Threshold voltage and I-V characteristicsmeasurements on two dimensional Josephson junctionarraysDiploma thesis by Tobias BergstenDepartment of PhysicsChalmers University of TechnologyG�teborg, January 1996

2AbstractWe have fabricated and measured two square two-dimensional Josephsonjunction arrays, each with 168x168 tunnel junctions. The junctions were made ofAl-Al2O3-Al, fabricated with standard e-beam lithography and angle evaporation.The first chip had a room temperature resistance of 27 kW per junction andshowed a clear Coulomb blockade of approximately 200 mV. Several thresholdvoltage (Vt) measurements were made on this array, and some statistical analysis ofVt was made with histograms. The threshold voltage showed a periodic dependenceon magnetic field with a period corresponding to frustration 1. Additional smallpeaks, which were periodic with period 0.57 in frustration were also observed,which were most likely due to some second loop size in the design of the arrays.Histograms of 10 000 Vt measurements sometimes displayed two or even threepeaks, but only at low temperatures (<100 mK). The distance between those peakswas field dependent, however there was not enough data to determine weather ornot it was periodic. The Vt measurements were carried out by ramping voltage overthe array. The frequency of these ramps and the voltage where the ramp started, Vs,affected Vt in a complex way.The second chip had a much lower room temperature resistance of 6.5 kW perjunction. This sample displayed a Josephson-like behavior with a sharp criticalcurrent. There was only a very weak indication of Coulomb blockade at certainmagnetic fields and no threshold voltage measurements were made on this chip.Several I vs. Vx and Vy curves were taken at different magnetic fields, where Vx is thenormal voltage along the current and Vy is the Hall voltage perpendicular to thecurrent. The zero bias resistance,

R dVdI

0 x I 0 = =

, could then be calculated as a functionof magnetic field. R0 was periodic with a period corresponding to frustration 1,having dips in the resistance at frustrations 1/2, 1/3 and 2/3. There were some extrapeaks as well, at the same frustrations as the peaks in the Vt measurement on the firstchip, also having to do with the second loop size. At these peaks the I- V x and I-Vycurves were discontinuous. The normal current jumped once, and the Hall voltagejumped twice with increasing current. The precise explanation of these jumps is stillunknown.

3ContentsAbstract....................................................................................................................2Contents...................................................................................................................31. Introduction.......................................................................................................42. Experimental details..........................................................................................52.1 Fabrication........................................................................................................52.2 Chip layout.......................................................................................................52.3 Measurement techniques................................................................................73. Results..................................................................................................................83.1 Threshold voltage............................................................................................83.1.1 Magnetic field dependence.........................................................................93.1.2 Starting voltage, Vs.......................................................................................123.1.3 Temperature dependence............................................................................133.1.4 Frequency dependence................................................................................133.2 Zero bias resistance.........................................................................................153.3 Current-voltage characteristics......................................................................164. Conclusions........................................................................................................18References................................................................................................................18Acknowledgments................................................................................................18

41. IntroductionA Josephson junction is a structure consisting of two superconducting electrodesseparated by a thin insulating layer, usually of the order of 2 nanometers inthickness. This structure is named after B.D. Josephson who predicted1 the existenceof a small current without any voltage drop. The junction is partly characterized byits Josephson coupling energy

E 2e I J C = h

, where IC is the critical current, which is themaximum zero-voltage current of the junction. If the junction is sufficiently small thecharging energy

E e2C

C 2=

, where C is the capacitance of the junction, becomesimportant. This is the energy stored in the electric field of a capacitor C with thecharge –e on its electrodes. Thus if a Cooper pair tunnels in an uncharged Josephsonjunction it will momentarily charge the junction with the charge –2e, increasing theenergy by 4EC. In a single junction this is usually not a problem because with somehelp from Heisenberg’s uncertainty law,

Δ ΔE t 2≥ h

, the charge slips quickly awayfrom the junction, discharging it before the energy conservation law notices. But ifthere is any obstacle close after the junction, for example another junction or aresistor, the junction might stay charged long enough for the energy law to catch up.Then the tunneling will be suppressed and there will be no current without a littlevoltage to help. This is called the Coulomb blockade2 of Cooper pair tunneling. In asimple model, D t is the discharge time for the capacitor, D t=ReC, where Re is theimpedance of the junction environment, assumed frequency independent. Thecondition for Coulomb blockade is then 4EC>DE‡h/2 D t , w h i c h i m p l i e s Re>h/4e2»1˚kW.In an array of Josephson junctions the tunneling behavior is partly determined bythe ratio of EJ to EC. If EJ >>EC there will be no Coulomb blockade and the array willbe superconducting. If, on the other hand, EC>>EJ, there will be a clear Coulombblockade.If a magnetic field is applied perpendicular to the array the behavior can usuallybe described in terms of frustration3,4, provided that the array is homogeneous, i.e.the junctions, holes and superconducting "islands" are the same in the entire array,and provided that the array is considerably smaller than the Josephson penetrationdepth5 (several mm in this case). Frustration is dimensionless and proportional tomagnetic field. Frustration f=1 corresponds to one flux quantum, F�0=h/2e, in everyloop in the array. Properties that depend on frustration are periodic (f fi f+1) forsufficiently low frustrations. At high enough fields other effects come into account,like the suppression of superconductivity.One interesting effect is the frustration dependence of the zero-bias resistance (theresistance close to zero current), which decreases at integer as well as rationalfrustrations (1/2, 1/3, 2/3 etc.). The resistance can change by five orders ofmagnitude, just by changing the magnetic field slightly6,7.The threshold voltage also changes with frustration, as one measurement in thisreport shows. The threshold voltage is the minimum voltage required to start acurrent in an array with Coulomb blockade.

52. Experimental details2.1 FabricationTwo 2D-arrays were fabricated using standard e-beam technique. The mask layoutwas created with a CAD program and then transferred to an e-beam lithographymachine. A two layer e-beam resist was used with a thick bottom layer and a thin,hard top layer. The bottom layer was 400 nm 10% copolymer (spin: 2000 rpm) bakedon a hot plate for 5 min. in 170ßC. The top layer was 40 nm 1.8% 350k PMMA (spin:3000 rpm) baked on a hot plate for 5 min. at 170ßC. The exposure dose was 270 mC/cm2. After exposure the chips were developed in a mixture of isopropanol (CH3-C H O H - C H 3 ) and water (H2 O) with the ratio 84:3 in an ultrasonic bath for about 1min. The advantage of this recipe was that both layers were developed in a singlestage in a non-toxic developer. However, the development time seemed to be rathersensitive to the ultrasonic bath power. While developing several chips, one at a time,the noise from the ultrasonic bath increased audibly. After that the development timewas decreased by half.A two layer resist was used to create bridges of e-beam resist over the chipsurface. During development the bottom layer was developed quicker than the toplayer and an undercut was created under the edge of the top layer. From an SEMimage the undercut to was estimated to be approximately 130 nm at the chip surface.This undercut was enough to create bridges in the top layer where the distancebetween exposed areas was smallest. After development, Al was evaporated fromtwo angles. During evaporation the pressure was about 10-4 Pa (10-6 mbar). A 200 �layer was evaporated from an angle of 10ß from perpendicular. Oxygen was then letinto the evaporation chamber to a pressure of about 2 Pa (0.02 mbar). The first chip,H7#43, was oxidized for 5 min. and the second chip, H9#44, for 2 min. Then theoxygen was pumped out again and a second layer of Al, 350 �, was evaporated froman angle of -10ß. This angle evaporation procedure was developed by Dolan8 (figure1). The resulting normal state resistance per junction was 33 kW and 7.6 kW for thetwo chips respectively.2.2 Chip layoutThe measured chips contained 2D tunnel junction arrays with 168x168 junctions.At the top and bottom the array was connected to a long solid bar extending alongthe entire side. At the sides were four Hall probes on each side at positions 1/6, 1/3,1/2 and 5/6 of the distance from the top to the bottom bar. These Hall probes wereconnected through three tunnel junctions to the array. The size of the tunneljunctions were 100x200 nm. There were also tunnel junctions on the islands in serieswith the junctions between the islands, which were approximately 25 times largerthan the small junctions and being strongly Josephson coupled they could generallybe ignored. Figures 2 and 3 show SEM pictures of the entire array and close-ups ofindividual islands, a Hall probe and the top solid bar. Because the e-beam machinegives some stray exposure around the focus point, some unconnected islands werecreated near the left and right edges of the array to make sure that the exposure dosewould be the same at the edge and inside the array. These are clearly seen as thebright areas at the left and right sides of the array.

6Top electrode

Bottom electrodeTunnel junction

Substrate

Dolan bridge

Undercutresist mask

Figure 1. The Dolan bridge technique. After the first evaporation (from the right) the aluminum electrodes areoxidized to create a thin insulating Al2O3 layer. Then the second evaporation (from the left) will create a tunneljunction under the bridge. Picture courtesy of Peter Wahlgren'.This table shows some parameters of the two chips reported in this thesis. They are calculated from a large scaleI-V curve.SampleArray sizeRN (kW)EJ/kB (K)EC/kB (K)

H7#43168x16833.00.2150.693

H9#44168x1687.593.720.672

abFigure 2. Two SEM pictures of a 2D-array. (a) The entire array with the Hall probes on the left and right sidesand two contacts on each of the solid bars at the top and bottom of the array. (b) A close-up of a few Al islands,each connected to four other islands by tunnel junctions. The size of the tunnel junctions is approximately100x200 nm and the unit cell area, i.e. one loop (dark) and one aluminum island (gray), is 0.8x1.6 m=1.3 m2.

7abFigure 3. Two close-up SEM pictures of a 2D-array. (a) The Hall probes are connected through three tunneljunctions to the array. The bright areas are isolated aluminum islands that get charged by the SEM. (b) Theconnecting bar at the top of the array. Note that the topmost loops are physically the same size as the rest of theloops. However, because the London penetration depth is of the order of the island dimensions, and the fluxexpelled from the bar is collected by the topmost loops, the effective loop size is actually larger, giving rise to ashorter period in magnetic field.2.3 Measurement techniquesThe measurements were carried out in a dilution refrigerator which was situatedin an electrically shielded room. All digital equipment was situated outside of thisroom, and the digital ground was separated from the measurement ground withisolation transformers. The signals were amplified in an amplifier box located on topof the cryostat in order to minimize external pickup in the leads. The voltage acrossthe sample was applied in one of to ways: in R-bias mode, the DC voltage wasapplied over two current measurement resistors in series with the sample; in V-biasmode the DC voltage over the sample was fixed by regulating the voltage with afeedback circuit.The threshold voltage measurements were carried out using a sample-and-holdcircuit specifically built for this purpose. This circuit would detect the moment whenthe current jumped from zero to a finite value. At that moment it would sample andhold the input voltage, giving a constant voltage to a voltmeter and sending a trigpulse to the same voltmeter. The voltage over the sample was ramped from a startingvalue, Vs , to 860 mV. The voltage ramp was generated by a function generator, andt h e f r e q u e n c y w a s v a r i e d b e t w e e n 2 . 4 H z t o 7 6 . 8 H z ( s e e f i g u r e 4 ) . O n e V tmeasurement was made in every period.

VoltageTime830 m VVs1/fFigure 4. The voltage ramps used for the threshold voltage measurements.

83. Results3.1 Threshold voltageThis section discusses some results from measurements of the threshold voltage Vton chip H7#43. The array exhibits a sharp nonlinearity where the current jumps fromessentially zero to a finite value (figure 5). The experimental definition of Vt is thevoltage where the current rises above the noise level, which is of the order of 25 pA.V (mV)

I (nA)-10.00-5.000.005.0010.00-1.0-0.50.00.51.0Vt

V (mV)

I (nA)-0.04-0.020.000.020.04-0.4-0.20.00.2

0.4Figure 5. I-V curve for chip H7#43. Vt is the voltage where the current jumps from zero to a finite value. Thiscurve is taken at lowest temperature (<20 mK) in zero magnetic field in V-bias mode. The curve was swept fromlow to high voltage. The inset is a magnification of the blockade regime to show the current noise level.The ramp was run 10 000 times so that several Vt values could be collected and ahistogram could be made. Figure 6 displays an example histogram. We discoveredthat sometimes two or even three peaks appeared in the histograms. The reason forthis is unknown.

050100150200200250300350400450500550Voltage (mV)

Counts s

9Four parameters were varied during these measurements: frequency (f), magneticfield (B), starting voltage (Vs) and temperature (T).3.1.1 Magnetic field dependenceMeasurements by Delsing et al9 on similar arrays have shown that for lowmagnetic field, Vt varies periodically with the field. At higher fields (25-40 mT) Vtincreases and then decreases to the normal state Vt. The measurements in this reportwere all made at fields less than 5 mT and only the periodic behavior was observed,with a period of 1.62 mT. This period corresponds to a frustration of 1. Frustration isdefined as f=BA/F�0, where A is the area of one unit cell in the tunnel junction arrayand F�0=h/2e is the magnetic flux quantum. A unit cell is the total area of the arraydivided by the number of loops. The unit cell is independent of the Londonpenetration depth, because the magnetic flux expelled from the islands in a 2D-arraydoes not leave the array, but is collected in the loops. The effective unit cell area thusbecomes the area of one loop plus the area of one island. Taking the area in the SEMpicture (figure 2b), A=1.3 mm2, the expected period B/f=F�0/A=1.6 mT is in excellentagreement with the measured period. The difference between high and low Vt isabout 0.1 mV, which is easily measurable. Figure 7 shows several I-V curves taken atfrustrations from -1.2 to 0.5. They are measured in R-bias mode and therefore there isno current jump in the graph. The curves are very noisy below 1 nA because thecurrent actually switches rapidly between two points on the loadline determined bythe two current measurement resistors. In V-bias mode there is no switching and allVt measurements were made in V-bias mode.

-0.6-0.4-0.20.00.20.40.6-505-1.205-1.167-1.129-1.091-1.053

-1.015-0.958-0.901-0.845-0.788-0.731-0.675-0.618-0.561-0.505-0.996-0.505-0.0000.504V (mV)

I (nA)Figure 7. I-V curves for chip H7#43 at different frustrations. Frustration 1 corresponds to a magnetic fieldstrength of 1.62 mT. These curves are taken at lowest temperature in R-bias mode.

100.100.150.200.250.300.35-1.5-1.0-0.50.00.51.0

V

t

Frustration100 mK75 mK20, 50 mK0.28-0.30f=-0.87Figure 8. Vt vs. frustration for chip H7#43. The threshold voltage varies periodically with frustration. The peaksat f=-0.87, -0.3 and 0.28 are due to a second SQUID loop size. The threshold decreases with increasingtemperature but the peaks are still present at 100 mK.Figure 8 shows the periodic dependence of Vt at four different temperatures.Higher temperature gives lower Vt , but the periodic behavior is still clear at 100 mK.However, there are a few peaks that appear with a period of 0.57 frustration units.These peaks are most likely due to a second effective loop size at the top and bottomof the array, and in a zero-bias resistance (R0) measurement on chip H9#44, extrapeaks appear at the same frustration values (see figure 14). They look a little shiftedto the left, and even more so in the R0 diagram, but this could just be due tomeasurement errors or too few sampling points.Some histograms show more than one peak (see figure 9). Multiple peaks appearat temperatures lower than 100 mK, but other than that there is no clear pattern. Infigure 9 the second peak is always smaller than the first, but that is not a general rule.Triple peaks have even been observed. The distance between the peaks, D Vt, issometimes hard to determine, but it seems that it is dependent on magnetic field. Infigure 10, DVt has been measured at two temperatures and seven magnetic fields,spanning a frustration slightly less than 1. It is clear that DVt changes with B, butwhether or not it is periodic cannot be deduced, nor if the period is the same as themean Vt period, 1.6 mT.

11 B=-0.3619 mTB=-0.1338 mTB=0.7788 mTB=1.0069 mT

CountThreshold voltage ( m V)DVtFigure 9. Histograms for chip H7#43. Sometimes double peaks appear in the threshold voltage. The distancebetween the peaks is defined as DVt. Measurement taken at T=50 mK and f=57.6 Hz.

0510152025-0.4-0.200.20.40.60.811.2

T=50 mKT=75 mK

D V ( m V)Magnetic field (mT)

tFigure 10. Chip H7#43. The distance between double peaks seems to vary with magnetic field. Even thoughthere are only a few points it is quite clear that DVt depends on B. The magnetic field spans less than onefrustration and whether or not it is periodic is too early to tell. The solid line is at 50 mK and the dashed line is at75 mK.

123.1.2 Starting voltage, VsThe threshold voltage increases distinctly with Vs. In figure 11, which showsseveral histograms, Vt increases by almost a factor two as Vs is increased. The reasonfor this might have something to do with excess charges in the array. When the rampstarts at low Vs there is a negative current and a lot of charges are present in thearray. When the voltage increases above zero there are charges already present in thearray to start the current by positive and negative charge solitons10 annihilating eachother, but when the ramp starts at high Vs there are charges left from the positivecurrent in the array and to start the current solitons must be injected in the array,which requires higher energy.

-1000100200300400150200250300350400450500550

# of countsVt (mV)85.7 m V-85.7 m V0 m V-260 m VVs

=-430

VFigure 11. Histograms for chip H7#43. The threshold voltage increases with the starting voltage of the ramp,Vs. This measurement was taken at T=50 mK, B=-1.5 mT and f=76.8 Hz.

133.1.3 Temperature dependenceGenerally the threshold voltage decreases with increasing temperature as shownin figure 12. Sometimes, especially when the histograms have double peaks, Vt islower at base temperature (<20 mK) than at 50 mK. At 75 and 100 mK Vt a l w a y s decreases substantially. See also figure 8.

-1000100200300400500200250300350400450500T<20.00 mK

T=50.00 mKT=75.00 mKT=100.00 mK

CountsVt ( m V)Figure 12: The threshold voltage decreases with higher temperature. Measurement parameters : B=-0.67 mT,f=76.8 Hz, Vs=-260 mV.3.1.4 Frequency dependenceThe frequency dependence is rather complicated. At low Vs the threshold voltagedecreases with increasing frequency, but at high Vs it increases with higherfrequency. At still higher Vs it seems that Vt is independent of frequency. This isconsistent with the picture with excess charges in the array. There is a competitionbetween the relaxation time of the charges and the time spent in the zero-currentstate. At low Vs there are charges left from the negative current, giving lower Vt, butat low enough frequency those charges will have time to relax by diffusing out of thearray or annihilating each other before the voltage reaches the threshold voltage. Athigher Vs the charges left are from the positive current, which will increase Vt unlessthe charges have time to relax. Figure 13 shows several histograms with differentfrequencies and Vs. In the third graph (Vs =-85.7 m V ) t h e h i s t o g r a m f o r 3 8 . 4 H z i s a p p r o x i m a t e l y h a l f w a y r e l a x e d . W e c a n e s t i m a t e t h e r e l a x a t i o n t i m e » the time ittakes for the voltage to rise from Vs =-85.7 mV to Vt»240 mV, knowing that the rampstops at 860 mV:

T 240 V 85.7 V 38.4 Hz 860 V 85.7 V 0.01s R ≈ μ + μ ⋅ μ + μ ( ) ≈

.

14050010001500freq=76.80Hzfreq=38.40Hzfreq=19.20Hzfreq=9.60Hzfreq=2.40Hz

# of countsVs=-430 m V

0500100015002000freq=76.80Hzfreq=38.40Hzfreq=19.20Hzfreq=9.60Hzfreq=2.40Hz

# of countsVs=-260 V

02004006008001000freq=76.80Hzfreq=38.40Hzfreq=19.20Hzfreq=9.60Hzfreq=2.40Hz

# of countsVs=-85.7 m V

2004006008001000freq=76.80Hzfreq=38.40Hzfreq=19.20Hzfreq=9.60Hzfreq=2.40Hz

# of countsVs=0mV

02004006008001000140160180200220240260280300freq=76.80Hzfreq=38.40Hzfreq=19.20Hzfreq=9.60Hzfreq=2.40Hz

# of countsV (

V)Vs V

tFigure 13. The threshold voltage depends on frequency in a complicated way: At low Vs the threshold is lowerfor higher frequency; at higher Vs the situation is reversed. It seems that at still higher Vs the threshold is thesame for all frequencies. T=100 mK, B=-1.5 mT.

153.2 Zero-bias resistanceA number of I vs. Vx and Vy measurements were taken on sample H9#44, atdifferent magnetic fields. The current, I, ran from the top to the bottom bar, thenormal voltage, Vx , was measured between the same bars and the Hall voltage, Vy,was measured between the two middle Hall probes (see figure 2a). This sampleshowed no threshold voltage, but an applied magnetic field affected the I-V curves ina periodic manner.By measuring the slope of an I-Vx curve at almost zero current the zero-biasresistance, R0, can be calculated. The result is displayed in figure 14, which shows R0vs. frustration, where frustration 1 corresponds to magnetic field strength 1.62˚mT.T h e r e s i s t a n c e g o e s d o w n t o z e r o a t i n t e g e r f r u s t r a t i o n s a n d d e c r e a s e s a t r a t i o n a l f r u s t r a t i o n s , 1 / 2 , 1 / 3 , 2 / 3 a n d s o o n . T h i s i s i n a g r e e m e n t w i t h p r e v i o u s measurements by van der Zant et al7 and Chen et al6.

00.511.522.533.54-1.5-1-0.500.51 1.5

R (kW)Frustration

xx-0.88-0.310.260.84Figure 14. The zero bias resistance depends on the magnetic field with a period of 1.62 mT, corresponding tofrustration 1. At f=1/2 the resistance goes down and also slightly at f=1/3 and f=2/3. The structure at f=-0.88,-0.31, 0.26, 0.84 has a different origin.There are a few extra peaks in figure 14, at frustrations -0.88, -0.31, 0.26 and 0.84.They have a period of about 0.57 frustration units. Note that the threshold voltagemeasurements on chip H7#43 showed similar peaks at the same frustrations (seefigure 8). The explanation has most likely to do with loops with bigger effective areathan A, which would give shorter periods. At the solid bars at the top and bottom ofthe array are some loops with the same physical area as the loops inside the array(see figure 2b). However, those loops will collect some of the magnetic field that isexpelled from the bars (Meissner effect), increasing the effective area. The Londonpenetration depth may be bigger in the bars than in the Al islands, increasing theeffective area even more. Similar phenomena has been observed in one-dimensionalarrays of SQUIDs by Haviland11.

16We can make a rough estimate of the effective loop area at the bar from figure 3b.If half of the magnetic flux in the bar is expelled to the loops, the area added to theeffective area will be approximately 0.5˚mm˚x˚1.6˚mm = 0.8˚mm2, and the total effectivearea of those loops is 2.1˚mm2, compared to A=1.3˚mm2. The calculated period is then1.3/2.1=0.62, in good agreement with the measured value of 0.57.3.3 Current-voltage characteristicsAt some magnetic fields the I-Vx and I-Vy curves became discontinuous. In figure15 the voltage jumps by 150-200 mV, both in the I-Vx and the I-Vy diagrams. This is ofthe same order as the superconducting gap in aluminum, DAl=175 meV.

-0.4-0.3-0.2-0.100.10.20.30.4-4-3-2-10 1 2 3 4

Current ( m A)Voltage (mV)

-0.4-0.3-0.2-0.100.10.20.30.4

-0.3

-0.2

-0.1 0 0.1 0.2 0.3

Current ( m A)Hall voltage (mV)Figure 15. The I-Vx and I- V y curves at B=-1.26 mT (f=-0.88). The origin of the discontinuity in the I-Vx andI-Vy curve at this and several other magnetic fields is still unclear. At these fields the zero bias resistance R0increases slightly. The curves are swept from negative to positive current and the temperature was lower than20 mK.The discontinuous IV curves appear only around those special peaks in the R0 vs.f r u s t r a t i o n d i a g r a m . T h e c u r r e n t a t w h i c h t h e d i s c o n t i n u i t y a p p e a r i s s m a l l e s t a t these peaks, increasing at both higher and lower frustrations (figure 16). Above thecritical current of the array (~0.25 mA) the discontinuity disappears. The I-Vx curvelooks like there is a critical current in the loops at the bars that is almost suppressedat those magnetic fields, but that does not explain the strange discontinuities in theI-Vy curve.

1700.050.10.150.20.25-0.4-0.35-0.3-0.25-0.2

Current (

A)Frustration

Discontinuity currentFigure 16. The current at which the IV curve is discontinuous is lowest at the peaks in the R0 diagram. Outsideof this diagram the discontinuity disappears. This is at positive current, but the negative side is approximatelythe same.A close-up on the discontinuities reveal another detail: at the current where theHall voltage makes a negative jump the bias point of the I-Vx curve jumps to a lowercurrent. Figure 17 shows a close-up of the I-Vx and I-Vy curves at B=1.48 mT. Notethat, in contrast with figure 15, at this field the Hall voltage jumps negative first andthen positive. In figure 15 the first jump was positive and the second negative. Apositive jump in Vy is always associated with a positive jump in Vx. A negative jumpin Vy is associated with a jump in the bias point to lower current. If you look closelyat figure 15 you will see the small jump, but this time at a higher current than thelarge one. Generally on the left side of the R0 peaks the first jump in Vy is positive,but on the right side, at higher fields, the first jump is negative.

0.100.110.120.130.140.150.160.170.180.20.3 0.4 0.5 0.6 0.7 0.8 0.9

Current ( m A)Voltage (mV)

0.100.110.120.130.140.150.160.170.18-0.20-0.15-0.10-0.050.000.05 0.10

Hall voltage (mV)

Current ( m A)abFigure 17. Magnifying the discontinuous part of the I-Vx and I-Vy curves reveals a small jump in the I-Vxcurve at the current where Vy makes a negative jump. The magnetic field is 1.48 mT.A Hall voltage, Vy, means that vortices are have a velocity component parallel tothe direction of the current. The jumps in Vy means a sudden change in the Hallangle, defined as arctan(Vy/Vx). The I-Vx curve indicate a suppression of the criticalcurrent at the junctions closest to the bars. Perhaps injection of vortices at the end ofthe bars when this critical current is exceeded can explain the Hall voltage.

184. ConclusionsThis report raises many questions and gives few answers. For example, why dothe threshold voltage histograms sometimes have multiple peaks? And why does thedistance between those peaks change with magnetic field? And does this distancedepend periodically on the field? The peaks in the Vt vs. B and R0 vs. B diagrams aremost likely due to second loop sizes in the array. But how can this give rise to asudden Hall voltage? Future experimental and theoretical work will answer thesequestions.The complex frequency and starting voltage dependence of the threshold voltagecan probably be explained by the relaxation of excess charges in the array. Futureexperiments could try to measure the relaxation time and which parameters thataffect this time.References[1]B.D. Josephson, Phys. Lett. 1, 251 (1962)[2]D.A. Averin and K.K. Likharev, in Mesoscopic Phenomena in Solids, edited by B.L. Altshuler, P.A.Lee and R.A. Webb, p. 173 (North-Holland, Amsterdam, 1991)[3]T.C. Halsey, Phys. Rev. B 31, 5728 (1985)[4]S. Teitel and C. Jayaprakash, Phys. Rev. Lett. 51, 1999 (1983)[5]C.J. Lobb, F.W. Abraham and M. Tinkham, Phys. Rev. B 27, 150 (1983)[6]C.D. Chen, P. Delsing, D.B. Haviland, Y. Harada and T. Claeson, Phys. Rev. B 51, 15645 (1995)[7]H.S.J. van der Zant, H.A. Rijken and J.E. Mooij, J. Low Temp. Phys. 79, 289 (1990)[8]G.J. Dolan, Appl. Phys. Lett. 31, 337 (1977)[9]P. Delsing, C.D. Chen, D.B. Haviland, Y. Harada and T. Claeson, Phys. Rev. B 50, 3959 (1994)[10]N.S. Bakharov, G.S. Kazacha, K.K. Likharev and S.I. Serdyukova, Physica B 173, 319 (1991)[11]Unpublished measurements on 1D arrays of squids by D.B. Haviland.AcknowledgmentsFirst of all I would like to thank ChiiDong Chen, who has taught me how tofabricate and measure these arrays and patiently answered all my questions. This ishis work as much as mine.My supervisors, Per Delsing and David Haviland, have helped me a lot while Iwas writing this thesis and tried to get some sense out of the measured data.Several other people have helped me with this and that and have been goodfriends: Peter Wahlgren (thanks for the Dolan bridge picture!), Joakim Pettersson,Magnus Persson, Torsten Henning.And thanks to Inger Ekvall for the dance.Merry Christmas and a happy new year!