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Anomalous magnetization transition accompanying the irreversibility line
in high-temperature superconductors
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By measuring the temperature-dependent diamagnetic moments in the field cooling and zero-field-cooling
processes on Bsr,CaCuyOg, Bi,Sr,_,La,CuQ; and overdoped La ,Sr,CuQ, single crystals, it is found that
there are two distinct transitions on eabh(T) curve at a high fieldabove about 1 kOe but only one
transition at a lower field. The unexpected second step oiMtfiE) curves at the irreversibility point cannot
be understood within the picture of a second-order vortex-glass melting. FQICUB@; _ 5 single crystals, this
anomalous step was not observed up to a fiél& @ revealing a vortex glass transition behavior. Possible
reasons are given to interpret this anomaly.

[. INTRODUCTION within the penetration depth at the perimeter of the sample
drops or even vanishes. By combining this phenomenon with
The dynamics of vortex matter has received tremendouthe observed well-known two-dimension@D) dislocation
efforts in the past decadeA typical example is about the networks in this system, we propose a picture to consider
flux dynamics and the vortex phase diagram inthe superconducting background as a superconducting glass
Bi,Sr,CaCu0g single crystalgBi-2212) on which many in-  State which contains many small superconducting islands
teresting phenomena, such as the second g8Bkon the coupled by Josephson effeatr proximity effec). The major

magnetization hysteresis loop, have been observed. By usirfgPerimental observations can be reasonably explained

2DEG miniature Hall-probe arrays to detect the local magQased on our picture.

netic induction, Zeldowet al? derived a reasonable picture
for the vortex phase diagramit was suggested that the SP Il. EXPERIMENT

appearing between 20 and about 40 K in the low-field region All the M(T) curves were measured by a Quantum design

is induced by the competition between the surface and/oéuperconducting interference devi@QUID, MPMS, 5.5 T
geometrical barrier and the bulk pinning. With increasing the,ith different scan length. The magnetic hysteresis loops
magnetic field the vortex system will change from the low-yyith the SP effect were measured by an Oxford Instrument
field qUaSiIattice(With h|gh m0b|||ty) to the h|gh|y disor- Vibrating Samp'e magnetomete(VSM, Model 3001’
dered vortex-glass statevith low mobility) at a high field. 8 T) with a resolution of 10° emu. B,S,LCaCyOg
Therefore, the irreversibility linélL) in high-field region has  (Bj-2212), Bi,Sr,_,La,CuQ; (Bi-2201), and overdopedx
been explained as a continuous vortex-glass transition=0.24) Lg_,Sr,CuQ, (LSCO) single crystals with dimen-
Above 40 K the quasilattice will melt through a first-order- sions of approximately &2 mm? and thickness around
transition(FOT) and the IL in that regiortabove the melting 100 um have been investigated and the major features re-
temperaturgis thus determined by the geometrical barfier. main the same for different samples. Bi-2212 and Bi-2201
This picture, though based on solid data and thus recognizegingle crystals were grown by using the self-flux method,
by many researchers, leaves, however, still some unsolveathile the LSCO was grown by using the floating-zone tech-
problems. One question is, for example, why below about 2Mique. TheT, (onse} and the transition width, as determined
K, the bulk pinning suddenly becomes extremely strong sdrom the ac susceptibility measurement, are 85d 2iK for

that the second peak is almost invisible. It seems that there Bi-2212, 28 ad 2 K for Bi-2201, 26 ad 1 K for LSCO,

a threshold temperature for the drastic flux motion when gorespectively. For all the measurement, the magnetic field was
ing from low temperature to the SP region as discoveredpplied parallel to the axis. For the measurement BIf(T),
recently by Tonomurat al.® although there is no reason to two methods were used, namely zero-field-cooli@dC)
believe that there exists a sharp transition of pinning strengthand field-cooling(FC). In the ZFC process the sample was
at round 20 K since the elementary pinning fériepropor- ~ first cooled in zero field from 120 K to the desired tempera-
tional to (1—t2)" with n>0 andt=T/T,. In this paper, we ture, then an external field was applied and the magnetic
present data to show that the IL in the high-field region ismoment was measured in the warming up process. In the FC
accompanied by a clear step on th€T) curves measured process, the sample was cooled down under a field from 120
both in the zero-field-cooleZFC) and(FC) processes. The K to the desired temperature and the magnetic moment was
unexpected second step at a lower temperature on the F&so measured in the warming up process. The difference
curve is difficult to understand unless one assumes that theetween a ZFC and a FC process is that in the ZFC process
“superconducting background” undergoes a transition andhe magnetic flux enters the sample, in contrast to escaping
the diamagnetic moment due to the Meissner edge currefitom the sample in the FC process. It is important to note
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g A —m— 1T ZFC measured in ZFC and FC processes at a field of 1 kOe for one of the
g 0,002 o0— 1T FC ] Bi,Sr,_,La,CuQ; single crystals. Two transitions marked with,
- - andT,, can be clearly seen here. Betwéen and T, the ZFC and
PR P S SR FC curves coincide with each other. The irreversibility appears
5 10 15 20 25 30 35 40 whenT,, is reached.
0.000 T+ 1 1T ' 1 ' 1T ' 1
L () taneously at the second step on t€T) curves. Similar
0002 ~R000000000000000000000008 effect was reported as early as in 1991 by Kadovetlkal®
T / ] This anomalous second step may be argued as an artifact
oo . #— ST ZFC 1 due to the SQUID measurement, for example, within the
-0.004 |- —— 5T FC = scan length, the magnetic field is not perfectly uniform,
therefore an anomalous signal may be generated when mov-
. : L e ing a slab superconductdtThis can be, however, ruled out
5 10 15 20 25 30 35 40 ; .
by following arguments(1) If the second step were induced
T(K) by the nonuniformity of magnetic field, one should also see it

at a low field, which is contradicted to the experimental facts
FIG. 1. Tempera’[ure-dependent d|amagnet|c moments measur% Shown |n F|g @), (2) By Changlng the scan |ength from
in the ZFC and FC processes at magnetic fieldéap0.01 T, (b) 2 to 8 cm, we observed the same second step oMtHE)
1.0 T and(c) 5.0 T. An unexpected second step appears clearly ORurves: (3) A similar step was observed by using a VSM
the M(T) curves in the high-field region at the irreversibility point. which has only a very short vibrating lengtt4) On thick

) smples instead of thin slabs the second step was still ob-
that, for the FC method, the data was collected both in thggpeq.

cooling processFCC) and the warming ugFCW) process. In order to know whether this anomaly appears also for
In both FCC and FCW processes, the results are almost tr&her systems, we measurdi(T) curves on Bi-2201 and
same. For simplicity, in this paper only the data for ZFC and| gco. Surprisingly, a similar effect was observed in Bi-
FC(W) are presented. 2201 and overdoped LSCO. Shown in Figs. 2 and 3 are the
M(T) curves for Bi-2201 and overdoped LSCO, respec-
tively. It is interesting to note that the dimensionality should

o N not play an important role in determining the appearance of
Shown in Fig. 1 are transition curves measured on the

Bi-2212 sample under three typical fieldgHe,=0.01, 1,

Ill. RESULTS

and 5 T, respectively. At 0.01 T, it is easy to find that there T '
is only one transition aT.~86 K, without any trace for a s or °l\.‘ ~9-0-0-5-0
second transition on the FC curve. When the field is in- a sl T, ...0

creased above about 0.1 T, a second transition on both the ) N La St CuO

ZFC and FC curves emerges and grows monotonidakye o 10 o Be:'zl%“ )

Figs. 4b) and ¥c)]. All the M(T) curves show a rather Z s ,/

stable transition neaf;~ 86 K, which can be described very = om.o/o —Oo—7ZFC

well by the critical fluctuation theor§.For simplicity, we 20 —e—FC

show in Figs. 1b) and Xc) only the second transition. The

diamagnetic moment varies very slowly with temperature -2 10 20 30 20
above the second transition until it enters the region for the T(K)

first transition at around 86 K. This anomalous step was ob-

served in more than 10 pieces of samples made by different FiG. 3. Temperature dependence of the diamagnetic moments
groups, therefore, we would consider it as a common effecfeasured for the overdopedgSr,CuQ, single crystal sample at

in Bi-2212 system. Actually, as shown below, this effect wasan external field b1 T in the ZFC and F(processes. Two transi-
also observed in Bi-2201 and LSCO system. It is interestingions can be clearly seen here. For the underdoped sample there is
to note that the irreversibility for flux motion occurs simul- only one transition which will be presented separately.
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20F ' ] critical current density which determines the PM will drop
18 _/ N B(x) ; with increasing the magnetic field, therefore the higher the

}j: o * ] magnetic field is, the lower the PM term will be. In short, the
121 ,/ 1 increase of the magnitude of the field-cooled magnetization

\

step with applied fieldas shown in Fig. ¥arises from the
8 / . reduction with increasing field of the PM due to flux cap-

i . 1 tured byj. while the DM due to edge currents is relatively
d ] independent of applied field. If there would be no pinning on
flux lines, the total magnetic moment should be solely con-
tributed by the edge current due to Meissner effect which
should not have any sharp drop since the superconductor

FIG. 4. The jump of the magnetic momentM .. on the FC does not undergo any kipd of tran_sition beldw. Thus the
curve before and after the second transition measured for ongnarp decrease of the diamagnetic moment measured at the
Bi,Sr,CaCuy0; single crystal. It is clear thah M ¢ increases with ~ S€cond transition cannot be understood within the picture of
the external field. The inset shows the field profile during a FCa uniform superconductor, which leads to an assumption that
process in which the flux escape from the sample. The magnetithe “superconducting background” may undergo some
moment in the FC process comprises two terms: the Meissnesharp transition at the second transition. By combining with
shielding(negativé and the frozen flux pattern in the interiggosi-  the observation of 2D dislocation netwofkis this system,
tive). we propose a picture to consider the superconducting back-
ground as a non-uniform state which is constructed by

the second step. For Bi-2201 and Bi-2212, the dimensionalz, njed superconductive domains. This non-uniform state is
ity y~50— 100, but for LSCOy~5.

. ) robably induced by the so-called intrinsic inhomogeneous
The second step on the ZFC curve is relatively easy t

.. electronic state of high temperature superconductors
understand because enormous flux enters the sample Wlth(ﬁTSC,s) In this scenario, at a low field, the superconduct-
drastically fast speed at the irreversibility point and thus the ' X ’

diamagnetic moment drops sharply. Although the steplik ing regions are coupled strongly via Josephson gffect, there-
behavior, especially that on the FC curve, is related to th ore one can observe a regular vortex lattice Whl_c_h melts at
irreversibility line (IL) which corresponds probably to the 1€ Melting temperatur@y,. At the second transition, the
vortex glasVG) transition, however, the step itself cannot J0S€Phson couplings between the superconducting islands
be simply explained as a result of the IL or VG transition. As&ré broken and the edge current is thus interrupted. Above
argued below, probably it is on the other way round, the ILthis transition, the diamagnetic signal arises from the indi-

or the VG transition is induced by an effect which is directly Vidual islands. Since no irreversibility for flux motion above
related to the step. the second transition has been observed, we would assume

that each individual island has a size smaller than or equal to
IV. DISCUSSION the pgnetration Fjepth which vyill not gllow the fprmatior\ of a
o ) quantized flux line, or each island is very uniform without
In order to get a deep insight into the anomaly mentionedyny defect leading to no pinning effect upon flux lines. In
above, we turn to the step on the FC curve. This step is venhjs sense, the real upper critical fiehtl,, as argued in our
difficult to understand since in the vortex-glass-transitionsymer publication'® appears at the first transition,.
scenario, in the warming up process with the FC mode the 14 check this picture, we measured the irreversibility line

frpzen sandpile-like flux profile in the interior due to finjte .0 the deviating point of the ZFC and FC curves at each
will become shallow gradually and eventually flat at the VG o\ (55 shown in Fig. 5 by the filled squayder one typical
transition wherg.=0. The diamagnetic moment in the FC Bi-2212 single crystal. As found by many other groups, the

process should keep a constddeep freezingor slightly . )
increasé! but should be always continuous, which is in sharp“‘ can indeed be .separated' Into two parts, one p{:\rt shows a
a)ughly exponential behavioH;,(T)x<exp(—T/Ty) in the

contrast to the experimental observation near the seco . . . . .
P gh-field region, and another part in the low-field region

transition. To better understand this unexpected step on t . ) ) .
M(T) curves, we determined the magnitude of the jumpshows a completely different behavior. What surprises us is

AMgc of the magnetic moment at the second transition orfnat the second step appears only in the high-field region
the FC curve, that is the difference between the magneti€t9gesting the same origin as the special form of IL:
moments measured at 6 K and just above the transition. Allir(T)<exp(=T/Tg). In the low-field regime, the IL was
shown in Fig. 4 by the filled symbolg\ M increases with demonstrated as a strongly geometrical dependent boundary
the external field. This is qualitatively consistent with whatnear which is the so-called FOT. In Fig. 5 also shown is the
happens in the FC process. The field profile inside theéSP line(open circles which intercepts the IL at a multicriti-
sample in the FC proce¥sis shown by the inset in Fig. 4. cal point. In this paper we focus on the IL in the high-field
The edge current due to Meissner effect in the layer of penregion. According to our picture, the IL is then correspond-
etration depth provides the diamagnetic momebiM),  ing to the field decoupling line, which has been predicted by
while that due to the frozen flux pattern and thus the criticala recent theory a8

current densityj . in the interior provides the paramagnetic

moment(PM). The PM term is always smaller than the DM

term, therefore the total magnetic moment is negative. The Bpc=(A/T)exp —T/Ty). D
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ol T LT ! RN ' ] on theM(T) curve. A recent study shows the possible con-
Granular Superconductivity \\ch E nection between the spatial electronic inhomogeneity and the
o -- @ --H_( Experimental } \‘\\ Secl:qond peak effe&? . . .
0y g Tl \ ] egarding the peculiar mixed state properties due to the
o ° —0— Second Peak ‘\\ ] inhomogeneity in HTSC'’s, a concept called superconducting
— g Voo glass was proposed shortly after the discovery of HTS'’s by
RII0E 2 0000000, Vo Miller et al?® who used this concept to explain the irrevers-
S LI \ ibility line. Theoretically Ebner and Strodt developed a
0k ;;T . . \\ ] model which consists of many tiny superconducting clusters
m i coupled by weak links and to some extent explained the IL.
“m 4 It is reasonable to consider the vortex system in HTSC'’s as
10° L - P S N | some kind of glassd&/G or Bose glas$BG)]| because of the
0 1020 30 40 50 60 7080 %0 gactronic inhomogeneity. Recently, Gurevich and Vindkur
T(K) presented a theory concerning the influence of inhomogene-

ities on the properties in a mixed state. However, as we
FIG. 5. The vortex phase diagram measured fgSBICaCy0Og showed in this paper, the background of this inhomogeneous
samples. The filled squares show the irreversibility line determinedgystem may be a superconducting glass, instead of a quasi-
from the deviating point on th&(T) curves in the ZFC and FC yniform superconductor on which the concept VG or BG is
processes. The unexpected second step appears dh(fecurve based.
only at a high field accompanied by an irreversibility lifg,(T) For ans-wave superconductor, in the Meissner state, there
xexp(—T/Ty), showing the same origin for both. The solid line is a may be no big difference between a superconducting glass or

fit to Eqg. (1) with T;=4.5 K based on the concept of Josephson i ductor b if th . £l
coupling between the superconducting grains. The second peak Iir‘faeunl orm superconductor because IHthere IS no current Tow-

(open symbols terminates the IL at the multicritical point. The Nd in the sample, the superconducting phase can be uniform
upper critical field lineH, is a schematic show here. everywhere. The only difference is that the measured lower
critical field reflects only the coupling strength for the super-
conducting glass instead of a genuikle; for a uniform
Here A is related to the coupling strength at zero temperasuperconductor. With increasing the temperature, the uni-
ture, To= ve/2md, with v the Fermi velocity of the junction form superconductor has only one transition that occurs at
area(nonsuperconducting mejald is the average distance T., while a superconducting glass has two transitions, the
between the superconducting islands. The solid line in Fig. Sirst one is also afl., but the low temperature one takes
is a fit to above equation witliy=4.5 K, showing a plau- place at the decoupling temperature. Faaave supercon-
sible explanation to the data. Moreover, foB>T,, Bpc  ductor, there is probably already some spontaneous phase
«exp(—T/Ty), which is just the same as what we observeddifference across the junction area, thus there is a big differ-
for the irreversibility line. It is interesting to note that, from ence between these two states. In the mixed state, the intrin-
the data accumulated by Schilireg al,*® this type of irre-  sic spatial phase fluctuation may be the origin for the flux
versibility line seems to be a common behavior for HTSC’spinnmg_ This is probably the reason for Griessaral® to
in the high-field region. For example, for YBau;0;, the IL  fingd out that the major pinning in HTSC’s is induced by
has this type of behavior when the field is higher than abougattering to the superconducting current term of a vortex
~8 T, although up to date, no attention has been paid to fingne The difference between the mixed states based on a
out if there is a second step on tM(T) curves at a high g herconducting glass and a uniform supercondu@tith
field in this system. We measured tN(T) curves at fields pinning defectscan be understood from the different conse-

%F:ectgnfl T.tW'tggl;(t) ng‘&%tt?ﬁe?[‘%rgglzuz ;t)e{pss;.iny.;'emquences of melting. If a superconducting glass melts, the
Y, tw u y ng ! edge current at the surface drops or vanishes, which is cer-

YBa,Cu;0; single crystals® delivering further supp'or.t for tainly not required for a vortex or a Bose glass.
our argument. In that sense, there may be electronic inhomo-"_: : .
Finally, we must mention that the phase diagram pro-

geneities among all HTS which may be an intrinsic property I L )
due to the special electronic state, for example, the strinOsed in Fig. 5 is similar to that suggested by Horovitz

phase in the microscopic scHier the phase separated clus- €t al? for Bi,Sr,CaCyOg single crystals, the difference is
ters in the mesoscopic scafést is interesting to note that that the Josephson coupling in their picture is between the
the anomalous step was observed in Bi-2212 and Bi-220guperconducting Cu-O planes while that in our picture is
system both in the underdoped and overdoped regions, whiletween the possible superconducting clusters due to intrin-
it is observed only in the overdoped region for LSCO sys-Sic inhomogeneity of cuprate superconductors. We arrive at
tem. This difference may be induced by the easily formedhis conclusion because the second step orMii&) curve
nonuniformly distributed excess oxygens in Bi-2212 and Bi-was observed only on overdoped,LgaSr,CuQ, single crys-
2201 systems. In LSCO system, the intercalation of excestls but not on underdoped samples which normally have
oxygen is more difficult, therefore the electronic state iseven higher anisotropy than the overdoped ones. However, a
quite uniform in the macroscopic scale in the underdopednore elegant experiment for more systenisuch as
region. But in the overdoped region, the electronic state o¥Ba,Cu;O;) especially with a high magnetic field, is
LSCO system may phase separate into macroscopistrongly needed to clarify this issue.

domaing® leading to the appearance of the anomalous step In conclusion, the unexpected steps on MET) curves
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