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Abstraci-- Magnetic hysteresis and flux creep of melt-
powder-melt-growth (MPMG) YBa2Cu3Oyx containing
nominal 0, 25 and 40 mole% Y2BaCuOs5 (211) were
measurcd in the temperature range of 5 to 80 K and in
magnetic ficlds up to § T. With the introduced fine
dispersion of seccond phase 211 particles, the critical
magnetization current density Jc shows a weak ficld
dependence over a wide range of temperature, and the
cffective pinning energy Ueff is much enhanced. From
these results, a functional expression Upfp(J, T = - Ug G(T)
(J /J{) Mis obtaince.. »ere G(T) = [1 - (T/Tx)212 with Ty =
82.5 K near the irre versibility temperature. The observed
power-law relations 1ip of UergtJ, T clcarly demonstrates
two of three regimes as aredicted by the theory of collective
flux creep, namely n = 3/2 and 7/9 for J < J; and J << J,
respectively.  In addition, the divergence of Ugff at low
current densitics also suggests the existence of a vortea-glass
state.

[. INTRODUCTION

Since the melt-powder-melt-growth (MPMG) process
(1] was proposed as an effective tcchnique to grow
polycrysulline YBa2Cu30y by introducing a finc dispersion
of second phase Y2BaCuOs particles accompanicd by the
absence o weak links hetween the grains, a great number of
expennments to understand the nature of the pinning
mechamsm in MPMG processed YBuaaCu3Oy have been
spurred, with the question of the role played by the 211
inclusions as strong pinming centers |2, 3] The average
gran size of the 211 particles (~ 1 am) s signiticantly larper
than the coherence length (2-5 A along the c-axis and 10-30
A in the ab-plancy of YBagCu30y as well as the flux line
latuce spacing at high magnctic ficlds.

Pinning by the 211 particles is thought to take place at
the intertace between the 211 phase and the matrix 123
phase {4]. Thus the pinning increases significantly as the
size of 211 inclusions is reduced and the pantcles are more
homogencously distributed in the matnx of YBaCuiOy.
To date, although no firm conclusion about the exact pinning
mechanism of the 211 phase s widely accepted by
researchers, a J¢ value tn the or'er ot lia A/cm"- at 77 K
and 1T has been measured on the  best MPMG processed
YBaCuQ [5]. This observauon jusufics the contribution
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of the 211 phase to strong pinning in MPMG matcrial.

In this paper, a comparison of magnetic hysteresis and
magnetization relaxation among three MPMG samples with
various nominal concentrations of 211 irnclusions is,
therefore, presented to study the trend of flux pinning. The
main results show that (i) J¢'s are much improved and (ii)
higher values of the effective pinning energy Uanff are
achieved wilh an increase in the number of 211 inclusions.
In particular, Uef(/, T) follows a power-law rclationship,
which was previously predicted by the theory of collective
flux creep (6]

1I. EXPERIMENTAL DETAILS

The MPMG polycrystals containing nominal 0, 25 and
40 molc% 211 inclusions, which are hereafter called 1.0,
Y1.5 and Y1.8, respectively, were prepared for this work.,
The details of sample preparation have been described
clsewhere [S].  Thin samples of approximately the same
size used for measurements were then cut from the three
pellets. The large sample surfacs to which the magneuc
ficld is applied prependicularly has a cross-section of about
0.25 x 0.1 cm2. The c-axis of the sample is parallel o the
thinnest dimension (~ 0.05 cm).

A superconducting quantum interference device
{SQUIDY magnetometer (Model MPMS: Quanwm Design)
was ecmployed to measure the superconducting ransion
temperature [, magnetc hysteresis (i.e., M (emu/cm?)
versus /1 (T)), and magnenzation relaxation (ie., M
(cmu/cm3) versus ¢ (sec)) of the samples. The
temperatures and magnetie ficlds investigated are in the
runges of 5-80 K and 0-5 T, respecuvely. A scan length of 3
c¢m was used in order ¢ minimize the nonuniformity of the
applied magnctic ficld. The magnetic ficld is applied
parallel to the c-axis of the sample. For the measurement of
magnetizatuon relaxation, the ficld was tirst raised o 5 T and
then lowered to the measuring value to assure that the
samples are fully pencurated with a monotonic flux profile.
For brevity, only the iclaxation data taken 2t 2 T are
described in this work,

1L DATA ANALYSIS

The crucial informauon of inicrest 1o study the effect of
211 inclusions on the magneuc properues of the MPMG
samples includes the magneuc irreverstondity line (i.e., ey
versus Hipe), the magnetic J¢, and the etfective pinmng
energy Ugqf. The irreversibility temperatures igre's are



oblained frcm the point of intersecuon of the zero-ficld
cooled and ficld cooled curves. The corresponding
magneuc ficld is then recorded as /{y. To compare J.'s
among various samples, the cntical magnetization current
densiues are  calculated from the width of the magneuc
hysteresis loop using the Bean model tor an orthorhombic
shaped sample.

In order to analyze the relaxation data, Maley et al. (7]
have proposed a model for the effective pinning energy
Ueft.

Ueittk = - T [In(dM /di) - In(H woa/ 2rd)] (N

where wq 1S a characteristic attempt frequency, a is the hop
distance for a tlux bundle, and 4 is the thickness of a slab of
the superconductor. Ueff at a constant magneuc ficld is
obtained from M(r) dawa by selecting the constant C = In
(Il wga / 27) 10 achieve the smoothest continuous curve of
Uerf versus M (e J) [or temperatures below 15 K where the
inrinsic tcmperature dependence of Ueff is very smail.
However. tor higher temperarure data, this dependence must
be properly taken into account as follows. Beginning with
the lowest icmperature data (i.e., 15 K), cach isothermal set
1s multiplicd by a scaling factor such that it forms a smooth
curve along with the data scts recorded at the adjacent two
lower icmperatures.  In other words, the scaling factor is
introduced 10 move the high-temperature data points
upwards to align with the smooth curve extrapolated trom
the low-lcmperature data. By doing so, the scaling function
G(T) can be determined directly from the scaling factors
chosen at each temperature without sclecting a functional
form. The [inal expression for Ugpp(J. T) which includes
the dependence of current density and emperature is then
given as

Ueff(d. N =-Upg GNFUJ 1 JY )
wiaere Ly and Jy are scaling constaats, The current density-

dependent tunction £(J / Ji) can then be modelled by an
cmpirical expression (¢.g., a power law or an c¢xponential
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1. Magnetic irreveruibility lines of the MPMG

Y Ba2Cu 1Oy samples.

Fig.

law) from the plot of U¢ff versus J over the enure range of
invesugated temperatures.

IV.RESULTS AND DISCUSSION

Fig. 1 shows the irreversibility line as | - 7 q/T¢ versus
Hirr in a log-log ploL A relationship 1 - (TipTc) ~ Hig" is
obtained approximately for the three different samples.
These samples all exhibit extremely sharp transiuons (I =
91-92 K) at H = 10 Oc (1 Oe = 79.6 A/m) and no significant
difference in Tirr's is observed as the magnetic ficld is
increased. However, the value of a incieases slightly with
increasing concenmaton of 211 inclusions. For the sample
Y1.8, n = 2/3 which was also previously reported in a
YBaCuO single crysial (8].

As observed from the mzasurement of the hysteresis
loops, the width of the loops is significantly increased by the
tnroduction of 211 parucles. The loop for Y1.0 appears
almost collapzed at H =5 T compared with the hysteresis
loop of Y1.8 at 80 K which sull exhibits irreversibility. For
the Y1.8 sample, butterfly-shaped hysteresis loops were
observed between 50 and 77 K. This anomalous behavior
has been attnibuled to the exisience of oxygen vacancies or
local low-T'¢ phases which are quenched by the applied
magneuc ficld at higher mperature o provide extra pinning
centers [9]. In the present work, the actual key element
causing the buuerfly loop has not been 1dentified yet.
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Fig. 2. (a) Magnetic ficld dependence and (b) temperoture
dependence of critical magnctization current

densiuces J¢'s.



Magneuc J¢'s extracied from the hysteresis loops are
shown in Fig. 2. Considering the ticld and temperature
dependence of /¢, severd points regarding the funcuon of
the 211 inclusions arc nowble: (i) J¢ scales well with the
concentrauon of 211 fine parucles. (ii) As illustrated in Fig.
2 (b), Y 1.8 has the weakest temperature dependence ol Je
of the thrce samples, and this is even more obvious at 4 T
than at lower fields (e.g., 1 or 2 T; data not shown here). In
summary, these observauons imply that with the presence of
211 inclusions, the sampies exhibit a weak ficld dependence
of Je. By increasing the concentrauon of 211 inclusions, the
regime of weak ficld dependence can be pushed o higher
tcmperatures (cf. Y1.5 and Y 1.8 data in Fig. 2 (b)).

Using Eq. 1, the effective pinning energy Ueqff can be
determincd empirically. From the measured quanuties M
and ¢, the In(dM/d!) term can be calculated. The constant C
which gives the best smooth fit of the data below 15K at2 T
was found o be 14 for all the samplcs. As shown in Fig. 3
a typical Ueff(/) curve for the Y1.0 sample at 2 T
uncorrected for the implicit temperature dependerice of Ugfy,
cach segment of data points represents 8 magnetic relaxauon
measure:nent performed at a lixed tempercture. For
companson of the Ugff (/) curves among the three samples,

the value of M (cmu/cm3) has been converted w J (A/cmz )
by taking 1n10 account the sample dimensions. Notice that,
the data points recorded at T > 15 K progressively drop
bclow the curve determined by the low-lemperawre data

Fig. 4 (a) shows the curves of Ugrf/k versus J on a log-
log scale. The dawa were taken at 2 T between § and 60 K.
Y 1.8 has the highest values of Ugrf as compared with Y1.0
and Y1.5 cven before correcting tie intrinsic temperature
dependence of Ueff.- This again provides cvidence of
stronger pinning achicved by the addition of 211 inclusions
to YBapCuzyOy. Following the procedure described carlier
in sccuon I, a smooth curve of Uer/[kG(T)] versus J for
cach sample can be established over the entire range of
measurement emperatures, At this staee, GOD s only a set
ol numerical values employed 1o scale the relaxauon data m
order to 1nclude the intrinsic wemperature dependence.

MO |+ s nvmr e e e r v s s e

MO YRaOuwO
Y10
Ha 21

ot K

9
% 2o ,
L TS A
n....A L T B L T S T W T e
0 oad®  toxi mm‘ L T )
J (AJomd)

Fig. 3. Uepy/k versus J at 2 T for the Y1.0 sample. The
number heside cach segment of data represents the

mcasurcinent iemperature,

Another issue that draws our attcnuon is the queston:
"What is the analytical dependence of Ugffon J at a constant
magneuc ficld?” Therefore, a log-log plot of Ueff/lkG(D]
versus J is shownin  Fig.4 (b) from which two linear
regimes arc obuained. This indicates that a power-law
expression Uegf (1) ~ (J A/ {) can describe the behavior of
Uoff (/) in each region. The slopes of the solid lines drawn
in Fig. 4 (b) are 7/9 and 3/2 for J < < Jc and J < J,
respectively, obtained from the theory of collacuve {lux
creep (6] for comparison. As cun be scen, the expenmental
data agree quite well with the predictions of the theory of
collecuve flux creep. In addiuom, Ugff(/) scems o be
diverging as J approaches O, which fits within the
framework of the vortex-glass model [10].

To determine the funcuonal form for G(7), the scaling
numbers G(T) are ploucd in Fig. 5. From these dawa points,
G(D = |1 - (T'Tx)>1" was found 1o fit best with Ty = 82.5 K
and a = 2 omiuing the four points from Y 1.8 between 20 and
35 K which fall below every fitted curve. Since no
correcuon is made for the implicit temperature dependence
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ol Ugff below 15 K, all the scaling factors 1n this regime are
cqual to 1. Tx = 82.5 K is near the irreversibility
icmperature (84-85 K) of the sampies in quesuon at 2 T.
Theretore, the funcuonal form becomes Ueff (J, T = - Up (1

- (TR2LS2N 1 0%, A more rigorous ucaiment of
temperature scaling should include a temperature
dependence tor Ji(7), but u will not significandy change the
qualitative conclusions for this study. Comparing this work
with our previous measurements on other MPMG samples
111, we have tfound that in MPMG YBa2Cu3 Oy samples,
the proper form of G(T) for scaling the temperature
dependence of Ugff obtaiised either from a funcuonal form
or from curve-fiting the scaling factors i1s basically
consistent with the Ginzburg-Landau theory for Ugff(T), and
the power-law relationship derived (rom ihe theory of
collective tlux creep scems 1o accurately definc the behavior
of Uef(). However, for a given volume of 211 inclusions,
the effect of the 211 particle size on Ueff requirecs more
work.

V. CONCLUSIONS

With the introduction of 211 inclusions, the
YBapCuiOy samples prepared by the MPMG process
exhibit a weak ficld dependence of J¢ and an enhanced
pinning strength. The 211 inclusions seem to be the
dominant pinning ccnters especially in the high tcmperature
regime. The abserved power-law relauonship between Ugff
and J agrees qualitatively with the predictions of the
collecuve {lux creep theory. [t also suggests the existence of
a vortex-glass state at low J in these MPMG processed
samples.
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