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Figure 1 Design of a superconducting bistable memory switch. (a)
Based on an underdamped Josephson junction, with a non-tunable
threshold; (b) based on an underdamped DC-SQUID, with a tunable
threshold. In the figure, [ is the threshold current that triggers the
switching of the device, and / is the initial bias current of the device
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Figure 2 (a) The current-voltage (/-V) characteristic curves of
underdamped Josephson junctions and DC-SQUIDs under current bias.
Here, the vertical axis i = I/I, represents the dimensionless current, and
the horizontal axis v = V/(I.R) represents the dimensionless voltage. (b)
A complete switching cycle showing the initial bias current /;, switching
current [, and reverse current /, of the theoretical switch

It R e, A A O BELJE 5 P A A5 ROl 3 i 8 H 3 [
TR SE/NE, AT S dER e B B < 1 &
MICH), HZELE— PRSI EA B E
AT, A2 [l 2 S 25 WL S0 (A R 9 D
). AR R SR B < 1B AE S R ig
ThfE.

KB 2R ARG 1Y EaR YRR, AT 5 {6 i ]
T — N W R AT A B T
BEAS ORI R T g O RA, B BHAS 1% R TTF>
ARAS; BXAE, A AN E2(b) s (L AR, B Se7E K BH
Je&s bRt hn— w0 hh s E v L, < 1, fiEHARE TAETE
“COPAR(RIRRE, ARD). ZJ5, BRI — DT L K
PRI, ARG ER 0 B R A HLJE L, IS AR A
“O”ABEEBAE B ANE TP RBAR), FAE G P
PAAATERIN A 2O RS 5, RIS EHE AT R
A VLRI S BT B AR (ARG Bl ) 2
IR
hCd% . h dé
2e dt2  2eR dt

AR, BMERIBRL, (015 B E (1, < 1), #%
PSS AERTEC 1S AN R B C ), X e w4 BT BA
AT TF RS AR Sy R MEetZ. Pk, 2O a R ALz
BRI SR, Tt — > 5z 1] H it k=1, S,
T L1, < 1250, A REMEAFE 1 25 B AR [0
BANETPRIDE). Fel bid— R ERMIF CAIEER A &%
PE T ARRAS A i FE T A8 K

+Ic Sln(¢) = 10+Is' (2)

0, Iy<I, &
0—1, Iy+I,>1, I
1, I,>1, itz
1 -0, I,—1,<I, 8L

TE LA A S RS ICIC T AR <X
BHR AR E 0 BRI, “ICA2 WA BLAE
TR EAT S R0 1S RIRE ). BAR, A
BREE TR X RS ICIC B A AE S k. SR, A
AL TR RIREE TR B T RS TF e A, HIF
KA 25 B PR PR, X — B [ 2 AR, BRI
TCESLIEh SRS A, S8 HAR R E 1(b)
JE 7 B R BELJE A EE DC-SQUIDAA Y, WA 11 W] 3 3t A1 i
368 R 1) I R R AR S O (B A I S T . 3X
EH R, XA XFRGERIDC-SQUID# 4,  Hil e

Tk

3)

: “4)

SEARVT DL ok AN G E @ R UEA T R R AT, B
L, PSR B 454 i DC-SQUID AR, 7] H dkHh
YRy A R I RS U A5 T 56 ke (i .

1.2 JFRBHERSR S

MR, TESEBRIEE A D, AR A S S
AR B A R AN P e B RE ALK V% 1, DT 2R
TR R A BEALE A ik . 3k Sl 5 B AT SR T
25 A B TS AN T RE AR, SR H A RS (U
Pr B LR AR AR . SRR YA I S, DL IR
HLRE T HRAE) A O, IR, 6% TEME S ST, XTFRK
FHJE X5 DC-SQUIDZRAF I AR 211 127, SZBR b Hh
TS HNT MRS R B Y 5 R AT A
Oy e 1 squsin@) = I+ 141, (5)
Hrb, ¢'. R CHU soup 7t X FRDC-SQUIDHY A
BOMIN, 22 . HBH . LA 2 (4) BT 48 i
CERT

5 LiRR R BB L, X TR E
TRE L, BlE PN SR GRLAIE I, a8 4 Sk
BT L= H B I A . TR A S
BRI 7R S i R IR MBI, o), #RF 2k
A NCOPZA BNV A EAR, PRI, AR T & Y kAR F
T, 2 IR —FP A3 53 A

D,
1. soun =21, COS(TEWO)

3731



M4 Z LB 20206FE68 F71E L16H

1

sSW

dISW

-1
AT J.]“(i)di], (6)
0

-1
PU,) = (L)) < expl

Horp, () = I+ LR B RS, 7350k F AR
TSN A WL TR 2 12220, Sl i v, AT RES
S PIREAN I LR BT o BOZC R T 11 5 R R )
BRARERP (L) H BT R Al & 4. X Ui BH, XS PRy
T RS T N 5, WS A AE (A LT
S BT — A0S O (E, T2 S A
BRI, FI, LRI, SR
e VG 8 {3 BBl LA PT B A AT 7 15 A P T i ik ¢

I, RAPEER AT E S T RIS (bit er-
rorrate)F bR 2027 A R M 7 G 350 F S kAR 1R 22
P:HE.

2 RIS B H RS BRI

BT UL R R, AT TR
BHASTRYE A W&, R A T 43 Dolan-Bridge i AR FilA}
FREZE e TS0 Sl A TR RHEIS2 1 1l 45 T ik, AR
Dl g8 7 K3 (a) s BA B2 45 9 K e DC-
SQUID#HFR!. R FAHMFE A RHEIS3 P T A28 (AR T
WL i, M-SR -V &3 (b)) &R, 1k
X, LR RN T BRI ] 2 X FRDC-
SQUID(HAT AT S8k — A e 5 H YA ik &1 ¥ 3
I 0 B4 TR R EE DA Y L v R BB 5 B4 SR, B
REFERT 2 WLSCHR[33]. -7 LR b ST s s 4 A T
LA, AR A NG AR,

U A REASTADLHE 2 S I A5 B A 21 G 2 b it 11
TR MERY, IR, BRERCSIR LR B B 5 % H 2
WEBEBRRLNY, FECTCIEHGRY < 20/ei 1) FRERATA,
PR X RFAIE FL RV, =T REGINE FAAE—SE RET D22, (lif5
SIS KA 5 LA AR TR AT A D
L R AN, e R AR s B kAR I R B A AR
R ELEE AT ] e e Ry S G IR SR IR, 3
T3 () I (S B AR B 040 A 4 O, AT AR G-
P A FLEIX B FBHR, TGRSR S8 F A s 2
HLIL S 25 CSH03Y). Ie2&, 15 3i%DC-SQUIDAS
P S5 250 L 25C =35 pF, FUBHR = 7.1 Q, LI R &%
i T mlG S L=37 pA.

3 nf R SR G T RE Sk

AT g E AT A K B JE DC-SQUID # A4 Aff 52
HARFSTF R IATIRE, BEAES KL e &
(A PR, SE, X SEEF RIS BUE I . AR
. ARSI RE S B TR R . R, XX
W 2510 5 AT SCHET T RGEXT L.

3.1 WA SR TERIE

mE4@) R, Seilid (55 & A A s ) b
EHE N0 pA, B TAETAS. K5, it
BN b O FL A SR AL T B s R B TARIRAS, BD
1=20 pA, BEEHERED T I OCHEROIRA. B, 38 AT
HLLL, il g & A RSB AS IE A1 S iy
Cri), [FIER P23 A — D Al R Y LURAR 5. 4k

-5
— (b) — (C) 0.05

6 F |~ Experimental data — Experimental data

——Theol 0.04F © Theol
4
2 0.03f

2o (Y
2 0.02}
-4
0.01[

-6
8 0 ).

-4 -2 0 2 4 0.5 1 15 2 25 3 3.5

V() x10* 1(A) x10°°

B 3 KHJEDC-SQUIDKE K Sl Py, (a) EHREEIAIIHRE 7 WAEE T A4S X B, B as X SRS 1.36 pm 52.30 pm. (b) SEAY

VRN, 2T @SR, I O URIISBIES R, (o) S BAS R A BT

IEEFEAREEN T PR AL AL R A AT IO 20 @ S AR H, B ARG A
Figure 3 Underdamped DC-SQUID sample and measured physical characteristics. (a) Package photograph and scanning electron microscope image
of the junction region. The critical dimensions of the junction region are 1.36 um and 2.30 pm. (b) Measured /-V characteristic curve. The red solid line
represents experimental data, and the blue solid line corresponds to the theoretical simulation. (c) Measured switching current distribution and its fitting
result. The histogram shows the distribution of switching currents obtained from 10000 junction switching events driven by a triangular wave. The red
solid line represents experimental data, and the blue dots indicate the theoretical fitted distribution
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Figure 4 Switching test of the underdamped DC-SQUID. (a) On-memory-reset function test. The trajectory from points A to F (A-»B—-C—D—-E-F)
verifies the on-memory-reset function. (b) Measured /- curves under different flux bias currents of 0 mA, 3.5 mA, and 9 mA. The inset shows the flux
modulation curve of the switching current versus the flux line current. The variation of the flux line current from 0 mA to 9 mA corresponds to
approximately half a period of the flux modulation curve. (c) Statistical distribution of the measured switching current. The region marked by the red
box (10-12.5 pA) indicates the influence of circuit noise. (d) The range of the measured switching current distribution that can be theoretically fitted.
The turn-on range, marked by the red dashed lines, is approximately [22.39, 27.98] pA. (e) Schematic diagram of the switching measurement sequence.
The entire “0110” operation sequence is completed through the four test points A->B—C-D. (f) Statistics of switching errors. The figure shows the
counts of “correct” and “incorrect” sequences in three sets of repeated experiments
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Figure 5 Experimental results of the /-J characteristic curves for a
superconducting switching device under three different parameter sets,
with switching threshold ranges of: (a) [7.3, 26.5] pA, (b) [10.1, 46.4]
HA, (c) [0.25, 1.2] pA. All three cases demonstrate on-memory-reset
switching functionality and possess tunable thresholds
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Table 1 Performance parameter comparison table for three tunable-threshold superconducting bistable switching devices

HRSH a b c
I 5 L (RA) 37 50.8 25

52 (pF) 35 38.41 2673

ZE L BH(Q) 7.1 4.947 113
T BETE I (nA) 7.3~26.5 10.1~46.4 0.25~1.2
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TR 6.08% 7.05% 5.125%
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This paper details the design, fabrication, and comprehensive characterization of a low-power, dynamically tunable
superconducting macroscopic quantum bistable memory switch. This device addresses persistent limitations in
conventional bistable technologies, including fixed operational thresholds, integration complexity, slow switching
dynamics, and excessive power dissipation. The core component is an underdamped direct current superconducting
quantum interference device (DCSQUID) that leverages macroscopic quantum tunneling within a precisely engineered
Josephson junction network. A key innovation is an external magnetic flux bias, enabling realtime, continuous adjustment
of the switching threshold and delivering operational flexibility unavailable in most conventional bistable elements. Device
fabrication uses advanced oblique angle electron beam evaporation combined with laser direct write lithography to form
highintegrity AI/AlO,/Al Josephson junctions with uniform electrical properties. All functional characterization was
conducted at a cryogenic temperature of 50 mK, where macroscopic quantum effects are prominent. The device achieves a
complete operational cycle, including on-state setting, nonvolatile memory retention, and controlled reset. The critical
switching current was dynamically tuned from a baseline range of 7.3-26.5 pA to a minimum threshold of 2.1-26.5 pA via
flux bias modulation. Nonvolatile memory retention exceeded 5 days, verifying excellent state stability in quantum
metastable potentials. The switching threshold also demonstrated strong endurance: after 10000 continuous cycling tests,
the trigger current remained stable at 26.5 pA with a switching error rate as low as 6.08%. By carefully engineering the
McCumber parameter S, the device operates reliably in a hysteretic regime, which is critical for stable memory storage and
reproducible readout through switching events. Compared with alternative bistable technologies, the superconducting
switch offers distinct advantages. Its microampere-level bias current yields power consumption orders of magnitude lower
than resistive switching devices such as TiO, memristors, which typically operate at milliampere currents under +3 V
biases. Based on extracted device parameters including junction capacitance and subgap resistance, the intrinsic switching
speed governed by Josephson dynamics is estimated to be picosecond scale, far exceeding nanosecond or microsecond
scale speeds in semiconductor or ionic-based non-superconducting bistable switches. Moreover, the planar fabrication
process simplifies integration relative to complex threedimensional Josephson vortex memory cells and is fully compatible
with standard semiconductor manufacturing, supporting scalable, high-yield production. In summary, this work
demonstrates a monolithic superconducting quantum bistable memory switch that uniquely integrates nonvolatility, ultra-
low power consumption, high speed operation, and a dynamically tunable threshold. These features make it highly
promising for nextgeneration programmable superconducting logic circuits, high-fidelity qubit readout interfaces, and
energy-efficient reconfigurable computing architectures. By overcoming fundamental drawbacks of conventional bistable
devices while utilizing robust macroscopic quantum effects, this device opens practical routes for superconducting memory
and logic elements in advanced cryogenic computing systems alongside quantum processors.

superconducting bistable switch, direct current superconducting quantum interference device, Josephson junction,
macroscopic quantum effect
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