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Abstract

We demonstrate capacitive coupling of coherent quantum phase slip (CQPS) flux qubits to a
resonator patterned on a highly disordered TiN film. We are able to detect and characterise CQPS
flux qubits with linewidths down to Aw = 12 + 1 MHz on several resonator modes, and show that,
unlike inductive coupling, here the coupling strength does not depend on the qubit’s energy. Since
the qubit is galvanically decoupled from the resonator, our approach provides flexibility in
material, design and fabrication choices for CQPS-based devices. Our results are two-fold: we
report CQPS in TiN and demonstrate, to our knowledge for the first time, capacitive coupling of a
CQPS flux qubit.

1. Introduction

A quantum phase slip is the tunnelling of a quantised flux across a superconducting wire or a weak link,
accompanied by a phase jump 27. The magnetic flux flow generates a dipole voltage V = & of amplitude well
below the gap of the superconductor (A/e). In disordered, quasi-one-dimensional superconducting wires
this effect is particularly remarkable demonstrating a coherent quantum phase slip (CQPS), that is exactly
dual to coherent Cooper-pair tunnelling in Josephson junctions [1, 2]. Thus complimentary to Josephson
junctions, the CQPS centre can be utilised as a non-linear element in superconducting quantum circuits.
Direct experiments on the resistance of nanowires did not give conclusive evidence for CQPS, as the
Coulomb blockade may not have a quantum and coherent nature [3]. As proposed in [4], placing the
narrowing in a superconducting loop with finite inductance allows one to identify the CQPS by their lifting of
the degeneracy in the system’s energy spectrum, through the coherent exchange of quantised fluxes between
the loop and environment. Using radio-frequency measurements CQPS were first experimentally evidenced
in such a qubit, where a highly-disordered thin InO, was used as the CQPS centre [5] and more recently have
also been observed in NbN [2, 6, 7]. CQPS have been speculated to exist in other materials such as oxidised
granular aluminium AlQO, [8] and TiN [9, 10], the latter of which has been studied in DC measurements.
Recently, inverse Shapiro steps, that are quantised current steps from photon-assisted tunnelling of magnetic
fluxes through a CQPS centre, have been observed in NbN [11]. The a.c. CQPS is dual to the a.c. Josephson
effect, and as such has great significance in the development of future current standards [12].

Here, we demonstrate CQPS in TiN. The superconducting gap of TiN films (A ~ 180 ueV) [2] is smaller
compared to that of NbN (A ~ 1.6 meV) [13] making them more susceptible to thermal noise, but the TiN
films are more robust against degradation in time ensuring a more stable lifetime for the devices. This was
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evidenced from our experience with NbN films: the normal resistance doubled over a few months. Similar
degradation of NbN was noticed in other investigations [14]. Also TiN has one of the largest kinetic
inductances because its films are closer to the superconductor-insulator transition [2], allowing for more
compact inductive elements. There is also interest of exploring TiN under strong magnetic fields in films of
different granularity [9, 15].

We explore TiN CQPS qubits capacitively coupled to a readout resonator, in contrast to earlier
experiments that have all used inductive coupling [5-7, 9]. In a scheme with capacitive coupling the
resonator is galvanically decoupled from the qubit under investigation, allowing more flexibility in modifying
the qubit material independently of the readout circuit—the latter is often most convenient to be made out of
aluminium in the same layer as the rest of the auxiliary circuit elements. Differently from inductive coupling,
capacitive coupling is predicted to have uniform coupling strength irrespective of the qubit’s energy, which is
supported by a more uniform visibility of the qubit in a wide field range around the degeneracy point. We
perform a full characterisation of the CQPS qubit, reaching a weak-intermediate qubit-resonator coupling
regime. Using the master equation formalism we quantify the qubit-resonator avoided crossing.

2. Device details and experimental methods

The CQPS qubits shown in figure 1 comprise of a TiN loop of area S and kinetic inductance L interrupted
by a narrow wire segment of 50 nm length, and nominal widths ranging from 8 nm to 13.5nm. The widths
were chosen as a balance between realising the 1D transport regime in TiN, with a coherence length £ ~ 2nm
[9], and the attainable resolution of the fabrication process. In the experiment we apply a magnetic field Bex
normal to the loop that induces a flux ®yy = BeytS. In combination with the circulating current, the total flux
through the loop is an integer multiple of the magnetic flux quantum &, = h/2e. To readout the system, we
couple the qubit via a capacitance C,_, to a coplanar \/2 resonator of TiN. The length and width of the
resonator are L = 1150 ym and W = 5 um respectively. The impedance of the resonator, Z, ~ 3.2k} [16], is
higher than Z; = 50 Q2 of the transmission line. The strong impedance mismatch gives maximal current at
the nodes. Figures 1(c) and (d) shows a micrograph of typical CQPS qubits.

The TiN film is grown with plasma-assisted atomic-layer deposition on a high resistance Si(100)
substrate, as described elsewhere [9, 17, 18]. Using d.c. transport measurements, we find its superconducting
transition at T, =~ 1.2K and normal sheet resistance close to the transition R ~ 2.63 k(2 (see figure 4 in
appendix). The transmission line and ground plane are made of normal metal Ti/Au (10 nm/80 nm) on top
of the TiN. The rest of the circuit—the phase slip wire, qubit and A\/2 resonator—are fabricated by dry
etching of TiN through a protective mask of 50 nm thick negative resist ma-N 2401 patterned with electron
beam lithography—the unprotected TiN thin film undergoes reactive ion etching in a plasma of Ar:CH4
(1:10) to define the required structure. Note that in this work, the CQPS qubit and resonator are patterned in
the same lithography layer. However, one can fabricate them in separate steps, which gives the flexibility of
using a different material for the resonator. We made a cluster of twelve qubits with different loop sizes,
coupled to the same A/2 resonator. The chip was mounted in a sample box enclosure in a dilution refrigerator
with base temperature of 15 mK. We perform dispersive readout of the qubit states [19] by monitoring the
amplitude and phase of the transmitted microwaves while varying the external magnetic flux ®ey.

The Hamiltonian of a CQPS device in the fluxon basis is

Hy = - (N~ Now)’ — Ecos (), (1)

where the circulating current states are expressed in terms of the flux number operator N = 3" N|N)(N],
Next = Pext /Py is the normalised induced flux ®y; E = ®3/Ly is the inductive energy; E; is the

flux tunnelling energy. The tunnelling process lifts the energy degeneracy between two flux states

IN) and [N + 1) (see figure 1(b) [20]). The flux tunnelling operator can be presented as cos(2771,) =
(IN)(N+ 1| +|N+1)(NJ)/2. This describes a two-level system with energy splitting fiw, = /(2I,09®)* + E2
with 6® = ® — ®,/2 and I, = ®( /2L the persistent current in the loop.

Let us consider only the two closest states |N = 0) and |[N = 1)—the qubit approximation. The
Hamiltonian of the qubit-resonator system, with the diagonalised qubit Hamiltonian, resonantly driven
through the coupling capacitance C,_, by a classical microwave field of frequency w and amplitude Vi, is
H = hwyo,/2 + hw,ata + hg(ac™ +ato~) + hQ(a+ al) cos(wt) [21]. The resonator driving amplitude is
and the resonator-qubit coupling strength is
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Figure 1. Geometry of CQPS device: (a) Schematic of the A /2 resonator capacitively coupled to the transmission line and CQPS
qubit with coloured TiN (dark) and Au (yellow); (b) The energy diagram of the qubit at different magnetic flux. The degeneracy
is lifted at half flux quantum because of the phase slip energy. (c) The micrograph of the CQPS qubits capacitively coupled via
fingers (Cy—,) to the TiN resonator. The fingers have a 3 um overlap with the qubit loop. The CQPS qubit is grounded through
the line running to the bottom ground plane; (d) a focused-ion beam micrograph of the constriction in the qubit loop, across
which the phase slip occurs (shown in green).

1
hg: EVSCq_er (2)

where V; = 2w E;/2e, V,,, = \/w,/C, cos(mmx/L) are the zero-point fluctuation amplitudes, C, is the total
resonator capacitance, m > 1 is the resonator mode and x is the position coordinate along the resonator (see
appendix B). Here, a' and a are the photon creation and annihilation operators of the resonator and we
define 04 = (0, £i0,)/2 where 0y, , are the Pauli matrices. Compared to inductive coupling (see
appendix E), the capacitive coupling strength is uniform away from the degeneracy point, which leads to a
better visibility of the qubit across the spectrum. Furthermore, capacitive coupling is natural for a CQPS
qubit as the phase-slip process produces voltage.

3. Transmission measurements

First, we characterise the resonator modes with frequencies f,, = mv/2L where v = 1/1/L,C; is the effective
microwave propagation speed for inductance and capacitance per unit length L; and C; respectively. Using a
vector network analyser we measure the complex microwave transmission ¢ through the system, identifying
the dominating resonator modes m = 2, 3,4, 5 with frequencies f, = 3.14 GHz, f; = 5.12 GHz,

fa = 6.28 GHz, fs = 7.95 GHz. The first mode falls outside the measurement range of our equipment

2-12 GHz and is not used. A Lorentzian fit to the peak of |¢|? around f yields the photon decay rate

k/2m = 2.78 MHz corresponding to a loaded quality factor Q; = f/(k/27) & 1129. Results for other modes
are summarised in table 1.

To characterise the CQPS qubits we perform two-tone spectroscopy measurements. We sweep a probe
frequency f, = w, /27 that searches for the qubit at different external field biases Bey, while monitoring the
complex transmission ¢ through the readout resonator at f,,,. As the coupling strength g varies with the
qubit’s resonator position x some CQPS qubits are not visible on certain resonator modes. Figure 2(a) shows
the two-tone spectroscopy response through the resonator at f, = 3.14 GHz. In such a dispersive readout, the
two states of the qubit are mapped onto two distinct phases of the resonators complex transmission

arg(t) = arctan(— (0, = g% /hw,) /) for a detuning of probe signal §, = 27f, — w, [22]. Around the qubit
resonance the phase variation identifies the qubit. The signal has a better contrast for stronger coupling g and
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Table 1. Characterised resonator modes.

Resonator mode m fm (GHz) Q k/27 (MHz)
2 3.14 1129 2.78
3 5.12 827 6.20
4 6.28 400 15.70
5 7.95 557 14.27
(a) arg(t) (b)
0.10 12 ;
—— Qubit 2
10} Qubit4
0.05 —— Qubit5

8r \ Qubit 6 ]
Qubit 12
0.00 6f ]
al ]
-0.05

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 -o.10 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

Bew (G) Bex (G)

w,/2m (GHz)

Figure 2. Characterisation of qubits: (a) Two-tone spectroscopy in a narrow range of the external magnetic field. The phase of
transmission arg(t) through the resonator at f, = 3.14 GHz is monitored while a probe frequency w), and external field Bey; are
independently swept. Strong phase variations occur on qubit resonance dw = w, — w, = 0, which maps out the multiple qubit
spectra. The horizontal lines are the resonator modes; (b) line fits to the experimentally measured energy spectrum from the
analytical solution of the Hamiltonian (1).

Table 2. Parameters of detected CQPS qubits.

Qubit identifier (width) E; (GHz) E; (GHz)
1 (8.5 nm) 2.70 26.2
2 (9.0 nm) 3.00 24.0
3 (9.5 nm) 0.98 24.7
4 (10.0 nm) 4.30 21.3
5(10.5 nm) 1.30 239
6 (11.0 nm) 1.00 24.0
9 (13.0 nm) 0.76 20.9
12 (13.5 nm) 1.56 222

closer to the degeneracy points. Compared with inductive coupling, the phase contrast will tend to be more
uniform as g has a weak energy dependence (refer to appendix E).

By the repetition period, we can identify eight out of the twelve qubits on the sample chip. We extract E
and E; from the fit for each identified qubit, see figure 2(b). The results are summarised in table 2 in the
main text and table 3 in supplemental A. By normalising the fitted inductances L = ®/I, by the number of
squares on the perimeters of the CQPS loops, we find L ~ 7nH, and hence a reasonable 63 fF capacitance of
the A/2 resonator made from the same TiN film. The inductance is larger than the value expected from
Lo = hRo/mA(0) =~ 3.1nH. This is an acceptable mismatch for a highly disordered superconductor close
to the superconducting insulator transition, in which Lg tends to infinity while resistance remains finite [5].

The phase slip amplitude can be derived from microscopic principles [5, 6, 9] to be of the form
E; ~ AR;/R¢exp(—aR,/R¢), assuming that there is only a single phase slip centre along the narrow wire
segment. Here, R¢ is the normal state resistance of the wire segment of length &, a is on the order of unity
[23] and R; = h/4e*. Using A = 1.784 Tk, and £ = 2nm measured on the same TiN film [9] and
constriction widths in the range of 8 — 16 nm, resulted in E; that are within the same order of magnitude of
those fitted experimentally in table 2—a quantitative agreement cannot be given, since ¢ is not defined close
to the superconductor-insulator transition [5]. The variation in CQPS amplitudes is unexpectedly low, given
that the tunnelling process is exponentially dependent on the sample dimensions and material parameters of
the granular structure. There is no apparent dependence on width, indicating that there are multiple phase
slip locations along the constriction [7].
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Figure 3. Avoided crossings of qubit 12 on the m = 3 resonator mode with cross sections in frequency (blue arrow) and magnetic
flux (red arrow): (a) measured transmission spectrum around the f; = 5.12 GHz resonance. The dashed orange line is the
simulated qubit-resonator anticrossing from just the Jaynes—Cummings Hamiltonian; (b) simulated transmission spectrum with
using the full master equation formalism of (3); (c), (d) cross section comparing measured and simulated transmission spectra.

4. Modelling the transmission

To model the transmission close to the resonator resonance (w ~ w,) we use the density matrix p and solve
the master equation p = —i/hi[H, p] + L[p] for the stationary case (p = 0). The dissipative Lindblad term

L = L, + L, presents photon loss in the resonator, L, = k(2apat —aap — pata)/2 (corresponding to
jump operator \/ka for photon decay), and qubit decoherence, L, =T'1(20_po —oy0_p—pojo_)/
24T 4(0,p0, — p)/2 where I'y,T'y, are the relaxation and dephasing rate of the qubit respectively
(corresponding to energy level fluctuation in qubit \/FTWZ and spontaneous decay /T';o ™). In the weak
driving limit, when the mean photon number in the resonator is less than one, the photon space can be
truncated to two levels {|n =0),|n = 1)} and O(Q?) — 0 (see appendix D for a justification based on
multi-photon spectrum measurements). In this regime, the transmission coefficient has an analytical
expression (see appendix C)

Vout 1C_ Wz 1 N
= —1—
Vin 2 C, gz/éq’ — (5/

h..|, (3)

where h.c. represents the Hermitian conjugate, 6, = d; +i(I'1/2+Ty), 0, = 6, + ik /2, Z = 50
transmission line impedance, C, = 63 {F is evaluated from the measured sheet inductance and resonator
geometry, C,_; = \/KC,/2Z/w, ~ 21F [24], and w = 27f is the single tone applied to the system.

We measure the complex transmission ¢ in a narrow range centred around the resonator modes f,,, for
one of the qubits, which will be dominated by the strong resonator response. By subtracting the average
transmission value at each frequency, we separate out the avoided crossings due to the finite coupling g
predicted by (3), which we demonstrate in figure 3 for qubit 12 on resonator mode m = 3. We fit each
individual avoided crossing to extract the coupling g and arrive at g = 24.4,18,27.1 and 33.8 MHz for modes
2,3,4 and 5 respectively, summarised in table 4 and achieve reasonable agreement with (2).

Equation (3) nicely captures the features of the avoided crossings using x/2m = 6.2 MHz (see table 1)
and I', /27 ~ 3.6 + 0.4 MHz found from qubit characterisation at its degeneracy point (see figure 5 in
appendix), and the signal attenuation and amplification in the inputs and output lines. The vanishing of the
transmission peak at qubit-resonator resonance point ~0.39 @, indicates the weak-intermediate coupling
regime [24] where g > k,I';. Overall we achieved good characterisation of a CQPS qubit read out using a
capacitively coupled resonator. The coupling strength is independent of the position in the flux period, with
different strengths on the different modes and allows for further investigation of CQPS devices using a
different material.
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In conclusion, we have fabricated and measured capacitively coupled TiN CQPS qubits. TiN is a new
material currently under study for application with the CQPS devices. We experimentally observed and
theoretically analysed operation of the eight TIN CQPS qubits, which demonstrate linewidths as low as
Aw = 12 + 1 MHz. The CQPS qubits are galvanically decoupled from the resonator, providing flexibility in
the choice of material for the circuit. Thus one can use non-superconducting materials for the ground plane,
transmission line and resonator, and study of CQPS-based qubits in high magnetic field environments,
where properties of high-inductance film can be modified.
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Appendix A. Auxiliary tables and figures
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Figure 4. Sheet resistance measured of TiN monitored during cooldown on a 80 x 20 pm TiN 95 cycle bar. An estimate of the

kinetic inductance Lg = AR /7w A(0) & 3.1 nH can be made using the superconducting transition temperature T, = 1.2K
(green line). The inset gives a close up view of the transition point (red region).

Table 3. Extended table of parameters of detected CQPS qubits.

Qubit id x/L E; (GHz) E; (GHz) Period (mA)
1 0.550 2.70 26.2 0.42 750
2 0.530 3.00 24.0 0.34 870
3 0.510 0.98 24.7 0.33000
4 0.511 4.30 21.3 0.28170
5 0.531 1.30 239 0.26 850
6 0.551 1.00 24.0 0.25550
9 0.500 0.78 209 0.20 694
12 0.561 1.56 22.2 0.18 180

Appendix B. Capacitive coupling

The necessary condition for the derivation below is C;,_, > Cs where Cs is the kinetic capacitance of the
CQPS junction. To achieve coupling between the resonator-qubit system, the qubit is placed in the middle of
a A/2 resonator (at a current antinode, voltage node), where the magnetic field of the resonator has a
maximum. The coplanar resonator voltage field operator can be expressed as

V,=Vyi(a—a), (B1)

where V,,, = \/hiw,, /C, cos(mmx/L) is the voltage of the mth resonator mode at position x in the resonator
and C, is the total resonator capacitance. The coupling Hamiltonian of the resonator-qubit system is given by

Hine = ‘A/chfr{/rv (BZ)
where C,_, is the coupling capacitance, Vq and V, are the qubit and resonator voltage operators respectively.
To derive the qubit voltage operator V, we rewrite the qubit Hamiltonian of (1) in the form

Hy= 2 (N~ New)” — Eucos 2 (g + o) (5

where 01, is an induced charge along the CQPS junction (e.g. a wire). The qubit voltage operator couples the
adjacent fluxon states |[N) and |N+ 1) [1] and is defined by

7 1 OH; 2mE
1 2e06n, 2

sin [271 (ﬁq + (5nq)] . (B4)

7
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Figure 5. Qubit 12 characterisation through its: (a) AC Stark shift measuring the change of the qubit’s transition frequency (dw)
in response to a power sweep of the resonator tone at the degeneracy point ~1.5 GHz (see figure 2). The linear response indicates
the presence of a coupled qubit on the resonator and can be used to calibrate the photon number in the resonance mode; (b)

Spectral linewidth Aw = 24/I'3 + o X P which extracts a decoherence rate I'; = 3.6 & 0.4 MHz [25]. The linewidths are
measured using two-tone spectroscopy described in figure 2 and fitted with Lorentzian (oc 1/1 + (2(w — wy)/(Aw))? as shown
in (c) for the red data point. The linewidth of this TiN CQPS qubit goes down to 12 &= 1 MHz at the lowest powers, narrower than
than for previous qubits made from NbN (26 MHz [7]) and InO, (260 MHz [5]).

Note that in our qubit, with the CQPS junction shunted by an inductor, the DC charge offset 6, is zero. We
introduce the phase-slip voltage V, = 27 E,/2e [1, 9] and then, using the expression exp (27it;) =
>IN+ 1)(N], rewrite the qubit voltage operator in the matrix form

Vi= 5" (ilN+ 1) (NI +i[N)(N+1]). (B5)

N

The phase slip voltage operator couples two neighbouring fluxoid states [N}, [N+ 1) and can be simplified
for the truncated space {|N = 0),|N = 1)} in the form

Vq ~ ——say. (B6)
Inserting equations (B1) and (B5) into equation (B2) we find the interaction qubit-resonator term
Hine = higi (a — aT) ay, (B7)
where the qubit-resonator coupling strength g is defined
hg= %Vqu,TVm. (B8)

Note that the interaction term does not change in the transformation from the physical basis
{IN=0),|N=1)} (fluxon states) to the energy eigenbasis {|g),|e)}, as the unitary transformation
diagonalising the qubit Hamiltonian (1) (U,(0/2) = exp[—io,0/2], tan(#) = E,/21,0®) commutes
with (B7). Omitting afo and ac~ terms we obtain the standard Jaynes—Cummings interaction term
Hin = hg(act +alo™).

To summarise, the different terms of the expression for g can be understood as follows: V; = 27E,/2e is
the voltage on the CQPS qubit associated with a phase slip event, C,_ is the capacitance coupling the
resonator-qubit system, V,, = /fimw/C, cos(mmx/L) is the voltage of the mth resonator mode, and the
cosine term comes from the position dependence (x) of the standing waves in the resonator.

Table 4 demonstrates the fitted g/27 parameters for qubits on the different resonator modes, taking the
E; from the spectrum fittings in table 2. The fitted coupling strengths expected are in general agreement to
those predicted by (B8), with weaker coupling resulting in a larger disparity.

8
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Table 4. Summary of fits to various qubit-resonator anticrossings. Expected values are evaluated with (2), using the qubits energies in
table 2, resonator parameters in table 1 and a coupling capacitor C;—, = 0.3 fF that reproduces the experimental values well.

Qubit Mode m g/2m expected (MHz) g/2m fitted (MHz)
3 2 16.5 16.4
3 2.5 2.6
4 23.1 23.0
5 2 21.6 21.5
3 8.0 7.8
6 2 16.0 16.0
3 10.1 9.8
12 2 24.5 24.4
3 18.3 18.0
4 27.0 27.1
5 34.3 33.8

Appendix C. Transmission profile

The master equation:

p= —i[H,p]H?[p]

R
g AP i
=iy lo2p — poz] —i6, [a'ap — pa'a]
fig[amrpfpacu_+aTa_pfpaTJ_] (C1)

_ i% [ap —pa+alp— paT] + g [ZapaT —alap — paTa}

T, T,
+— [20-pos —0or0_p—poio_]+ —=[ozp0; — p]

is solved in the qubit-resonator basis |e,n),|e,n+ 1) ,|g,n),|g,n+ 1) in the case of low photon number in
the resonator (n=0and n=1).

An analytical solution is found by evaluating for the stationary state p = 0 and using the low drive limit
where O(Q?) — 0. Such evaluation directly gives the expectation value

<ﬂT> =Tr{ap} = p1o+ ps
Q/2 (C2)

) .

st (i)

The expectation value (C2) defines the field in the resonator (rotated relative to equation (B1) by a phase
factor):

V, ((a) + (a')). (C3)

This field induces a displacement current across capacitance Cy through which the resonator couples to the
output line (Iy = V;/Zgp = V,/(1/iwCy)) which generates a voltage in the output transmission line with
impedance Z

Vout (£) = V,((a) + (a")) [iwCi] Z (C4)

9
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Substituting in the values will give

Vout (1) = —iwCrZV, f/z/ié/ +h.c
= —ikaZVr% gz/dq’l—(sr/ +h.c
——iwcizy, [ SR | T e (Cs)
= —iwCiZViy [;ﬂ h—w gz/dqflé; +h.c.
_ 7% Vi Ciéujz gz/(;;— 5 +h.c

where: 0y = J, +i(I'12 + ') and , = 6, +ix/2 and h.c. is the Hermitian conjugate. Then a simple ratio
gives the transmission coefficient:

1
g2/5q’—

Vou  .1Cw?Z
= —1—
‘/in 2 Cf

(Ce)

57 +h.c.

Appendix D. Justification for weak driving regime

Multiple photon excitations are visible when the system is subject to a strong drive of —10 dBm, see figure 6.
Each of the simulated lines corresponds to F=wqubit £ MWresonator for 7= 0, 1,2,3. Multi-photon processes with
n > 4 are not resolvable. For the qubit characterisation measurements, in figure 2 and figure 3, the driving
power was —25dBm (30 times weaker), eliminating # > 1 processes and allowing for both |n =0) ,|n = 1)
and O(Q?) — 0 approximations to be made in the solution of the master equation (3).

16 A

Frequency w/27 (GHz)

T T
5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8

Flux ®/®,

Figure 6. Multi-photon processes under strong drive: Spectrum of a qubit is taken under a strong —10dBm drive at room
temperature (subsequent attenuation of —83 dB inside the cryostat was the same for all measurements) showing the +n =3
photon excitation processes.
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(b) Capacitive, g
—— Inductive, g,

<100 91>02g 1

I

=

N

~

Ul L 1

0.0 0.5 1.0 1.5 2.0
3/,

Figure 7. Comparison of inductive and capacitive coupling strengths: (a) Energy of a CQPS qubit as a function of the magnetic
field evaluated with (1); (b) Comparison of inductive (blue, g;) and capacitive (red, g) coupling strengths at different values of
wy(®). Inductive coupling strength peaks at the flux degeneracy points, getting substantially weaker away from it (region where
qubit has good inductive coupling g7 > 0.2g is shaded in blue). Experimentally this weak interaction makes it harder to detect the

CQPS qubit away from the degeneracy point. Simulations were run for a resonator C, = 60fF, L, = 1600nH, E;/h = 1.5GHz and
M =10nH (12 pH used in [5]).

Appendix E. Inductive coupling

Galvanic coupling of the qubit’s persistent current I, and the resonator current I, via a shared inductance M
is represented in the persistent current basis by [5, 26]

Hin = M0, (E1)

Diagonalising the Hamiltonian using the same U, (6/2) rotation as appendix B transforms this interaction
term into a representation in the qubit eignebasis {|g), |e) }

i = LMI,U (0/2) 02U, (0/2)
= [,MI, (cos (0) o, +sin (0) o)
2,0 E )

T S
= IrMIp (MUZ+ T%Ux

(E2)

Inserting the resonator current [27] for the odd modes at x =0 (even modes  sin(k,,x) have a node at x =0
and thus do not contribute) I, = I,,(a + a') cos(k,x), I, = \/Aimw, /2L,

21,6 E,
Hy = I1,MI, (a+a) ( o+ 0x>
q

hw, hw
(E3)
=h (a—i—aT) ZIP(S(I’J +o
gI Es z x|
with a coupling strength
E
hgr = I,MI,——. E4

81 P g (E4)

Finally, transforming (E3) into a form that resembles the Jaynes—Cumming Hamiltonian by moving into the
interaction picture using rotation U = exp[iH,t/H]
UH], U' = hg (aUJrei(“q_“’)t + h.c.)

x hg (ao_ (Wit 4 gt etilwaten)t h.c.)
21,60
E;

(E5)

x hgr o, (ae™ ™" + aTe"“”t) )
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The last term in (E5) will be a modification to the qubit energy, while the middle term is ignored in the
rotating wave approximation when w, ~ wy, leaving

hgr (aoy +a'o_) (E6)

as the term describing inductive interaction between the qubit and resonator in analogy to (B7).

As seen from (E4), the coupling strength depends on the energy (fiw,), or effectively the bias magnetic
field (§®), which is not present in capacitive coupling (see (B8)). This is because capacitive coupling is
traverse (g o< o,) which promotes a direct flux state exchange, while inductive coupling is longitudinal
(g x 0,) which instead modifies the persistent current of and hence the energy of the qubit. Figure 7
illustrates the difference in behaviour of the coupling strengths as a function of flux.
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