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Dynamics of transient disordered vortex states in BiSr,CaCu,Og 5
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The dynamics of transient disordered vortex states yi8BCaCyOg, s Wwas magneto-optically traced in
three experiments(i) during continuous injection of transient vortex states while ramping up the external
magnetic field(ii) during annealing of injected transient states while keeping the external field constant, and
(iii ) during annealing of transient “supercooled” disordered states while ramping down the external field. The
results reveal frontlike propagati¢axperiment(i)] or retreaf experimentgii) and(iii )] of the transient vortex
states, at a rate governed by the rate of change of the external field, the annealingfithe transient states
and the creep rate. The experimental results are theoretically analyzed in terms of competition between gen-
eration and annealing of transient disordered vortex states. Extraction of the annealingfitimethe above
three experiments yields the same resultsr#fas a function of the inductioB and temperatur&. Knowledge
of 7(B,T) allows for correct determination of the thermodynamic order-disorder vortex phase-transition line.
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[. INTRODUCTION (BSCCO, demonstrating continuous injection of transient
vortex states while ramping up the external magnetic field,

The nature of the disorder-driven solid-solid vortex phaseannealing of injected transient states while keeping the ex-
transition in high-temperature superconductors has been darnal field constant, and annealing of transient supercooled
intriguing issue in physics of the vortex mattéRecent stud-  disordered states while ramping down the external field. In
ies have shown that proper characterization of this transitio@ll these experiments the TDVS exhibit frontlike propaga-
must take into account effects of transient disordered vortef{on, or retreat, with a velocity depending on the rate of
states(TDVS).2 1% These transient states are inevitably cre-change of the external field, the creep rate and the annealing
ated by injection of vortices through inhomogeneous surfacéme 7 of the transient states. The dynamic behavior of the
barriers while the external magnetic field increasés.*%or  front is quantitatively analyzed in terms of competition be-
by “supercooling” of the disordered vortex phase while the tween two mechanisms, namely, generation and annealing of
field decreaseé:_l-o'll'lg’The existence of such transient Sta‘[esTDVS. This analysis enables extraction of the annealing time
is indicated in time resolved magneto-optical measurements, characterizing the TDVS, as a function of the inducti®n
by the appearance of a sharp chafitigeak”) in the slope and temperatur&. We show that knowledge of(T,B) en-
of the induction profile:” When the external field is kept ables the extraction of the thermodynamic vortex order-
constant, the break moves with time towards the sampldisorder transition lin@,4(T). The extracted,q(T) line is
edges or center, indicating annealing of the injected or supesignificantly different from the apparent transition lines com-
cooled TDVS, respectively:1? monly measured from the onset of the second magnetization

The existence of TDVS near the disorder-driven vortexpeak, ignoring effects of TDVS.
phase transition clarifies several long standing puzzles, such
as the apparent increase of the transition induction with
time8°11~13the apparent termination of the transition line
below a certain temperatuté!#10181923et the appearance ~ Measurements were performed on a 8525
of the transition over a longer timé;**'°~*%and smearing  x0.05 mn? Bi,Sr,CaCuyOg, 5 single crystal T.=92 K).
of the first-order nature of the transitidi.Although some  The crystal was grown using the traveling solvent floating-
aspects of the TDVS have been analyZ&¥,so far no com-  zone method® This crystal was specially selected for its
prehensive analysis of the dynamics of TDVS, and its influ-uniformity of flux penetration and was checked by magneto-
ence on the measured transition, has yet been reported. 8ptical imaging before and after it was cut into a rectangle.
the experimental front, research efforts have been mainlyn the course of measurements, magneto optidsd) snap-
directed towards eliminating the transient effects, e.g., byhots of the induction distribution across the sample surface
utilizing the Corbino disk configuration in transport were recorded at time intervals of typically 40 ms, using
measurements and the vortex dithering technique in mag- iron-garnet MO indicator with in-plane anisotrdfyand a
netic measurementé.These sophisticated experiments suc-high-speed charge-coupled device cameidamamatsu
cessfully uncovered the underlying thermodynamic orderC4880-80.
disorder vortex phase transition. In this work we investigate,
both experimentally and theoretically, the dynamics of the
transient disordered vortex states, and utilize this knowledge
to extract the thermodynamic order-disorder vortex phase- The process of injection of TDVS through the sample
transition line. We present comprehensive time resolveetdges by sweeping up the external field was magneto-
magneto-optical measurements in ,8,CaCyOg,s; optically recorded at different sweep rates. In these experi-

Il. EXPERIMENT

A. Field sweep up(FSU)
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FIG. 1. Induction profiles across a BSCCO crystal measured a X [um]
T=23 K, while ramping the external field at a rate of 53 G/sec. ) ) )
Note the Sharp Change in the S|0pe of the proﬁt&’ea@ appearing FlG 3. .lndUCUOn prOflleS_ measured at different temperatures,
for He,>430 G. Bold lines represent profiles with and without While ramping the external field at the same rate, 160 G/sec. As
(shorter times break. temperature is lowered, the first break in the profiles appears at a

lower induction.

ments, the sample was cooled down to the measuring tem-
perature in zero field, then the external magnetic flélg; time. As shown belowsee Sec. Il A, these results can be
was ramped up at a constant rate between 4 and 1600 G/sexplained in terms of competition between injection and an-
from zero to about 850 G. While the external magnetic fieldnealing processes of TDVS. While the rate of injection re-
was ramped up, snapshots of the induction distributiormains approximately constant, the rate of annealing is high
across the crystal surface were taken successively at constdot low inductions, and decreases sharply as the induction
field intervals(usually 10 G. increases toward8,y. The first appearance of the break
Figure 1 shows the induction profiles across the crystaindicates a stage where the injection rate starts to overcome
width deduced from the magneto-optical images, takeh at the annealing rate.
=23 K, while the external field was ramped up at a rate of Increasing the field sweep rate, or decreasing temperature
53 G/sec. WherH,,; reaches a value of approximately 430 at a constant sweep rate, shifis; downwards, indicating
G, a sharp change in the slope of the profilereak”) ap-  that the injection process of TDVS starts to overcome the
pears atB;;=360 G, indicating coexistence of two distinct annealing process at lower inductions. The effect of increas-
vortex states, characterized by high and low persistent cuing sweep rate is demonstrated in Fig. 2, which shows the
rent densities: A high persistent current state near the sampieduction profiles measured &t=25 K while ramping up
edges and a low persistent current state near the ¢efiker.  the external field at 4, 160, and 800 G/sec. A rate increase
high persistent current state is identified as a TDVS, becauseom 4 to 160 G/sec, shift8;, down from ~450 to
it decays with time when the external field is kept constant~400 G. A further increase of the rate to 800 G/sec shifts
(see Sec. I B beloyv When the external field is continuously B;, down to ~330 G. The effect of temperature @y, is
increased, the break moves towards the sample center, indlemonstrated in Fig. 3. For the same sweep rate of 160
cating propagation of the transient disordered state fronG/sec, lowering temperature from 25 K to 23 K shiig,
deeper into the sample. At the same time, the induction at thdown from ~400 G to~330 G. As temperature is further
break increases monotonically with a rate decreasing withowered to 21 K,B;, is shifted down to~200 G. Figure 4
shows the velocity of the TDVS front as a function of time

T=25K for different sweep rates, measuredTat 23 K. The initial
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FIG. 2. Induction profiles measured Bt 25 K, while ramping FIG. 4. Velocity of the penetrating front of the transient disor-
the external field at different rates. Ad,,./dt increases, the first dered state as a function of time for different sweep rates of the
break in the profiles appears at a lower induction. external field. Solid lines are calculated from E8§).
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5oDis‘ranc1eo?rom e}%% [pmlzoo FIG. 6. Velocity of the propagating front of the quasiordered

vortex phase as a function of time fbk,,,=500 and 625 G. Note
FIG. 5. Time evolution of the induction profiles after abruptly that the movement of the front reverses its direction, indicating an
increasing the external field from zero to 465 G. At approximately€nd of the annealing process and beginning of injection of transient
t=0.5 sec, a sharp chande brealk in the slope of the profiles disorder vortex state by flux creep. Solid lines are calculated from
appears, progressing with time towards the sample edge. Eg. (10).

. . . reaches the value of the thermodynamic vortex order-
velocity of the front(the first appearing breais zero. It then diForder transition inductioB,y. However, the data shows

accelerates with a decreasing rate, approaching a const i . . .
: : ' at the annealing process ceases at an inductierdd@0 G,
velocity determined by the rate of change of the externalle” belowB, 4= 430 G (see Sec. IV.

field. We show below(Sec. Il B), that the origin of this phe-
nomenon is associated with the fundamental difficulty of re-
B. Annealing at a constant field alizing a “pure” annealing experiment; while the external
field is kept constant, disordered vortex states are continu-
ously injected through the sample edges via flux creep. For
inductions well belowB,4 the annealing rate is much larger,
Shus the thermodynamic quasiordered vortex state continu-
aously grows. However, as the induction at the front ap-

) . roaches,q4, the annealing rate continuously decreases un-
Immediately after reaching the target value of the extern od g Y

X . ; Co o Al inti h hen th f injection of TDV
field, magneto-optical snapshots of the induction dlstr|but|on[I a point is reached when the rate of injection o S due

across the sample surface were recorded at time intervals ﬂi flux creep equals the annealing rate. At this point in time
. e growth of the thermodynamic quasiordered phase comes
40 ms for four seconds, and 300 ms for additional 26 sec g y q P

to a halt. After this point, the rate of injection of TDVS due
onds. .
Fi 5 sh the ti luti f the inducti to flux creep becomes larger than the annealing rate, and as a
Igure > shows he ime evolution of the Induction pro- ¢t Tpyvs are injected into the sample. This is manifested

files atT=21 K after g_bruptly Increasing the external_ field by the reverse movement of the front towards the sample
from zero to 465 G. Initially, the profiles are smooth, without center

a break, indicating a single vortex phase throughout the
sample. However, after approximately 0.5 sec, a break ap-
pears in the slope of the induction profiles, progressing with
time towards the sample edge. The bréaktypical one is Supercooling of a disordered vortex phaaad annealing
marked in the figure by an arrowseparates between a high of the transient supercooled state were magneto-optically
persistent current state near the sample edge and a low peraced in field sweep down experiments. In these experi-
sistent current state near the center. The high persistent curents, an external field of 850 G was initially applied for
rent region near the edge shrinks with time, and therefore theong enough time to ensure establishment of a disordered
vortex state in this region is identified as a transient disorvortex phase. The field was then ramped down to zero at a
dered state. The vortex state in the expanding, low persistegbnstant rate between 4 and 1600 G/sec. While the external
current region near the center, is identified as the thermodyfield was ramped down, snapshots of the induction distribu-
namic quasiordered pha$&he front of the growing thermo- tion across the crystal surface were taken successively at
dynamic phase moves initially with a large velocity and de-constant field intervalsusually 10 G. Figure 7 shows the
celerates with time to zero velocity as shown in Fig. 6 forinduction profiles taken af=23 K, while the external field
He=500 and 625 G. After reaching zero velocity, the was ramped down at a rate of 16 G/sec. For external fields
movement of the front reverses its direction indicating anbetween 420 and 240 G the profiles exhibit a break, pro-
end of the annealing process and beginning of injection ofjressing into the sample interior with time. In contrast to
TDVS into the sample interior. One would exptthat this FSU experiments, here the breaks appear at approximately
turning point is obtained when the induction at the frontthe same induction3;=360 G, almost independent of the

The annealing process of injected TDVS was magneto
optically recorded while keeping the external magnetic fiel
at a constant level. Injection of TDVS throughout the sampl
was accomplished by abruptly raising the external field to
target value between 140 and 850 (f&se time <50 ms).

C. Field sweep down(FSD)

224515-3



KALISKY, BRUCKENTAL, SHAULOV, AND YESHURUN PHYSICAL REVIEW B 68, 224515 (2003

0 % [um] 1200 0 X [“m] 1200

FIG. 9. Induction profiles measured @25 K andT=30 K
while ramping down the external field at 160 G/sec. As temperature

FIG. 7. Induction profiles measured &t=23 K, while the ex-  decreases, the breaks in the profiles appear at lower inductions.
ternal field was ramped down at a rate of 16 G/sec. For external

fields between 420 and 240 G the profiles exhibit a break, progress- IIl. THEORETICAL ANALYSIS
ing into the sample interior with time. Bold lines represent profiles ) ] )
with and without(longer time$ break. The experiments described above reveal different dy-

namic behaviors of the TDVS depending on the type of ex-

location in the sample. As before, the breaks reveal coexiseriment(FSU, FSD, or constant fieldthe rate of change of
ence of a quasiordered vortex phdsharacterized by low the external f|e|d, the induction at the interface between the
persistent current densjtynear the sample edges, and a TDVS and the quasiordered thermodynamic phase, tempera-
TDVS (characterized by high persistent current density ~ fure, and time. In this section we analyze these behaviors in
the sample interior. The value Bf is strongly suppressed by t€rms of a competiti_on between two fundamental processes:
increasing the sweep rate at constant temperature or decre&éeation and annealing of TDVS. The parameter that plays a
ing temperature at a constant sweep rate, as demonstrated@y role in our analysis is the annealing timeof the tran-
Figs. 8 and 9, respectively. Obviously, in these experiment§ient disordered vortex state. In definimg we refer to the
the source of the transient disordered state cannot be asso@inealing experiment described in Sec. IIB. We assume an
ated with edge contamination, as flux does not enter théitial TDVS throughout the whole sample created, e.g., by a
sample through its edges. Moreover, the lpguasiordered Step increase of the external field. The annealing process
phase appears near the edges and propagates with time |rln@g|ns att=0 with a nucleation of a quasiordered vortex
the sample interior. The origin of the TDVS is rather super-phase at the sample center, and continues with front propa-
cooling of the high-field disordered stdteAs the field is ~ gation of this phase towards the sample edgesorder to
rapidly lowered below the transition field, the initial thermo- distinguish between normal magnetic relaxation and the an-
dynamically established disordered state is supercooled taealing process of the TDVS, we assume that the disordered
inductions belowB,4 and consequently the apparent solid-and quasiordered vortex states are characterizetifrisy in-
solid transition inductiorB; shifts belowB,4. As shown in ~ dependenhigh and low current densitigs, andj;, respec-
Fig. 8, larger sweep rates induce “deeper” supercoolingfively. Such an idealized annealing process is schematically
shifting B¢ further down® described in Fig. 1B). Let us examine a locatior in the
Figure 10 describes the front velocity as a function ofsample where at=0 the induction isB(x) and the current
time in FSD experiments at 23 K, for different sweep ratesdensity isj,. The annealing time(B,T) is defined as the
For low sweep rates, the front moves at an approximateN{ime that it takes for the current density ®tto transform
constant velocity, which depends on the rate of change of th#om j, to j; while the induction ak remains constant and
external field. For high sweep rates, the front movement acequal toB.>" Formally,
celerates with time.

400
T=23 K
0
T 300 o 400 6/s
S A 160 6/s
;w— <& 10 6/s
& 1004
0 1 2 3 4 5
time [s]
FIG. 8. Induction profiles measured Bt 25 K, while ramping FIG. 10. Velocity of the quasiordered phase front as a function
down the external field at different rates. fdH,,./dt| increases, of time in field sweep down experiments, for different sweep rates.
the breaks in the profiles appear at lower inductions. Solid curves are calculated from Ed.7).
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FIG. 11. Schematic induction profiles illustrating motion of the
interface between the quasiordered phase and the transient disor-
dered state due to changes with time of the inducBgn(a), the

external field(b), and the current density, (c). Diagram(a) illus- ) o ) )
trates an “ideal” annealing process. FIG. 13. Graphic procedure for determination of the induction

B¢, at the first detected interface between the quasiordered phase
and the transient disordered state, in field sweep down experiments.

(B, T)=ty+ JX d_X (1) Bs, is the crossing point of the straight liIn@{4— B)/(dHey./dt)
dr2 U plotted vsB, and the curver(B).
wherety is the nucleation timey (B, T) is the front velocity x¢=(Hoy— B )

under the conditions of constant external fielg,; and con-

stantj, andj,, andd/2 denotes the location of the sample  Thus,

center, where the thermodynamic quasiordered vortex phase

starts to nucleat® According to Eq.(2), ty=7(Bg), where ;1 dHgyxt Hexi— Bt/ djn 1 (dB;

B, is the induction at the sample center. Equatith pro- gt in dt 2 ot

vides insight into the qualitative behavior ofB): For low h

induction B, far below the transition inductioB,q4, v; is

large? resulting in a short annealing time As B, is ap- According to Eq.(1),

proachedyp; decreases causingto increase. In a close vi-

cinity of B,y, vt approaches zero, and consequentlgp- dBs dBs

proaches infinity. _) = &_)(f)
In the following sections we analyze the dynamics of the H

transient vortex states in the three experiments described in 4

Sec. I.II and show how can be extracted from each of these Thus,

experiments.

ext'Bf Hext'jh

OX¢ .

_) =jwi=1(d1/9B)gp..

at Hool f
ext'Jh

IX; 1 dHey J . 1 1
) —=— —Xi—=(nj)—— ———=.
A. Field sweep up at  jn dt ot in (&7’/&B)B:Bf

In these experiments, two competing processes take place ) _ L ) .
simultaneously: A TDVS is continuously injected into the 1n€ meaning of this equation is as follows: the first term
sample through its edges by the ramped external field ang? the right-hand side describes a continuous injection of
flux creep, and at the same time the annealing process takd® VS by the change of the external field, pushing the front

place. This competition between injection and annealing of! the injected TDVS from the sample edge towards the
the TDVS determines the positior, of the front. In the sample center at a rate determined by the rate of change of

framework of the critical state model, one can consideas ~ Hext[S€€ Fig. 1)]; the second term on the right-hand side
a function of three independent variabféshe external field ©f Ed- (5) describes slow injection, in the same direction,

H,, the current density; , and the inductior; at the front caused by flux creepnote that ¢/4t)(In j,)<0] [see Fig.
[see Fig. 129)]: 11(c)]; the third term describes the annealing process, push-

ing the front in theopposite direction, i.e., towards the
sample edgésee Fig. 11a)]. The competition between the
above three terms determines the dynamics of the front. Ini-
tially, when H,; starts to increase from a zero value, the
inductions involved are far belowB,y, and thusd7/JB is
small[for a schematic description a{B), see Fig. 13 As a
result, the annealing terfithird term on the right-hand side
of Eq. (5)] dominates, and the TDVS has no chance to propa-
gate into the sample, i.e., the front is stuck at the sample
FIG. 12. Schematic induction profile illustrating the relationship €d9€. AsHe, increases, the induction at the edge increases
between the external fiel .y, the inductionB; at the break, the ~towardsB,q, and the annealing term becomes less and less
current densityj, of the transient disordered state, and the locationsignificant, because the annealing timeas well asi7/JB,
x; of the interface between the quasiordered phase and the transieg®@ntinuously increase, approaching infinity &—Byq.
disordered state for field sweep (@ and field sweep dowfb). Thus, the front starts its journey from the sample edge to-

®)
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is obtained when dx;/dt reaches its final value
400] T® ., T =23 K (1/j 1) (dHg,/dt) [see Eq(5)]. Thus, the increase afx;/dJt
—_ 58(-)- with time is translated into a decreased;/Jt with time.
o 8 n When flux injection due to flux creep is nggligiblwf/at
2300 ol =0 for B{=B,q. As noted before regarding;, B; may
(L) 1 555 disappear before reaching its saturated vadyg. In this
O field sweep up - case, the final value d; will be Hgy— jpd/2.
B field sweep down
200+ P u B. Annealing at a constant field
10 100 1000 For a constanH,,,, Egs.(5) and(9) become
dHg,4/dt .
OX¢ J . 1 1
FIG. 14. Measurements &, as a function ofiH,,,/dt in field St~ Xigr(njn) - T (9719B)s 5. (10
sweep ugcircles and field sweep dowfsquaresexperiments con- h B=By
ducted afT=23 K.
and
wards its center with a zero velocity, and accelerates with .
. . . . (9Bf 8Jh i &Xf
time towards a final velocity determined by the rate of — =X = —. (11)
change of the external fie[theglect of the flux creep term in ot ot ot

Eq. (5) is justified for large enougbH,,,/dt]. We note that L
x; may reach the sample center, and thus disappear, before !N the absence of injection by the change of the external
this final velocity is obtained. Let us denote By, the in- field, injection by flux creep becomes significant. Thus, the

duction at the first detected front: singg,~0, substitution €rMS—X¢(#/dt)(Injy) and—x;dj/at in Egs.(10) and(11),

of 9x;/at=0 in Eq. (5) yields respectively, may not be neglec_;tgd. _Again, two competing
processes may be recognized: injection of a TDVS by flux
1 creep, pushing; towards the sample center, and annealing
(97/9B)g=p,,= FTE T (6)  of the TDVS, pushing; towards the sample edge. Note that
ext

regardingB;, both processes contribute to an increas8 of

Thus, measurements &, for different rates of change with time. Assuming that initiallyxf_zd/2 and By is far be-
of the external field yieldi7/dB as a function oB. On the 1OW Bog, the second term on the right-hand side of Ed)

basis of these data one can calculas a function o by ~ dominates(i.e., the annealing process dominafeznd the
integration front starts its journey towards the sample edge with a maxi-

mum velocity given by— (1/j},) 1/(&r/aB)B:Bf. As X; moves

towards the sample edg®; increases, and consequently
(aTI&B)B:Bf increases. Thus, the annealing process slows

down, andx; decelerates untidx;/dt=0. In the absence of
Since d7/dB increases monotonically a8,y is ap- the creep term in Eq(10), dx;/d9t=0 would imply B;
proached, Eq(6) implies thatBy, is shifted down to lower =B_,. Obviously, for B; close toB,4, the injection by
inductions asiH,,/dt increases, in accordance with the ex- creep becomes significant and the first term on the right-hand

7(B)= fOB(o"T/&B)dB. (7)

periment(see Figs. 2 and 14 side of Eq.(10) must be taken into account. This implies that
The time dependence &; can be analyzed by consider- gx;/dgt=0 at an inductionB;,, smallerthan B,y satisfying
ing B¢ as a function oH.,;, j,, andx; [see Fig. 12a)] the equation
Bf=Hex—JnXs - (8) J i 1 1 1
Xf&t(nJh)_jh(&T/aB)B:Bfm. ( )

Thus

JB. dH i Ix When this condition is fuI_fiIIed,Bf continues to increase,

f_ 2 ext h f (9)  beyondB;,, atarate—x(dj,/at) due to the flux creefsee
Eq. (12)]. For B; larger thanB;,,,, the motion of the front
reverses direction, i.egx;/dgt>0, implying movement of
the front towards the sample center.

ot dt et I

When the front(indicated by a break in the profjlgust
appearsx;~0 anddx;/dt=0, thusdB;/dt=dHg,/dt, im-
plying thatB¢(t) starts to rise at a rate equal to the rate of )
change of the external field. The second term on the right- C. Field sweep down
hand side of Eq(9) —x;(dj,/dt) also contributes to an in- The key difference between FSD and FSU experiments is
crease oPB;/dt with time, however for largelH,,,/dt this  the source of the TDVS. Unlike FSU experiments, in FSD
contribution is negligible. The contribution of the third term experiments the TDVS are not injected through the sample
—Jjn(dxs/at) is much more significant and it causes a con-edges, but created by supercooling of a previously estab-
tinuous decrease afB;/dt with time down to zero, which lished thermodynamic disordered vortex state. We assume
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that the ramping down of the external field begingai0, and

from a large enough valukl,,, so that initially the entire

induction profile in the sample is abo& 4. Thus, dBs  dHgy Ay . IX¢
— = +Xf_+J|_. (18)
at dt at at

ext

dH
Hext(t):Hm_‘ dt t, (13

It is interesting to note that as far &g is concerned, in
ESD experiments the three factors involved, namely, ramp-
ing down ofH,,;, flux creep, and the annealing, all push
in the same direction—towards the sample center. In con-

Hy— Bog trast, the dynamics oB; is governed by competing pro-
todzm, (14  cesses: both ramping down bff,,; and flux creep pusiB;
ext downwards (| H,,,/dt<0 anddj,/dt<<0), while the anneal-
when the induction at the sample edge equgls. Fort  ing process shift8; upwards ¢x;/dt>0). Thus, variations
>t,4, @ supercooled TDVS begins to appear at the samplwith time of x; relative to B¢ are much larger in FSD as
edge; as the external field continues to drop, the front of theompared to FSU experiments. This explains the outstanding
supercooled transient states penetrates deeper into tlggalitative difference between the induction profiles mea-
sample. At the same time the annealing process takes placgired in FSD and FSU experiments, namely, the apparent
Note that in contrast to the annealing experime(@ec. constancy ofB; in FSD experiments as compared to FSU
[11B), in FSD experiments the annealing process starts at thexperiments.
sampleedge where the induction is smallest, and thus the In order to follow the behavior af; andB; with time, let
lifetime of the supercooled TDVS is shortest. Clearly, it will us first ignore the contribution of flux cre¢pecond term on
require infinitely long time to anneal the TDVS generated atthe right-hand sides of Eq$17) and (18)]. For relatively
the edge immediately aftée=t,,. However, as the external slow rate of change dfl,, the first front appears at a rela-
field is ramped down, the induction at the edge drops, antively high induction, thus <€7-/<9B)B=BfO is large, and the
consequently the annealing time continuously decreasegird term on the right-hand side of El7) may be ne-
Thus, at a later timé;p>t,4, the induction at the edge drops glected compared to the first term. In this ca®e /4t
t0 Bio=Bog— |dHext/dt|(tio—to), and consequently, the ~(—1/j,)(dHey/dt). Thus, the initial velocity of the front
annealing time decreases t¢B;g). A quasiordered vortex s determined by the rate of change of the external field, in
state(and thus the first frontwill appear at the sample edge contrast to FSU experiment where tfieal velocity of the
when front is determined bylH.,,/dt. Furthermore, Eq(18) im-
plies that in this caseB;/dt=~0, i.e., B; is constant. The
H(Bro) =tio—tog= Boa—Bro ' (15) negative creep term in Eq18) causes slow decrease Bf
fO775M0 Pod™ g H . /dit| with time. According to Eq(17), the slow decrease d;
with time causes slow increase &f; / 9t with time. For high

This condition defined¢, at the crossing point of the rate of change ofH.,, B, is small, and consequently
straight line Boq—B)/|dH,/dt| plotted vs B, and the 1/(gr/9B)g_g  may not be neglected compared to
curve 7(B), (see Fig. 1R From the shape of thg(B) curve dH../dt. In tﬁ)is case, the term (3J[ 1/(97/9B)] con-
it is clear that agdH,,./dt| increases, this crossing point is . et ’ . o B8 *1
shifted towards lower inductionB. This is in accordance tributes to Increase .the velpcny Bf. Similar contribution in
with the experiment, which shows that as the ramping ratd€ Same direction is obtained from the creep term.
increases the induction at the first detected break in the in-
duction profile is shifted dowitsee Figs. 8 and 240n the IV. DISCUSSION

basis OT Eq.(19), one can genefate the vs B curve by The above analysis shows that the dynamics of TDVS is

measuringB;o for different ramping rates of the external . .

' S ... _determined by the rate of change of the external field, the

field. We note, however, that in this case a predetermination .

of B, 4 is required creep rate, and the rate of change whof the annealing
od .

Once the front appears at the samole edde. its d namic:'[isme 7(B). While the external field is changed at a constant
(ie.. x; and By vs tiFr)T?e can be analyz% d stagrtiﬁg fro)r/n an fate, and the creep rate is slow, the annealing rate varies over
€. X f

) - . a wide range, due to the strong dependence oh B. This
equation similar to Eq(2) [see Fig. 18)] dependence can be extracted from FSU and FSD experi-
Bi—Hex ments, using Eq¥6) and(15), respectively, and can be mea-

_ . (16) sured directly from annealing experiments in the rang® of
h where injection by creep can be neglected, as discussed in
etails in Ref. 12. For the extraction effrom FSU experi-
ents, one only needs to measBrg for different sweeping
rates ofH.,;. The circles in Fig. 14 show results of measure-
9 ments ofB;y as a function oflH,,;/dt in FSU experiments
conducted aff =23 K. As predicted theoreticallysee Sec.
IIIA), B¢y decreases monotonically aH.,;/dt increases.

and the vortices in the entire sample are in a thermodynami
disordered phase frotn=0 up tot=t,q,

Xf:
Using the same arguments as in the analysis of the FS

experiments, one obtains

IX¢ 1 dHgy

W__ jl T_Xfﬁ(lnjl)—’_ﬂm (17)

224515-7



KALISKY, BRUCKENTAL, SHAULOV, AND YESHURUN PHYSICAL REVIEW B 68, 224515 (2003

5
T=23K 5001
4]
4 annealing experiment . 400+
31 ®m field sweep down —
-~
. ) i .
&2_ O field sweep up ;' 300 p " —e—Bod
" 200{ « -~ -9-16 6fs
1. --4--160 6/s
0 1001 --0--1600 6/s
] 20 22 24 26 28 30
200 250 300 350 400 T [K]
B [6] FIG. 17. The thermodynamic transition lifg4(T) (continuous

curve as obtained from theoretical fit of the data of Fig. 15 to Eq.
(19). For comparison nonequilibrium transition lines, measured
from the onset of the second magnetization peak for different field
sweep rates, are shown by the dashed lines.

FIG. 15. Measurements of the annealing timas a function of
B from field sweep up(circles, field sweep dowr(squares and
annealing(triangles experiments. The solid line is a theoretical fit.

Results forr(B) extracted from these data, using Eg), are ] ) . ) i )
shown by the circles in Fig. 15. The solid line in this figure résults is obtained over a wide range of inductions. Devia-

shows a theoretical fit to the equation tions are expected for larger inductions, where injection of
TDVS by creep becomes significant.
To Measurements ofr(B) at different temperatures are
=g (199 shown in Fig. 16. Evidently, the lifetime spectrum of the
(1_ B_) TDVS widens as temperature is lowergdits of these data
od

to Eq. (19) yield 74(T) and the thermodynamic transition
Evidently, a good fit is obtained over a wide range downIine Bod(T). In Fig. 17 we show the temperature dependence
to B=200 G The fit yieldsry=0.011 sec,y=2.6 andB of Byq as extracted by this method. For comparison, we also
— 460 G. This value oB..is ?Jsed for the g(trac,:tion m((é)? show nonequilibrium transition lin&s (dashed curvesas
from FSb experiments O‘Iqhe squares in Fig. 14 siiwas a measured by the onset of the second magnetization peak, for
function ofdlg /dt in.FSD e?< eriments %t the sa%e tem- different sweeping rates of the external field. It is seen that
erature Interggtin IV one obs?arves that the valu i deviations from the thermodynamic transition line increase
ESU (Ciri:leg and IgSy,D(square)s experiments are@jiﬁilar with increasing sweeping rates. Direct measurement of the

T ; thermodynamic transition line would require measurements
Note that fory=1 in Eq.(19), Egs.(6) gnd(15) predict t'he at extremely low rates to allow for complete annealing of the
same values ofB¢y, for both experiments for a given

. o TDVS. Alternatively, one can determin®,4(T) indirectly
dH.,/dt. Fory>1, these equations predict higher values of . o
By, for FSD experiment$’ as observed experimentally. The from Eq. (19), by measuring/(B,T) as outlined above.

T Figure 18 shows the temperature dependence,0és
bold squares in Fig. 15 shom(_B) as extracted from FSD obtained from the theoretical fits of the data of Fig. 16 to Eq.
experiments using Eq.15). Evidently, these results are in

. 9). Apparently, 7, increases exponentially as the tempera-
very good agreement with the results of measurements ‘%%re is lowered. The solid line in this figure is a fit g§(T)
7(B) from FSU experimentscircles in Fig. 13. The tri- to Arrhenius law: 8<10 %exp(326T). The exponential in-
angles in Fig. 15 depict direct measurementsr@) from ) X

. ; . : crease ofry as temperature is lowered explains the disap-
annealing experiment$.Good agreement with the previous L
pearance of the second magnetization peak at low tempera-

8
0.12
6
E 0.08-
4+ '7.'
l_) Sl
l__c»
0.04/
24
0 0.004
Tt -t 1 T T T T
250 300 350 400 450 500 20 22 24 26 28 30
B [6] T K]
FIG. 16. Measurements of the annealing tin{®) at different FIG. 18. 7o(T) as obtained from theoretical fit of the data of
temperatures. Fig. 15 to Eq.(19).
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ture, which was misinterpreted as termination of theand annealing of TDVS, where the annealing process is gov-
transition linet12:1922 erned the annealing time(B,T). The predictions of this
Once the functional dependencebn B is known, one  analysis are in good agreement with the experimental results.
can test the predictions of the above analysis for the velocityn particular, extraction of the annealing timéB,T) from
dx¢ 1ot of the interface between the quasiordered phase antthe three experiments yields the same results. The exponen-
the TDVS, in the three experiments described above. Théal increase ofr(B) with decreasing temperature explains
solid curves in Figs. 4 and 10 are calculated from E§s. broadening of the second magnetization peak and its disap-
and(17) using the measured valuesjg{t), j,(t), andBs,.  pearance below a certain temperati’é'®?2—a phenom-

A fairly good agreement with the experimental data is ob-enon that was misinterpreted as termination of the transition
tained usingB,q=480 G. line. Reliable measurement of the thermodynamic order-
A totally different behavior ofgx;/dt is obtained in an- disorder transition lineB,4(T) requires magnetic measure-
nealing experiments. As described in Sec. Il B, in this casenents at extremely low field sweep rates to allow for com-
the initial velocity is high, it gradually drops to zero at an plete annealing of the transient states. This requirement
induction belowB,4, and then reverses directideee Fig. becomes more severe as the temperature is lowered, because
6). The analysis outlined aboveee Sec. Il Bis capable of of the exponential increase of the annealing time. The ther-

predicting this behavior as shown by the solid curve in Fig.modynamic transition linéB,4(T) can be indirectly deter-

6. This curve was calculated taking into account both themined by fittingr to Eq. (19). Measurement of the transition

annealing term and the creep term in EtQ). A reasonable line in this method yields results which are significantly dif-

agreement with the experimental data is obtained using thierent from the nonequilibrium transition lines, commonly

same value oB,4, and7,=0.04 s. measured from the onset of the second magnetization peak,
neglecting effects of transient vortex states.

V. SUMMARY AND CONCLUSION
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perpendicular geometry is not expected to change the overall
physical picture of competition between injection and annealing:
Obviously, the annealing process will not be affected, as it is
governed by 7(B); for the injection process, the role of
dHey /dt will be played bydBeqqe/dt.

29Equations(6), (15), and (19) yield: (Byq—Bi5")/(Bog— Bfy
— 71/(1+ .
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