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Abstract 

A zero-magnetic-field Josephson diode effect (JDE) is observed in an asymmetric 

superconducting quantum interference device (SQUID) mediated by Dirac semimetal Cd3As2. 

Herein it is shown that phase coupling between the surface and bulk superconducting channels, a 

unique phenomenon recently identified in the observations of fractional Josephson effect and 

Leggett modes in Cd3As2, can break time reversal symmetry (TRS) and, therefore, give rise to 

the zero-field JDE. It is identified that the efficiency of the JDE can be readily controlled by 

varying the geometry of the Josephson junction (JJ) arms in the SQUIDs, thus providing an 

explanation of different JDE behaviors in two SQUIDs examined in this work. Our results are 

anticipated to have important implications in superconducting electronic circuit applications. 

 

  



2 
 

The diode effect in a p-n junction plays an important role in modern microelectronics. Due to 

broken inversion symmetry between the electron (n) and hole (p) doped regimes, electronic 

transport is non-reciprocal, i.e., electrical current can flow only in one direction. This non-

reciprocal nature has been widely utilized in electronic devices such as transistors, light-emitting 

diodes, solar cells, etc.  

 

Recently, a similar diode effect has attracted a great deal of interest in superconducting systems 

[1-62]. Like the diode effect in the p-n junctions, the superconducting diode effect (SDE), or 

specifically the Josephson diode effect (JDE) in Josephson junctions (JJs), is expected to find 

important applications such as passive on-chip gyrators and circulators. Such devices would be 

particularly impactful in quantum computing applications [63]. Moreover, the SDE/JDE can be 

utilized as an alternative method to study novel superconductor properties, such as finite 

momentum Cooper pairing [2,10].    

 

In a typical JJ or superconducting quantum interference device (SQUID), the I-V curve is linear 

in the high current regime where the device is in the normal state, see Figure 1d. The voltage Vdc 

drops abruptly to zero at the so-called retrapping current I+r (for the current sweeping down) and 

stays at zero over a large current range until a switching current -I-c is reached. Herein, we take 

this switching current as the critical current (Ic) of the JJ and use the terminology of critical 

current throughout in the paper. Beyond -I-c, the I-V curve becomes linear, and the device enters 

the normal state again. For the current sweeping up curve, a similar shape in the I-V curve is 

observed, and the positions of corresponding -I-r and I+c are marked.  In general, I+c = I-c, 

independent of current sweeping directions as long as either time reversal symmetry (TRS) or 

inversion symmetry is present.  However, when both symmetries are broken, the critical current 

can display different values depending on which direction the current is swept, a phenomenon 

called the JDE [1,2]. Inversion symmetry is broken in non-centrosymmetric superconducting 

systems or in device structures such as asymmetric SQUIDs as we will discuss in this work. 

However, superconductors with intrinsic broken TRS are rare because superconducting 

condensates are typically formed by pairs of electrons related by TRS.  Consequently, external 

magnetic (B) fields [3] or magnetic heterostructures [4,5] are exploited to break TRS. In this 



3 
 

regard, it is surprising that in recent experiments the JDE was observed at zero B field in non-

magnetic materials [6,7,62], thus calling for more investigations into Josephson junctions made 

of topological quantum materials [64] where non-trivial band topology and topological 

superconductivity are shown to facilitate the JDE [9-19].  

 

In this paper, we demonstrate JDE in two asymmetric SQUIDs made of Dirac semimetal [65,66] 

Cd3As2, see Fig. 1. In SQUID1, the efficiency ηc of JDE, defined by ηc = (I+c - I-c)/(I+c + I-c), is 

very weak and essentially zero at zero B field. It becomes finite at finite B fields. In SQUID2, 

surprisingly, a large JDE is observed at zero B field, with an efficiency of ~ 9%. Our analysis 

based on the resistively shunted junction model suggests that a definitive phase coupling 

between the surface and bulk superconducting channels can break TRS at zero B field. This, 

together with the geometric difference in the two JJ arms in asymmetric SQUIDs, is responsible 

for the observation of the zero B field JDE. Furthermore, our theoretical simulation shows that ηc 

depends on the geometry of SQUIDs, thus providing an explanation of non-observation of zero-

field JDE in SQUID1.  

 

Figs. 1a and 1b shows the scanning electron microscope images of the two SQUIDs we studied 

in this work [see the Supplemental Material (SM) for details [67]]. For electronic measurements, 

the devices are cool-down and emersed in a cryogenic liquid at a temperature of ~ 0.2 or 0.03 K, 

well below the proximity-effect induced and Al superconducting transition temperatures.  

 

SQUID1 Results. I-V curves measured in SQUID1 at T = 0.2 K at B = 0 and 16 mT are shown 

in Fig. 1c and Fig. 1d, respectively. In both cases, current is swept first from – 7 µA to + 7 µA 

and then from + 7 µA to – 7 µA. Multiple switching behavior is observed for both Ic and Ir, see 

inset of Fig. 1c. Here, we use the first switching position to define Ic and Ir. This multiple 

switching behavior is suppressed under a finite B field, for example, at 16 mT (Fig. 1d). 

Moreover, at B = 0, the current up and down traces overlap almost perfectly (baring the multiple 

switching events), and Ic and Ir are close to each other for either current direction. However, at a 
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finite B field, e.g. B = 16 mT, Ic and Ir differ considerably in the same current sweeping trace. 

For example, I+r = 3.8 µA, while I-c = 5.82 µA in the current sweeping down trace.  

 

Differential resistance dV/dI [67] is measured together with the I-V curves. The 2D color plots of 

dV/dI in SQUID1 as a function of DC current and B field for current sweeping up and down are 

shown in Figures 2a and 2b, respectively. The uniformly colored blue area in the middle 

represents the proximity [68] induced supercurrent regime [69-73], and the sharp edge of the 

region highlights the value of 𝐼𝐼𝑐𝑐 (as well as 𝐼𝐼𝑟𝑟). The B field dependence of 𝐼𝐼𝑐𝑐 (as well as 𝐼𝐼𝑟𝑟) 

contrasts with the typical oscillatory pattern expected in a conventional SQUID where 𝐼𝐼𝑐𝑐 

oscillates with the B fields with a period inversely proportional to the area of the SQUID ring. 

Instead, 𝐼𝐼±𝑐𝑐 (as well as 𝐼𝐼±𝑟𝑟) displays a non-oscillatory, non-monotonic magnetic field 

dependence. Starting from B = 0, 𝐼𝐼±𝑐𝑐 and 𝐼𝐼±𝑟𝑟 first increase with increasing magnetic field 

strength, reach a maximal value which depends on the current sweep direction, and then decrease 

with further increasing magnetic fields. Eventually, both 𝐼𝐼±𝑐𝑐 and 𝐼𝐼±𝑟𝑟 become zero when the B 

field reaches the critical magnetic field (~ +/- 35 mT [69]) of the superconducting Al thin film, at 

which the proximity effect disappears. The enhancement of 𝐼𝐼±𝑐𝑐 with B around the zero field is 

strikingly large, it reaches 214% of its zero-field value at B ~ 11-12 mT. We notice here that, 

interestingly, this maximum enhancement is similar to what is reported in Ref. [74]. The large 

increase in Ic is dramatically different from that in a single JJ also made of Cd3As2 where the 

maximal enhancement was merely 4% [69]. On the other hand, we notice that similar magnetic 

field response of Ic (and Ir) was also observed [19,75-77] in the past in JJs with broken TRS and 

was attributed to the existence of two supercurrents that are out of phase with each other [19]. 

The same mechanism should also be responsible for the observed magnetic field response in our 

device.  

 

Magnetic field responses of I+c and -I-c are plotted for SQUID1 in Figure 2c. Τhe efficiency of Ic 

JDE ηc is plotted in Figures 2d. At B = 0, ηc is very weak and essentially zero. As B increases, 

ηc becomes finite and displays an even function of B field dependence around B = 0. At high B 

fields in the negative and positive directions, different B-dependent behaviors are observed. In 



5 
 

the negative B field regime, ηc saturates to a value of ~ 2.5% beyond -5 mT. On the other hand, 

in the positive B field regime, after reaches a local maximum of ~ 2.5% at B ~ 5mT, ηc starts 

decreasing, and becomes negative for B > 10 mT. The magnitude of ηc continues to increase 

beyond ~ 20 mT when the differential resistance become non-zero over the whole DC current 

range, as indicated by the color change in Figs. 2a and 2b. Overall, ηc displays a diode-like 

behavior with the B field. This might be due to the interplay of an external magnetic field and the 

possible spontaneous breaking of time-reversal symmetry in Al-Cd3As2 heterostructures, but its 

exact origin is presently not known.  

 

The B field dependence of retrapping current (I+r and -I-r) and its efficiency ηr = (I+r-I-r)/(I+r + I-r) 

are shown in Figures 2e and 2f, respectively. ηr also shows a diode-like behavior with the B 

field. ηr ~ 0 between B = -20 and B = 10 mT, and then becomes finite and increases with 

increasing B fields. Ir depends on the dissipative current in the normal state. Non-reciprocal Ir 

represents another aspect of the JDE and has also been observed in recent experiments [5, 10, 

49]. It has been shown that in the dissipative regime in the presence of a strong spin-orbit 

coupling, which is known to exist in Cd3As2, I+r ≠ I-r can occur [1]. It is interesting that both ηc 

and ηr follow a similar diode-like behavior with the B fields. Future studies will be focused on 

understanding this apparent correlation.     

 

SQUID2 Results. In this SQUID, a large magnetic-field-free JDE is observed. The I-V curves at 

B = 0 T for DC currents sweeping up and sweeping down are shown in Figure 3a. For the trace 

of current swept down from 6 µA to -6 µA, I-c = 2.99 µA. For the trace of current sweeping up, 

I+c = 3.62 µA. This value is significantly larger than I-c (I+c – I-c = 0.63 µA) and the 

corresponding JDE efficiency ηc = (I+c-I-c)/(I+c+I-c) = 9.5%, demonstrating a large magnetic-

field-free JDE in SQUID2. Like in SQUID1, there are multiple retrapping events, such as the one 

at -3.02 µA and the other at -2.93 µA in the sweeping up trace.  A large JDE is again observed in 

the I-V data taken at B = 6 mT, see Figure 3b: I+c = 4.19 µA and I-c= 3.50 µA. Consequently, I+c 

– I-c = 0.69 µA and ηc = 9.0%. These values are close to those at B = 0. No diode effect is 

observed in Ir, though. At B = 0, I+r and I-r appear to be equal, ~ 3 µA.  
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Differential resistance in SQUID2 at T = 30 mK as a function of Idc and B field is plotted for 

both current sweeping up and down traces in Fig. 4a and Fig. 4b, respectively. We note here that 

for the sweeping down traces, the current stops at Idc = 0. Consequently, information on I-c is not 

available. There are several features worth pointing out. First, the non-monotonic B field 

dependence of the critical current is also seen in SQUID2, as in SQUID1. At B = 0, I+c = 4 µA 

and it increases with increasing B fields and reaches a maximal value of ~5 µA at B = 9 mT. I+c 

then decreases with B further increased. Second, 𝐼𝐼±𝑟𝑟 also shows a magnetic field-induced 

enhancement. Third, there are re-entrant supercurrent states at high B fields (see more data in the 

SM [67]).  

 

In Fig. 4c, I-r, I+r and ∆Ir = I+r – I-r are plotted as a function of magnetic field. Unlike in SQUID1 

where ∆Ir shows a monotonic B field dependence, ∆Ir in SQUID2 shows a much richer B field 

dependent behavior. At zero and small positive B fields, I+r and I-r are equal, ∆Ir = 0. This 

reciprocal behavior persists up to 10mT. Between 10 and 17 mT, I+r and I-r generally differ from 

each other and ∆Ir ≠ 0, except at B = 12 mT, when ∆Ir quickly drops to zero. ∆Ir assumes a 

negative value between 17 and ~26 mT, in which there are no supercurrent states, before 

returning to zero again at B > 26 mT when the device enters the reentrant supercurrents regime.   

 

The observation of a zero-B field JDE in SQUID2 is striking, as Cd3As2 itself is non-magnetic. 

In the following, we first argue that mechanisms, such as the Meissner [61] and circuit 

inductance effects [78], cannot be responsible for the JDE observed in our Cd3As2 SQUIDs. 

Next, we propose a time-reversal-symmetry breaking mechanism to be responsible for the 

existence of the zero-magnetic field JDE.  

 

Recently, the Meissner effect was shown to play an important role in the magnetic field induced 

diode effect [61]. However, this effect cannot account for the JDE in our Cd3As2 SQUIDs. As 

shown in Fig. 2d, ηc in SQUID1 displays an even function of the B fields around B = 0 for the 
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positive and negative B fields. This is very different from the Meissner effect induced SDE, 

where the efficiency is an odd function of the B fields [61].  

 

Time reversal symmetry requires I+c(+B) = |-I-c(-B)|. Therefore, as long as the SQUID does not 

break time reversal symmetry, no diode effect can be present even when inductance effects are 

taken into account, as discussed in [78,79]. In the SM [67], we provide a detailed theoretical 

calculation explicitly showing that even in the dynamical regime, when inductance effects are 

expected to be more relevant, the voltage-current (V-I) characteristic is symmetric when B=0, 

and its asymmetry is odd with respect to B when B is not zero, as required when the system does 

not spontaneously break time reversal symmetry.   

 

To unravel the origin of the JDE observed in our SQUIDs, we first identify sources of broken 

inversion symmetry. Microscopically, the surface states in Dirac semimetal Cd3As2 have broken 

inversion symmetry in both the junctions of SQUID1 and SQUID2 owing to the termination of 

the crystal lattice. Apart from microscopic details, differences in the geometries of the JJ arms of 

our SQUIDs can further cause asymmetries in, such as, the sinusoidal form of the current phase 

relationship (CPR), self-inductances, Ic, and Rn (normal state resistance). However, none of the 

materials forming the SQUIDs have to be non-centrosymmetric for the presence of a diode 

effect. An asymmetry between the transparency of the superconducting channels carrying the 

current across the SQUID is sufficient, when time-reversal is broken, to explain the presence of a 

superconducting diode effect, as discussed in Refs. [20,21].   

 

Second, we note that the finite B field JDE in SQUIDs was discussed previously [20,21]. There, 

JDE only appears under a finite magnetic field due to non-sinusoidal current-phase relations 

[20,21]. While this discussion is sufficient to understand JDE in our devices under an external 

magnetic field, the zero-field JDE observed in SQUID2 requires further elucidation. In the 

absence of an external magnetic field, TRS must be broken in another way to realize a JDE. We 

propose that the Josephson coupling between a conventional superconductor (i.e., aluminum) and 

a two-band superconductor (i.e., the surface and bulk superconducting channels in Cd3As2) as 
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well as the Josephson coupling between the surface and bulk states (as previously identified in 

Refs. [69] and [80]) can break TRS [81]. In our system superconducting correlations are induced 

in the bands (band 1 and 2) of Cd3As2 by the superconductivity in Al via the proximity effect. 

The coupling of band 1 and 2 to Al, a standard s-wave superconductor, favors order parameters 

in the two bands with no relative phase difference. Such “alignment” of the superconducting 

order parameters in the two bands can be frustrated if spin-orbit coupling favors paring 

correlations in the two bands with a phase difference ~π. This situation is analogous to the one of 

two-band superconductors with a negative inter-band Josephson coupling [81]. In these 

conditions the phases of the superconducting order parameters in band 1 and 2 will have a 

“canted” equilibrium configuration with the phase of the order parameter in band 1 θ1=±θ0 and 

the phase of the order parameter in band 2 θ2=−(±θ0), with 0< θ0< π. The two possible states 

form a time-reversed pair, with each state in the pair breaking TRS. In a JJ based on Al/ Cd3As2, 

as the one shown in Fig.5(a), when the left side and right side of the junction are in different 

states of the time-reversed pair, see Fig. 5(a), the junction breaks the overall time reversal 

symmetry. In this situation the equilibrium phase difference, ∆θ, between the left and right lead 

of the JJ is non-zero for both bands: ∆θ1=±2θ0, ∆θ2=−(±2θ0). The value of θ0, and therefore of 

∆θi, depends on the coupling between Al and Cd3As2. Details of the interface between Al and 

Cd3As2, and the width and thickness of the Al layer, affect such coupling and therefore the value 

of θ0. For SQUIDs for which the values of θ0 in the two JJs are different a diode effect will be 

present even when no external magnetic field is present [82,83]. We expect that such 

configuration of phases might be realized in SQUID2 giving rise to the observed zero-field diode 

effect. 

 

The fact that SQUID1 does not exhibit a diode effect in the absence of an external magnetic field 

can be due to the fact that for such SQUID, in the ground state, ∆θ1  (∆θ2) is to good 

approximation the same in both JJs forming the SQUIDs. However, the lack of an observable 

zero-field JDE in SQUID1 is more likely due to the fact that in SQUID1 the two JJs have very 

different critical currents, causing the SQUID to qualitatively behave as a single Cd3As2 JJ [69]. 

In SQUID2 the lengths of Junction-1 and Junction-2 are roughly equal, ~ 170 vs. ~ 180 nm, and 

therefore Ic1 and Ic2 are relatively close to each other, whereas in SQUID1 the junction length of 
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Junction-1 is quite shorter, ~ 61 nm, than the length of Junction-2, ~ 153 nm so that Ic1 >> Ic2.  

The suppression of the diode effect for Ic1>>Ic2 can be illustrated with a minimal model for an 

asymmetric SQUID diode [21]: 𝐼𝐼1 = 𝐼𝐼𝑐𝑐1 sin𝜑𝜑; 𝐼𝐼2 = 𝐼𝐼𝑐𝑐2 sin𝜑𝜑 + 𝐼𝐼𝑐𝑐2′ sin 2𝜑𝜑. Generally, 𝐼𝐼𝑐𝑐2′  is non-

zero if TRS is broken and results in the JDE. The CPR of the SQUID in the absence of 

inductance is [21] 

𝐽𝐽(𝜙𝜙) = �𝐼𝐼𝑐𝑐12 + 𝐼𝐼𝑐𝑐22 + 2𝐼𝐼𝑐𝑐1𝐼𝐼𝑐𝑐2 cosΦ� sin𝜑𝜑 + 𝐼𝐼𝑐𝑐2′ sin�2𝜑𝜑 −Φ��,          

where Φ� = 2𝜋𝜋Φ/Φ0,  Φ� = Φ� + 2𝛾𝛾 and tan 𝛾𝛾 = 𝐼𝐼𝑐𝑐1−𝐼𝐼𝑐𝑐2
𝐼𝐼𝑐𝑐1+𝐼𝐼𝑐𝑐2

tanΦ�

2
. In the limit Ic1>>Ic2, Φ�≈ 0 which 

suppresses the JDE. Fig. 5b shows the dependence of JDE efficiency, η, on the ratio Ic2/Ic1 with a 

magnetic flux Φ0/4 threading the SQUID ring. It is clearly seen that η is almost zero if Ic2/Ic1 ~ 

0.1 and reaches a maximal value for Ic2 ~ Ic1.  

 

In conclusion, our combined experimental and theoretical analysis demonstrate that the coupling 

of the superconducting phases between the surface and bulk states can break TRS and induce a 

zero-magnetic-field JDE in topological SQUIDs made of Dirac semimetal Cd3As2. Importantly, 

by utilizing this unique property and the geometry of SQUIDs, one can control the efficiency of 

JDE. This should provide a practical approach in superconducting digital electronics 

applications. 
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Figure1: 

 

 
 
Fig. 1: Asymmetric superconducting quantum interference devices and the I-V 
characterizations. (a) and (b) SEM images of the two asymmetric SQUIDs studied. The black 
background represents Cd3As2 thin flakes. (c) Current-voltage (I-V) characteristics in SQUID1 at 
zero magnetic field B = 0. Multiple switching behaviors are observed in the critical and 
retrapping currents, see the bottom right inset. (d) I-V characteristics in SQUID1 at B = 16 mT. 
The position of I+c, -I-c, I+r and -I-r are marked. Herein, all four currents I+c, I-c, I+r, and I-r are 
taken positive.  
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Figure 2: 
 
 

 
Fig. 2. Magnetic field induced JDE in SQUID1. (a) and (b) Differential resistance dV/dI as a 
function of DC current and B fields for two current sweeping directions. I+c and -I-c, and the 
efficiency ηc = (I+c-I-c)/(I+c+I-c) as a function of B field are shown in (c) and (e), respectively. I+r 
and -I-r (d) and ηr = (I+r-I-r)/(I+r+I-r) (f) as a function of B field. The gray lines are a guide to the 
eye.  
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Figure 3:  

 
 
Fig. 3 Zero-magnetic field JDE in SQUID2. (a) I-V characteristics in SQUID2 at zero 
magnetic field. A large JDE is seen. I+c = 3.62 µA and I-c = 2.99 µA. This large JDE remains 
strong at a finite magnetic field of B = 6 mT (b).  
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Figure 4: 
 
 

 
 
Fig.4. JDE of retrapping currents in SQUID2. (a) and (b) dV/dI as a function of DC current 
and magnetic field for two current sweeping directions. (c) I+r, -I-r, and ∆Ir as a function of B 
field. 
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Figure 5: 
 

 
 
Fig. 5 Theoretical analysis. (a) Schematic representation of equilibrium phases of order 
parameters in a two-band superconductor Josephson junction. (b) Simulations of the efficiency 
(ηc) of JDE vs. the ratio of the critical currents in the two Josephson junction arms in an 
asymmetric SQUID.  


