coupling to the qubit,
with the TLS landscape changing over time39.

Next, we performed T2R measurements versus flux near zero flux
to investigate the dephasing mechanisms of the qubit (Fig. 3e). We
consider three contributions to dephasing: flux noise40,41, Aharonov-
Casher (AC) noise34,35, and noise due to the proximity of the ∣f

�
state23,

depicted by the green, pink and orange lines in Fig. 3e, respectively.
Flux noise contributes strongly to the dephasing away from zero flux,
but the qubit becomes first-order insensitive to flux noise at zero flux.
We thus expect the AC noise and thermal excitations of the ∣f

�
state to

determine the coherence times at zero flux. Possible sources for AC
noisemay arise from localized charge puddles or excess quasiparticles
in the disordered superconductor42. The slow dephasing from AC
noise has typically been mitigated using echo sequences35, but we do
not observe a significant improvement in T2E over T2R. We therefore
also consider fast dephasing due to the proximity of the ∣f

�
state.

Since the ∣f
�
state is located only ~70MHz away from the ∣ei state at

zero flux, thermal excitation from ∣ei to ∣f
�
can cause dephasing23.

Fitting our data using a quadrature sumof all threemechanisms (black
line in Fig. 3e), we find a flux noise amplitude of AΦ = 1.41 × 10-4Φ0/ffiffiffiffiffiffiffi

Hz
p

, an AC noise amplitude, AAC = 0.026Es, 1/
ffiffiffiffiffiffiffi
Hz

p
, and a qubit tem-

perature of 17 mK (from dephasing to the ∣f
�
state). The extracted AΦ

is ~ 2 orders of magnitude larger than current state-of-the-art JJ-based
flux qubits43. Impurities introduced during device fabrication may be
responsible for this increased flux noise31. The low extracted qubit
temperature is surprising when compared with our qubit histogram
measurements and previous experiments on superconducting
qubits17,44. We hypothesize that changing the geometry of the con-
striction will enable us to better identify the contributions associated
with each dephasing mechanism and reduce the total dephasing
experienced by the qubit.

Finally, we investigate the benefits of the higher qubit frequency
and larger gap of TiN in operating the phase-slip qubit at higher

Fig. 1 | The phase-slip qubit. a Circuit schematic of the device. The super-
inductance (green) is in parallel with a superconducting constriction (pink) where
flux quanta can tunnel into and out of the loop at a rate Es, i. The arrows indicate the
strength and chirality of the current in the loop for fluxon states,m = −1, 0, 1, when
the external flux,Φext, is slightly off of zero flux. b False-colored SEM image of
lithographically similardevice toDeviceAwith the superinductance shown in green
and the constriction shown in pink. The qubit is inductively coupled to a readout
resonator (light gray). Scale bar corresponds to 5μm. c Atomic force microscopy
image of the 18 nm wide constriction forming the QPS junction. Scale bar corre-
sponds to 100 nm. d Transition energy spectrum from the ground state of a phase-
slip qubit as a function of Φext. At zero flux, the qubit frequency is mainly deter-
mined by EL, provided that EL≫ Es,i. The insets show the wavefunctions of the
ground (navy), first (blue), and second-excited (orange) states atΦext = 0, 0.25 and
0.5 Φ0.
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temperatures. Fig. 4a, b shows the measured relaxation time and
coherence time of the qubit up to 385mK. We observe that T1 remains
above 20μs for temperatures up to 300mK while T2R remains essen-
tially constant with temperature. The relaxation time shows a slow
degradation up to 240mK, after which T1 decreases significantly.
Previous measurements of aluminum-based superconducting qubits
have also observed a significant decrease in T1 at temperatures around
150mK, which was attributed to an increase in quasiparticle loss45–47.
More recent experiments have demonstrated that the operating tem-
perature of Al JJ-based qubits could be increased by proximitizing the
junction using Nb, but observed short lifetimes of ~1μs for qubits
operating at higher frequencies > 10GHz48.

The decreased T1 in our work is unexpected since the measured
transition temperature of our TiN film is 2.9K. We additionally mea-
sured the qubit excited-state population as a function of temperature
to better understand the temperature dependence of the relaxation
time as shown in Fig. 4c. In the qubit histograms for these measure-
ments, we observe two separated resonator responses corresponding
to the ∣g

�
and ∣ei states. The measured probability from these histo-

grams is converted to qubit temperature using the Boltzmann dis-
tribution (right axis in Fig. 4c). The qubit temperature appears to be
consistently greater than the mixing chamber temperature by

>100mK. We note that due to the fast decay rate of ∣f
�
to ∣ei, we may

be overestimating the ∣ei population in our readout histograms due to
thermal population of ∣f

�
. This possible overestimation is reflected in

the lower bound of the error bars in Fig. 4c for the qubit temperature
and population data. Using the measured qubit temperature, we
model the reduction in lifetime as inductive loss, withQind changing as
a function of qubit temperature to reflect an increasing quasiparticle
density as shown by the gray points with dashed lines in Fig. 4a (See
Supplementary Information). We find reasonable agreement of the
measured relaxation times with this model.

Discussion
We have demonstrated all essential single-qubit functions in a phase-
slip qubit operated at zero flux, fabricated from a single layer of TiN.
Our results show that a superconducting constriction is a viable
alternative source of nonlinearity that can be used in coherent quan-
tumdevices. Havingmultiple superconducting sources of nonlinearity
significantly expands the possible quantum coherent devices that can
be built. First, since theQPS junction effectively behaves as a nonlinear
capacitor rather than a nonlinear inductor (up to an expected fre-
quency of 53GHz in our case), it would allow for the creation of novel
oscillators with photon-dependent non-linearities7 that can be used for

Fig. 2 | Qubit readout and control. a Two-tone spectroscopynear zero flux. The fit
to the ∣g

�
-∣ei transition (blue line) and ∣g

�
- ∣f

�
transition (orange line) is shown on

the right half of the data. b Histogram of single-shot qubit readout. The qubit is
populated to both the ground and excited state via a Xπ/2 pulse prior to measure-
ment. We read out the qubit at the resonator frequency corresponding to the qubit

being in the ∣g
�
state. c Rabi oscillations of the qubit versus a square pulse with

room temperature drive amplitude A and length t. d Pulse sequence for the Rabi
experiment shown in (c). e Rabi frequency as a function of A. We extract the Rabi
frequencies from (c). The black line is a linear fit of the Rabi frequency versus drive
amplitude.
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sensitive detection and signal amplification. Second, TiN has been
demonstrated to have higher quality factors than evaporated
aluminum27. Our demonstrated phase-slip qubit is thus a first step
toward qubits with longer possible relaxation times than current AlOx-
junction-based superconducting qubits. Achieving longer qubit
coherence times will be necessary for the constriction-based phase-
slip qubit to become a competitive platform for quantum information
processing. While our qubit has relaxation times comparable to stan-
dard JJ-based superconducting qubits, the coherence times of the
qubit are very short. Improved cleaning methods in the device pro-
cessing or changes in the geometry to reduce the sensitivity of phase-
slip tunneling processes to fluctuating charges will further elucidate
these decoherence mechanisms.

Our phase-slip qubit also presents a platform for building high-
frequency qubits that can operate at high temperatures. Building
superconducting qubits that can operate at high temperatures has
become increasingly important as superconducting quantum pro-
cessors run into limits imposed by the cooling capabilities of current
technologies. While we observed that the qubit relaxation time started
to degrade significantly at temperatures below the superconducting
transition temperature, our demonstrated qubit operation above
100mK already significantly reduces the technological requirements
needed to cool superconducting qubits beyond what can be achieved
by aluminum-based superconducting qubits. The observed poor
thermalization of the qubit may be due to its coupling to a different
bath compared with current superconducting qubits, which would
require additional filtering compared to standard devices. The very
thin superconducting TiN filmmay also have large enough disorder to
prolong thermalization times; measurements of qubits made using

superconducting films with different levels of disorder will be useful in
understanding this mechanism. Usage of superconducting films with
even higher transition temperatures than TiN may present a path to
superconducting qubits operating above 4K.

Methods
Device fabrication
We fabricated the sample from a 5-nm-thick TiNfilm on a 720μm-thick
silicon substrate. Smaller features such as the resonator and the qubit
were fabricated using electron-beam lithography (Elionix ELS-G150)
with ZEP 520A resist. We used photolithography (HeidelbergMLA 150)
with AZ1518 resist to pattern larger features such as the ground plane
and transmission line. The sample was etched after each patterning
step using an Oxford Mixed ICP-RIE system with a chemistry of Cl2,
BCl3, and Ar. To clean the sample, we used an O2 descum process,
followed by rinsing in N-Methylpyrrolidone. Prior to wirebonding to a
printed circuit board, the sample was rinsed in buffered oxide echant
to remove surface oxides.

Experimental setup
The sample was enclosed in a Copper sample holder and cooled to
10mK in a dilution refrigerator (Oxford Instruments, Triton 500). A
coil was mounted to the sample holder, and a DC current source
(Yokogawa, GS200) was used to apply a magnetic field to the sample.
The readout and qubit pulses were formed by mixing local oscillator
tones from signal generators with IQ tones from an integrated FPGA
system (Quantum Machines, OPX+). The input signal was thermalized
via attenuators at different temperature plates before reaching the
mixing chamber. At the mixing chamber plate, the input was sent

Fig. 3 | Qubit relaxationand coherence. a–cTime-domainmeasurements taken at
zero flux,measuring a the relaxation time T1,b the Ramsey coherence timeT2R, and
c the coherence timewith the application of a single echopulseT2E. The duration of
the Xπ and Xπ/2 pulses used in the measurements was 9 ns. d Relaxation time T1
versus flux. The expected flux dependence of T1 due to inductive loss with
Qind = 4.2 × 104 is plotted in green. The inset shows that T1 deviates from the
inductive loss fit away from zero flux. The gray dotted line is a guide for the eye for
zero flux. The range of variations of T1 in time is shown by the data points at zero
flux. e Ramsey coherence time T2R versus flux. The shaded region indicates the
error from fitting the T2R data. The dashed lines indicate the individual

contributions to the dephasing of the qubit. The green line shows the expected flux
dependence of T2R due to first-order flux noise dephasing with noise
amplitude,AΦ = 1.41 × 10-4Φ0/

ffiffiffiffiffiffiffi
Hz

p
, the pink line is the limit set by Aharonov-Casher

dephasing for variation in Es, 1 with noise amplitude, AAC = 0.026Es, 1/
ffiffiffiffiffiffiffi
Hz

p
, the

orange line indicates the limit set by thermal excitations to the ∣f
�
state for a qubit

temperature of 17mK. The black line shows the expected limit from the quadrature
sumof all three contributions. Similar to d, the gray line is a guide for zero flux, and
the range of variations of T2R in time is shown by the data points at zero flux. Note
that at zero flux, only the point with the highest T2R was included in the fit.
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through an Eccosorb filter to filter out high-frequency noise before
entering the transmission line.

The output from the transmission line was routed through
another Eccosorb filter followed by a traveling-wave parametric
amplifier. The output signal was then amplified again at the 4Kplate via
a high-electron-mobility transistor amplifier (Low Noise Factory, LNF-
LNC4_16B) and at room temperature via a low noise amplifier (LNF-
LNR4_14B_SV). The signal was demodulated and further amplified
before being sent to the FPGA for processing.

Simulations
Prior to measurements, we estimated the resonator frequency and
coupling quality factor using electromagnetic field simulations (Ansys
HFSS). To solve the Hamiltonian and estimate the qubit frequency, we
employed numerical diagonalization using QuTip49. We also used
QuTip to fit the qubit spectroscopy and perform master equation
pulse-level simulations (See Supplementary Information).

Data availability
The experimental data that support the findings of this study are
available in the Illinois Data Bank at https://doi.org/10.13012/B2IDB-
0982994_V250.

Code availability
The code used for the data analysis and visualization is available at is
available in the Illinois Data Bank at https://doi.org/10.13012/B2IDB-
0982994_V250.
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