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Magneto-optical snapshots of the induction distribution across,&rfaCuy0Og. 5 crystal subjected to

ramped magnetic fields reveal strong effects of transient disordered vortex states near the disorder-driven
vortex phase transition. These transient states, predominantly generated by edge contamination during field
ascending and by supercooling of the disordered vortex lattice during field descending, cause smearing of the
transition and shift of its onset towards lower inductions. With decreasing temperature, these effects are more
pronounced as the lifetime of the transient vortex states increases. Similar effects are observed with increasing
field sweep rates, as transient states with shorter lifetime play a role. These observations clarify previously
reported puzzles, e.g., the absence of the second magnetization peak at low temperatures, its appearance at
longer times, and the shift of its onset to lower inductions for higher field sweeping rates.
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The nature of the disorder-driven solid-solid vortex phaseuniformity of flux penetration and was checked by magneto-
transition in high-temperature superconductors has been amptical imaging before and after it was cut into a rectangle. A
intriguing issue in physics of the vortex mattef. Various  magneto-optical image of the crystal takenTat 23 K and
experiments indicated the first-order nature of this transitionapplied field of 550 G is shown in the inset to Fig. 1. The
these include vortex ditheringhistory dependent magnetic straight line indicates the location where the induction pro-
measurementsand “supercooling” experimentd! demon-  files were taken. Two types of experiments were performed.
strating quenching of the disordered vortex phase by rapid¢h the first one, referred to as field sweep SU) experi-
decrease of the field. The results of these experiments haveent, the sample was cooled down to the measuring tem-
led to the common view of the solid-solid transition line asperature in zero field, then the external magnetic fielg,,
an extension of the first-order melting liR€. However, ~was ramped up from zero to about 850 G, well above the
along this “unified” order-disorder transition line, the mag- order-disorder transition field, 4, at a constant rate between
netic signature of the transition varies considerably; while4 and 1600 G/sec. In the second type of experiments, re-
the melting transition is manifested by a sharp jump in theferred to as field sweep dowrSD) experiment, an external
reversible magnetization, the solid-solid transition is mani-field of 850 G was applied for long enough time to ensure
fested by the onset of a second magnetization pé&fidh- establishment of a disordered vortex state. The field was then
tail” ), which is gradually smeared as temperature is lowered
until, below a certain temperature, it disappears altogéther.
Consequently, the measured transition line terminates at
certain point, leading to peculiarities of unidentified physical
origin in the vortex matter phase diagrdrf. In this paper
we employ time resolved magneto-optical technique to dem-
onstrate that in magnetic measurements the thermodynami
solid-solid vortex phase transition is inevitably obscured by =
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nonequilibrium order-disorder transitions involving transient '

disordered vortex states. The lifetime of these transient state
plays a key role in shaping the magnetization curves near the
solid-solid vortex phase transition. It increases monotoni-
cally with the inductionB, exhibiting a sharp increase in
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Figure 1

close vicinity of the thermodynamic transition induction
Bog- 12 We measure the lifetime spectrum of the transient
states in BjSr,CaCyOg . s (BSCCOand show that its varia- 100
tions with temperature explain a line of previously reported
puzzling results, e.g., smearing of the fishtail and its disap-
pearance at low temperatures, development of the fishtail -5 1 |nduction profiles in BSCCO af=23 K, measured

with time at low temperatures, and the shift of its onset tgyying field sweep ugFSU) experiment at a rate of 53 Gfs. The

lower inductions for higher field sweeping rates. bold lines indicate two typical profiles: smooth profile b,y
Measurements were performed on a X3525 —410G and profile with breakémarked by open circlgsfor

X 0.05-mn? BSCCO single crystal withT;=92 K (opti-  H, =620 G. The bold circle marks the first breakBy, =370 G

mally doped, at different temperatures between 18 and 30for H,,=430. The gray arrow indicates direction of movement of

K. The crystal was grown using the traveling solvent floatingthe break. Inset: typical magneto-optical image of the BSCCO

zone method® This crystal was specially selected for its sample taken at 23 K with applied field of 550 G.
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FIG. 2. Variations of the induction8;, (squares and B;
(circles with field sweep rate aT =23 K. The dashed line is the FIG. 3. Induction profiles in BSCCO &al=23 K, measured
estimatedB,,4. The dashed and clear areas indicate quasiordere@luring field sweep dowfFSD) experiment at a rate of 16 G/s. The
and disordered vortex phases, respectively. The gray area indicatbg!d lines are two typical profiles: smooth profile and profile with
the coexistence region of quasiordered and transient disorderdtieaks(marked by circlep
states. Inset: temperature dependencB gf(starg, B;, (squares
andB; (circles measured at constant field sweep of 160 G/s. ~ near the sample edge and in the sample interior, respectively.

The value ofB; is strongly suppressed by increasing the

ramped down to zero at a constant rate between 4 and 16G0veep rate or decreasing temperature, exhibiting similar be-
G/sec. While the external magnetic field was rampguor  havior to that ofB¢,, as depicted in Fig. Zcircles.
down), snapshots of the induction distribution across the Obviously, the breaks in the induction profiles observed in
crystal surface were taken successively using iron-garnet irthe FSU and FSD experiments do not signify the thermody-
dicators with in-plane anisotropyand a high speed charge- namic order-disorder vortex phase transition, since the induc-
coupled devicgCCD) video camera with exposure time of tion value at the break depends on the rate of change of the
36 ms. For rates smaller than 300 G/s snapshots were takemxternal field. Moreover, in FSU experiments, it depends also
at a constant field intervals of 10 G. For faster rates, snapen time and location in the sample. We therefore interpret the
shots were taken every 36 ms. break as signifying coexistence of transient disordered state

Figure 1 shows the induction profiles across the crystahnd a quasiordered stdt& The origin of the transient dis-
width deduced from the magneto-optical images, takeh at ordered state is different in FSU and FSD experiments, giv-
=23 K, while the external field was ramped up at a rate ofing rise to the different results obtained in these two types of
53 G/sec. WherH,,; reaches a value of approximately 430 experimentgsee Figs. 1 and)3However, as we show be-
G, a sharp change in the slope of the profiflereak”) ap-  low, both experiments point to the same underlying physics.
pears atB;,~370 G, indicating coexistence of two distinct  In FSU experiments, vortices are continuously injected
vortex phases characterized by high and low persistent cuinto the sample through an inhomogeneous surface
rent densities: a high persistent current state near the sampharrier-1#*51creating a transient disordered state near the
edges and a low persistent current state near the céntersample edges. At the same time annealing of the injected
When the external field is further increased, the break movekansient states takes place. As proposed by Paitial,**
towards the sample center, while the induction at the breakhis transient state anneals during a characteristic lifetime
monotonically increases. Increasing sweeping rate, or dewhich is relatively short foB <B,4 and diverges a8 ap-
creasing temperature, shif®, downwards, widening the proaches,4.'? For inductions far belovB,q, 7 is too short
range of external magnetic fields for which the coexistingto be detected, thus the profiles appear smooth, without a
states are observed. The effects of sweep rate and tempelareak(the sharp induction step at the edges is due to surface
ture on By, are described by the squares in Fig. 2 and itscurrents’). The break appears for the first time when the
inset, respectively. lifetime of the injected transient state is long enough to gen-

Apparently different results were obtained in field sweeperate a detectable magneto-optical signal. This occurs when
down experiments. Figure 3 shows the induction profilesr(dB/dt)=AB, where 7(dB/dt) represents the induction
taken afT =23 K, while the external field was ramped down change due to injection of transient disordered state during
at a rate of 16 G/sec. For external fields between 420 and 24 lifetime 7, andAB is the experimental induction resolu-
G the profiles exhibit a break, progressing into the sampldion (~1 G in our systern This first detectable transient
interior with time. In contrast to the FSU experiments, herestate generates a large induction slope near the edges, merg-
the breaks appear at the same inductiBps=360 G, inde- ing with the induction profile of the quasiordered state inside
pendent of the location in the sample. As above, the breakihe sample, creating a “break” in the profile Btg. As the
reveal coexistence of low and high persistent current stategxternal field is further increased, the lifetime of the injected
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transient state increases, and as a result, it penetrates deef
into the samplél!? Consequently, the break progresses to- 025
ward the sample center and the inductiBp at the break
increases towardB, .

As the external field sweep rate increases, the first appeat
ance of the break is shifted down to lower inductions, as
7(dB/dt)=AB is fulfilled for transient disordered states
with smaller lifetime. Consequently, the coexistence induc--%
tion range AB;qe,= Bog—Bio, iNCreases, as shown in Fig. 2.

This range can also be increased, for a constant sweep rat @1}
by lowering the temperature, becausicreases as tempera-
ture decreases, as demonstrated in the inset to Fig. 2. As
result of increasingr(B) with lowering temperature, the
equationr(B)=1/(dB/dt) is fulfilled for a lower induction

B¢y and the coexistence range becomes wider. g

Although the results of FSD experiments are apparently

different from those of FSU, they lead to the same conclu-

sions. As mentioned above, the break in the profiles in the FIG. 4. Lifetime spectrar(B) of transient disordered states at

FSD experiments has the same meaning as in FSU expelthe in_dic_ated temperatures. Dashed Iines_ are g_uides to the eye. In-

ments. However, the origin of the transient disordered statée;:l";e;'”;g S%SK& function of scaled inductioB/B,qy for T

in FSD experiments is different; it results from “supercool-
fishtail at low temperaturés,its appearance at longer

ing” of the disordered vortex latticBThe initial state of the
vortices in the FSD experiments is a thermodynamic disor{jmes82122and the shift of its onset to higher inductions as

dered state. As the field is rapidly lowered below the transitime evolves can be traced to the appearance of transient
tion field, this disordered state is supercooled to inductiongtates with a lifetime spectrua(B). The inductionB;, cor-
below Boq4 and consequently the apparent solid-solid transiyesponding to the first appearing bref@k equivalentlyB;)

tion By shifts below Boq. Larger sweep-rates induce js of prime importance as it signals the onset of the fishtail in
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“deeper” supercooling, shifting; further down'®*As Bogis  |ocal magnetization curveddoua=Bioca— Hext VS Biocal
crossed while ramping the field down, transient disorderegyerywhere in the sampfé.Obviously,By, also signifies the
states with the same spectrum of lifetimg@) are gener-  gnset of the fishtail in the conventional, global magnetization
ated everywhere, independent of the location. For a givefeasurements. The induction range for which a break in the
sweep rateB; is recorded when the lifetime at B¢ equals  profiles occurs determines the sharpness of the fishtail in
global measurements. Thus, from the data of Fig. 2, the fish-

the time resolution of the experiment, i.e(dB/dt)=AB.
Thus By is independent of location as observed experimentajl smearing with temperature decrease or field sweeping
rate increase is clearly expected. Moreover, below a certain

tally. Sincer increases monotonically &, is approached,

the relationr(dB/dt)=AB indicates thatB; is reduced as temperature the fishtail may disappear altogetheBgsis
dB/dt increases, also consistent with the experiment. Ishifted to extremely low fields. In this temperature range, the
should be noted thaB; in FSD experiments has the same |ifetime of the transient disordered states are long enough to

meaning aB;, in FSU experiments, as both are related toenable the transient state to penetrate into the entire sample

the transient state with the shortest detectable lifetime. Thigjithout annealing. Obviously, as the sweep rate is decreased
(time window is expanded transient states relax and the

is demonstrated in Fig. 2, which shows that bBthand B;
have approximately the same value and the same dependerfhtail emerges. The fishtail onset, being relatedig, is
shifted with time to higher inductions &y, increases to-

on temperature and field sweep rate.
The dependence of on B can be determined from our wardsB,.
One reaches the same conclusions considering the life-

experiment, as the knowledge AB/(dB/dt) determinesr
atB;. This is shown in Fig. 4 for temperatures 21-30%. time spectrumr(B) of the transient disordered states. The
Evidently, 7 increases monotonically withB; it depends inset to Fig. 4 shows the “scaled?#(B) for T=21, 27, and
weakly onB far belowB,4 and increases sharply &84is 30 K. Evidently, the lifetime spectrum widens as the tem-
approached. Clearly, the lifetime of the transient disorderegerature is lowered, i.e., for a constaBtB,) the lifetime
state should diverge in close vicinity &4, since the dis- of the transient state increases with the decrease of tempera-
ordered state is thermodynamically favored Bgq is ture. As a result, the fishtail onset is smeared as temperature
crossed*?Thus the data of Fig. 4 may be used to estimatéis lowered and the measured thermodynamic solid-solid
the true value of the thermodynamic transition inductly  phase transition is obscured, until at low enough tempera-
by fitting the data tory/(1—B/B,q) in the close vicinity of  tures it disappears altogether. As the transient states relax the
B, 4. Estimated values d8,4(T) are marked by stars in the fishtail appears. The transient states at lower fields anneal
faster, thus the onset of the fishtail shifts to higher induction

inset to Fig. 2.
The above observations clarify several previously re-with time, approachindgd,y, and, concurrently, the fishtail
ported puzzles. In particular, we argue that the absence of theharpens.
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In conclusion, our time resolved magneto-optical mea-tions may also explain the influence of defects on broadening
surements reveal the key role played by transient vortexhe fishtail onset; defects give rise to metastable disordered
states and their lifetime spectrum on the vortex solid-solidvortex states with increased lifetime. Thus the lifetime spec-
phase transition. The transient vortex states give rise to nonrum of the transient vortex states is sample dependent as
equilibrium order-disorder vortex transition, obscuring thewill be described elsewhere.
thermodynamic transition. This effect is especially pro-
nounced at low temperatures, impeding measurements of the This manuscript is a part of B.K.’s Ph.D. thesis. We thank
thermodynamic transition induction at low temperatures inY. Wolfus and E. Zeldov for many helpful discussions, and T.
conventional time windows. This explains the apparent terTamegai for providing us with the Bsr,CaCyOg, 5 crystal.
mination of the measured order-disorder transition line at aA.S. acknowledges support from the Israel Science Founda-
finite temperature. The effect is also pronounced at shortion (ISF). Y.Y. acknowledges support from the ISF Center of
times, or high magnetic field sweep rates, giving rise toExcellence Program, and by the Heinrich Hertz Minerva

strong dynamic effects near the transition. These observdzenter for High Temperature Superconductivity.
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