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Experimental aspects of flux expulsion in Nb;Sn and YBa,Cu;0; type-II superconductors are present-
ed. There is a clear distinction in magnetization between field-cooled meaured-upon-cooling (FCC) and

field-cooled measured-upon-warming (FCW) results.

This thermal hysteresis, predicted in the

temperature-dependent critical-state model at low fields by Clem and Hao, was observed for measuring
fields up to about 0.5 T. The model explains the observation of increases in diamagnetism after field
cooling and thermal cycling. The thermal hysteresis, together with weak links, accounts for the oc-
currence of a negative peak in FCW magnetization. The FCC-FCW bifurcation observed for a 0.1 mT
field down to 5 K might imply that flux lines are not completely frozen below T, the temperature at
which the lower critical field is equal to the measuring field, but are expelled from the sample even in the

Meissner state.

I. INTRODUCTION

The temperature-dependent magnetization M (T) of
superconductors is usually measured in the zero-field-
cooled (ZFC) mode, which produces screening diamagne-
tism, and the field-cooled (FC) mode, which produces
thermodynamic flux expulsion. In thermal equilibrium,
in the absence of flux pinning, the magnetization would
be reversible at all temperatures, and there would be no
difference between ZFC and FC data. Flux pinning inter-
feres with both inward and outward flux motion, so di-
amagnetism becomes greater for ZFC and smaller for FC
than that for the equilibrium state. Based on the
critical-state model,’? Krusin-Elbaum et al.>* and
Matsushita et al.>® calculated the flux expulsion includ-
ing the internal flux profiles for the ZFC and FCC modes,
and Clem and Hao’ calculated it for the FCW mode. Ac-
cording to the model, there exists flux freezing upon cool-
ing, and flux relaxation upon warming after field cooling
(FC), which leads to hysteretic magnetization between
FCC and FCW, depending upon the pinning strength.
For the low pinning case, there is negligible flux freezing,
so FCC and FCW magnetization are nearly the same.
For the high pinning case, the critical state exists only in
a certain depth from the sample edge, while the inner
core maintains the flux lines frozen upon cooling. When
the sample is warmed, the frozen flux lines relax and
move toward the region with lower flux density, while
vortices move in from the outside through the edge. This
flux relaxation hinders magnetization recovery, yielding
greater diamagnetism for the FCW than for the FCC
case. Although the hysteresis was predicted for applied
field H below the lower critical field at zero temperature
H_,(0), the same model should apply for fields higher
than H_,(0). When H >>H_,(0), however, the difference
between FCC and FCW magnetization becomes
insignificant because either M (7)<<H or the critical
current density J, is low.

This study experimentally investigates flux expulsion in
the type-II superconductors Nb;Sn and YBa,Cu,;0;.
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First, we show that the temperature-dependent critical-
state model adequately explains the magnetization as a
function of temperature. Second, increases of diamagne-
tism upon thermal cycling after FC will be discussed as a
direct result of flux freezing. Third, the model will be
used to explain the occurrence of a negative peak® in the
FCW data of some polycrystalline samples as an effect of
the thermal hysteresis in the grains, together with weak
links between the grains. There is a numerical discrepan-
cy between the model and the data, however. This is as-
cribed to an inappropriate model for the temperature
dependence of the critical current density J.(T'), the re-
versible magnetization M,(T), the surface-barrier contri-
bution, and possible flux expulsion in the Meissner state.

II. EXPERIMENT

The samples used in this study are polycrystalline and
powdered Nb;Sn, and powdered YBa,Cu;0, (Y 1:2:3)
grain-oriented in epoxy. For Y 1:2:3, H was applied
parallel to the ¢ axis. The magnetization data were taken
in a commercial superconducting quantum interference
device (SQUID) magnetometer equipped with a 5.5 T su-
perconducting magnet. Between 5 and 30 K, the magne-
tometer ramps the temperature with 0.1 K overshoot.
For temperatures between 60 and 90 K, the temperature
ramp was controlled so that the apparent overshoot was
less than 0.3 K for increasing temperature and 1 K for
decreasing temperature. The actual temperature of the
powder-epoxy composite specimen took more than 1 h to
reach equilibrium due to its relatively large heat capacity.
Since the temperature ramp was only about 3 K/h for 1-
K steps near 80 K, the difference between apparent and
equilibrium temperatures would be small compared to
the thermal hysteresis of M (T) of the grains. For this
reason, any error due to temperature disequilibrium can
be neglected. For the critical-state measurement, powder
samples were used to eliminate the weak-link effect, and
the polycrystalline sample was used to observe it.
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III. RESULTS

A. Temperature-dependent magnetization

The magnetic-flux profile in the critical state for an
infinite slab superconductor is given by’

B(x)=po[H +M . (T)£J (T)Xx —D/2)],
0<x=<D/2, (1)

where M, is the reversible magnetization, which can be
calculated from the free energy of the flux-line lattice in
the thermodynamic equilibrium state.® The coordinate x
runs from O (sample center) to D /2 (sample edge), where
D is the sample width. The + sign preceding J.(T) is for
ZFC and FCW processes, and the — sign is for the FCC
process. Application of the model to calculate the inter-
nal flux profile requires appropriate knowledge of M,,
which is technically difficult to obtain because of flux pin-
ning and the image force. Nevertheless, using
M (T)=—H_(T), a model fit was attempted with two
parameters: H,,(0) and ¥, defined as’

JAT)
H\(T)

D

2 ) (2)
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where the primes denote derivatives with respect to tem-
perature. H_,(T) was assumed to be uniform in the sam-
ple,'®!! and this is approximately the case when the
Ginzburg-Landau parameter k >>1 and the upper critical
field H.,(0)>>H,_,(0), as in the present samples. In ac-
cordance with Ref. 7, for convenience in the calculation,
we take H, =H_(0)(1—¢?) and J,=J,(0)(1—1¢?), where
t=T/T,.. Therefore, y is temperature independent and
is equal to yo=({D)J.(0)/H,(0). Assuming J, is in-
dependent of local magnetic induction B, Eq. (1) can be
written as

B(x)=poH —poH, (0)[(1—t) Fy(1—t)(x —1)],
0<x<1, )

where the coordinate x is normalized to D /2. The mag-
netization calculation follows the procedures in Ref. 7:

M = fol[B (x)—poH)dx . @)

Magnetization for both FCC and FCW modes was calcu-
lated down to T,;, the temperature at which H =H,;.
Below T, the sample is in the Meissner state and flux
lines are assumed to be frozen. The model applies for
samples having an infinite slab geometry, and clearly the
Nb;Sn and Y 1:2:3 powder samples do not satisfy this
condition. Since we are more interested in the qualitative
behavior of M (T), rather than its precise values, the
M (T) data are normalized by the maximum value M,
which is considered to be the magnetization value in the
full shielding state. Experimentally, magnetization at 5
K, puoM, .., at uoH=10 mT were —15.6 mT for
powdered Nb;Sn and —18.9 mT for Y 1:2:3. If these
values reflect the demagnetizing factors, the factors
would be approximately 4 for powdered Nb;Sn and % for
Y 1:2:3. Therefore, Nb;Sn is more likely spherical grains,

and Y 1:2:3 is barlike grains perpendicular to H. A cal-
culation of M (T) in the cylindrical coordinate simply in-
creases Y, by a factor of 2 with slight changes in the
values of M (T).

Figure 1 shows magnetization data at an applied field
poH =10 mT in ZFC, FCC, and FCW modes for Nb;Sn
powder. The calculated M (T) is shown by the solid lines.
The parameters used are puoH (0)=24 mT and y,=1.1.
The gradual increase of diamagnetism at low tempera-
tures is thought to be due to the change in penetration
depth A; for the grains with temperature. The flux
profiles for ZFC, FCC, and FCW modes at 16 K are
shown in Fig. 1(b). In the FCC process, B (x) is constant
for x <x,=0.09, and the critical state exists for
xo<x =1, where x is the flux-freezing front measured
from the center. These linear B (x) lines are due to the
simplified choices of H_,(¢) and J.(z). More realistic
functions would cause the B (x) to curve.'? The V-shaped
minimum in the FCW process is at x,=0.80 at 16 K.
Figure 2 exhibits the magnetization data at uoH =10 mT
parallel to the ¢ axis and the model fit (solid lines) for Y
1:2:3. The parameters used are poH.(0)=25 mT and
vo=1.2. This value of ¥, should not be used to estimate
J.(0) because the specimen was not in the full critical
state at temperatures below T;.

As indicated in the model, both specimens show clear
distinctions between FCC and FCW data. To tell if there
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FIG. 1. (a) M(T) for Nb;Sn powder sample (7,=18 K) at 10
mT. The FCC data are clearly different from FCW data. The
solid lines are the model-predicted curves with uoH.(0)=24
mT and y,=1.1, according to Ref. 7. (b) Flux profiles at 16 K
after ZFC (thin solid line), after FCC (thick solid line), and
FCW (thick dashed line). The thin dashed line is at 5 K after
FCC.
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FIG. 2. Magnetization data for the YBa,Cu;0, grain-
oriented sample at 10 mT parallel to the ¢ axis. The solid line is
the model fit with poH,,(0)=25 mT and y,=1.2.

are flux-creep effects, magnetization was measured under
a slow rate of temperature change. There were no visible
differences in M (T) between 3-h measurement and 9-h
measurement from 18 K (FCC) to 18 K (FCW) via 5 K.
This means that the thermal hysteresis in FCC and FCW
is solely due to internal flux motion subject to the
temperature-dependent critical-state model. This type of
hysteresis was observed not only below H_,(0), but also in
higher fields up to 0.5 T as shown in Fig. 3. At higher
fields than 1 T, the hysteresis becomes insignificant al-
though there is a distinction in flux profiles between FCC
and FCW processes. Although the model predicts the
basic properties, there are differences between the model
and the experimental data, particularly in the value of
H_ (T,,), at which FCW data splits from FCC data, and
in slope of the M (T') curves near T,. These discrepancies
and the interpretation of y, are discussed further in the
next section.
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FIG. 3. Magnetization data for the Nb;Sn powder sample at
uoH =0.1 T, which must be greater than poH.(0) At uoH =1T
the hysteresis between FCC and FCW is negligible.
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B. Diamagnetism increase by thermal cycling

In conjunction with the FCC-FCW bifurcation, we can
expect that the diamagnetism can be increased if the tem-
perature is cycled between To(=5 K <T,) and T (=16
K <T.)in an applied field poH =10 mT. When a super-
conductor is cooled in an applied field through T, the
flux-line density for x <x, does not change, where x is
the flux-freezing front. The critical state exists only for
x > X, and fluxons in this region move out in such a way
that the flux profile becomes linear in x. When the sam-
ple is warmed, flux lines move in from the outside, while
the frozen fluxons for x <x, simply move outward to fill
the less congested region in the sample. The flux profiles
at T, and T, are depicted by the thin solid line ( 4) and
the dashed line (B), respectively, in the inset of Fig. 4. If
the sample temperature is lowered from T'; to T, again,
the flux lines in the region x <x, freeze again. The criti-
cal state exists and flux lines move out for x >x,, as in
the case of the first FCC. Therefore, the flux-line density
near the edge is almost the same as for the first cooling
case, but it is much lower for x <x,. Consequently, the
total diamagnetic moment at T, increases as shown by
the heavy solid line (C) in inset of Fig. 4. Repetition of
the same thermal cycling continuously increases the di-
amagnetism. The rate of increase becomes smaller as
thermal cycling goes on and finally saturates at some
value between Mg and the initial Mgc.

C. Negative peak in FCW

A negative peak in FCW magnetization was observed
in a polycrystalline Y 1:2:3 sample which contains weak
links. Since the negative peak disappears for a powder
sample and for measurements with slow temperature
change, it has been ascribed to the effect of weak links to-
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FIG. 4. Diamagnetism increase by thermal cycling after
FCC. The insert is the consecutive flux profiles at T,=5 K
after first FCC (A4: thin solid line), at 7, =16 K after warming
(B: broken line), and at T,=5 K after second FCC (C: thick
solid line). The data D —E are after 15 cycles between 5 K and
16 K.
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gether with strong magnetic relaxation.® Without mag-

netic relaxation, the temperature-dependent critical-state
model can explain the negative peak as a weak-link effect
in conjunction with thermal hysteresis of the grains.
When a sample is cooled through T, in an applied field,
the grains expel vortices. Most of the expelled vortices
may be trapped in grain boundaries below some
T,(<T,), the temperature at which weak links connect-
ing the grains become superconducting; diamagnetism
becomes smaller than that without weak links. When
temperature increases, the vortices penetrate into the
grains from the grain boundaries as well as from outside
the sample. Because of thermal hysteresis in flux expul-
sion between FCC and FCW for the grains, the grain
boundaries cannot return all of the trapped vortices to
the grains. Instead, the remaining vortices are released
from the sample at T, resulting in an abrupt increase of
diamagnetism. The increase of diamagnetism becomes
gradual because T, is not same for all weak links. Figure
5 shows the behavior in a porous polycrystalline Nb;Sn
sample at uoH =5 mT. The negative peak is narrow and
high, and the peak point is close to T, for low applied
field. This is likely so because most weak links are bro-
ken in a narrow region of temperature just below T,. As
the applied field increases, the peak becomes low and
broad. Above 50 mT, no negative peak was observed be-
cause of small thermal hysteresis and nonuniform T,.
Cycling temperature between T,(=5 K) and T,,(=16 K)
expels more vortices from the sample to reach the value
of a powder sample, as shown by the extended FCC-FCW
data (crosses) in Fig. 5. The negative peak disappears,
and normal M (T) behavior is seen for a powder sample
made from the same polycrystal, clearly demonstrating
the importance of grain boundaries in the occurrence of
the negative peak. In general, such a negative peak is
thought to occur for a magnetically porous sample,
which has homogeneous weak links connecting them to
the sample surface.
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FIG. 5. Negative peak in M (T) at 10 mT for a Nb;Sn poly-
crystalline sample. A powder sample made from the same poly-
crystal has no negative peak as shown in Fig. 1. The flux expul-
sion at 5 K is much greater for the powder sample than for the
polycrystal.

IV. DISCUSSION

As seen in Figs. 1 and 2, theoretical prediction of
M (T) with appropriate H,,(0) and y, adequately de-
scribes the characteristics of the experimental data.
There are some quantitative differences, however, be-
tween theory and data, particularly for the magnitude of
AM(T)(=|Mgpcc—Mgpcw|), stiffness of the transition
near T, and the T, value for both Nb;Sn and Y 1:2:3
samples. In addition, the determined uyH,.,(0)=24 mT
for Nb;Sn and 25 mT for Y 1:2:3 are approximately
correct, but y,=1.1 for Nb;Sn and 1.2 for Y 1:2:3 are
too small. Here, we discuss possible factors to be con-
sidered.

(i) The present choice of H.(T) and J.(T) produces
the flux expulsion ratio f,s,’ where fy =Mgpcc/Mzpc
for T<T,’

fu=1—v0/2, 7o<1,
=1/(2v¢) s Yo21, (5)

For Y 1:2:3, f; was 0.42 at 5 K at uoH =10 mT; there-
fore y,=1.2. This value cannot be used to estimate J, as
mentioned above. It produces J.(0 K, 10 mT)
=8.8X10* A/cm?, which is approximately 20 times
smaller than J,(10 K, 0 T)=2.1X10® A/cm? estimated
from M (H) hysteresis curve using the Bean model.!?
M (T) calculations for other geometries would not ac-
count for such a difference. In addition, f,, approaches 1
in the zero-field limit for La,_,Sr, CuO,, Bi,Sr,CaCu,0,,
and YBazCu3Oy.3 % This means that both J, and
dJ, /0T must vanish as temperature approaches T,. The
current model with J, ~(1—¢2) does not satisfy this con-
dition since f; <1 for finite ¥, Furthermore, the transi-
tion near T, is sharper for the data than for the model,
particularly for the ZFC and the FCC mode. These can
be corrected by taking J,~(1—¢)" with n>1 and
M, ~(1—1t%).!2 However, the functions M, ~(1 —1t?) and
J.~(1—¢t%)" or (1—1¢)" did not quantitatively fit all of the
ZFC, FCC, and FCW data well with reasonable values of
Yo- An upturn in H_ ((T) for Y 1:2:3 might be an indica-
tion of temperature dependence different from (1—¢2). 1
(ii) The model assumes that the magnetization, or the
internal flux profile, is frozen for temperatures below T,.
The current experiment could not prove this assumption.
For Nb;Sn the split between FCC and FCW was ob-
served down to 5 K even at uoH =0.1 mT, which is
thought to be far below H,; at 5 K. A change of A; with
temperature does not explain this split because A, is al-
most constant except near T, and the magnetization due
to the change of A; is reversible. Experimental data
show that M (T)/H vs T for FCC and FCW modes at the
applied field of 0.1 mT are almost the same as those at 10
mT, but with a sharper transition and greater f,,(=0.62
at 0.1 mT) for the lower field. Measurement with slow
temperature changes had no effect, which rules out a
magnetic relaxation effect. Magnetization relaxation at
12 K for 3 h, which is longer than the temperature sweep
time from 12 K (FCC) to 12 K (FCW), was at most 6% of
AM(T) at 12 K. The Y 1:2:3 sample also showed a clear
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distinction between Mgcc and Mpew at 0.5 mT down to
5 K, although with smaller AM (T) than that of Nb;Sn.
This means that the fluxons may be expelled from the
sample even below T,; depending on the pinning
strength. 1* If the inner core can hold vortices for T < T,
the surface in the Meissner state might have transient
vortices passing through it. If this is so, flux profiles for
both FCC and FCW modes have significant changes from
those in Fig. 1(b). The calculation of Eq. (4) extends to
zero temperature, and there can be a flux-free zone near
the surface below T,;. For FCW, the flux-free zone may
exist up to T, causing constant M pcw below T;. It will
increase both |Mgcc| and |Mgcw|, thereby causing a
greater value for y than the present one for a given f,.
Further work is needed to understand the nature of the
Meissner state associated with flux pinning.

(iii) The model assumes that flux pinning plays a dom-
inant role in M (T). This is not always the case, however.
According to the critical-state model, AM (H)=|M(H
increasing) — M (H decreasing)| is proportional to J, and
monotonously decreases as H increases. For powder sam-
ples, AM (H) often shows a narrow peak in the low-field
region near the full penetration field, H*. Both Nb;Sn
and Y 1:2:3 in this study show a peak in AM (H) at low-
field region not only near T, but also at low tempera-
tures. This peak should be distinguished from the field-
induced magnetization increase called to as the peak
effect!® at high fields. Chen and co-workers'®!! showed
that such a peak can be predicted by the Bean-Livingston
surface barrier, ™ !® which is due to screening current
and image forces acting on vortices. Since the bulk pin-
ning may be considered as a barrier, or as the barrier it-
self, both bulk pinning and the surface barrier may pro-
duce qualitatively the same magnetic properties, as indi-
cated by thermal hysteresis in FC magnetization and
enhanced diamagnetism under surface heating.*~%2 It is
not easy to separate the individual components from the
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data. Therefore, the surface barrier is not included in the
M(T) calculation, although the measured data would
probably include it. This surface barrier is particularly
important for low-field and weak-flux pinning. The height
of the peak, however, was small compared to AM (H),
meaning only a minor effect on the critical state. The
surface barrier acts to increase the pinning strength; that
is, actual ¥, and f, are smaller than the apparent values.

In summary, there is a clear distinction between mag-
netization of FCC and FCW for Nb;Sn and Y 1:2:3.
Thermal hysteresis was observed for uyH up to 0.5 T, but
insignificant above it. The temperature-dependent
critical-state model was applied to describe magnetiza-
tion M (T) and to construct flux profiles B (x) at low ap-
plied field. Using the simple functions M, ~J, ~(1—t2),
the model predicted the basic nature of M(T) for ZFC,
FCC, and FCW. As a direct result of the thermal hys-
teresis, a diamagnetism increase under thermal cycling
was observed. The model provides a good explanation for
the occurrence of a negative peak in some polycrystalline
samples. There are numerical differences between the
data and the model fit for parameters such as H,(T,;)
and ¥, Several factors were discussed: using
J,~(1—1)", reinterpreting the Meissner state associated
with flux pinning, and including a surface-barrier contri-
bution. Modification of the model with these factors
would give a better description of the temperature-
dependent magnetization for applied fields both below
and above H_(0).
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