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Fig. 1. Schematic plot of (a) magnetization and (b) magnet-
ic induction with the variation of external magnetic field H.
H,, is lower critical magnetic field and H,, is upper critical
magnetic field. Meissner state and Mixed state are labelled

as “Meissner” and “Mixed state” respectively.
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Fig. 2. Magnetic hysteresis loops (MHLs) of type II super-
conductor NbTi. In the cold-annealed samples, MHLs are
irreversible in a large field region due to the existence of de-

fects and dislocations which form the flux pinning centers.
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Fig. 3. (a), (b) MHLs of cuprate superconductor YBa,CuzO; s with oxygen-deficient (solid point) and oxygen-rich states (hollow
point) at 40 and 78 K; (c), (d) MHLs of iron-based superconductor Bag K, JFe,A, at different temperatures®?.
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Fig. 4. Temperature dependence of magnetization for Bi-
2212 with zero-field-cooled (ZFC) measurement (solid
point) and field-cooled (FC) measurement (hollow point)
when magnetic field is parallel to c-axis.

2 ATl M A ET 4L ) RIR

A R AT AT BB | R Tl g,
GL A g iR —Ia LIS G R, 2™ A4
W BT LRSI (LI 5). AR i 3 4 fl e 14 14 J5
ETFHLEHUEAT] UGr o S TAETHL. S-5T4L P P8y
F IR AN S B2 7 A X S L 1 Sh RE R I
TE R SETHL 1, AN A #EPEBURLETHL 7| Bean-
Livingston FtHFIFL B LT B E L4 1.

S E Al LAXE 8 T AT FLE A7 E B iy e S Al

Pl 5 BEEAETFL S B R 5 0] 002 il i AR 3R 1 02
T, 920 RN M 2 B R

Fig. 5. Schematic show of flux pinning. The vertical curved
tube represents the magnetic flux, and the solid spots rep-
resent defects.
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Fig. 6. Field dependence of (a) width of magnetization husteresis loop (proportional to critical current) and (b) flux pinning force

for high temperature superconductor YBay,CuszO7 2.
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Fig. 7. Distribution of magnetic induction (proportional to

the local flux density) in the initial process of flux penetra-
tion according to Bean critical state model.
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Fig. 8. Distribution of magnetization (red solid line) and magnetic flux density (dark areas represent the height of magnetic flux

density in small rectangular diagrams) according to Bean critical state model.
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Plin = E/J|J—>O7 (16)
i R SR AR /N R BR T R 38 12 B R U
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TG TR AR E T FLBIR IEBE B A8 ).

4.2 WHEYEDN
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T2 (15) H & IF% &2 WS 8 3h = A 1Y s i Rk 4]
PG Eoc—dM/dt Fl Mo j, ANHMERS 2 SRR
fesim g M GRS ] PR e 2, R

M(T,t)

= M(T,t=0) [1— raT ln(t+1)], (17)

Ue(T) to
BLAL, to B vy SR Y. S (1) K F A
W AR EAR R T e, RIEA B G,
RO B P AT R X X — O R W R AR B 2
P 12 45 T #E T1,Bay,CaCuyOg 85 I ]
M SRR R T (KA IE LT 8RS
Il AR ) Bl RS R] B A8 b 020 AT ULzl AR, i T
AR JZAIREEVE, B8 E sh AR R Z . X T 44
BOERE U(G) MRHR, AT AR b 2251 T
KEMALEME, MUG) < 1/j4 KRR, GBS
FANR DR KWFR R, SIFERE AR, EE IBM
() Fisher &F M 2 T i € 3% 55 BEIS , 725 K )
B Feigel’'man 55 19 2 1 1 KRS (5T4L)
(collective pinning) [HERE, MG T &R 4k
g 38 2l 1 SRR R . XN B T
¥ R, R REAR L b A B e kR S A 1 8 B )
2. P SAREE BB ARE TR R IR

K11 BB SR B G s R T L, B
ML R R R AEIR A, TEIRAE 22 AR T, ka1 47 34
B3, Hoh I 6R L R — B iE iz s B R A TR,
SR At B8 UK B 3l

Fig. 11. Schematic of flux creep. Red points represent flux
pinning centers and black thick line is the initial flux state.
Under the action of Lorentz force, the flux starts to move
toward right direction. During the process, the blue dashed
part firstly moves to next pinning center and then other

parts creep gradually.

10-3

102 10°
t/s
12 TlBayCaCuyOg T AR il e 2 1 8 3 fAciE (L i
(RLIE TR RS 16 ST B (B A2k 12, g3
JE0.4T, MR 4.5, 10,15, 20, 25, 30, 35, 40K (M _EFAET)
Fig. 12. Magnetization of Tl,Ba,CaCu,Og superconducting
thin films (approximately proportional to time-variation of
the transient critical current in superconductor)!?. The
measurement was taken under a magnetic field of 0.4 T,
and at 4.5, 10, 15, 20, 25, 30, 35, 40 K (from top to bottom).

4.3 WHBBIBAEARETH AR

Anderson-Kim A AR 2S5 5155
F1A) T 3P 5 8 3 R ) AR UA Bl A1 vl 2 A
T T i 30 2 Y I A e A BT AT L O BB A
FEA ST, AP BEA T E A AT,
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T 388 K B A AP L 2 AR AR Y. XS A iy e 2
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I, SRR BRER 7 2 — BB G 0 2 sl st 1Y
T 388 TR D 1 R T T R AR 8 174 5L i o T ket —
AR 2R U(y). 1005 MR W8 ) e kR
KE SRR SR A2 ez, B 13 R Bk
Mt B T X AR U) R AR MSRIE. Vinokur
S5 N =AY T s AR PR Y R AR R T
fie UFIHEL j ICR

U(j) < 1/4* (18)
X B wl FR M B 3 S 48 5 1. 5 ok Malozemoff
A 10 AN A LAHES, A 2] T2 A

U(T,B,j) = U°(i’B) Kjﬂ;’B))# - 1} , (19)

XA KRG JIMIE A AR T Bl (E2 B4

Vst

K13 SERETHLE BT, R4t UG) RERFERER. 4
SN 55 I S g, HE T I, g T AR BRER 4K B — A
B MR R ETFLC BE L, oI A P80 BB LB/, H4h
T I /N T I 5 i, e AR BRER 7 2 — B K (K
R L) B g TR AR G T AR IO R R RE A, AR BRER
— AR R U, 1 L/ Le > jo/j . PGS BkER
PR B T RE Y AR SR BN S B IR 22 0 (B ) 1Y AR
fmi A Lt AE Al iz BT A SOk [21)

Fig. 13. Schematic of the origin of nonlinear U(j) relation in
collective pinning model. When external current j is close to
critical current j., the optimized jump length is a short col-
lective pinning length L. If j is far less than j., the best
way to jump is a long (L-length) flux line or bundle to ob-
tain sufficient energy from external current j and then jump
a relatively high barrier, and L/L¢ > jc/j. Therefore, the
optimized hopping length or volume of thermally activated
flux motion will change along with the Lorenz force (cur-

rent). The figure is adopted from the literature[21].

R I A & FIE R UG) &R Wy = -1
B, X0 A2 2 44 19 Anderson-Kim &M U(j) 15
B wo= OB, XN BYRFTIEE Zeldov 45 BB,
U(j) o< In(je/7), WA iz 52 06 Hh 248 W4 3]
M E o jo, A AE M AR m) TR N 2
fliH; § < g AARSRITIER 1 i B 0 sl AR AR B 50
BRI U (5) oc 1/5%. ZIRIE B — D S R ETE
/NEL AR BRE BT, A RCATE e S T0 55 K, Rt
BRI, X% T Anderson-Kim FAY7E
/NHLE L A AT R R . R T SRR A
LR U (5) & 2 R H 48 21 5 16 38 12 3 A8 A
K — LB FE ) AATHE i — 24T 2 A 8 T
PokhE U(G) KRR, HHEEFEF: Maley
P BE 3 071 A st R 0L ik 081, T SR
2 1920 Ak it ¥4 5 B IR BE AR Ak A3 A s (BP T/
5 TR BRPR, X B S fih i %) X
ST SRR T AR e YRR S AR R T AR 4% Y e
AT R Y, B X A A S A L
45 2 AR T i ST AR R R R A
PR, 35K B XOT 3K 26 5 AN FHAT A ISR, A 248
e A LA i 25 4 0 SCRR.

BT TE S B B AR RS T LB R 546 58 1) And-
erson-Kim &Y ff) — A8 i X Bl R BLAE 70 B9
FRAG LT, BIETIE G pin = (B/j)jm0 e NE
oA BRIE R Se. WJTHE (14) MO (15) & AT
DLE H, IRA SRGE BA —FERL BIE 50, X
MEMEEA EIEE X EESA. HE iR
T B R P R R IR RE, B U () o 1/50, W
G0 BF, #22 R T655 K, I ILREIE AN 2532 Sl i FE
RFE. X —E5 e W HTHE R TE 70 B 1Y AR BkER
K L(j) AoA— DUk, Wl 2 308 Sk m 7
S AR BA KRR F ARG G, S5 s
DX R AR T St (AR AE 25 (B A 224k, (H2 A
Rt IS [R] 254k, AT DLRARALBE , #ERCNZ. 2tk
F B — i8¢ s WS- A PR o, Pk L BH A R 3R R
T B A EAT FL B R A R XA BRI
SRR G S HIR P A B B Y. FisherM 2R
2], WG HE Meissnerss, # ST 1) 25 A0 AH A7 &40
Ty, IR T IRAS, i TREBETHLNS S,
AR A A A AR AL TT e AN, HR L AS ] Yy
AL IR 2SR SS T ok, MM RG AR RS RS,
Tk, BORAE L R HIE IR L AT AT s 3
XTI T 2 BAHOI I RS b FE . TRk — BB S
H e3¢ 5 0 R AE B A%, L Fisher 88 X
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iR B A DL T BB Bk T AR —
TR B AL AR AR . PRI T DA TR e B B B
SAEARETFHURSE AR ) () ARG AR AR, T E 3 2
HSTCE MRMEGIREE T, LR gz 3y 24
PRI By, AR ETFLRNSE AR T S S AE /N I 1
LR AT ER e S AR RS, R 14 At T
T R T B FE AT b, 7615 58 Anderson-
Kim BUET, T SRR ER R, Bt A K
gLk (FHARZR) S LAF B3

SERMLBIR AN BIE R &

In(E/j)

K14 WEBCRER R T RIFEIAT N, A T = T,, KA TR,
[ A YRR e AR BELL b A — 2t R R
P, R RT LA PRS00 B 30 I 2 5 B i i . Al i JEE
VTR X o7 25 10 5 o 28, L4 3 oz 1) 23 80 A5 7 S A AE
(B2 5 Y KRR AL AR SCHRAT SR A A, DR it B e et L B Oy
Z. T ATER A, Fisher 188 2 Sk 4 € B 55 25 1)
Fig. 14. Schematic of dissipation in vortex glass picture. A
second-order melting phase transition occurs at T' = T,. A
linear resistance exists above the melting temperature, and
its dissipation can be described by thermally activated flux
flow model. There is vortex solid state below the melting
temperature. Even though the order of flux lattices no
longer exists, the long-range superconducting phase correla-
tion still exists, so the linear resistance of the system is
zero. As an analogous to spin glass, Fisher defined it as vor-

tex glass!.

SRS S S P R R 51k T B R A SR
WFFE A AR T # A B s R AT W5 Y
WA XS TR RSP TR . R Ay
SLEGH AR PR SR T R eSS P S — ISk
6B W S X SR A5 A B S 362 Koch
SEAC Y B2 AT BRI AR S A AR R T R
vz e 2 2R AR R SR S R BEE, HEA
AIFERINER E(j) Wi 2 T T A0 b EE AL

E 1 j
- =fl———=—1, (20
Ji IT _ Tg|1/(Z—‘r2—D) |T _ Tg|V(D—1)

XL T, i BEBES A AR IR, v I 2 R AR AR

¥, o [T IR BB 25 1 48 S (AR I K £y o
T — T, ™" HIBHIRIN ] Ty oc &5 . MAEITEHE AL A
LRVERIIH o = (E/7) |0 MBI AR ILE 2R S
pin(T) o (T = Tp)" 7 +2P). (21)
(21) FCFEM, 2 b L 3 (T B A
SR IR, BIIAETE ELE B AR LA, [/ 15 4
H T Koch %5 P HERICK R ST YBayCuyOr 5 (YB-
CO) Wl 1 FF i 5 B(j) 4 AR I B 0.

I/A
10-7 10-6 10-5 104 10-3 10-2
T T T T 10-3
10! _(a) f//////,;ﬂ,'/,,%;.
H=05T z,’/;ﬁﬁﬁ,
o /,/,»/fx
S "’/' 4104
T=89.9 K 7 / 10

s / L
i
/4 9y ”””"ﬁ(/ /

E/V-m~!

K15 IR e B R R BIEZ —. % N 05 T (a)
Fl 4T (b) BF7E YBCO HF B %% 09 St b &2 31 09 By
FEHR R . Koch 55 P2 S [8] 37 T W 4 21 (9 B30 A1) —
AR B 3 HEAT AR B R B e R B Rk 2 ~ 5,
v=17

Fig. 15. One set of the earliest data to verify vortex glass.
E-j dissipation relation measured on YBCO thin film micro-
bridge at 0.5 T (a) and 4 T (b). Koch et al.?? scaled the
data measured under different magnetic fields by using the
scaling of second-order phase transition, and found that the
critical exponents are close to z = 5, v = 1.7.
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2%, 153 58 R R N W R E 2 SIFEBORLEE (18 16),
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FERORAATIIR I R ROE B AR IR, P FRATT Y
B HE— 2R T 05 e B 2 B A L A 29 R
BN, A X — B PSR 1E, IR
R IR B EIAA SR S8 B E.

ol /;,,. ;;r f, Ff ;; fj flf;f | ;lj fﬁr;lm;ﬁl{f iT “{T
aait WW
,/J .e‘ ¢ ;f[””l 'r|l’£hr|-lr| 'IJ
10-6 ; ; [ Il."l [ |r I|I I|I iIJI r,f w |||l| l “
n S P ) a;m'ihu
: /| a"f[’{ [
S A i1
CHe
10-5F fr#rdﬂ'
il
ool I
0r 1 10 100 10w

16 YBa,CuzO 4 #i 5 7E 58 i ¥ Bl N I FEHEOC R . |
a3y R A 0 5 2R TR 2 40 Dk T RO, ) ik B A 1
SREESUIRAER. Zid o, RMEAEAE R KA T (10°° V/m),
FERE TR AR AR, W B B — A E U R/ LB, B
18 B FETATI AR P LA R 10 18 BB TR 4SS 2R ok il ik, DRI ke ik — 2B
W1 T I e BB B A AE

Fig. 16. Dissipation relation in a wide range of electric field
of a YBayCu30;_ s thin film. The upper part is the result of
electric transport measurement, and the lower part is the
result of magnetization relaxation measured by magnetic
induction. After analysis, even in very low electric field
(10 V/m), the dissipation is very low, and there is no con-
stant resistance. The magnetic flux dissipation can still be
described by the vortex glass model, and therefore, the ex-

istence of vortex glass is further proved.
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Fig. 17. MHLs of Baj K Fey,As, at different temperatures.
There are discontinuous jumps on the MHLs of 2 and 5 K,
which is the result of avalanche effect caused by flux jump.
The process of flux jump can be seen directly by magneto-
optical experiment!!.
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Fig. 18. (a) H-T phase diagram of conventional supercon-
ductors or superconductors with stronger three-dimensional
properties. The irreversible line of flux motion is close to
upper critical magnetic field; (b) H-T phase diagram of su-
perconductors with stronger two-dimensional properties.
There is flux liquid and no critical current in a large region
below upper critical magnetic field. In the region at lower
temperatures, there is a vortex glass state with zero linear
resistance. The upper boundary of this vortex glass state is
the irreversibility line H;,(T). It is predicted that there may
be a vortex liquid state near H, as the flux density is very
diluted and the interaction between flux lines is very weak.
However, it is difficult to prove the existence of this pinned
liquid state near H,., experimentally as there is no linear
dissipation.
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Fig. 19. Second peak (SP) effect of three different types of
MHLs in three kinds of type-II superconductors: (a) MHL
of 2H-NbSe, shows a sharp SP near upper critical field; (b)
MHL of high temperature superconductor Bi-2212 shows a
steeper SP at a lower magnetic field (200-500 Oe); (c) SP
effect occurs in high temperature superconductor YBCO.
The SP effect can appear at high magnetic fields, but the
fields are still far below the upper critical field.
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Fig. 20. H-T phase diagram of Bi-2212 system. The posi-
tions of SP are shown by square symbols, in the temperat-
ure range of 20—40 K. It is generally believed that below
the magnetic fields marked by the squre symbols, the flux
system is in Bragg glass state, beyond that the flux system
is in normal vortex glass state. The phase transition line
above 40 K is FOT (first order transition) line of magnetic
flux. Below 20 K, the Bragg phase transition of magnetic
flux can still be observed by long-time relaxation measure-

ment.
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Fig. 21. MHLs of Bi-2212 single crystal at T'= 5 K, meas-
ured at different time windows varying with external mag-
netic field. After a long time of relaxation, the SP effect can
still appear, which indicates that the Bragg vortex phase

transition can still occur in the temperature range below 20 K.
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SPECIAL TOPIC—Superconductivity and its applications

Brief introduction to flux pinning and vortex dynamics
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Abstract

Superconductivity is achieved through macroscopic phase coherence; the charge carriers are Cooper pairs.
In absence of an external magnetic field and applied current, the behavior of these Cooper pairs can be
described by a single wave function 1 = e, and the phase is uniform over the space. When applying an
external field but still below a certain threshold, a screening current will be established at the surface, which
prohibits the entering of magnetic field, that is so-called Meissner effect. When the external field is larger than
this threshold, the magnetic flux will penetrate into the sample, forming the interface of superconducting and
normal state regions. According to the sign of this interface energy, we can categorize superconductors into
type-I (positive interface energy) and type-II (negative interface energy). Most superconductors found so far are
type-II in nature. Due to the negative interface energy in type-II superconductors, the penetrated magnetic flux
will separate into the smallest bundle, namely the quantum flux line, with a quantized flux & = h/2e (h is the
Planck constant and e is the charge of an electron). There are weak repulsive interactions among these vortices,
thus usually they will form a lattice, called mixed state. When applying a current, a Lorentz force will exert on
the flux lines (vortices) and will make them to move, this will induce energy dissipation and the appreciable
feature of zero resistance of a superconductor will be lost. By introducing some defects, impurities or
dislocations into the system, it is possible to pin down these vortices and restore the state of zero resistance.
The study concerning vortex pinning and dynamics is very important, which helps not only the understanding
of fundamental physics, but also to the high power application of type-II superconductors. This paper gives a

brief introduction to the vortex dynamics of type-II superconductors.
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superconductors
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