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We present the results of magnetization measurements on an as-cast nanocrystalline NbsAl superconductor
embedded in Nb-Al matrix. The typical grain size of NbjAl ranges from about 2-8 nm with the maximum
number of grains at around 3.5 nm, as visualized using transmission electron microscopy. The isothermal
magnetization hysteresis loops in the superconducting state can be reasonably fitted within the well-known
Kim-Anderson critical-state model. By using the same fitting parameters, we calculate the variation in field
with respect to distance inside the sample and show the existence of a critical state over length scales much
larger than the typical size of the superconducting grains. Our results indicate that a bulk critical current is
possible in a system comprising of nanoparticles. The nonsuperconducting Nb-Al matrix thus appears to play
a major role in the bulk current flow through the sample. The superconducting coherence length £ is estimated
to be around 3 nm, which is comparable to the typical grain size. The penetration depth \ is estimated to be
about 94 nm, which is much larger than the largest of the superconducting grains. Our results could be useful
for tuning the current carrying capability of conductors made out of composite materials which involve

superconducting nanoparticles.
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I. INTRODUCTION

Nanocrystalline superconductors provide an interesting
situation where the fundamental length scale, the coherence
length §, is comparable to the sample dimensions. Some
studies of superconducting properties have been carried out
on artificially grown In,'! Nb,2 AL,>** and PbMo4Sg (Ref. 5)
nanoparticles. The decrease in the particle size of PbMogSg
in the range of few tens of nanometres resulted in a dramatic
increase in the upper critical field, presumably due to the
decrease in coherence length.’> On the other hand, it has been
observed, through tunneling experiments on single isolated
Al nanoparticles, that superconductivity ceases to exist when
the grain size is reduced to the order of ~5—10 nm.* This
vanishing of superconductivity was shown to occur because
the spacing between the electronic energy levels exceeds the
superconducting energy gap in bulk material.*¢ Further stud-
ies on superconducting nanowires showed that as the wire
thickness is decreased to the order of £, the transition to the
low-temperature state from the room-temperature state be-
comes a dissipative phase transition.®” These studies®®’
show that a flow of dissipationless current is not possible in
case of particles which are nearly of the size of the coherence
length,” a limit posed by the nature of the phase ¢ of the
superconducting wave function.

In a recent work on the composite system of nanocrystal-
line NbsAl embedded in Nb-Al solid solution matrix,? we
have shown that the thermomagnetic history effects in nano-
sized superconductors could be quite different compared to
those seen in bulk superconductors, an information quite use-
ful for understanding the flux-pinning properties of such
composites. We have shown® that though the temperature-
dependent magnetization shows a distinct irreversibility dur-
ing the zero-field-cooled (ZFC) and the field-cooled-cooling
(FCC) measurements such as in bulk superconductors, the
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field-cooled-warming (FCW) curve coincides with the FCC
curve unlike the case of bulk superconductors with flux pin-
ning. The thermal hysteresis between the FCC and FCW
magnetization curves in bulk superconductors arises due to
the freezing of flux front beyond the flux trapping depth L
from the sample surface,” which leads to different field pro-
files inside the sample during the cooling and warming
cycles. We had conjectured that in our case of nanocrystal-
line NbsAl the flux trapping depth is probably much larger
than the typical size of the superconducting grains, which
may give rise to identical field profiles during the cooling
and warming cycles and thus reversible FCC and FCW
curves.?

In this work we show that a bulk critical (dissipationless)
current is possible in the present case of very small self-
assembled superconducting nanoparticles of Nb;Al (sizes on
the order of &) which are separated by a nonsuperconducting
matrix. This observation is contrary to the earlier works on
superconducting nanoparticles and nanowires.*%7 In the
present composite system discussed here, the nonsupercon-
ducting matrix is essentially metallic in nature and is in close
contact with the superconducting grains. Whereas, the non-
superconducting surroundings of isolated Al nanoparticles
(Ref. 4) are made of a very-high-resistance substrate of
SizN, in two of the dimensions and vacuum in the third,
which does not allow the coupling of superconducting wave
function of the Al particles across the barrier. In our compos-
ite system, the combined effect of the nanosized supercon-
ducting grains and the normal (metallic) matrix results in a
bulklike superconducting response from the sample for the
flow of electrical current. We analyze the isothermal magne-
tization hysteresis loops in the superconducting state in terms
of the well-known Kim-Anderson critical-state model. The
flux profiles inside the superconductor calculated from the
same fitting parameters show a field variation over length
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scales much larger than the typical length scales of the su-
perconducting grains, which indicates that a bulk critical
state is possible in this composite system made of nanopar-
ticles. The fundamental length scales of a superconductor,
the penetration depth X\, and the coherence length ¢ for our
sample are also compared with the grain size. We find that
while ¢ is comparable to the typical grain size, A is much
larger than the size of the superconducting grains.

Superconducting properties in Nb3Al nanoparticles pre-
pared by gas-condensation method have been studied
earlier.!” The authors have observed that superconductivity
vanishes if the grain size is below 15 nm,!° an observation
very similar to the case of Al nanoparticles.*® Our results
presented here on much smaller nanoparticles (2-8 nm) thus
further emphasize the important role of the nonsuperconduct-
ing matrix for the possibility of superconductivity at such
small length scales. These results can provide further insight
into tuning the properties of nonsuperconducting matrix to
enable interesting applications such as current-carrying su-
perconducting nanoparticles and nanowires.

II. EXPERIMENTAL

Nb;Al (~1 gm mass) was prepared by arc melting the
constituent elements taken in stoichiometric proportions. The
sample was not subjected to any further heat treatment. The
details of sample characterization using x-ray diffraction
(XRD) are mentioned in our earlier report.® For further char-
acterization of the sample, especially for visualizing the
nanoparticles, a small piece of the sample was cut from the
same parent button for transmission-electron-microscopy
(TEM) studies. A commercial TEM (Phillips, CM200) with a
LaBg filament as cathode was used at an accelerating anode
voltage of 200 kV. Magnetization (M) measurements were
performed as a function of field (H) and temperature (7)
using a commercial vibrating sample magnetometer (Quan-
tum Design). The sample for this purpose was obtained from
the same parent button in form of a rectangular slab of
2.73%0.72 X 0.38 mm? size. The demagnetization factor for
this geometry with H parallel to the long axis is 0.1133.!! For
measuring the isothermal magnetization, the external field
was swept at a rate of 100 Oe/s.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the dark field TEM image of the
sample. The diffraction pattern [Fig. 1(b)] indicates the poly-
crystalline nature of the sample. The dark field micrograph
[Fig. 1(a)] corresponds to the NbsAl grains which are ori-
ented along [211]. The grain-size distribution calculated
from Fig. 1(a) has a peak at about 3.5 nm and the largest
grains are of nearly 9 nm [Fig. 1(c)]. In our earlier work we
had estimated the average grain size to be around 35 nm
through a preliminary analysis of the XRD peaks,® which did
not include the effect of strain and dislocations on the peak
widths. This could be the reason for the apparent mismatch
between the results of TEM and the inference from XRD
pattern. The analysis of the structural properties of nanocrys-
talline NbsAl using both XRD and TEM will be a part of our
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FIG. 1. Results of TEM measurements. (a) Dark field image of
the sample on a submicron scale. See text for details. (b) Diffraction
pattern of the sample indexed for the A15 structure of the NbsAl
phase. (c) Grain-size distribution in a nearby location of the sample
shown in (a).

future work and will be communicated separately. The dark
regions in Fig. 1(a) are grains of both the Nb;Al phase at an
orientation different from the [211] direction and the ran-
domly oriented grains of the Nb-Al solid solution. The crys-
talline nature of the Nb-Al phase has been seen in the XRD
pattern.® There is also an amorphous phase (most probably of
Nb-Al) between the grains [see Fig. 1(a)] which indicates
that the microstructure of the sample corresponds to very
early stages of nucleation of the Nb;Al phase. The lattice
constant of Nb;Al is about 5.2 A (Ref. 12) which means that
most of our sample consists of grains which are only of 6—8
unit cells. The formation of Nb;Al phase is possible only
when the cooling from melt occurs at an extremely high rate
of almost 10* K/s.!> Probably such high cooling rate could
be achieved in our arc-melting furnace due to the very small
mass of the sample. The rapidly quenched melt almost al-
ways results in a composite system of Nbs;Al grains embed-
ded in Nb-Al solid solution, due to the complex phase dia-
gram of the Nb-Al binary system.'>!? Further growth of the
Nb;Al grains can be achieved by prolonged annealing of the
composite system at lower temperature, which transforms
the Nb-Al solid solution to the stable Nb;Al phase.!>!3 Our
sample was studied in the as-cast condition and was not sub-
jected to any heat-treatment schedules after the initial solidi-
fication, which has thus resulted in a composite system. The
presence of very small grains embedded in an amorphous
matrix indicates that the crystalline phase did not receive
sufficient time for further growth.

The piece of sample used for TEM cannot be used for
magnetization measurements. Hence it is necessary to estab-
lish the equivalence of different pieces of the same sample
button. Randomly chosen pieces for XRD from different lo-
cations of the parent sample (which were not used for TEM)
also confirmed the nanocrystalline nature of the NbsAl em-
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FIG. 2. Isothermal M-H curve at 4 K. The open circles are
experimental data points and the solid lines are calculated curves
using the Kim-Anderson model. See text for the details of calcula-
tion. Inset (a) shows the expanded view in the fourth quadrant at
low fields. Inset (b) shows the expanded region at high fields in the
fourth and first quadrants. Inset (c) shows the low-field region in the
first and second quadrants. Inset (d) shows the low-field region in
the third and fourth quadrants.

bedded in Nb-Al matrix.® The microstructure in TEM mea-
surements was observed at various locations over a span of
about 0.7 mm, which is comparable to one of the dimensions
of the piece used for magnetization. The morphology was
found to be nearly similar at all these locations, out of which
a representative location is shown in Fig. 1. Magnetization
measurements on different pieces of the sample at distant
locations on the parent button yielded the same transition
temperature 7~ and nearly identical isothermal M-H curves.

With this detailed characterization of the sample, we now
study its superconducting properties. Figure 2 shows M as a
function of H at T=4 K. At this temperature, the Nb-Al
phase is not in the superconducting state.® The measurements
are performed in the ZFC state. In the ZFC protocol, the
sample is first cooled in zero field from 7=30 K down to
T=4 K. M is then measured while increasing H isothermally
up to 80 kOe. A large hysteresis in M is observed on reduc-
ing the field, which indicates the presence of a critical state
in the superconducting phase. This hysteresis loop is com-
pleted for all four quadrants after the virgin cycle. For fitting
the experimental M-H hysteresis curve, we use the well-
known Kim-Anderson model of critical state where the criti-
cal current density J is given by

10 k

Jo(H)= ————
cH) 47r (Hy+ H,)

(1)

where k and H,, are constants, which are treated as fitting
parameters and H; is the internal field. Here we have chosen
the units such that J is in A cm™2, k is in Oe? cm™!, and H,,
and H; are in Oe. With these units, 47mM is taken as volume
magnetization (emu/cc) to give dimensionless susceptibility
which makes the calculation of the M-H curves easier.

The complete solution of Eq. (1) for calculating the M-H
curves for an orthorhombic (parallelopiped) geometry is
given by Chen and Goldfarb.'* Here we use the same equa-
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tions for fitting our experimental M-H curves. While Chen
and Goldfarb'* have provided a complete solution for vari-
ous cases, only some of the equations (with the same nota-
tions) which are applicable to our case are reproduced here
for the sake of continuity.

The equation for initial part of the virgin curve for field
values less than the field for full penetration Hp (defined
later) is given by

Hxy(b —a+ xp) ~ S1(b+xp)(a - xp)

M(H) = - SI—H}
(H) ab ab +( 1 O)Ql
ZHS(a —xo) ’ )
5kab
where
S,=Hy+H, (3a)
5k(a+b)—28?
0=———>5— (3b)

15abk?

“xo” is the distance from the center of the sample up to
which the field has penetrated and “a” and “b” are related to
the sample dimensions. In our case, 2a=0.38 mm and 2b
=0.72 mm.

Inset (a) of Fig. 2 shows the experimental virgin M-H
curve at low fields along with the calculated curve using Eq.
(2) (we shall discuss about the envelope curve later). The
experimental plot of 4mwM as a function of the
demagnetization-factor-corrected H gives a slope of —1. The
demagnetization factor was calculated for the entire bulk
sample and not for the nanoparticle geometry. This clearly
gives the first indication that the screening occurs as if the
entire bulk is superconducting, instead of each individual
nanoparticle of NbjAl which is separated by a matrix of
crystalline and amorphous Nb-Al solid solution.

The other aspect to be noted about the calculated curve is
that though the lower critical field H; is assumed to be zero
in the model, the initial part of the virgin curve has a slope of
-1, a surprising fact noticed by Chen and Goldfarb.!4

The second segment of the virgin curve for field values
greater than Hp up to the maximum field H,, (80 kOe in our
case) is given by

3

MH)=-58,+(S3-R)0Q +2ﬁ (4)
- 1 1 1 1 Skb’

where

R, = (8} -2ka)'?. (5)

The fit is reasonably good till H=20 kOe, but at higher
field values the calculated magnitude of M is larger than the
experimentally obtained M [inset (b) of Fig. 2]. This indi-
cates that the J. in our sample decays faster at higher fields
compared to the prediction of the Kim-Anderson model.

On reversing the direction of the field change from the
maximum field H,,, the small portion of the return curve till
the reverse full-penetration field H,,,, is given by

024502-3



MONDAL et al.

M(H)=-58,- (5] -R3) Qs+ (R, - R}) 03
. 2[(x1 - a)Rg + lei]

, 6
Skab ©)
where
Ry =[83+2k(a—x)]"?, (7a)
with
Hy+H,)> - (Hy+H)?
XIZG—[( 0 m) ( 0 )]’ (7b)
4k
R, = (83— 2ka)'?, (7c)
with
Sz = H() + Hm (7d)
and
[5k(a+b) +257]
p=————— ", (7e)
15abk
10k(a + b) + 357 — 752
\= [ (a ) 1 2] (7f)

30abk?

Inset (b) of Fig. 2 shows the plot of Eq. (6) which is the
small segment joining the negative M in the fourth quadrant
with the positive M in the first quadrant.
The larger portion of the field-decreasing curve from H,,,,
to zero in the first quadrant is given by
2R3
M(H)=-5,-(S3-R)Q,- =2, 8
(H) 1= ($1=R5)Q, b (8)
where
Rs= (8% + 2ka)'". 9)

Once again this curve matches quite nicely for H=20 kOe
[inset (c) of Fig. 2] but gives an overestimated value of M at
higher fields.

The field-decreasing curve in the second quadrant from
zero to —Hp is given by

S3(H—X3)(b +X3) S1x3(b—a+x3)

M(H) = " " —($3-Hp) Q4
[(a - x3)Hy +x3R¢]
—(H}-R)Os-2 , 10
(Hy— Ry) Qs Skab (10)
where
Sy=H,—H, (11a)
R = (H + 2kx3)"2, (11b)
and
H,— H)?- H>
x3=a_w' (110)

2k

The fit with Eq. (10) is quite good as can be seen from the
inset (c) of Fig. 2.
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The remaining portion of the M-H curve in the second
quadrant from —Hp to —H,, is given by

3

2R
M(H) =S5~ (S3-R3)Q4 - ;;, (12)

where

R, = (83 - 2ka)"?. (13)

Once again we see that the calculated M is higher than the
experimentally measured M at higher fields, a situation quite
similar to that shown in inset (b) of Fig. 2. The M-H curve in
the third quadrant can be generated by just reversing the sign
of M and H for the curve in the first quadrant. Similarly the
curve in the fourth quadrant can be obtained from the curve
in the second quadrant. Inset (d) of Fig. 2 shows the fit at low
fields in the third and fourth quadrant.

We now analyze the situation in inset (a) of Fig. 2 where
the envelope curve meets the virgin curve. Following the
convention of Chen and Goldfarb,'# the field for full penetra-
tion Hp is defined as that field value where the virgin curve
meets the envelope curve in the fourth quadrant. Experimen-
tally, this field value in our case is about 5960 Oe whereas
the calculated Hp turns out to be about 5410 Oe. This is a
very good agreement between the model and experiment.
The values of the constants H, and k in Eq. (1) which give
this reasonably good description of the complete M-H curve
in Fig. 2 are 1600 Oe and 1.266% 10° Oe? cm™!, respec-
tively.

The estimates of k and H, obtained by fitting the M-H
curve in Fig. 2 can be verified by comparing the J. calcu-
lated from Eq. (1) and the J- obtained from the width of the
magnetization hysteresis loop. The J. for an orthorhombic
geometry is calculated from the experimental data as'*

AM(H)

JeH) =10 X o™ o]

(14)

where AM(H) is the difference in M at a particular H during
the isothermal field-increasing and field-decreasing cycle,
while a and b are related to the sample dimensions as men-
tioned earlier. Figure 3 shows the comparison of the experi-
mentally obtained J- with the calculated one at 7=4 K.
Here we can clearly see that the Kim-Anderson model ap-
plies quite well below H=30 kOe, whereas the J. at higher
fields is slightly overestimated in this model. We get a rea-
sonably high J of about 3 X 10° A cm™2 near zero field at 4
K which could be of use for technological applications. In
our earlier report,® we had slightly underestimated the value
of J. as our analysis was quite preliminary. However, we
have now followed a more rigorous approach in this work by
carefully analyzing the complete M-H curve and obtained a
better estimate of J.

Having shown the applicability of the Kim-Anderson
model for our sample, we now proceed to calculate the field
profiles inside the sample using the same values of k and H,,
mentioned earlier. The field profile for field-increasing case
is given by
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FIG. 3. Comparison of the calculated J- from the Kim-
Anderson model using the fitting parameters obtained by fitting the
M-H curve in Fig. 2 and the experimentally obtained J. at 4 K.

H;=-Hy+[2k(x - a) + (Hy+ H)*]'* (15)
and the field profile for field-decreasing case is given by
H;=—H,+[2k(a—x) + (Hy+ H)*]"2. (16)

Figure 4 shows a few representative calculated field pro-
files for the actual sample dimensions. Curve “A” is for that
applied field which is equal to the field for full penetration
Hp. The value of Hp determined from the curve A and from
the M-H curve in Fig. 2 turn out to be equal. This clearly
shows that the critical state exists over the entire bulk sample
instead of each nanoparticle of Nb;Al. We emphasize here
that at 7=4 K, the Nb-Al phase is not superconducting and
thus the particles of Nb;Al are separated by a normal matrix.
If the critical state was limited to only the nanocrystallites of
Nb;Al, the calculated value of Hp would have been com-
pletely different as the sample dimensions would have been a
few nanometres instead of a fraction of millimeters. Curve
“B” and “C” in Fig. 4 are for field values above and below

H (kOe)

T T T T T T T T T T T T T T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

distance (mm)

FIG. 4. Calculated field profiles at 4 K for the actual sample
dimensions by using the same fitting parameters obtained from the
calculated curve in Fig. 2.
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FIG. 5. Isothermal M-H curve at 8 K. Open circles are experi-
mental data points while the solid line is the calculated curve from
the Kim-Anderson model.

Hp, respectively. Curve “D” represents the remnant state
where the field excursion was up to 3 kOe along the virgin
curve. Curve D clearly shows a positive remnant magnetiza-
tion (M,,,,) which is expected in a bulk type-II supercon-
ductor in the presence of flux-pinning centers. We had shown
such a positive M,,,, in our earlier studies on the same
sample.® It is thus quite clear that the typical length over
which the field variation takes place inside the sample (hun-
dreds of microns) is much greater than the characteristic
length scale of the superconducting grains (few nanometres).
This implies that the nonsuperconducting matrix, which con-
sists of the Nb-Al solid solution, couples the superconduct-
ing NbsAl grains possibly through the proximity effect and
plays an important role in establishing the bulk critical state
in the sample. The profile of the local current density J(x)
inside the sample can be obtained by differentiating Egs. (15)
and (16) with respect to spatial coordinates. We however do
not include those results here for conciseness.

Figure 5 shows the M-H curve at T=8 K. The experi-
mental curve can be fitted with the Kim-Anderson model
only for low fields. The experimentally measured M de-
creases much more rapidly at higher fields compared to the
calculated magnitude of M. This indicates that the nonsuper-
conducting matrix is now less effective in carrying bulk cur-
rent across the superconducting grains. At 7=8 K, the
Nb-Al phase is far above its superconducting transition tem-
perature (3.8 K) (Ref. 8) and thus the current carrying capa-
bility of this phase can be easily reduced by application of
relatively low fields. The values of the constants H, and k
used for calculating the M-H curve at 8K are 1700 Oe and
0.7185x 10° Oe? cm™!, respectively.

Having studied the critical state in the sample, we now
proceed to determine the H-T phase diagram in the supercon-
ducting state. The phase diagram is determined by perform-
ing T-dependent M measurements in various fields and also
by H-dependent M measurements at various temperatures.
Figure 6 shows one such isothermal M-H curve at T
=14 K. From this curve it is quite difficult to determine the
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FIG. 6. Isothermal M-H curve at 14 K showing the presence of
paramagnetic mixed state.

upper critical field (H,) as the mixed state clearly has a
large paramagnetic susceptibility. Such large paramagnetic
susceptibility has been reported in case of other A15 super-
conductors such as V3Ga, V;Si, and Nb;Sn, which is thought
to arise due to strong electron-electron correlations and the
associated spin fluctuations.'> We believe that Nb;Al is also
likely to have strong electron correlations in the normal state.
Thus the determination of the boundary between the normal
and superconducting phase has to be done by measuring the
transition temperature 7 at various fields. However, the field
irreversibility line H;,,,(T) can be determined from the M-H
curve as can be seen from Fig. 6.

The temperature irreversibility line T, (H) can be deter-
mined from the M-T curve where the FCC curve separates
from the ZFC curve. Figure 7 shows the field- and
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FIG. 7. H-T phase diagram determined from isothermal and
temperature-dependent magnetization measurements. See text for
details of the determination procedure. The lines are only a guide to
the eyes and not any calculated curves. Inset shows the lower criti-
cal field as a function of temperature.
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temperature-irreversibility lines along with the To(H) line
which can be taken as the H(T) line, as it demarcates the
normal and the superconducting regions in the H-T phase
space. The T,,,,(H) and the H,,,,(T) lines do not coincide
with each other. This could be because T and H were swept
during the M-T and M-H measurements, respectively, in-
stead of stabilizing at each data point. This indicates the
metastable nature of the vortex state with the limits of meta-
stability depending on the temperature or field sweep rate.
The lower critical field (H ;) is determined from the M-H
curves at various temperatures by measuring the field at
which the virgin curve deviates from a slope of —1. This
gives the Hq(T) line which is shown as an inset to Fig. 7.
We now analyze the H(T) line in details to estimate the
coherence length ¢ at zero temperature. As seen from Fig. 6,
the mixed state in NbjAl is paramagnetic. The H,(T) from
the Werthamer-Helfand-Hohenberg (WHH) theory,'® which
takes into account the effect of paramagnetic mixed state is
given in a simplified form!” as an implicit equation by

1] 1) A4\ [ 1 Yen4-X
=gl = |- 1+22 |yl -+ —22——

2] 2 X 2 t
1 N4\ [ 1 Yar /44X
Sl |y (17)
2 X 2 t

where ¢ is the digamma function and

2h
Y= S 1= T/Te, (18a)
dH
h= HCZ(T)/|:( d]fz) TC], (18b)
Te
N 2 4h2a2 172
X= (f) - , (18¢)
V2 X 0.69(dH /dT) 1, Tc
a= H0) , (18d)
P
Hp(0) = 1.84 X 10°T. (18e)

Here Hp(0) is the Chandrasekhar-Clogston limit of the
upper critical field due to normal-state Pauli susceptibility
and “a” is the Maki parameter which is related to the ratio of
the orbital critical field and the Pauli-limited field. “A,,” is
the spin-orbit scattering parameter which gives relief from
the Pauli limit of upper critical field.'® For our case, the slope
of upper critical field as a function of temperature at T,
(dHy/dT)z, is 29 500 Oe/K with T¢=17.1 K. The value of
a turns out to be 1.564. In our earlier work® on the same
sample, we had reported the T as nearly 16.8 K. Strictly
speaking, that was the irreversibility temperature 7;,, and
the actual T is slightly higher.

Figure 8 shows the experimentally determined H,(7T)
along with the calculated H(T) using Eq. (17) for two ex-
treme situations. The curve for the fully Pauli-limited H, is
generated by taking A\,,=0 and the curve without Pauli limit
is generated by taking A,,=% (i.e., full relief from Pauli

024502-6



BULK CRITICAL STATE AND FUNDAMENTAL LENGTH...

400 — T T T T T T T T T T T T T 1
350 O Experimental -
3 —— Without Pauli limit
30F 0 NL e Full Pauli limit 4
250 -
)
O 200 i
=
3 150
T

100

50

0 2 4 6 8 10 12 14 16 18

FIG. 8. Experimental H, as a function of 7 (open circles) along
with the calculated curves using WHH theory [Eq. (17)]. The solid
line is for the case without considering the Pauli limit while the
dashed curve is for the case of fully Pauli-limited H,.

limit). We can see that the Pauli-limited curve severely un-
derestimates the H,(0), whereas the curve without the Pauli
limit gives a slightly better fit to the experimental data. How-
ever, as discussed earlier in the context of Fig. 6, there is a
significant paramagnetic susceptibility in the mixed state.
Thus the curve generated from the WHH theory without tak-
ing into account the effect of paramagnetic mixed state is
unphysical. A proper description of the Hq, of NbsAl thus
requires a framework which includes the effect of strong
electron-phonon and electron-electron correlations.'® Such
details are clearly beyond the scope of the work presented in
this paper. Nevertheless, the curve generated from the WHH
theory without considering the Pauli limit (Fig. 8) gives a
reasonable estimate of the H, at zero temperature, which is
about 350 kOe, and matches quite well with the experimen-
tally observed H, in bulk samples.'3

The coherence length at zero temperature &(0) is esti-
mated from the H,(0) by

)

H,(0) = B0

(19)

where @ is the flux quantum and is approximately equal to
2.07X 1077 G cm?. The coherence length £(0) thus turns out
to be almost 3 nm, which is nearly equal to the size of most
of the grains [see Fig. 1(c)]. Some of the grains are actually
smaller than this coherence length and can lead to various
interesting superconducting properties.

The lower critical field H.; at zero temperature is esti-
mated by extrapolating the curve in the inset of Fig. 7 and is
found to be almost 647 Oe. The penetration depth at zero
temperature \(0) is given by

PHYSICAL REVIEW B 80, 024502 (2009)

(20)

where « is the ratio of N and & N\ (0) turns out to be almost 94
nm, which is far larger than the largest of the superconduct-
ing grains. This indicates that the screening occurs as if the
entire bulk sample is superconducting as we had noted dur-
ing the discussion on Fig. 2.

Thus nanocrystalline superconductors can lead to a very
interesting situation where the superconducting coherence
length is nearly equal (or greater in some cases) to the typical
grain size and the penetration depth is much larger than the
largest of the grains. The work presented here shows that
interesting applications such as the flow of bulk current
through an assembly of nanoparticles is possible with the
help of intermediate nonsuperconducting metallic matrix.
Similar situation, but at much larger length scales has been
studied in case of micrometer-sized Pb balls (ranging from
few microns to a couple of tens of microns) separated by
nonsuperconducting Al matrix.!® A flow of bulk dissipation-
less current and bulk diamagnetism was observed even
above the superconducting transition temperature of AL.'® In
our case, the situation becomes more interesting because the
size of the superconducting grains themselves is on the order
of & where the quantum limit on superconductivity sets in.
Furthermore, as discussed in connection with Fig. 8, phe-
nomena such as strong electron-phonon coupling and strong
electron-electron correlations over a length scale of few lat-
tice constants can provide interesting directions for future
work.

IV. CONCLUSION

In conclusion we have measured the magnetization of
nanocrystalline NbsAl as a function of magnetic field in the
superconducting state. The isothermal magnetic hysteresis
loop could be fitted by using the well-known Kim-Anderson
model of critical state. The calculated field profiles using this
model show a field variation over length scales much larger
than the typical length scales of the superconducting grains.
The fundamental length scales, the coherence length and the
penetration depth, are estimated by analyzing the upper criti-
cal field and the lower critical field, respectively. The coher-
ence length is found to be nearly the same as the typical
grain size, whereas the penetration depth is found to be much
larger than the size of the superconducting grains. Our results
show that the proximity of nonsuperconducting metallic ma-
trix to very-small-sized superconducting grains can provide a
coupling between these grains for the flow of dissipationless
current. It appears to be likely that the nonsuperconducting
metallic matrix can overcome the quantum limit on the size
of superconducting grains for the flow of lossless current.
Interesting applications can arise in nanocrystalline super-
conductors, if the properties of the nonsuperconducting ma-
trix along with the superconducting grains can be tuned

properly.
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