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A classical battery converts chemical energy into a persis-
tent voltage bias that can power electronic circuits. Similarly, 
a phase battery is a quantum device that provides a persis-
tent phase bias to the wave function of a quantum circuit. It 
represents a key element for quantum technologies based 
on phase coherence. Here we demonstrate a phase battery 
in a hybrid superconducting circuit. It consists of an n-doped 
InAs nanowire with unpaired-spin surface states, that is 
proximitized by Al superconducting leads. We find that the 
ferromagnetic polarization of the unpaired-spin states is effi-
ciently converted into a persistent phase bias φ0 across the 
wire, leading to the anomalous Josephson effect1,2. We apply 
an external in-plane magnetic field and, thereby, achieve 
continuous tuning of φ0. Hence, we can charge and discharge 
the quantum phase battery. The observed symmetries of the 
anomalous Josephson effect in the vectorial magnetic field 
are in agreement with our theoretical model. Our results 
demonstrate how the combined action of spin–orbit coupling 
and exchange interaction induces a strong coupling between 
charge, spin and superconducting phase, able to break the 
phase rigidity of the system.

At the base of phase-coherent superconducting circuits is the 
Josephson effect3: a quantum phenomenon describing the flow of 
a dissipationless current in weak links between two superconduc-
tors. The Josephson current IJ is then intimately connected to the 
macroscopic phase difference φ between the two superconduc-
tors via the so-called current–phase relationship (CPR) IJ(φ). If 
either time-reversal (t → −t) or inversion ( r!! � r!

I
) symme-

tries are preserved, IJ(φ) is an odd function of φ and the CPR, 
in its simplest form, reads IJðφÞ ¼ IC sinðφÞ

I
 (ref. 4), with IC being 

the junction critical current. This means that, as long as one of 
these symmetries is preserved, an open Josephson junction (JJ; 
IJ = 0) cannot provide a phase bias or, accordingly, a JJ closed on 
a superconducting circuit (φ = 0) cannot generate current. As a 
consequence, the implementation of a phase battery5 is prevented 
by these symmetry constraints, which impose a rigidity on the 
superconducting phase, a universal constraint valid for any quan-
tum phase6,7.

The break of time-reversal symmetry (alone) maintains the phase 
rigidity but enables two possible phase shifts, 0 or π, in the CPR. 
The 0–π transition has been extensively studied in superconductor/
ferromagnet/superconductor junctions4,8, which has applications 
in cryogenic memories9,10. On the other hand, if both time-reversal 

and inversion symmetries are broken, a finite phase shift 0 < φ0 < π 
can be induced2,11 and the CPR reads as follows:

IJðφÞ ¼ IC sinðφþ φ0Þ: ð1Þ

A junction with such CPR, defined as a φ0-junction1, will gener-
ate a constant phase bias φ = −φ0 in an open circuit configura-
tion, while when inserted into a closed superconducting loop it 
will induce a current I ¼ IC sinðφ0Þ

I
, usually denoted as an anoma-

lous Josephson current. Recently, anomalous Josephson currents 
have been the subject of theoretical5,12 and experimental works13–15 
envisioning direct applications in superconducting electronics and 
spintronics5,16.

Lateral hybrid junctions made of materials with a strong spin–
orbit interaction13,15 or topological insulators14 are ideal candidates 
to engineer Josephson φ0-junctions. The lateral arrangement breaks 
the inversion symmetry and provides a natural polar axis ẑ per-
pendicular to the current direction. Moreover, the electron spin 
polarization induced by either a Zeeman field or the exchange inter-
action with ordered magnetic impurities breaks the time-reversal 
symmetry. In this case, the anomalous φ0-shifts are ruled by  
the Lifshitz-type invariant in the free energy (FL), which has the  
following form2:

FL  f ðα; hÞðnh ´ ẑÞ  vs; ð2Þ
where f(α,h) is an odd function of the strength of the Rashba coef-
ficient α and the exchange or Zeeman field h, nh is a unit vector 
pointing in the direction of the latter and vs is the superfluid veloc-
ity of the Cooper pairs flowing in the JJ. The scalar triple product 
then defines the vectorial symmetries of φ0, while the amplitude of 
the shift depends on sample-specific microscopic details as well as 
macroscopic quantities like temperature.

Driven by the geometric condition for a finite φ0-shift (equation 
(2)), we realized a phase battery (Fig. 1a,b) consisting of a JJ made 
of an InAs nanowire (in red) embedded between two Al supercon-
ducting poles (in blue). The supercurrent, and hence vs, flows along 
the wire (x direction), which is orthogonal to the effective SU(2) 
Rashba magnetic field vector pointing out of the substrate plane  
(z direction) hosting the InAs nanowire (SU(2) stems for the special 
unitary group of degree 2). In the same nanowire, surface oxides or 
defects generate unpaired spins behaving like ferromagnetic impu-
rities (represented by yellow arrows in Fig. 1a) that can be polarized 
along the y direction to provide a persistent exchange interaction h 
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in this direction. This leads to a finite triple product in equation (2) 
and, consequently, to the anomalous φ0 phase bias.

An Al-based superconducting quantum interference device 
(SQUID) is used as a phase-sensitive interferometer made with two 
anomalous φ0JJs (in red), as shown in Fig. 1b,c (see Supplementary 
Information for fabrication detail). The device geometry has been 
conceived to maximize the symmetry of the two JJs (ref. 17) to 
accumulate the two anomalous φ0-shifts when applying a uniform 
in-plane magnetic field. The anomalous phase shift in the SQUID 
critical current is then given by the following:

ISðΦÞ ¼ 2IC cos π
Φ

Φ0
þ φtot

2

� �����
����; ð3Þ

where IC is the critical current of each JJ, Φ is the magnetic flux 
piercing the ring, φtot = 2φ0 is the total anomalous phase shift in the 
SQUID interference pattern resulting from the φ0-shifts in each 
of the JJs (see Section III of the Supplementary Information for 
details) and Φ0 = 2.067 × 10−15 Wb is the flux quantum. This model 
provides a good description of the SQUID interference pattern dis-
played in Fig. 1e, which shows the voltage drop across the SQUID 
as a function of the out-of-plane magnetic field Bz and bias current 
I. The red-coloured region of Fig. 1e, corresponding to zero volt-
age drop, indicates the dissipationless superconducting regime, and 

the edge of this region provides the IS(Φ) dependence. The green 
line on top of the colour plot is the best fit of IS(Φ) from equation 
(3), with IC ≈ 300 nA and no phase shift φtot ≈ 0. The latter condi-
tion is consistent with the absence of the anomalous phase when 
the magnetic field has only a component in the ẑ direction and 
the magnetic impurities are not polarized (that is, nh k ẑ

I
 in equa-

tion (2)). Notably, there is a replica of the IS(Φ) oscillations in the 
voltage drop ΔV(Φ) when I > IS, and the SQUID operates in the 
dissipative regime (blue region and curve in Fig. 1e,f), as conven-
tionally realized with strongly overdamped JJs (ref. 18). This oscil-
lation provides a complementary and fast method to quantify the 
SQUID phase shifts and is used in the following analysis. Additional 
measurements on similar devices can be found in Section VI of the 
Supplementary Information.

The temperature dependence of the device’s normal-state resis-
tance shows an upturn below ~80 K (see Fig. 1d), which is a clear 
signature of the presence of magnetic impurities that increase, at 
low temperature, the electron scattering events. The upturn can be 
well fitted by the Kondo model (yellow line of Fig. 1d) for spin 1/2 
of magnetic impurities with a density of ~4 ppm (see Section I of 
the Supplementary Information for more details on the fitting pro-
cedure). The presence of these unpaired spins can be ascribed to 
the nanowire surface oxides, as already observed in undoped metal 
oxide nanostructures19, even if defects in the nanowire crystalline 
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Fig. 1 | Josephson phase-battery device. a, Conceptual scheme of a Josephson phase battery composed of an InAs nanowire (red) embedded between 
two superconducting poles (blue) converting the spin polarization of surface unpaired spins (yellow) into a phase bias φ0. The battery, inserted into a 
superconducting circuit, can generate a supercurrent proportional to sinðφ0Þ

I
. b, Schematic illustration of the hybrid InAs-nanowire–aluminium-SQUID 

interferometer used to quantify the phase bias φ0 provided by the two JJs (in red). The ring lies in the x−y plane with the nanowire parallel to the x axis.  
A magnetic field Bz piercing the ring is used to modulate the SQUID critical current (IS) measured with a four-wire set-up. I is the current flowing 
through the interferometer, whereas ΔV is the resulting voltage drop across the device. c, False-coloured scanning electron microscopy image of the 
active region of the phase battery composed by the two φ0-junctions. By is the in-plane magnetic field orthogonal to the nanowire. d, Temperature 
dependence R(T) of the normal-state resistance of the interferometer showing a Kondo upturn at low temperatures that is consistent with a background 
of magnetic impurities. From the fit (yellow curve) we estimate a spin density of ~4 ppm. Error bars indicate the resistance standard deviations between 
two temperature points. e, Voltage drop ΔV measured across the SQUID versus current bias I and magnetic flux (field) Φ(Bz). The periodicity of IS as a 
function of Bz translates into a periodicity on the flux Φ = BzA through the ring with an effective area A ≈ 4.9 μm2, consistent with the area estimated from 
Supplementary Fig. 9 in the Supplementary Information. The green line is the best fit of the SQUID critical current IS(Φ) (equation (3)) defined by the 
interface between the dissipationless regime (red area) and the dissipative regime (coloured). f, Traces of ΔV(Φ) from e, measured for two selected values 
of the current bias (below and above 2IC) that demonstrate the Φ0-periodicity in both the dissipationless and dissipative regimes. Data in e and f were 
recorded at a bath temperature of 50 mK.
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structure20 cannot be excluded a priori. Although the amount of 
intrinsic magnetic impurities is not fully controllable, their presence 
is crucial for the operation and implementation of the phase battery, 
as discussed below.

Following the condition imposed by a finite Lifshitz invariant 
term (equation (2)), we apply an in-plane magnetic field orthogonal 
to the nanowire axis (By) to maximize the effect. The IS(Φ) depen-
dence then evolves with a clear generation of an anomalous phase 
shift, as presented in the panels of Fig. 2. The evolution of ΔV(Φ)  
as a function of By ranging from −60 mT up to 60 mT is visible in  
Fig. 2a and in the selected single traces of Fig. 2b. The resulting phase 
shift, φtot exhibits a non-monotonic evolution as a function of By, 
with a maximum shift at By ≈ 5 mT and a saturation for ∣By∣ ≳ 30 mT 
(yellow curve in Fig. 2c). When the field is reversed, a hysteretic 
behaviour is observed (green curve in Fig. 2c), and the evolution 
of φtot reverses with a minimum shift at By ≈ −5 mT. The change of  
sign of the phase shift agrees with the theoretical prediction of equa-
tion (2) when h → −h, whereas the observed hysteretic behaviour 
suggests a ferromagnetic coupling between the magnetic impurities 
in the nanowire. Trivial hysteretic phase shifts induced by a trapped 
flux in the superconductor21 or in the SQUID ring can be excluded 
(see Section V of the Supplementary Information for more details). 
At low temperatures, the coexistence of Kondo and ferromagnetism 

is not unusual19 and describes well the hysteretic non-monotonic 
behaviour observed in φtot(By). Indeed, due to the antiferromagnetic 
nature of the Kondo interaction, the effective exchange field created 
by these unpaired spins is opposite to the Zeeman field generated 
by By so that the two contributions are competing in the anomalous 
phase with a partial cancellation.

This additional component is confirmed by the observation of 
an intrinsic phase shift, φint, which is present even in the absence 
of the in-plane magnetic field (By = 0) if a finite By has been pre-
viously applied, as shown in Fig. 2d,e. Since it stems from a fer-
romagnetic ordering, φint depends only on the history of By, and 
again, the evolution of φint(By) can be extracted and is presented in 
Fig. 2f. In contrast to the total phase shift, φint follows a clear and 
almost monotonic behaviour that shows a hysteresis in the back 
and forth sweep direction (blue and red curves of Fig. 2f). The φint 
saturates at ∣By∣ ≳ 15 mT in the two asymptotic limits with a total 
phase drop of ~π. Furthermore, during the first magnetization of 
the SQUID, a clear curve resembling the initial magnetization curve 
of a ferromagnet has been observed (see Supplementary Fig. 2 in the 
Supplementary Information), confirming the ferromagnetic nature 
of the impurity ensemble.

We now analyse the extrinsic contribution to the phase shift, φex, 
which stems directly from the external B field. Due to the additive 
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Fig. 2 | Charging loops of the Josephson phase battery. a, Voltage drop ΔV(Φ) at constant current bias I = 1 μA versus in-plane magnetic field By applied 
orthogonal to the nanowire axis. At large ∣By∣, the amplitude of ΔV(Φ) is lowered due to the suppression of superconductivity inside the wire. Each trace is 
vertically offset for clarity. b, Selected traces ΔV(Φ) extracted from a for different By. Data are vertically offset for clarity. c, Extracted phase shift φtot from 
the curves in a with back (green) and forth (yellow) sweeps in By. The shifts are extracted by comparing the single traces to the resistively shunted junction 

(RSJ) relation ΔV ¼ R
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2 � 4I2C cos ðπΦ=Φ0 þ φtot=2Þ2

q

I

18; see the dashed line in b, which serves as an example. d, Colour plot of the persistent voltage 
drop ΔV(Φ) measured at By = 0 after the magnetic field was swept to the values shown on the y axis. e, Selected traces ΔV(Φ) extracted from d. f, Intrinsic 
phase shift φint extracted from d. The φint stems from the ferromagnetic polarization of the unpaired spins. Error bars in c and f indicate the 1σ standard 
errors resulting from the fit of the curves in b and e. All data were recorded at 50 mK of bath temperature.
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nature of the anomalous phase in the exchange field, h in equa-
tion (2), it is possible to extract from φtot the extrinsic contribution 
φex = φtot − φint. This is depicted in Fig. 3a, where the evolution of φex 
in By is shown. Here, the agreement between the back (blue) and 
forth (red) traces in By demonstrates implicitly the absence of any 
hysteresis, ensuring the complete extraction of the intrinsic contri-
bution. Notice also that the behaviours of φint and φex in the magnetic 
field are opposite in sign, as expected from the competition between 
the exchange interactions induced by the Kondo antiferromagnetic 
coupling and a Zeeman field, further supporting our assumptions. 
The dependence φex(By) is characterized by a linear increase at low 
magnetic fields (∣By∣ < 15 mT) up to a maximum phase shift of ±π/2. 
Remarkably, our measurement reveals the odd parity of the anoma-
lous phase with respect to the magnetic field, one of the main sym-
metry hallmarks of this effect1,2. This parity is the consequence of the 
odd parity of the free energy FL with respect to the exchange field. At 
higher fields, non-linearities appear, suggesting a non-trivial evolu-
tion of φex in the magnetic field. In order to understand this behav-
iour, we have modelled our φ0-junction set-up by a lateral junction 
treated within the quasi-classical approach presented in the literature 
(ref. 2; see Section IV in the Supplementary Information). The result-
ing φ0 obtained from the above model is shown in the inset of Fig. 3a.  
It nicely reproduces the main features of φex: the linear dependence 
at small magnetic fields and the saturation at larger ones. Notice 
that within the scale of the magnetic field applied in the experiment, 
the field dependence of the anomalous phase looks as if it saturates 
at the value close to π/2. This value is however non-universal and 
depends on the characteristics of the nanowire. Moreover, if larger 

values of Bin could be reached, the anomalous phase of each junction 
would increase up to the universal plateau at π, as expected also for 
planar junctions2.

At small in-plane fields (Bin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
x þ B2

y

q

I

) the model leads to a 
simple expression for the anomalous phase:

φex  C1α
3Bin sinðθÞ þ OðB3

inÞ; ð4Þ

where θ is the angle between the field and the nanowire axis (see 
Fig. 3b), C1 is a parameter dependent on the temperature and 
the microscopic details of the JJ and O is the polynomial asymp-
totic notation. By using typical values of the parameters for the  
InAs/Al junction, we obtained a C1 ≈ 0.04π mT–1, in very good 
agreement with the experimental data (see Section IV in the 
Supplementary Information).

The odd symmetry of the anomalous phase dictated by the triple 
product in equation (2) can be further investigated by measuring  
φex over all the directions of the in-plane magnetic field. Figure 3c 
shows the full dependence of φex on the angle θ. As predicted from 
equation (2), the phase shift is very small for fields along the nanow-
ire axis (θ = 0, green trace in Fig. 3c), showing the maximum slope 
for the orthogonal magnetic field (θ = π/2, blue trace in Fig. 3c). 
The odd symmetry manifests clearly as well in the slope ∂φex

∂Bin
I

 in the 
low-field limit (Fig. 3d). The latter is perfectly fitted with a sinusoidal 
function of θ in agreement with equation (4) (red trace in Fig. 3d).

In summary, our results demonstrate the implementation of a 
quantum phase battery. This quantum element, providing a control-
lable and localized phase bias, can find key applications in different 
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quantum circuits such as an energy tuner for superconducting flux22 
and hybrid23 qubits, or a persistent multi-valued phase-shifter for 
superconducting quantum memories10,24 as well as superconducting 
rectifiers25. Moreover, the magnetic control over the superconduct-
ing phase opens new avenues for advanced schemes of topological 
superconducting electronics26 based on InAs JJs13,27. The weak con-
trol over the density of unpaired spins makes our proof-of-concept 
device difficult to reproduce in a massive reliable process. Further 
technological improvements can be envisioned by a controlled 
doping of the wires with magnetic impurities28 or by the inclusion 
of a thin epitaxial layer of a ferromagnetic insulator, like EuS29, as 
recently integrated in similar nanowires30.
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