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Voltage-Controlled Synthesis of Higher Harmonics in Hybrid Josephson Junction Circuits
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We report measurements of the current-phase relation of two voltage-controlled semiconductor-
superconductor hybrid Josephson junctions (JJs) in series. The two hybrid junctions behave similar to
a single-mode JJ with effective transparency determined by the ratio of Josephson coupling strengths of the
two junctions. Gate-voltage control of Josephson coupling (measured from switching currents) allows
tuning of the harmonic content from sinusoidal, for asymmetric tuning, to highly nonsinusoidal, for
symmetric tuning. The experimentally observed tunable harmonic content agrees with a model based on

two conventional (sinusoidal) JJs in series.
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Josephson junctions (JJs) support a dissipationless
supercurrent, /(¢), that depends on the phase difference,
@, between the leads [1]. In conventional superconduct-
ing tunnel junctions, sequential coherent transfer of
Cooper pairs results in a sinusoidal current-phase relation
(CPR) [2]. In contrast, highly transparent JJs allow
simultaneous coherent transport of n Cooper pairs,
yielding a nonsinusoidal CPR with higher harmonics,
I(p) = >, A, sin(ngp) [3-6].

Controlling the harmonic content of Josephson elements
is crucial for advancing superconducting quantum tech-
nologies. Circuits with tunable CPRs allow for simulating
the emergence of quantum phases and their transitions
[7,8]. Higher harmonics can be used to minimize the charge
dispersion of qubit states, thereby enhancing coherence
times [9—11], or to engineer double-well Josephson poten-
tials realizing parity-protected qubits with suppressed
relaxation and dephasing [12—18]. Furthermore, nonsinu-
soidal Josephson circuits enable nonlinear superconducting
elements [19,20], parametric amplifiers [21-23], and non-
reciprocal devices like Josephson diodes [24-27].

One of the main approaches for realizing nonsinusoidal
Josephson elements involves circuits comprising multiple
sinusoidal JJs. In these circuits, the total phase difference
is distributed across the individual JJs, leading to an
overall anharmonic behavior [2,28-30]. The resulting
CPRs depend on the Josephson energies, Ej, of each
junction but are largely independent of microscopic
details. One example is the Josephson rhombus with
four JJs in a loop [31-33].
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An alternative route to higher harmonics is based on
individual highly transparent JJs. Such junctions are
typically realized in superconductor-normal conductor-
superconductor structures with inherently nonsinusoidal
CPRs, given by [34]

o)=Y A _msin(o) (1)
"= i=1 2h 1—TiSin2(¢/2)’

where A is the superconducting gap, z; is the transparency
of the ith mode, and N is the number of modes. Junctions
with high transparency have been observed in various high-
mobility platforms, including semiconducting nanowires
[35-38], quantum wells [39-42], Van der Waals materials
[43—45], and topological insulators [46,47]. These systems
allow for voltage-controlled JJs [48-50], whose CPRs
depend on device-specific microscopic details affecting
the transparencies of each contributing mode and thus the
harmonic composition of the CPR.

Here, we investigate hybrid Josephson elements com-
posed of two semiconducting junctions in series with
voltage-tunable harmonic content. Previous theory showed
that CPR of two sinusoidal JJs in series can be described
by Eq. (1); see Ref. [27]. In this case, A is replaced by the
sum of the Josephson energies, ¢ = Ej; + E},, and the
effective transparency is given by 7 = 4p/(1 + p)?, where
p = Ey/Ey,. We experimentally tune p by changing the
ratio of the two-junction switching currents, Igw/Iswo,
and demonstrate a controlled transition from sinusoidal to

© 2024 American Physical Society
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FIG. 1. (a) Schematic of the measured device comprising two
parallel arms, each with two voltage-tunable JJs in series,
embedded in a loop with a reference junction for current-phase
relation measurements. (b) Color-enhanced scanning electron
micrograph of a reference device, taken before the deposition of
the global top gate. The exposed semiconductor is green, and the
epitaxial Al is blue. Colorized gate configuration highlights the
setup for measuring the CPR of arm 1, with conducting (depleted)
JJs under yellow (gray) gates. The inset shows an enlargement of
the two arms of the device. (c) Schematic cross section of a
junction showing the dual-gate configuration. The local gate (first
layer) tunes the Josephson coupling, while the global gate
(second layer, kept at —1.3 V throughout the experiment)
depletes the surrounding 2DEG.

highly nonsinusoidal CPR, with substantial contributions
from the first four harmonics. Realizing the same harmonic
content in a single JJ would require a mode with an intrinsic
transparency 7i, > 0.95, which remains challenging to
achieve in a controlled manner due to disorder-induced
fluctuations in Ej [51,52].

Devices were fabricated using an InAs two-dimensional
electron gas (2DEG) heterostructure, proximitized by an
epitaxial Al layer. The Al film was lithographically
patterned to form two parallel arms, each with two JJs
in series, denoted J, J, in arm 1, and J3, J4 in arm 2. Both
arms were embedded in a loop with a reference junction,
Jor, designed to have a much higher critical current
compared to the other JJs; see Figs. 1(a) and 1(b).
Individual junction Ti/Au top gates were metallized after
atomic layer deposition of HfOx, allowing for independent
electrostatic control. A second set of HfOx dielectric
and a global Ti/Au gate were fabricated to deplete the
surrounding 2DEG. The complete device stack is illustrated
in Fig. 1(c). The two arms showed similar results. We report
representative data from both devices in the main text and
present supporting data in the Supplemental Material [53].
Measurements were performed in a dilution refrigerator
with a three-axis vector magnet and base temperature of
20 mK using standard ac lock-in techniques in a four-
terminal configuration. Further details on wafer structure,
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FIG. 2. (a) Differential resistance, dV/dI, as a function of

current bias, 7, and J; gate voltage, V|, measured for arm 1 with
open J, (V, = 0). Arm 2 and J,; were pinched off (V, = -1V,
Vet = —1.5 V). (b) Similar to (a) but taken as a function of V,,
with V| = 0. For both junctions, the switching current is maximal
around V,V, =-0.5V and is fully suppressed at —0.8 V.
(c) Resistance as a function of I and flux-threading perpendicular
magnetic field, B | , measured with arm 1 and J,; open, but arm 2
isolated. The skewed oscillations in the switching current suggest
a highly nonsinusoidal current-phase relation.

sample fabrication, and measurements are given in the
Supplemental Material [53].

We begin by investigating the supercurrent transport
through arm 1, while keeping arm 2 and J s pinched off.
Differential resistance, dV/dI, as a function of current
bias, I, and gate voltage V| [Fig. 2(a)] or V, [Fig. 2(b)]
shows switching current, Igw, that initially increases
with decreasing gate voltage, reaching nearly 100 nA at
Vi,V, ~—=0.5V, but then gets fully suppressed at around
—0.8 V. A comparison of the switching and retrapping
currents shows no hysteresis, indicating overdamped junc-
tions [53]. To measure the CPR of arm 1, we open J,; by
setting Vs = 0 and apply a flux-threading perpendicular
magnetic field, B | . The measured dV/dI reveals a periodic
switching current of ~1 pA, modulated by nonsinusoidal
oscillations with an amplitude of ~100 nA and a period of
~2.5 pT [see Fig. 2(c)]. We attribute the large background
Isw to Jr and the oscillatory component, Algy, to the
flux-induced modulation of phase difference across the two
JJs in arm 1.

To better understand the origin of the nonsinusoidal
CPR, we model the measured Josephson elements as
two sinusoidal junctions in series, following Ref. [27].
The total energy of the system is Ei,; = Ej;[1 — cos(¢y)] +
Ey,[1 —cos(¢,)], with the total phase differences across
both JJs defined by the external phase bias ¢ = ¢; + ¢,
[2,28]. Minimizing the total energy under this boundary
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FIG. 3. (a) Theoretical current-phase relation of two sinusoidal
Josephson junctions in series [Eq. (2)] for various ratios of the
Josephson energies p = Ey/E},. The relation evolves from
sinusoidal to highly nonsinusoidal as p approaches 1. (b) Mapping
between p and the transparency of a single-mode junction, 7.

condition yields the phase dependent ground-state energy

Eo(p) = =o\/1=[4p/(1 + p)’Isin* (¢/2).
pondmg CPR is given by

The corres-

2€6E0

I(p) = =20

@) =33
_ec 4p sin((p) 2)
2h 14p) \/1 7sm (p/2)

We note that Eq. (2) has the same functional form as the
expression for CPR of a transparent single-mode junction
described by Eq. (1), where ¢ acts as A and the term
4p/(1 + p)?* serves as 7. The symmetrized case (p = 1)
corresponds to one fully transmissive mode (z = 1), with
highly nonsinusoidal CPR [Fig. 3(a)]. Away from the
symmetry point, the effective transparency decreases
but remains 20.9 for p between 0.5 to 2 [Fig. 3(b)]. In
the limit of p > 1 and p <« 1, the CPR of the double JJ
approaches the CPR of the single JJ with the smaller Ej. We
find that a purely sinusoidal CPR of the individual JJs is a
good approximation as long as 4p/(1 + p)? is larger than
the intrinsic transparencies of the JJs. The case of non-
sinusoidal JJs is studied numerically in the Supplemental
Material [53].

To test the model experimentally, we investigate the CPR
of arm 2 for different junction configurations (analogous
data from arm 1 is presented in the Supplemental Material
[53]). In the desymmetrized case, with highly conductive
J3 and nearly depleted J4 (V3 =0, V4, = —0.76 V), the
switching current exhibits roughly sinusoidal modulations;
see Fig. 4(a). We attribute the additional fine modulations
in the switching current to the switching statistics of the
superconducting circuit. For a quantitative analysis, we
extract the oscillatory component of the switching current,
Algy, corresponding to the CPR of arm 2 [Fig. 4(b)].
Fitting these data to Eq. (2) yields p = 0.02 & 0.02 [orange
curve in Fig. 4(b)]. Taking a fast Fourier transform of the
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FIG. 4. (a) Differential resistance, dV/dI, as a function of

current bias, /, and perpendicular magnetic field, B , for arm 2
in the desymmetrized regime (V3 =0, V, = —0.76 V), with
open Jt (Ve =0) but pinched-off arm 1 (V; =-1,
V, = —1 V). (b) Switching-current oscillations, Algyw, inferred
from data in (a). Fit to Eq. (2) yields p = 0.02, corresponding to
an effective 7 = 0.09. (c) Fast Fourier transform amplitude of
Algy from (b), in the range of B;, = —140to —110 pT. The red
bars indicate the expected amplitude of the harmonics calcu-
lated from the ratio of the switching currents of J; and J,.
(d)—(f) Same as (a)—(c) but for the symmetrized case with V3 =
0 and V, = —0.56 V. The fit to Eq. (2) in (e) yields p = 0.63,
corresponding to an effective 7 = 0.95.

measured Algy reveals the harmonic content of the CPR,
characterized by a prominent peak at the first harmonic (2¢)
and nearly absent higher-order components [Fig. 4(c)]. The
observed Fourier spectrum agrees well with the expected
harmonic amplitudes [red bars in Fig. 4(c)], determined by
the independently measured ratio of the switching currents,
p = Isws/Isws = 0.08 £ 0.07, with the confidence inter-
val based on the width of /gy features.

In the symmetrized scenario, with both J3 and J, open
(V3 =0, V4 = -0.56 V), the oscillatory component of /gy
displays a highly nonsinusoidal, sawtoothlike behavior;
see Fig. 4(d). A fit of Eq. (2) to the extracted Algy yields
p = 0.63 £ 0.01 [Fig. 4(e)]. Mapping this value to a single-
mode JJ corresponds to a transparency of 7 = 0.95 £ 0.05.
The Fourier transform of Algy reveals considerable
contributions from the first four harmonics (e, 4e,
6e, and 8e), in a good agreement with the expected
harmonic amplitudes based on independently measured,
p = Isws/Isws = 0.82 £ 0.02; see Fig. 4(f). Arm 1 shows
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FIG. 5. (a) Ratio of second to first harmonic amplitudes,
Aye/Ase, determined from fits to CPR, plotted against independ-
ently measured p = Igw;/Isw> for arm 1. Error bars indicate
uncertainties in the fits to Eq. (2). Data were taken with varying V
between —0.75 and —0.5 V and fixed V, = —0.62 V. The dashed
red curve is the expected A,. /A, based on the measured switching
currents. Inset: gate-voltage evolution of the total switching
current, [, of arm 1 determined from fits to CPRs. (b) Measured
and (c) expected Ay./A,, ratio as a function of V; and V,.

similar behavior for symmetrized and desymmetrized
configurations [53].

Finally, we demonstrate experimentally a deterministic
control of harmonic content by investigating the CPR of
arm 1 as a function of V', keeping V, fixed. To quantify the
nonsinusoidal nature of the CPR, we Fourier transform the
measured Algyw and study the ratio between the second and
first harmonic, A4./A,.. Figure 5(a) displays a parametric
plot of A4 /A,  against the independently measured
p = Iswi/Isw2, with V| varying from —0.75 to —0.5 V
and V, set to —0.62 V. The measured A,./A,. follows the
expected behavior based on Eq. (2) [dashed red curve in
Fig. 5(a)], reaching a value of A4./A,. ~ 0.3 around p = 1,
lower than the theoretical maximum of 0.4. Arm 2 shows a
qualitatively similar behavior, with a weaker p dependence
of A4./A,., which we attribute to a non-negligible intrinsic
junction transparency (see Supplemental Material [53]).

It is unlikely that the observed discrepancy between
measured and expected A 4. /A, near p = 1 is due to thermal
smearing, as kg7 ~ 2 peV is about 2 orders of magnitude
smaller than the Josephson energy nAlgy/2e ~ 0.2 meV.

To examine the self-biasing as a possible explanation,
we estimate the kinetic inductance of the superconducting
loop to be Lk ~300 pH [54]. This indicates that the
nonlinearities between the total and external fluxes,
® = @, — LxAlgw (), can amount to ~1% of the super-
conducting flux quantum, @, [39]. The estimated geometric
inductance of the loop, Lg ~ 40 pH, is considerably smaller
and thus negligible compared to L. Instead, we suspect that
the measured values of A4 /A,. are limited by flux noise
originating from the relatively large loop area and wide
leads, resulting in a smearing of the CPR.

A map of Ay./A,., measured as a function of V; and V,,
reveals that the ratio of the first two harmonics is maximal
along the diagonal where V| ~ V,, with the stability range
expanding at less negative voltage; see Fig. 5(b). The data is
in good qualitative agreement with the expected A./As.
based on Eq. (2) and the independently measured Igy; (V)
and Igw,(V,) [Fig. 5(c)]. We note that away from pinch-
off, As./A,. remains approximately constant for sym-
metrized arm 1, whereas its total switching current,
Lot = 6p/ @ (1 + p)?, continues increasing with the gate
voltages; see the inset in Fig. 5(a). This highlights the
unique feature of the investigated hybrid Josephson ele-
ments, namely the independent voltage control of the
harmonics content (characterized by A,./A,.) and the
effective Josephson energy (represented by /).

In summary, we have demonstrated an experimental
method to deterministically synthesize tunable and highly
nonsinusoidal Josephson elements consisting of two junc-
tions in series, implemented in an InAs/Al hybrid hetero-
structure. The approach combines the advantages of voltage
control and resilience against microscopic device-to-device
variations. By controlling the switching current of each
junction, the effective Josephson energy and harmonic
content of the Josephson element can be tuned independ-
ently. Our findings pave a new way for the realization
of alternative superconducting qubits with improved coher-
ence times, such as charge-insensitive qubits based on high
effective transmission [9,10] or parity-protected qubits in a
cos(2¢) potential [16,18]. The in situ tunability of the
Josephson potential enables advanced qubits operation
schemes [55], tunable parametric amplifiers [21-23], non-
linear Josephson circuits [56-58], and nonreciprocal
Josephson diodes [25,27,59].
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