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Fig. S1: R-T curve for a typical V device showing Tc ~ 4.1K and a residual resistance ratio ~3.  
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Fig. S2: Type A SC diode effect in another V film and in a Nb film at 1.8 K. a, I-V scans of a second V 

device at 2.5 Oe out-of-plane field along ±z direction as indicated by the red and blue lines. Black arrows 

indicate the scan direction. b, Critical currents and diode efficiency as a function of the magnetic field. c-

d, Similar effects in a Nb device.    

 

Fig. S3: Out-of-plane critical field vs temperature for a typical V device. The coherence length is estimated 

to be ~11 nm.  

 

 

Note 1: Suppression of critical current by out-of-plane magnetic field.    
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In this section we give a physical explanation of why a very small perpendicular field can suppress the 

critical current by giving a simple derivation of the field Bs defined in the text. 

The key observation is that in a thin film, the supercurrent is confined to a plane and is ineffective in 

screening an external field applied perpendicular to the plane. This problem was treated by Pearl (ref. 15) 

who showed that the field penetrate on the scale of the Pearl length 𝜆𝑃 =
2𝜆2

𝑑
 which greatly exceeds the 

usual London penetration depth .  First, we consider the case when the sample width 𝑊 ≪ 𝜆𝑃. This was 

the case treated by Maksimova (ref. 14). In this case the applied field penetrates completely. In the London 

gauge the vector potential 𝐴𝑥 = 𝐵𝑦 and equals 
𝐵𝑊

2
 at the sample edge. We use the London equation 𝑗𝑠 =

𝑐

4𝜋

𝐴𝑥

𝜆2 =
𝑐

8𝜋

𝐵𝑊

𝜆2 . Setting 𝑗𝑠 to equal the Ginzburg-Landau critical current 𝑗𝐺𝐿  given by equation (8) in the text, 

we find the critical field to be 
2

3
𝜙0/(√3𝜋 𝜉𝑊), which apart from the factor 

2

3
, is the same as 𝐵𝑠 =

𝜙0/(√3𝜋 𝜉𝑊) quoted in the main text and in ref. 14. 

In the opposite case 𝑊 ≫ 𝜆𝑃, the field is confined to a distance equal to the Pearl length near the edge. 

Using equation (6) the vector potential 𝐴𝑥 in the London gauge is found to be 𝐵𝜆𝑃 at the sample edge 

instead of 
𝐵𝑊

2
 for the previous case. We can repeat the argument above but replace 

𝑊

2
 by 𝜆𝑃. Therefore, in 

the expression for 𝐵𝑠 we simply replace 
𝑊

2
 by 𝜆𝑃 in this limit. 

 

Note 2: Precise removal of the out-of-plane magnetic field 

To completely remove the out-of-plane component of the magnetic field, we measured the device in a 

dilution fridge fitted with a vector magnetic field configuration, where magnetic fields along two orthogonal 

directions B1 and B2 could be tuned individually. The device was mounted in a scheme shown in Fig. S4, 

where B1 was along the device y axis (B1 = B1y), with some inevitable residual angle  that created a small 

perpendicular component B1z. This residual out-of-plane component was subsequently removed by 

adjusting B2 along the z axis. Note that the offset angle  in Fig. S4 is exaggerated for better illustration and 

the real angle is less than 1˚.  
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Fig. S4: Schematic depict of the device in a vector magnetic field. B1 and B2 are two individually 

adjustable magnetic fields orthogonal to each other. The device is placed so that B1 is nominally in the film 

plane and perpendicular to the current flow direction.  denotes the residual angle deviating from the film 

plane. This creates the residual out-of-plane component B1z = B1sin., which is then eliminated by adjusting 

the second magnetic field B2 along the z axis.  

 

At each applied in-plane field, B2 = B2z was scanned and critical currents of the device were measured. 

Figure S5a shows Ic
±

 as a function of B2 at different B1 values. We found that while Ic
± vs B2 always follows 

the inversed “V” shape, the peak position “B2p” was shifted away from 0 when an in-plane field B1 was 

applied. Further analysis shows that B2p follows B1 linearly (Fig. S5b). This is reasonable because when an 

“in-plane” field B1 is applied, the out-of-plane component B1z suppresses the critical currents of the device. 

As B2 is scanned along the z axis, the largest critical currents are located at where B2 balances out B1z (B2 = 

-B1z = -B1sin).  

The residual angle  for this device was then determined to be 0.291˚ by a linear fitting. With this 

information, we defined a corrected out-of-plane field Bzc = B2 + B1×sin0.291˚, which represents the actual 

out-of-plane magnetic field. Fig. S5 c,d,e present the critical current as a function of Bzc with the in-plane 

fields B1 being 0 T, 2 T and 4 T, respectively. At B1 = 0 T, a typical type A SC diode effect was observed, 

with the diode efficiency being 0 at Bzc = 0 Oe (Fig. S5c). However, when the applied in-plane field was 2 

T and 4 T, a clear difference between Ic
+ and Ic

- was observed even at Bzc = 0 Oe. Because the out-of-plane 

field is precisely 0, we attribute the observed supercurrent rectification at Bzc = 0 Oe to the effect of the 

actual in-plane magnetic field. 
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Fig. S5: Elimination of the out-of-plane magnetic field. a, Critical currents vs B2 at different values of 

B1 for the scheme shown in Fig. S4. b, Peak position of the critical current B2p as a function of the applied 

in-plane field B1. c-e, Critical currents vs corrected Bzc = B2 + B1×sin showing actual in-plane field induced 

diode effect (type B). All data were measured at T = 500 mK.  

 

 

Fig. S6: Demonstration of a clear supercurrent rectification at By = 200 Oe and T = 1 K. The device 

current (blue) and the voltage drop (red) as a function of time is shown. The device behaved as a 

superconductor supporting dissipationless current along the -x direction, while dissipative current flows 

through a normal metal in the other direction. 
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Fig. S7: Magnetic field and angle dependence of the diode effect for the second V/EuS device. a, 

Magnetic field dependence of the critical currents at 1K. Solid (dashed) lines were obtained when scanning 

the magnetic field up (down). b, Angle () dependence of Ic
± 

at T = 1 K and By = 50 Oe. c, The 

corresponding diode efficiency as a function of angle . 

 


