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Measurements of the isothermal magnetization hysteresis IBp$) and the magnetic relaxation for a
TI,Ba,CaCuyOg single crystal were carried out by using a superconducting quantum interference device
magnetometer and a micro-Hall sensor. In the temperature window from 30 to 60 K, the measurements for
M(H) show a second anomalous peak at a figld, and an onset field ofl,,. From these relaxation data
measured by two different techniques, the activation batdigrand the creep exponept were separately
calculated as functions &f based on the weak collective pinning theory. The variation of the normalized creep
rate,S=(|d In M/dInt|), with H is also presented. The resultsTat 35 K indicate that at a characteristic field
H* lying betweerH,,, andH,,, a minimum is observed i8(H) whereas a maximum is observedup(H).

These analyses also show that beldd, the creep phenomenon is controlled by an elastic process. However,
aboveH;, a negative power lawJ,(H)«H" with »~—0.9, is observed suggesting the existence of plastic
creep. At a low temperature d=20 K, where no second peak is observed, H8tH) andUy(H) behave
differently. A comparative study of the different creep parameters obtained from the two different measurement
techniques is also discussed.
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The study of the vortex phase diagram in high-plained based on the weak collective pinning the®4CPT)
temperature superconductotdTSC) is an important issue for fields below the second peak field,, above it the
not only for technical applications but also for basic researchexistence of the dislocation-mediated plastic creep was con-
because various vortex phases have been predictdiimed, and the crossover from elastic to plastic creep was
theoretically and observed experimentally. The most exten-shown to be the origin of the second péak!’®
sive studies on vortex matter have been carried out on stydies on the FBa,CaCyOg (TBCCO) system in
YBa;CUyOpy (YBCO) and BpSRCaCyOg.y (BSCCO  gingle-crystalline form have been hampered due to the tox-
single crystal€®and the interesting feature was the appearicity of TI,0, and the high vapor pressure of Tl at the syn-
ance of a second magnetization p¢8MP) starting at a field  yhaqjs temperature. Recently, our reports on the irreversible

of H,, far above the first thermodynamical critical fieid,. (ﬁagnetization, the reversible magnetization, the remanent

Several explanations have been suggested for the origin - _ , )
this peak: matching between the vortex lattice and crystal. agnetization, and the transport propeflieS’of this mate

. a4y ) .~ Tial revealed that these crystals had good quality and the
defects’ surface-barrier effects? a dimensional crossover in hvsical properties were comparable with those observed in
the vortex dynamicé® a weak first-order vortex lattice pny prop P

melting® and layer decouplind. other highT. materials. The field-dependent magnetic relax-

Theoretically, different vortex phases are predicted wherRtion in this compound has not been well studied so far in
different energies, such as the elastic, the pinning, and thgingle-crystalline form. In a report, Weet al™ claimed to
thermal energies are balanc€d! The shape of vortex melt- have observed two regions of vortex dynamics while analyz-
ing curve, which is characterized by a first-order thermodyJng their relaxation data for TBCCO thin films; three-
namic transition, is determined by a competition between théimensional3D) vortex motion occurred via an elastic creep
elastic and the thermal energiésvhereas an entangled line, in the low-field region while plastic creep occurred at higher
which manifests itself as the onset of a second magnetizatiolelds following a 3D to 2D transition at a field of 0.7 T. It
peak at a field oH,,, in the M(H) hysteresis loops, can be should be mentioned that in thin films, the grain boundary
described by a competition between the pinning and the elasgtself can act as a strong pinning center which may control
tic energies> The magnetic relaxation studies are very use-he intrinsic properties of the material. Thus, in this report,
ful tools for understanding the precise characteristics of difwe discuss the evolution of the creep characteristics in the
ferent phases and the phase boundaries across the SMP arel plane for TBCCO single crystals at different tempera-
give important information on the vortex activation energytures by using relaxation measurements with both a super-
and the creep characteristics in HTSC. Recently, magneticonducting quantum interference devi@QUID) magneto-
relaxation studies were carried out on YBGT? pure  meter and a Hall sensor.

BSCCO¥*18and Pb-doped BSCC®single crystals by sev-  Single crystals of TiBaCaCyO; were grown from
eral groups. Though the creep phenomenon was well exa stoichiometric mixture of FO; and a precursor
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FIG. 1. Field-dependent magnetization and magnetic relaxation HD
measured by using a SQUID magnetometer at a temperatufe of 5 2 Field-dependent local magnetization measured by using

=35 K. The upper inset showsI(T) measured at field oH 5 g sensor and at temperatures in the range from 30 to 50 K. The

=10 G. The lower inset shows an enlarged view of the magnetiG,set shows the same data for temperatures of 20 K and 25 K.
relaxation in the vicinity of the second peak figtt .

Ba,CaCuy0, . Details of the growth procedure are reportedHo,,=650 G as shown in the ins¢lower right corney of
elsewheré®2! A structural characterization of these crystals, Fig. 1. For this material, a systematic studyM{H) mea-
which was obtained by using x-ray diffraction, is also pre-sured by using a SQUID magnetometer for a wide tempera-
sented in Ref. 20. Several crystals, with average dimensiorigire window are reported in Ref. 20; the temperature depen-
of 1x1x0.2 mn?, were characterized by using the magne-dences of bottHs, and H,, are also presented. However,
tization measurements. Extensive relaxation measuremenidese global magnetization measurements are averages over
were carried out on a sample wilh~ 105 K. The transition regions of different local inductions across the sample; thus,
width was around 5 K, as determined from theT mea- because of the sample’s shape, square or rectangular blocks,
surement at a field of 10 G, as shown in the ins@per right ~ edge effects cannot be neglected. For that reason, as dis-
corne) of Fig. 1. cussed in the next paragraph, local induction as well as mag-
At first, the magnetic hysteresis lodp(H) and the relax- netic relaxation measurements were performed on this
ation measurements were performed at different tempergsample by using a Hall sensor.
tures by using a SQUID magnetomet@uantum Design For the local measurements, an InSb Hall sensor with a
with the external magnetic field applied parallel to thexis. ~ sensing area of 100100um? and a resolution of
A typical M(H) loop and the magnetic relaxations measure-0.46 uV/G was used. The sensor was placed at the center of
ments at a temperature of 35 K are shown in Fig. 1. Aftetthe crystal. The magnetic measurements were performed by
cooling down the sample in zero field to the set temperatureysing a Maglab20000xford) system, where magnetic fields
the wholeM (H) loop was recorded with increasing fields in up to 7 T could be applied by using a superconducting mag-
steps with the most possible rapid way in our technique. Fonet and a temperature accuracy of 5 mK could be achieved.
the relaxation measurement we repeated the same loop, blfie local magnetization was defined as the difference be-
at each measurement field we recorded the magnetization &&een the field measured by using the Hall senBgr, and
a function of time for 4000 sec. For fields below 1200 G, thethe applied fieldH,. The localM(H) loops measured at
step in the field of 50 G after the end of each relaxationdifferent temperatures are shown in Fig. 2. It is clear from
process produces an initial magnetization which lies withinthis figure that the shapes of tihé¢(H) loops measured at
5—8 % of the value of the origin&ll (H) loop corresponding different temperatures are similar to that observed in the
to that field. These small deviations are due to the fact thabQUID measurements. For the local measurements at
this step is smaller than the first field for full flux penetration, =35 K, the onset fieldH,, and the second peak fields,
but we will see later that the above intermittent field increaseare observed at 65010 G and 956 10 G, respectively.
procedure does not affect the determination of correct value§hese values are similar to those obtained from the global
of the physical parameters. To confirm that, we have alsenagnetization measuremenRts?
performed a relaxation measurement as a reference at a field Figures 3a) and 3b) present the behavior of the irrevers-
of 850 G. During this measurement, the sample was coolethle magnetizatioM;,, for flux entry as a function of Irif at
down at 35 K in zero field and then after ramping the field toT=35 K and in the vicinity of second peak fields, as
850 G, the magnetization data was recorded for 10 000 se¢neasured by using a SQUID magnetometer and a Hall sen-
At this temperaturg35 K), the anomalous SMP is ob- sor, respectively. In the inset of Fig(e8, M;,, for flux entry
served aH,,=950 G whereas the onset field is observed ameasured by using a SQUID magnetometer as a reference,
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10? 10° shown in the inset.

t(sec) =1 to the creep of intermediate vortex bundle creep region,

FIG. 3. M, for flux entry atT=35 K as a function of Iff in ~ and x=7/9 to the large vortex bundle creep region at low
the vicinity of the second peak fiell, measureda) by using a ~ currents and high fields.
SQUID magnetometer angb) by using a Hall sensor. The upper Based on this theoryM;,, (t)j(t) can be described by
inset shows the same measured by using a SQUID magnetometer tige relation
a reference for the time window 100—10 000 sec at a field of 850 G.

Please see the text for details. —ln
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for the time window 100—-10000 s at a field of 850 G, is
shown. At the initial time, i.et=t,, the nonrelaxing revers-
ible magnetization of the sampleM,.,=[M,(t;)

wheret, is some attempt time. It should be mentioned that
Eq. (2) is valid only for j<j.. To satisfy the above condi-

+M_(ty)]/2, was calculated, and then the irreversible mag-tion’ we fitted this equ.ation Fo the experimentally observed
netizationsM , (t) =M. (t) ¥ M, were calculated for both M, (t) curve for the time window 400-4000 sec, and we

flux entry and flux exit. HereM . (t) and M _(t) are the calculated bothJ, and w for different fields for both flux
. + _

measured magnetizations for flux entry and flux exit, respec(-a)(its""nd flux entry. Here, the val_ue dp was fixed to
sec as reported for BSCCO single crystdi¥he nor-

tively. Both the figures show a nonlogarithmic behavior of 10__ ; )
M., (t), particularly at longer time, which implies that the malized creep rat& was calculated by using the relatiGh

Anderson-Kim modéf cannot be applied to analyze these =|d In.Mi" /din] for aI_I the dgscribed fields and for both
relaxation data. flux exit and entry. While plotting these parameters, we took

For the physical interpretation of the relaxation behavior.2" @verage of the data obtained for flux exit and flux entry

we start with the prediction of the WCPT, where the activa-'0" €ach field; we show the deviations as error bars. It is
tion energyU(j) for j<j. is given by232° observed that the values of all the parameters obtained from
Cc

the data measured by using SQUID magnetometer were
found to lie systematically above the average for flux exit
U(j)=Uo(H) (/)" (1) and below for flux entry. But this is not true for the case of
Hall sensor measurements as the deviations were found to be
very small in comparison to SQUID measurements.

where Ug(H) is the collective pinning barrier, which in- The magnetic-field dependence of the normalized creep
creases with the applied magnetic field, gpds the critical rate S measured by using two different techniques Tat
current density. The values of the exponentidentify the =35 K and in the vicinity of the second magnetization peak

various collective creep regions and depend on the magnfield Hg, is shown in the inset of Fig. 4. At higher fieldS,
tudes of the field and the current. For a three-dimensiondbecomes difficult to calculate as M(,) is no longer linear
vortex systemu = 1/7 corresponds to the single vortex creepin In(t), particularly at longer times. It is clear from this
region at low fields and high currentg,=3/2 to the small figure that the local creep rate is lower than the rate obtained
bundle creep region at intermediate currents and figlds, from the global magnetization measurements. It is obvious
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that, as for the global measuremerfiss an average of dif- 600
ferent local creep values. Howev& measured by the two 500
different methods show similar features. At low fields
(=550 G)Sstarts to increase, and reaches a maximum. With
further increasing fields, it starts to decrease and goes to a =% 300
minimum; then, it increases almost linearly with the applied
field. The minimum value occurs &t* =750+10 G. With
careful investigation, we observed that is located at the 100
point wheredM/dH (obtained from thévi-H loop) is mini-
mum and lies betwee ,, andHg,. This minimum inSwas

T I T

Hall sensor A
(@)

400

200

0
SQUID measurement]

surements are much higher than those for the local measure-
ments. This might be due to the edge effects during flux exit

and entry. The global value &~ 0.75+0.05 was also cal- 0= 10'00 ' 20'00 ' 30'00 ' 40'00 ' 50'00 ' 60'00 2000
culated from the reference data and found to lie within the
error bar obtained from the global measurement using the

Int(_arrrr]nltten_t fI.GId 'r}creasﬁ grocbedgre(.j f both local and FIG. 5. Variation ofUy(H) at T=35 K measureda) by using a
e varlatlo_n 0,'“ wit » obtained from ‘?t oca e}n Hall sensor andb) by using a SQUID magnetometer. The solid
global magnetization measurementdat35 K, is shownin  |inas are the power-law fitd) o(H)>H ", with »=0.92 and 0.94

Fig. 4. At this temperature, the global=0.92-0.05 was o the local and the global measurements, respectively.

also calculated from the reference measurement. As observed

for S it was also found that thig value lies within the error Let us compare oun value with other reported values. In
bar, obtained from the original measurements. This impliegeneral, the glassy exponemthas been determined from the
that our original procedure will not introduce large error fac-electric field €)-versus-currenf() or the M-versusH char-

tors in calculating the parameters. The interesting feature olmcteristics by using several formulations based on the as-
served in Fig. 4 is that the average magnitudeg @btained  sumption of Eq.(1). In TBCCO thin films, the+ve u (0—
from the local measurements are higher than those from th@.3) region B.<0.7 T andT=<55 K) was characterized by
global measurements, but the shapes of the curves are veBp vortex states while a wide temperature and field region
similar. This figure also shows that the logalvalue starts to  was found to give-ve u values & —0.3) characterized by
increase for fields up tbl*, then, with further increase inthe a 2D dislocation-mediated creep. In both YBC@®efs.
fields, it drops sharply. A comparison of the magnitude of thel4,33 and LSCO(Ref. 39 single crystals, the. value first
local u value with the theoretically predicted values implies increases wittH from 1 to 2 forH<H, and then decreases
the existence of a small bundle creep region at the center aontinuously towards zero as the field is swept; sometimes
the sample for fields belowd*. However, in this field re- negative values are observed at higher fields. A similar result
gion, the change in tha value is not sufficient to quantify was also reported recently for heavily Pb-doped BSCCO
any crossover in the creep mechanism, i.e., from intermedisingle crystals® where an initial increment of. up to 2.0

ate bundle creep region to a small bundle creep region, asas observed for fields less th&ft, lying betweerH,,, to
observed in YBCO and Pb-doped BSCCO  singleH,. The value ofu then dropped sharply to 0.2 with further
crystalst*!® The global magnetization measurements averincreases in the field. A comparison with other rep4rtg®*

age different local creep values across the sample, so theuggests that for fields beloW* or H,, the creep is con-
averageu calculated from these data, while comparing withtrolled by an elastic process, while for fields above these
local o value, indicates the existence of a different creepcharacteristic fields, the sharp decreaseuirsuggests the
mechanism as one moves far from the center of the sampleresence of another creep mechanism. This can also be fur-
This behavior was also reported for BSCCO single crystalsher demonstrated by using the field-dependent pinning po-
based on magnetization studies with a local Hall-probedential as discussed below.

array>? Since the large fluctuation gf observed in the glo- Figures %a) and 3b) present the behavior df, as a

bal measurements belott* cannot be ruled out as being function of the applied field, obtained by using both Hall
due to edge effects during flux exit and flux entry, it becomesensor and SQUID magnetometer measurements, respec-
difficult to identify the actual behavior below this character-tively. It is clear from these figures that the average magni-
istic field. AboveH*, the value ofu measured by two dif- tude for Uy(H) obtained from the local measurements are
ferent techniques drops sharply with increasing fields andhigher than those from the global measurements, but the
reaches 0.4-0.2 for fields close to 3500 G. Within the colshapes are very similar to those observed/¢H). These
lective pinning theory, this low value @f indicates a single figures also indicate that the lodd}, increases with fields up
creep region &= 1/3), which is expected for low fields and to H*, but the large fluctuation of the global values makes it
high values of. difficult to identify the actual behavior in this field region.

100

also observed in both YBC@Ref. 13 and Lg_,Sr,CuQ, 500~ ® ]
(LSCO) (Ref. 3] single crystals aH=H,, whereH, lies 400 -
betweenH,,, and Hg,. The important point is that the de- g: 200 T h
crease ofSindicates an enhancement in the effectiveness of o L i
pinning. The error bars for the global magnetization mea- 200 " —

H, (G)
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With further increase in the field§.e., aboveHg,), Uy,
obtained from both the measurements, follows a negative
power-law behaviorUycH”, with v being —0.92 and
—0.94 for local and global magnetization, respectively.

Above Hg,, the negative power-law behavior can be
compared with other reported experimental results. The val-
ues of », obtained so far for fielde1>H,,, lie between
~—0.5 and—0.7 for YBCO* pure BSCCO?® Pb-doped
BSCCOY TI-12121" and HgBaCuQ,, 5 (HBCO),*® and are
very close to our observed value. In all of the above studies,
the negative power law was explained by a dislocation-
mediated plastic creep based on the proliferation of disloca-
tions in the entangled vortex structures, as proposed by Abu-
lafia et al* For such a plastic creep, the zero current
activation energyU,, can be written &% U, = €eay,
where a()z(CI)(,/B)E’2 is the lattice constant, ¢,
=®2/4mugh2,(T), ande is the anisotropy parameter. For a
constant temperature, this equation leadsJig=B”, with
v=—1/2. This negative power implies that for plastic creep,
the activation energy ,; always decreases with the field, in
contrast with elastic creep where the creep activation energy .
U, increases with the field.
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Based on an analysis of the relaxation data on Pb-dope@chni‘weS is shown as an inset of this figure.

BSCCO and HBCO single crystals, in the field rardg,
<H<Hg),, Sunet al’® and Pissast al>® reported that both
creep mechanisms were operating simultaneously and th

tometer. The normalized creep rabeobtained from two different

gpd U, fall rapidly, as observed fof =35 K. However, the

the dominant creep mechanism was determined by th#eld dependence of the activation energy(H) does not

smaller activation energy betweeh, andU, . As the onset

follow a negative power law, but shows a logarithmic behav-

of magnetization is believed to result from a competitionior- In our earlier report on remanent magnetizafionye

between the elastic and the pinning energiesHorH,, it

observed that fol <27 K the low-temperature vorticity was
might be possible for the elastic energy to become |arge¢haracter|zed by 2D pancake vortices because the collective

than the pinning energy and for vortex interaction with pin-pPinning lengthL . was found to be 3 Ad=15 A, i.e., half
ning centers to result in an entangled solid where cells off the unit-cell length. It was also mentioned that the thermal
vortex lattice are twisted and dislocations proliferate. Thisdepinning temperaturgy (=30 K) (Ref. 22 played an im-
proliferation influences the flux creep mechanism as gortant role in changing the creep mechanismTor30 K,

dislocation-mediated plastic flux creep in the system, which
causes the decrease of the pinning potential with increasing
fields. Thus, the competition betweeh, andU,, results in
a maximum forUy(H) at H=H*. Therefore, belowH
<H*, asU¢>U,, elastic creep controls the flux dynamics,
but aboveH*, since U, >Uy, plastic creep controls the
flux dynamics. Therefore, our results indicate that the vortex
motion for H>Hg, is mainly dominated by dislocation-
mediated creep. Similar results were also observed at
=45 K (not shown herg

Based on these relaxation measurements using a Hall sen-
sor and a SQUID magnetometer &t 20 K, we calculated
w as a function of the fieléH. The results are plotted in Figs.
6(a) and @b), respectively;S(H) curves are shown in the
insets. The results fddy(H) are shown in Fig. 7. It should
be mentioned that no second peak was observed at this tem-
perature(Fig. 2). From these figureg¢Figs. 6 and Y, it is
clear that the difference in magnitude between the param-
eters calculated from the local and the global measurements
are very small in comparison to those observed at 35 K and
those at low fields, i.e., below 4000 G andU, are almost

200
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B Hall sensor
L } {}E i 4 SQUID measurement ||
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FIG. 7. Variation ofUy(H) at T=20 K measured by using a

constant andgu shows a tendency to increase. With further SQUID magnetometertriangles and by using a Hall sensor

increases in the field increases almost linearly, and bgih  (sq
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as a sharp fall of the critical current densjtywas observed a SQUID magnetometer dt=35 K and 20 K and for dif-
at this_temperature. According to 2D collective pinning ferent applied fields. The results show thafTat 35 K, the
theory?” the values ofu are 7/4, 13/16, and 1/2 for small magpnitudes of the creep paramet&s:, andU, measured
bundle, medium bundle, and large bundle vortices, respegyy those two different techniques are different, while the
tively. Our experimental value of:~0.8 implies the exis-  fnctional forms of these parameters withare very similar.

tence of a 2D collective creepnedium bundlg region for st his temperature, both sets of the results indicate that for
fields less than 4000 G. For fields above 4000 G, the sharﬁ

oo elds below a characteristic field* lying betweerH,, and
decreatlss Ok tol 0.'2 gng tTﬁ. Ioggrlthrnlc tt;iecreasng)@(tlﬁ) Hsp, the creep phenomena is controlled by an elastic pro-
?%nsngecr?aaes);pgf;n?B) r)rqa '2. n'fycg (?rzls\/sec) Z'P?r'gg] aez%ry'cess. ForH>H,, the negative power-law behavior of

IS 0 - signi SOV -~ Ug(H) with an exponent o~ — 0.9 indicates the existence
collective creep to a plastic creep, but origin of the logarith-

. e g of the dislocation-mediated plastic creep. At the low tem-
mic behavior is not clear. In contrast to our observation, a

i . peratureT=20 K and at low fields, botl(H) andUy(H)
[ﬁgeg):isr?epnog; %rf' ;ks)edc?)r:]?jdpzils g\zslggflgxi?e&r?;g\rlgg re § tained from the two techniques demonstrate the existence
T=18 K, but Ug(H) showed an almost constant behavior a 2D collective creep. At higher fields, the logarithmic

for fields greater tham,. It is to be mentioned, however, behavior ofUg(H) and the sharp fall of. might signify a

that Pb-doped BSCCO shows a much lower anisotropy thaff 0>50Ver to plastic creep.

pure BSCCO and TBCOO. This might indicate that anisot- This work was supported by the Ministry of Science and
ropy plays an important role in influencing the vortex char-Technology of Korea through the Creative Research Initia-
acteristics at low temperatures. tive Program. This work was partially supported by the Na-
In conclusion, we have performed relaxation measuretional Research Laboratory Program through the Korea Insti-
ments on a TBCCO single crystal by using a Hall sensor andute of Science and Technology, Evaluation and Planning.
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