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(b) B T Bi #9264 (BEmh N4) HH S iR £ (23]
Fig. 1. (a) The resistance of Bi nanowire versus tempera-
ture under perpendicular magnetic field (Sample N1); (b)
the resistance of Bi nanowire versus temperature under

perpendicular magnetic field (Sample N4) (23],

AR, 7E0.67 K R I A B BH BRI
P ST RS2 BigOK 2R 1K 55 b — AN A, g 7E
HoAb AL 26 & B B0 Ye &5 POIIRIE LB, A
TR B 9K £ 1) B BHAEL7E 0.64 KB R &
IEH S HAE Y 30%, B ST .
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i f
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i \f i
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B2 (a) P75 F S RS IIRS % &, (b) EBEY
THES#MSHM KR, (o) EHY T W57 6800
* & [23]
Fig. 2. (a) The R-H curve under parallel magnetic

field; (b) the R-H curve under perpendicular magnetic
field; (c¢) the R-1/H curve under perpendicular mag-
netic field 1231,

ME 2 (a) ATLAE B, 7E T, LA, Pl 4 s BH B
F AT R AR AR I H F8 B i 3R 5, FRATTH
B Zebr € HAR A, J95.85 kOe, J& 11 2
Hmd?/4 = ®o. XABLR I 5 7T 6E 2 Bi 49K 2
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I 23 75 A — AN ML 22, B IR 82 T 2 5 K Little-
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T T 37 1 BT 90K 26 1A O (2 (b) #1
2(c)), Al LA 3 h v B 3% A Bl 45 16 B 03
A A, 5T H BRI R B, HI B A G 1 R S R
MRS LR B2 (c) 1B R bR on B
3% JA B 0.0176 kOe ™1, & # A [1) Shubnikov-de
Haas (SAH) AR 12357351 R K TR R 1
RRAE. SAH % % 2 75 AL 95 % I IR B T A2 85 58 1)
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7 LT R R IR T AT . AT REIAL
R TR b T — R 5 & B 18 3 1 45 3L RE
2% Landau REZ% ', B —> Landau e 2+, [A]
JEMNZE | Zeeman REAN FL T4 (e B/ h) YWl EI7 1)
LR PRGN, R, B8 REA N, Landau B8
KM EREE. 445 Landau B8 % 4 it Fermi
REZLIN, X A R} 5 BB, 32517 512 SdH
.

X gh AR B Bi KR T, DL N T ReAFAE S
AEH AR SN SRS IE L.

413 FEBHARETHEBEF RN

AR T BN 20 F132 nm KIFE 40 B8 Bi
KL s e PO ORI T 4R Bi gk g
HTAT IR I T

Bi 49 K 28 /2 38 1 o Ak 2% 05 v 7E £ FLBE A 4R
AR R i B & 15 8. o BN TR
B (TEM) E& RoR, Bl & 0 BigiKk & N &
. IR, 4 TEM IS W B s gk 28 3%
A ZEEE N 3.5 nm40.5 nm. Kk, 25
H {1 AR SE B o HEBR AL 2 JE BigKR 1
WA E AR FRATXH B A% 920 F132 nm ) Bi 44K
2, i BB TR (FIB) £ AR BT (Pt) HLAR
(w x d =100 nm x 100 nm), K FFRHEPY AN
B BIKLE. WK 3(a) s, ZH5 THH
BH 75, B il £ 2R 20, 32, 72 nm 1 Bi g4k &L 5 7E
1.3 K H B ZE R4 29, 4R, 0.67 K HHIE, 72 nm
YK 2R 1 < J8 7 HEBELAEE i LR I R AE 20, 32 nm
gk R L. BAE, 20, 32 nm PR L AERACIE T
AF1E 5 IR B TE S I 380 42 B BHL, BRCRVE T Pt AR
S L .

AR 20, 32 nm GK L HAT T A FERE T
PRERHIE. 3 (b). B3 (c). 4 (a) FIE 4 (b)
JIt s, 4K 26 ik BH 2 B0 HE B 8 0 % 1 e ek B2O) o

S Gt He o BHIE TE 5 25 FHAE 97.5% B X B2
fImEs. AT AR R, 0.1 K. i3 B T 99Kk 24
] B 20 F1 32 nm 44K e WG S k3% Hey 73 008 33
F127.6 kOe, 572 nm 44K Lk He, 21434 kOe &=
LAFE. AT, &R Hep 53 5 28 56 Fl
33.4 kOe, Wl EAKTF 72 nm 4Kk H., = 67 kOe,
AR 538 H K Ze i G B B B AR AAT N
ANFE. RIS, BTS2 = MR G K 2 1) i 7 v 2
Je AN 1.7 x 104, 2.2 x 104, 0.34 x 10* A/cm?.
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K3 (a) NRIBERKIPIKLR) R-T FEZ; (b) 1 (c) 205
NANFHETE T W37 AT T 40K el ) 15 20 F1 32 nm 94K £k
ff) R-H ik [30]

Fig. 3. (a) The R-T curve of nanowires of various
diameters. Under different temperatures and magnetic
field parallel to the axis, panels (b) and (c) are the R-H
curves of the nanowires with diameters of 20 and 32 nm,

respectively (361,
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Fig. 4. Under different temperatures and magnetic

field perpendicular to the axis, panels (a) and (b) are
the R-H curves of the nanowires with diameters of

20 and 32 nm, respectively. The arrows indicate the

minimum of the oscillations [36].
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KB SR E NI T R T 2.

AT H/) T 20 #1132 nm Bi 90K 21 R-H 1T
NEA IR LP Y. R AH(nd?/4) = &o(H

F1dy = 2.07 x 107 G-em?, d NN EHAE) L Hy,
T 20 132 nm 44Kk R LP $%3% 9 AH 435N
134.5 F154.5 kOe, 98 KT B~ 47 Il 1k 3%
Hep(56 f133.4 kOe). #A MM EISELP Ik al th
I 3 i RE

AET AT R, Wl 4R, BES T
20 A132 nm R-H #h £k 5 B 2 AE i R 517 A,
EIER K72 nm 4K 22 A 00 2 (1) SAH #: 35.
& o 5 SoREL I 25 L 20 1 32 i 40K 28 FR 4R 7 JE 1
43N 2.32 1118 kOe. SAH ¥R ¥ & RE1E & H 1%
Hy W2 ) mT e 5 R 2, &R T Bi iRG
FEZ174 10 nm, 5 20 F1 32 nm K LEH) B AR —
BH.

BT KRG LI, ATVK AL 3578
HEECL R Bighok & e EH B RS ME B A ILAE
MR, FF HAESLE FAE S Bi 94K 2k 108 5 R 14 ok
HHRMZ. mEHRRR ARG AT, 1Ak
HE—25 I EE T

4.2 Pb#KTRIAR

AN At % HUEE SRR B, #E (Pb) IR AR A
AR B AR IR (T, 218 7.2 K), X153 Pb
TE HL 22 A 1) 32 ST 6 T E B S AR B e 4b,
Pb &M E L ER, HA HIRPUERE LK, &5
A BCSHE Sk, BERIH — 54 408 SR
K—FERER SR, Ik, WF70 85 Pb 9K R
FET i SR, A B HE R ME, e
ST HLF A N U B R
421 PbthRifk—2%ARFEH

S5 o AT A A s B 2 MBE & 4 1E
Si(111)-7 x 741 & b il & J JE 29 8 28 M i 1 )2
(ML) ) Pb L, JF HAIH R EE 7R (FIB) HA
Z0 ik Y9 KA, K10 wm, %285 nm, EE N
8 nm P75 (a) A KAERE (111) T 140 7
[ STM ML, RIHTURL 4 AR 1 J2 B0 & IR AE 9 1R
2. B 5 (b) a2 s it s e 17 =&
A LA FIB 4 4 8 20 e pl v — 4R gl oK, I
R AR DO MR AT I . P 5 (o) A i T
DB AR AR S .

BAR Pb 90K 5 11 % & 285 nm KT Pb {3
SHAR K, (HR R R E] 10 nm, ARG 250
T A4S S A E A /N T 805 Ph A K B T L.
BA 6 Pb 4K AT A B VRN T 4 5 —4E 2 [l
HE— Yk T s,
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K16 (a) 7R 12 Pb IR A P 99K 1) R-T
2k, P R el 0 FE B0 L AR 1) R T B A ol 2 A
T F OB R B, (EA3E R 2 Pb 4K i
G AR IR W JE Tonser A 6.9 K, B 51T Pb i
1) Tonset (6.3 K). A B2, 474 Pb il FIE 2
7.2 K, T 4 Pb i S HE 8 S AR EA T
B (6.3 K) 12~ 11 (HAEHE—HEGIK AT T Tonser XA
T i (6.9 K) BT0L 45 —Fh i ik & T, (3 5 15
AT T HL S U I . (R K AR TN
KT, A R A 0.2% HIBE5E, LRI
BB AR IR B AT 2 9% HI R &, 6 (b) Ban
M2 23ML 42K R-T 2k, fEXTEAA AR ol LU
HIET, DLF, A#H & ET B 5]k i) 7 4 s iH
“R

K5 (a) Pb#BIK STM ElE; (b) HPUMRENE Pb 4)
KRB (c) SEM s E 37)

Fig. 5. (a) The STM image of Pb thin film; (b) the
four-electrode measurement of Pb nano-ribbon; (c) the
SEM image (371,

T
1.0F (a) .
3 -
0.8 2
&
o 0.6 =
= | —=—Pb film
& o04FfF 4
= | —e=Pbbelt
0.2 1
4’
ofF =
L i 1 i 1 i 1
2 4 6 8 10

100;'(10) ' [ '

R(T)/R(8 K)

E
1 1 1 14

4 6 8 10
T/K

6 (a) PSR H R-T Hh£k; (b) Pb 9K
{1k B A bR 1 A LR 5 9 i 2 (57)
Fig. 6. (a) The R-T curves of Pb thin film and nano-

ribbon; (b) the residue resistivity of Pb nano-ribbon
37].

versus temperature [

WATAE T BT FF 5P T D7 100 i 0 % 3,
B 72 FTSRIF SRR g 1. B 7 (a) Bon, ST Pb
YUK, TEmis N RN ERSG, BERA
15 Q, JF BAE G S0 i, s BE AR £ Ak I Z.
552 90 i W B P 9K A 78 R G T
WIE 7 (b) Az, B A HPH &L 1.6 kQ, FF HHEIH
BEREA A — e R v, KB 7 (b) /NG
SRR EIET (), WL AERIRE N 2 K, &b T
A, YK IR R F BB T R 13 I e BT
BRIRGIT AN, B — SEPb ALK E 2 EE K
. AT #INZILR AR T RGeS 5, IR
AT N E 517 Rl 3, i 7 (d) FioR, 99K iR
H BELAE I A 4138 o Bk B, IR B IR Hl AR A
YA UE— Y R ARG, B 7 (c) FREOR, 1E
TN, BEHBRBLI KNI N0, BEERE3A N 0 kOe
WK E|5 kOe, BEBHAZAL I T A—F 7S AN i FH
U, FE %94 0.6 kOe, X AT BEE KA Pb gk o
AR R AT R S 451, T ERiYs 5] ik
(1) LP AL PGP AR 5
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20 Gf
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g15- A B D ]
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Fig. 7. (a

R/kQ

R/Q

16F
1.2}
0.8}

0.6

200

150

100

50

H/kOe

(a) 2,3, 4 15 K T Pb #EfY R-H #iZk; (b) 2, 3, 4, 5 K T Pb 44K R-H Hh4k; (c) BARBLIATEE N,
2 K I Pb #K35 R-H R4 (d) Pb #KBER RIS FIERRBAN R-H ik 37)
(a) The R-H curves of Pb thin film under 2, 3, 4 and 5 K; (b) the R-H curves of Pb nano-ribbon

under 2, 3, 4 and 5 K; (c) the details of R-H curve of Pb nano-ribbon under 2 K and low magnetic fields;

(b) the R-H curves of Pb nano-ribbon under various temperatures [

4.2.2 A F KR & F 89 <A A7 (phase

slip)
A TG o B AT X EWRE

PRI RHIHAL C 0, A HAAE = — s A AL 7T A
T, Tk (LA PGB AN BT EKTE ) RN 2
I BN 3 AR AR TP, R B AR TR AR X
PRI AR Y IEH A, AZIEH A X 2 W e R
£ XA IRYEE T B IS

10 - : *
——20K
——25K
8
3.0 K
| ——35K
S 6
| 40K
>~ 4t 45K
5.0 K
5F —+—55K
ot ——(“’ (a)
0 15 2
I/pA
Kl 8
il 2 [45]
Fig. 8. (a

under 4.3 K and different magnetic fields [45],

37].

MBS, REAR LR MHZEN Ag HIH
SERBIMEES I Ag+2n B FE R AL
AR 2R, R EBd %%, Wit
Jit 5 i RE BT DL A RE (VO A% ) BUR 1Tk
(BT AHF) $R L.

FERFSE AR BEVE B N, — R BIINAL 2 1]
Rt BAS It _ESRABLI 0, TR ARAS oy, fEAR
Fo rprL R AL OB 207 AL v B, S B4Rl %
b KRS

10

I/pA

(a) FHEMEARAR R R P 90 R M EA R T V-1 #1128, (b) Pb AORMTERE N 4.3 K, NEWAEE N V-1

(a) The V-I curves of Pb nano-bridge under different temperatures; (b) the V-I curves of Pb nano-bridge
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YERFIE, SR E R AH RS O 2 3E BRI B R
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4.3 FTEBIBHKT
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induced deposition, IBID) /7 7A K R, 785250 =
H ] DL R ) 4 22 b R AR 4t B 1 s ol A
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.
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FHAE 5 R F e B B 6T (energy dispersive spec-
trum, EDS) 0 #r 5 tH H 5l 0 8 W, C R Ga, Hefs] 5
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A LAE B B 352, Im AR 48 KA.
HHAEEST, HHAAREM 300 K FFKES K
kAR, BEIN T 10%. IX PR AT S 0 AE S M T RE
5WgrKkar s N1 C, Ga fHL A S 2=
. T S R 5 W T U PR T R R 1
BAGE/NREX 8] 2—6 K, 8 i AR AN [\] 1 71 i
Py R /NI A3 it 1 L BH TR B i 46 (BT 9 (b)), 1E
TN, W 9K 1) 5 5 A 46 1R FE (onset
T) N49 K, SRR XITE L L N0.2 K. b 5E
W3 77 v 2 BT RE I, 38 D037 R /IMEAS A i 1
G AR B O T B T P AIG, I LA R AR X A
B9 (c) NANFEREEE N HIH -Ridm 26, f£2 K F
TG S 8 T, B R T =, A8
W3 B AR, MR AR 6.0 KB, JL P MEA
B PR AR AR AE.

600 |
p= (a)
i T ——
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]
~
=
200 [
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| i L 1 L " 1
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————W (b)
; £y
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K9 (a) AR R-T R MEMILL, A1 1l B 9 R R 5
5 SEM (% (b) W 9K 47 RS F 0 R-T H5 b
% (c) W GLRAAEA FIRE 10 R-H 2k (5]

Fig. 9. (a) The R-T curve of W nano-ribbon (The in-
set shows the actual SEM image); (b) the R-T curves
of W nano-ribbon under different magnetic fields; (c)

the R-H curves of W nano-ribbon under different tem-

peratures (551,

432 WK b o Rk kA4 E (vor-
tex glass transition)

i FARH R IE (vortices) B AR RNV AL 2 R T
YRR EE A ST ) 2, e A AR R ) % )
S PR R T v S R U E — 2D RN IR SR e S 4t
T R A P00 S5 Jie TT LA LB S 25 (vortex
glass, VG). A% (vortex crystal, VC) Fi A ZS
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Fig. 10. Panels (a), (b), (c) are the V-I curves under different temperatures from 2 K to 6 K at magnetic field of

0, 10 and 20 kOe, respectively. The red arrow indicates the direction where the temperature increases. Panels (d),

(e), () are the same figures with panels (a), (b), (¢) in the logarithm coordinate [°°],
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Fig. 11. (a) The R-T curve of Co nanowire of diameter
40 nm and length 600 nm (The inset is an SEM image
of the sample); (b) the V-I curves of the sample under
1.8 K and different magnetic fields (791,
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TF e fnia & 10, PUASEE S W HLAR %8 250 nm, JE
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Fig. 12. (a) The R-T curves of Co nanowire with diam-
eter 40 nm and voltage-electrode distance 1.5 pm un-
der different magnetic fields; (b) the R-T' curves of Co

nanowire with diameter 80 nm and voltage-electrode

distance 1.5 um under different magnetic fields (701,
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BRI . s g5 R TR i L B R
W #10.2 QA8 J LR, TIE S 7 A% 1 R BH 0%
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N TR IAB LR B B S L s
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R (NT) K2R, AR ZR R S I W H
. BE13 (c) ANIGKEAEAN R T R-T il
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13 (a) IR W HIMRL, RN Pt HIAR, 4209 40 nm 19 Co 40K2k R-T Fetk it 2k; (b) RN W R, HLEHR
9 Pt AR, HIRIGIIR— 2% W Al i) Co QUKEAEA RIS T I R-T Rtk i 28; (c) R HORTHUIARTS N W HLER, B4275 40 nm,
L3 pm (RHETE Ni 99K AR RIS T R-T ki 2 (70

Fig. 13. (a) The R-T curve of Co nanowire of diameter 40 nm. The current electrodes are W and the voltage

electrodes are Pt. (b) The R-T curves of Co nanowire under different magnetic fields. The current electrodes are

W and the voltage electrodes are Pt. A W ribbon is deposited in the middle. (¢) The R-T curves of ferromagnetic

Ni nanowire of diameter 40 nm and length 3 pm under different magnetic fields with four W electrodes

4.4.2 ¥ SHEMAKER ARG EHGEALZ L

WATFH B Z PR 7L GIE T BERN
70 nm K5 SR S K LR, N T R S X
LK LR S MR RS S e R R A TS
FEETZEENT pm PR ZZ M. F
FI FIB BARTE S 40K 28 L UTRGE S 08 B dl, 2 )
ANTRVRE S IR AR [ B L 4359008 1.0, 1.2 F1 1.9 pm,
14 () i B 2 52 bR 5 1 SEM MG, ) DY #)
AR LE AW E & (PPMS) A5 R (0 R-
T 2 14 (a) fis. =AFERBIERE N 4.5 K
Bt 0 R AR S AR N T E AR R WK 5
AR 5.1 K. 1K S2 (R T AR 208 23 7 Fi T A B A%
B AR AR S T R L = 1.0 pm FIRE &
15 4.5 K I H B BE O F) FR BHL A% A% 9 AT LLIA 3]
FHFH, LA1.2 pm PR G2 B IR AS B %,
FHAE 3.4 KB AR R ZFHERH, X ge2H T WH
BB U AR RN AE Au gk 2k P i S (1 4 5 B
AFTEL T L= 1.9 pm FIG0KRER, 755 AR
T2 KRR o 4 s BH, I T BA A8 5 H bR 30 4T
RN AT 2 () K FE A, AS 2 AE 1.9 wm K Au gl

[70].

KEAR Ry 5 A 3.

FRATAEAS [F)3 BE N IA5 = ARG 2 1) R-H ith
2, W& 14 (b)—(d) Frax, #EI T WIE##E 5 - 1E
WAL, AREEGEELAL2HA1.9 pm RS
RILT 75 5 RGP AY, X — fAE LN 1.0 pm iy
PR A R T 1.2 um FIFES, 2R12.5 K
FR-H i E % 5 1.0 wm B S AR, E7E3
3.5 KB, fE/NEi T (-3 kOe < H < 3 kOe)
LG R B S, FRATTAE NG T 3R AT RS 1 =
(B 14 (e)) KB, EIRE N 2.4 KN, AugKZ
BELEL S, WAL BEAE v E; 2.5 KN, s B 72
2.5 kOe P 3 X FR kAR RAZ, TV R tg v BEL 0 7
2.6 K, i3/ T 2.5 kOe B HEFA AR 2 N ZE, H
B 5 1 37 38 o, hd PR BHL HY IR R AR 5 H 76 R FH
W P Ao R AR 3%, 4k 2R T i (2.7—3.5 K) K I
T v, L U AN IR 355 S A8 T B, 5 3 AR /N A IR,
HH 4 KB 580K (WE 14 (o) hiEfuih 2k). X
FRAT BT SR MG S AR, 2
T T AW ST Au gl ok 26 (1 3T 40 30N 15 5 B
1.
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14 (a) HUEMIEIFESN 508 1.0, 1.2 A0 1.9 um § Au APRER) R-T 14k, 72 AN RE & Sihs SEM B, £ F
T Au 9K R 10 T8 40 B BT 88 (HRTEM); (b), (c) BEA&A4 AN 1A 1.2 um FIFEREARFRIRE T
R-H el 2, @ i, EES 58 2.0 KOKE). 2.5 K(HE).3.0 K(4).3.5 K(&:). 4.0 K(#).5.5 K
(RIEf), 7 59Kk 4 a7 R B (d) BN 1.9 pm RS EAR R P R-H $tkdh sk, 5 i L,
W AN 1.8 K(HE).2.3 K(4064).2.8 K(4:4).3.3 K(#4).3.8 K(RK#1).4.3 K(MZ4).5.8 K(AH); (e)
N 1.2 um GIRL R ME T RBEBOCEME, 75 (X T FHRE T 2 -T2 20 0T, B 3.5 K, Fefh Lk
FE T A AT R 9 2 (71

Fig. 14. (a) The R-T curves of Au nanowire with voltage-electrode-distance of 1.0, 1.2 and 1.9 ym. Inset on
the left: the actual SEM image of the sample. Inset on the right: the HRTEM image of the Au nanowire. (b),
(c) The R-H curves of two different samples under different temperatures and magnetic fields perpendicular
to their crystal axis, from bottom to top, at 2.0 K (gray), 2.5 K (black), 3.0 K (red), 3.5 K (green), 4.0 K
(blue), and 5.5 K (cyan). (d) The R-H curve of 1.9 pm sample under different temperature and magnetic
fields perpendicular to its crystal axis, from bottom to top, at 1.8 K (black), 2.3 K(red), 2.8 K (green), 3.3 K
(blue), 3.8 K (cyan), 4.3 K (magenta), and 5.8 K (dark yellow). (e) A detailed graph of the magnetoresistance
of the 1.2 pm nanowire near zero field. Except at 3.5 K, the magnetoresitance of the curves all reach zero

at zero magnetic fields (711,

443 RFPbAAKRLE LB LB FI FIB B ARAEG KL TR T 8 5@ s A4 (Pt), 4

A F AR FIRRHEDUBRIZAT T Pb 40K 28 (s P
SRR o FATTIE I FH HAG A TR ) T ik AR T K15 2R 1 5 5l 5 P 9K L AE AN R 1

BELARS3 9908 55 F1 70 nm )T 55 Ph 4K 2k, F TR LB TR BE R RO R . A e B
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B & I B AR, FPH R AR 2 bR F%, I B S AR
I E A A T G SR T AR K. LA 55 nm 4K ZH
), BEEREZIEIN, T. M 7.0 KiZHIF#AK, 253
1% 30 kOe I V527 LI 31 B 5 1 F BHL R B T AE &
YR, HBH> BIAE 7.0 F1 4.9 K BT H B AN BE 2
HL PSSR, B RTFRATIA N IX A2 BT S AR AR 2
1568 T 99K 28 55 17 a8 R A Al B i R 3 oK 28
W S 59, IF HAE FIB YT A fE vp, &
TEGNKZ 5 BRGEREAL 5] 0. R & B &5t
FEZ 0 42 4 PEIE R IR -5 Sn Zi 2 4 vh A i
Efﬂ [75].
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15 (a), (b) 4F B E#H 55 A1 70 nm Y Pb 43k 2
CERRI T BT $5bE il [74)
Fig. 15. Under different magnetic fields, panels (a), (b)

are the R-T curves of Pb nanowires with diameters of

55, 70 nm, respectively [74],

AR, AT DAL P 9K L il S35 W)
IEH SRR, RBEE W7 A0 I I AT
LT KUK G A, HFHRMEE2 KT, @89
R LA OR B B BRI R A A . BATAZ N+
AR RN KT RE I, P 9K 28 70 B 3 PR IR &
JE AR P 7. X — TAEA R R SEi B E IR R
GEBTE TR E DU B3k I < e AR R R 3
KL T PSR 5.

Wt FUHE AR AR 12 fi BAT -0 E
RIS BlUnmE 7e i 5 s a8 & R AN K Ly

Wi F 256 Hh BT U 1) ) F T AT R 5] R i
VR T8 5 FE AR RN oK 26 1R O AR 1, IX
R ST ] 5 1 — 4 SRR T — A
Mg, R SRR N s BB 3K, U455
TR AR 42 ful FEAE 5 RUALTE UG TG P RS, FF HoAgful
BELARZ /N i £ £ ST AR TV B p EE X, X AT BE S 7 A
R AN RS i ey A DS N R A R R O
H e = E A&, PEIAN] DL 3 e R Ak 1) B 14 B
A ARG oS, DR Uk, AR RN A R
FHEAE B FEARA W R4 — A8 B8 7 U,
FHBEH Y. MRSk 5k 3R R AH AR A
(WHR NG AR YA 5 I S HAR 7077, Tl
AR ARINE S X —FDHRYENR R, 5T
HATKIHIR F-10 Majorana 27 K7

5 —HHETERIMRE

2015 4F () Buckley #t 5 25 ¥ B2 2% 242 il K 45
7 Aharon Kapitulnik, Allen Goldman, Arthur
Hebard 1 Matthew Fisher DA 3% & i A1 75 48 5 -
“H AR AF (superconductor-insulator transition,
SIT) 3X — SR BT H i EOR Tk, X2 56 [ e 3R
A5 W B 2 AU L) B v R I, PR U W] U SIT B
T EERE X S4B ST, SIT 28 7
(quantum phase transition, QPT) 75 fl. QPT
AN T Bl A ARAR . TR E AR, SR fRAE AR
FETRGATE RSN EE S HLm ke
PIARAR. Seie ] DU 74 Mi s R s 2 |
iy 26 P A SR AT A R AR HOUL N STT

bR 1 SIT, 4t T b o —H il R 2 S
8 F (interface superconductivity), & &8 7E 4
AFEA R (B SR I s A5k E S
PSR FRIRAL R . A S B IE 58 57 1 mT BAA 2%
SRS, Im AR A W AR T, LT
PATN N T 2 4T, o= 05
Bl E B AL T ORI S A TR

5.1 BREPbEERES
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2. I SCIG ACHURE PR S R R A R K
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i, FPHONIE R A . XX i TR
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1 i 1 i 1 i 1

6 8
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10

16 (a) STM fHEXAIT-2 Pb MIER; (b) WUBGEANERIF 2 Pb R R-T MZL; () H#)5 ARNK Pb # 5

SEM E; (d) FHU Pb i R-T 2k 42]

Fig. 16. (a) The STM image of smooth surface of Pb thin film; (b) the R-T curve of smooth Pb thin film
measured by four-electrode method; (c¢) the SEM image of exposed rough surface of Pb thin film; (d) the

R-T curve of irregular Pb thin film (421,
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Fig. 17. (a) The R-H curve of rough-surface sample under 2 K; (b) the R-H curve of smooth-surface sample under 3 K
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K18 (a) AFREE T BB % LS5 (10 mV, 0.1 nA), 2% 10 K B IEH B S WO FRER0E —1; (b) 2ML Ga MR
FHERR A (BT B RUEE 0 B EOC R RARYE BOS REBER BN A 2 (L02R); (c) 2.7 K W AS RS T s 28 F 3 1 = 4t IR (86

Fig. 18. (a) The differential conductance tunneling spectroscopy under different temperatures, which are normalized by normal

conductance spectroscopy under 10 K; (b) the superconducting gap of 2ML Ga thin film versus temperature and the fitted (red)

(86]

line according to BCS gap function; (c) the 3D graph of tunneling conductance under 2.7 K and different magnetic fields (°°.
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Fig. 19. (a) The Rgpeet-1 curve under zero field; (b) the Rgpeet-1" curves under different B ; (¢) Rsheet-B1

and (d) Rsneet-B// curves; (e) the magnetization verses temperature under 10 mT magnetic field perpen-

dicular to the surface of the sample, showing Meissner effect; (f) different low field M (B, ) between 1.9 and

2.5 K (Inset: B.j versus temperature) (501,
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Fig. 21. The transport studies and diamagnetic mea-
surements of 1-UC FeSe thin film grown on insulating
SrTiO3(001) substrate. Panel (a) is the R-T curve
under zero magnetic field, showing T9"5¢t = 40.2 K,
Tzero = 23.5 K. Inset: the 30 nm amorphous Si/(10-
UC) FeTe/(1-UC) FeSe/STO heterostructure. Panel
(b) is the diamagnetic response measured by a home-
built two-coil mutual-inductance system. Inset: de-
tails in the vicinity of superconductivity, indicating a
diamagnetic screening at 21 K. Panel (c) is the mag-
netic susceptibility of 1 UC-FeSe under 1000 Oe par-
allel field measured by MPMS-SQUID-VSM system.
Inset: the magnetization curve of 1 UC-FeSe under
2 K85,
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Fig. 22. The magnetoresistance measurement of 1-UC FeSe thin film grown on insulating SrTiOz(001)
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Fig. 23. The BKT-like phase transition of 1-UC FeSe thin film grown on insulating SrTiO3 (001) substrate:
(a) The V-I curves under different temperatures; (b) the function between the index o and the temperature,
where the « is fitted from the power law; (c) the R-T curve using the [d(In R)/dT]~2/3 scale [85],
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Abstract

Superconductivity is one of the most important research fields in condensed matter physics. The rapid develop-
ment of material preparation technology in last few years has made the experimental study of low-dimensional physical
superconducting properties feasible. This article gives a brief introduction on superconductivity and technology of low-
dimensional material fabrication, and mainly focuses on the experimental progress in electrical transport studies on one-
and two-dimensional superconductors, especially the results from our group. As for one-dimensional superconductivity,
we review the superconductivities in single crystal Bi nanowires, crystalline Pb nano-belts, and amorphous W nanobelts,
and the proximity effects in superconducting nanowires, metallic nanowires, and ferromagnetic nanowires. Surface su-
perconductivity is revealed for crystalline Bi nanowire. The step-like voltage platforms in V-I curves are observed in
Pb nano-belts and may be attributed to phase slip centers. Besides, vortex glass (VG) phase transition is discovered
in amorphous W nano-belts. Inverse proximity effect is detected in crystalline Pb nanowires with normal electrodes,
and proximity induced mini-gap is found in crystalline Au nanowire with superconducting electrodes. Furthermore, in
crystalline ferromagnetic Co nanowire contacted by superconducting electrodes, unconventional long range proximity
effect is observed. As for two-dimensional superconductivity, we review the superconductivities in Pb thin films on
Si substrates, 2 atomic layer Ga films on GaN substrates, and one-unit-cell thick FeSe film on STO substrates grown
by molecular beam epitaxy (MBE) method. By both in situ scanning tunneling microscopy/spectroscopy and ez situ
transport and magnetization measurements, the two-atomic-layer Ga film with graphene-like structure on wide band-gap
semiconductor GaN is found to be superconducting with 7t up to 5.4 K. By direct transport and magnetic measurements,
the strong evidences for high temperature superconductivities in the 1-UC FeSe films on insulating STO substrates with
the onset T and critical current density much higher than those for bulk FeSe are revealed. Finally, we give a summary

and present a perspective on the future of low dimensional superconductors.

Keywords: low dimensional superconductivity, electrical transport, thin film, nanowire

PACS: 74.25.F-, 73.63.Bd, 74.78.-w, 73.63.-b DOI: 10.7498/aps.64.217405

* Project supported by the National Basic Program of China (Grant Nos. 2013CB934600, 2012CB921300), the National
Natural Science Foundation of China (Grant Nos. 11222434, 11174007), and the Research Fund for the Doctoral Program
of Higher Education (RFDP) of China.

t Corresponding author. E-mail: jianwangphysics@pku.edu.cn

217405-25


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/srep00998
http://dx.doi.org/10.1088/0022-3719/6/7/010
http://dx.doi.org/10.1088/0022-3719/6/7/010
http://dx.doi.org/10.1007/BF00116988
http://dx.doi.org/10.1007/BF00116988
http://dx.doi.org/10.1007/s11467-013-0380-2
http://dx.doi.org/10.7498/aps.64.217405

	1引 言
	2金兹堡-朗道(Ginzburg-Landau)理论 和低维超导体
	3低维超导材料的制备
	3.1 电化学方法
	3.2 微纳米刻蚀法
	3.3 分子束外延

	4一维超导的实验进展
	4.1 铋单晶纳米线
	4.1.1 铋单晶纳米线中奇异的超导特性
	Fig 1
	4.1.2 铋纳米线在磁场下的振荡行为
	Fig 2
	4.1.3 半金属铋纳米线中的表面超导电性
	Fig 3
	Fig 4

	4.2 Pb纳米带的研究
	4.2.1 Pb纳米带准一维超导电性
	Fig 5
	Fig 6
	Fig 7
	4.2.2 超导晶体纳米线中的``相移''(phase slip)
	Fig 8

	4.3 无定型钨纳米带
	4.3.1 W纳米带的超导电性
	Fig 9
	4.3.2 W纳米带中的涡旋玻璃态相变(vortex glass transition)
	Fig 10

	4.4 一维体系中的超导近邻效应
	4.4.1 钴纳米线和铁磁性材料异质结构与 近邻效应
	Fig 11
	Fig 12
	Fig 13
	4.4.2 单晶金纳米线与超导电极的近邻效应
	Fig 14
	4.4.3 超导Pb纳米线与普通金属电极的 超导近邻效应
	Fig 15


	5二维超导实验进展
	5.1 单晶Pb薄膜超导
	5.2 不规则Pb薄膜超导
	Fig 16
	Fig 17

	5.3 Ga薄膜中的超导探测
	Fig 18
	Fig 19
	Fig 20

	5.4 单层FeSe薄膜中高温超导
	Fig 21
	Fig 22
	Fig 23


	6总结与展望
	References
	Abstract

