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Table 1. Superconducting quantum oscillation phenomena in low-dimensional superconductors.
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Fig. 1. Superconducting quantum oscillation effects observed in low-dimensional superconductors. Three distinct effects, including

the Little-Parks (LP) effect, vortex motion effect and Weber blockade effects, together with the physical mechanisms and typical

experimental results, are presented [17:20:39.49-51.53.66]
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Fig. 2. Experimental observation of LP effect: (a) By determining the relation between the superconducting critical temperature and
the applied magnetic field, the LP oscillation can be observed in the H-T( relation. The sample used for the observation is a super-
conducting Al nanostructure, whose shape and size are presented in the inset figure. Note that the applied magnetic field is perpen-
dicular to the sample surface, and that the superconducting critical temperature has been normalized by the critical temperature
under zero magnetic field9. (b) By determining the relation between the four-terminal resistance and the applied magnetic field,
the LP oscillation can be found in the R-T relation near a zero magnetic field. The sample used for the observation is supercon-
ducting chiral nanotube WS,, and the orientation of the applied magnetic field is along the nanotube axis. The calculated effective

diameter of the superconducting nanotube is d = 80 nm based on the periodicity of the oscillation, which is consistent with the pic-

tures taken by transmission electron microscopel!”.
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Fig. 3. Comparison of the LP oscillation effect between conventional superconductor (s-wave pairing) and spin-triplet superconductor!%%):

(a) Schematic diagram of the LP effect of a conventional superconductor reflected by the critical temperature (upper panel) and

magnetoresistance (lower panel). Note that the zero magnetic field state is associated with the maximum of T¢ and the minimum

of R. (b) Schematic diagram of the LP effect of a spin-triplet superconductor reflected by critical temperature (upper panel) and

magnetoresistance (lower panel). Herein, the zero magnetic field state is associated with the minimum of T¢ and the maximum of

R, which is directly opposed to (a). (¢) LP oscillation observed from magnetoresistance for conventional superconductor Nb, which

is in accordance with the lower panel of (a). The magnetic field is normalized by 30.2 Oe, which is associated with a single magnet-

ic fluxoid quantum. (d) LP oscillation of topological superconductor 3-Bi,Pd observed from magnetoresistance. The upper panel

shows the original data, and the lower panel shows the signal of oscillation by subtracting the normal R-H relation. The LP oscil-

lation is in good accordance with the lower panel of (b), directly confirming the nature of the spin-triplet pairing mechanism of (-

Bi,Pd.
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Fig. 4. Analysis of LP oscillation for the «-BiPd superconducting ringl™: (a) LP effect where the maximum resistance corresponds
to the zero magnetic flux. The upper panel shows the original data of R-H relation (the resistance is marked as “ R”, and the
sample size is shown in the inset panel), and the lower panel shows the results after subtracting the normal magnetoresistance data
(marked as “AR”). The characteristics of the oscillation corresponds to Fig. 3(b), and this kind of superconducting ring is named
the “n” ring. (b) LP effect where the minimum of resistance corresponds to zero magnetic flux. The characteristics of the oscilla-

tion correspond to Fig. 3(a), and this kind of superconducting ring is named the “0” ring.

127402-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 12 (2022) 127402

HR AR, 2 A iE =R SRR
SR - 5 S50 ORI 1) %) R kL BEL AR, /N X g T
' = n® (fRIFRA <0 7, XF 0 F & 3(a) fil ¢ =
(n+1/2) @ (TRIFR R “n” 3K, XFR T 3(b)) Bifhs
W VRS TN S i a e < RS X 7 N B2 =3 VIR U
“O7 R0, X b S B B A e = E A S Ak 8-
Bi,Pd BG4S R R, 78 21 a2 17 2
60% [ “n” 3, SFOMARAF. TREEE xRk i
SR, WL E] < SR IMER AL T 0(5E 4 A
JEFRASHCNT) AT 50% (564 A BE — A RLKT) Z 18],
WA TELLT 16 4 o-BiPd 8-S 284 o i ) 5]
T 34 “n” 3 (BER/NT 20%) AT 13 A4~<07 BR (il
S ZERANE 4(b) FrR), AU TiZ R A
JE AN = A FO 7 A, i — P RE T
X PARECXF AL L A LA A 35

223 FHLE WS, KT FaF 4 R-
" F IR T 2

B 1 38 o AR 2R - B A5 e A R
FEYBCRTAILHI SN, 18 TT DA 2% 9835 1) S8 0
AR —2 LSBT, LACR “Bkbi % HoAth
YIBRREETISY . A R Twasa, i 17:47)
X KC1O,, A4 L A JoT 78 il 1) T 2 BE WS, 4K

B SRR SR . S TR R
YR AR B AR OC R, BFRCE A 15 E
E TV SR B RS e A R Bl T2k
IR 9 KA Th A A R R AR R - o S0 40 7 1) )]
PR SR BUE, TR S i sh 25t T Te
HERZEPKER, BN AR H. WS, B
JE T ESERESY) (transition metal dicha-
lcogenides, TMDCs) [ —Fl, ARAE 1) WS, 49K E
J& TS, BAESMIBR RS, K eS8
AL ERB B AR 2, AR 2B T H
PR OTSU SRy T i — 20 i 5T 9HOK 8 T i AR TR T
Rl 2 KA AR AL AR, DRI B0 1™ ks 45 S
J7 IR KA R ), IR 12007 ] i 4 v RELA
5, 38 A A BT RG F BEL ) R R v R SR, 4
B AR poAH -nD? /4 = o Ry GHKE WA S
7 (b o REFES TR, AHRERAERXET
WG A, DRSS ).

WA SRR, EIR B IR0 ] B 9 KA R
SRR E SEREIEAD, HE R Hria R Y
Te 5ERMEIE (KRB M 3) B2 CR
(I 5)47 WFFEEA TR L T KC10,, A4 Ha it S5 i
il i) WS, v (W] LA A 12 48 T J095 i 0
KA B FH AR IR 45 R B2 85 R b

a b c oo 100 50 nm
10
1. D= (107.840.4) nm, Tc = 5.3 K '
1.0 WS s
nanotube WS,
L @ flake
| s
L L L f N
2. D = (100.840.3) nm, Tc = 4.8 K r .
\\ WS,
K 6 - Y nanotube
» TR N . ELY e 2 y N
L L L g ~ \.
3. D= (85.240.5) nm, Tc =4.3 K & 05 & ‘\.
- 4 \‘ 4
.\
"g 2 1 L 1 o 4 \\
= 4. D = (70.340.3) nm, To = 3.3 K I 2 R
£ 1 Large D Small D *
g 0 >
4 71 l I O 0 1 1 1 L l L L 1 1
-2 —1 0 1 2 0 2 6 8 10 0 0.01 0.02
poH/T T/K D-Y/nm-1

K5 xBTS WS, JUKRE R IG TR E S ERM LRI (a) BRI B 4 B 595 K 50 R 45 2K -08 50 49k 5 DA K
AR A poAH - 1D? /4 = o I INE 1R D RS TR EE Te (bR B 228 L7 ); (b) 4 4 WSy M-S 40KAF L J WS, [
) B BEL- 30 B O R, o el BELF X 1E 5 A8 1 Fi BELAE 770 — AR AL B (c) 4 MR WSy MR K A8 LA B2 WIS, W R 17 8 S 11 UL B - 42 G
F, Hrh WS, #RAE RSN N TIT K

Fig. 5. Investigation of the relation between the diameter of superconducting chiral WS, nanotubes and the critical temperaturel™:
(a) LP oscillation for 4 superconducting nanotubes with different diameters (D). The values of D are obtained based on the formula
poAH -nD? /4 = &y and the corresponding Tc of each nanotube is marked on top of each curve. (b) The R-H relations for 4 su-
perconducting nanotubes (corresponding to the order number in (a)) and superconducting WS, flakes. (¢) The relation between su-
perconducting critical temperatures and diameters of nanotubes, where the diameter for WS, flake is considered to be infinite.
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Fig. 6. Investigation of anomalous metal state existing in the transition from insulator to superconductor®l: (a) Schematic illustra-
tion of the sample structure, including the amorphous alumina (AAO), Y-Ba-Cu-O superconductor (YBCO) and SrTiO; (STO) lay-
ers. The porous structure is obtained by ionic etching of Art and CF;‘, respectively. (b) The R-T relations for 4 typical states:
SC, AM1, TS and INS. (c¢)—(e) The oscillation signals in the R-H relations observed from normalized electrical conductance for the
superconducting state (c), anomalous metal state (d), and insulating state (e). Note that the abovementioned three states have
identical periodicity. (f) Temperature dependence of the oscillation amplitude for the abovementioned three states.
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Fig. 7. Oscillation signal observed in magnetoresistance induced by the thermally excited vortex motion effect®”. (a) Scanning elec-
tron microscope (SEM) image of a high T¢ superconductor La, 4,51 ;,CuO, nanostructure, formed by two sets of square patterns at
an angle of 45° with each other. The inset figure at the upper right corner shows the R-T' relation and the superconducting critical
temperature T¢ defined in this study. (b) The oscillation phenomena of magnetoresistance, where the amplitude of oscillation is
defined as AR . The inset figure shows the relation between AR and temperature. Note that the amplitude of oscillation is much
larger than the expectation based on LP oscillation (dashed line), but is in good accordance with the calculation results based on
thermally excited vortex motion effect (solid line). (c), (d) The Fourier transformation results of the oscillation signals, where (c)
and (d) are associated with side lengths of 75 nm (c) and 150 nm (d) in the nanostructure patterns, respectively. Only a sharp peak
can be observed at the position of 2e/h, but the theory-prospected peaks at the positions of e/h and 4e/h seem insignificant
(note that the peak at 4e/h in (c) is just the double-frequency signal of the 2e/h peak, instead of the intrinsic properties of the

sample).
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Fig. 8. Magnetoresistance oscillation phenomena originating from the current-induced vortex motion effect®: (a) Schematic dia-
gram of the superconducting Nb device structure. (b) The R-T' relation of Nb device. The superconducting critical temperature is
approximately 7.6 K. The inset figure in the upper left panel shows the temperature dependence of the oscillation amplitude. The
lower right panel shows the SEM image of the device. (¢) The normalized experimental magnetoresistance results at temperatures
from 7.35 K to 7.65 K. The temperature interval is chosen to be 0.05 K. Note that the periodicity of oscillation does not correspond
to integer numbers of magnetic flux quantum. (d), (¢) Magnetic flux-dependence of the time-average free energy (d) and electrical
potential difference (e) under different intensities of electrical current. The amplitude of oscillation increases with increasing electric-
al current in (e). (f) Normalized magnetoresistance signal at fixed temperature (7.42 K) with different electrical current. Within the
range of I < 20 pA, the amplitude of oscillation in magnetoresistance increases with increasing electrical current, which is in good
accordance with (e) .
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Fig. 9. Comparison between Weber blockade and Coulomb
blockade”: (a) Schematic diagram of Weber blockade,
where the gray rectangle represents superconducting
nanowires, and the black vortex represents quantum mag-
netic flux. The two sides of the nanowire (green regions) are
the “source” and “drain” of the vortex. The vortex can
move across the superconducting nanowire (shown by the
black arrows) driven by the applied voltage. The entrance
and exit of magnetic flux will cause a difference in the elec-
trical potential of the nanowire, and this effect is named
“Weber blockade”. (b) Coulomb blockade effect of a quan-
tum dot. The two sides (green region) of the quantum dot
(gray region) are the “source” and “drain” of electrons, re-
spectively. The electrons move from the source to the
quantum dot and finally drain driven by the applied voltage
(shown by the black arrows). By comparing (a) and (b),
one can see that the two phenomena are appropriate

paradigms of charge-vortex duality.
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Fig. 10. Experimental confirmation of Weber blockade®: (a) SEM image and characterization geometry of Al superconducting
nanowires®). (b) The I-V characteristics of the nanowire at a fixed temperature (250 mK) with the magnetic field increasing from
90 mT to 130 mT. (c) Ic-Brelation derived from experimental results in (b). The slopes in the Ic-B relation for the regions
marked by a, b and ¢ in the enlarged figure are presented in the inset table. (d) The physical states of the system with different in-
tensities of magnetic field. Five typical states (marked by Roman numerals) can be found with the variance of the magnetic field.
The upper panel of each region indicates the physical states of nanowires in real space (blue and red colors represent superconduct-

ing and normal metal states, and other colors represent transition states). The lower panel shows the corresponding I¢-B relation.
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Fig. 11. Weber blockade effect in the metallic superconduct-
ing field-effect transistors®: (a) Schematic diagram of the
device structure, where the substrate is heavily-doped p-
type Si, and V4 (Vi) represents the electrical potential of
the bottom (side) gate. (b) Pseudo color SEM image of a
superconducting field-effect transistor. “Gate” and super-
conducting nanostructures are colored cyan and dark blue,
respectively. The length, width and thickness of Ti super-
conducting nanowires are 900 nm, 200 nm and 30 nm, re-
spectively. (c¢) The R-T relation (dark blue line) and R-B
relation at 5 mK (cyan line) with zero bias voltage. (d) The
Ic-B relation with zero bias voltage. Observable oscilla-
tion phenomena can be found when the absolute value of
the applied magnetic field ranges from 30 mT to 100 mT
(the temperature is set to 5 mK). Such phenomena are in
accordance with the expectation of Weber blockade.
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Quantum oscillation phenomena in low-dimensional
*
superconductors
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Abstract

Low-dimensional superconductor serves as an excellent platform for investigating emergent superconducting
quantum oscillation phenomena. The low-dimensional natures of these materials, originating from the finite size
which is comparable with the superconducting coherence length, indicate that the corresponding physical
properties will be constrained by quantum confinement effects. Importantly, some of the frontiers and hot issues
in low-dimensional superconductors, including the anomalous metal state during the superconductor-insulator
transition, spin-triplet pairing mechanism in superconductors, thermal-excited and electrical current-excited
vortex dynamics in superconductors, and the “ charge-vortex duality” in quantum dot materials and
superconducting nanowires, are strongly correlated with the superconducting quantum oscillation effects. In
recent years, all the above-mentioned topics have achieved breakthroughs based on the studies of
superconducting quantum oscillation effects in low-dimensional superconductors. Generally, the periodicity and
amplitude of the oscillation can clearly demonstrate the relation between the geometric structure of
superconductors and various superconducting mechanisms. In particular, superconducting quantum oscillation
phenomena are always correlated with the quantization of magnetic fluxoids and their dynamics, the pairing
mechanism of superconducting electrons, and the excitation and fluctuation of superconducting systems.

In this review article, three types of typical superconducting quantum oscillation effects observed in low-
dimensional superconductors will be discussed from the aspects of research methods, theoretical expectations,
and experimental results. a) The Little-Parks effect is the superconducting version of the Aharonov-Bohm
effect, whose phase, amplitude and period are all helpful in studying superconductivity: the phase reflects the
pairing mechanism in superconductors, the amplitude can be used for investigating the anomalous metal state,
and the period provides the information about the sample geometry. b) The vortex motion effect is excited by
thermal fluctuation or electrical current, and the corresponding oscillation phenomena show distinct
temperature-dependent amplitudes compared with the Little-Parks effect. ¢) The Weber blockade effect
originates from the magnetic flux moving across the superconducting nanowire, and such an effect provides a
unique nonmonotonic critical current Ic under a magnetic field in I-V characteristics. The prospects of the
above-mentioned quantum oscillation effects of low-dimensional superconductors for applications are also

discussed at the end of this review, including quantum computing, device physics and low-temperature physics.

Keywords: low-dimensional superconductors, Little-Parks effect, vortex dynamics, Weber blockade
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