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Critical state in superconducting single-crystalline YBgCu;0-, foams:
Local versus long-range currents
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The establishment of the critical state in single-crystalline X880, foams, a new kind of porous super-
conducting material, has been analyzed by using Hall probe magnetic imaging and hysteresis cycles. We
evidence that superconducting foams display a critical state composed of a background magnetization linked to
the total dimension of the sample, superposed to many additional magnetic flux peaks related to the pore
structure of the foam. The observed magnetization maps can be described by an “effective,” long-range
critical-current density extending over the whole sample and a local critical-current density associated with
small current loops. The values of the effective critical current density are mainly determined by the amount of
porosity. The magnetic field dependence of the local and effective critical-current densities are found to be the
same and independent on sample porosity, indicating that vortex pinning is the only physical microscopic
mechanism ruling the critical currents in these materials.
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[. INTRODUCTION ize the magnetic flux gradients and then evaluate the critical
current density by applying Ampére’s law. In this work we
Since the early 1960s, the critical state models been a report an investigation of the irreversible magnetic behavior
unique tool to analyze the irreversible behavior of the mixedof single-crystalline YBsCu;O; superconducting foams by
state of type Il superconductors. The model assumes thateans of an in-field Hall probe magnetic imaging
due to the existence of vortex pinning centers, a magnetigystem. We will show that a critical state is established, such
flux gradient is generated in the superconductor and hena@at can be described by the circulation of an “effective”
Ampere’s law imposes the existence of bulk currentsiong-range current accounting for the full field penetration
VXB=(4m/c)J. In the simplest approximation, these tj|| the center of the sample, and local short-range currents
currents are assumed to be field independent and a constajiVing rise to local magnetization peaks. The observed
critical-current  density J. circulates in those regions behavior is, though, fundamentally different from the double
where magnetic flux has penetrated. The application of thigritical state describing granular polycrystalline supercon-
model to many simple geometrical shapes ofducting ceramic§,since only a single local critical-current
superconductofs® has greatly advanced our knowledge of density exists in a foam which will be associated with
the macroscopic behavior of high-temperature superconducortex pinning, while those of polycrystalline ceramics
ors; however, the applicability to complex geometries is notarise from intragranular Abrikosov vortex pinning and inter-
straightforward. The recent discovery of a new form of su-granular Josephson junction currents through a grain bound-
perconducting material, the single-crystalline superconductary network.
ing foams>® represents a very exciting challenge both from a
basic and applied point of view. A superconducting foam can
be described as a single crystal with a multiple connected
geometry, i.e., an open porous structure where thin struts The superconducting foams were prepared following a
percolate all along the sample. A potential advantage of thessvo-step process.In the first step, a porous ;BaCuQ
structures for practical applications relies on their high spe“skeleton” foam is made by an established ceramic foam
cific surface area, which will enhance the thermal stability,fabrication process as follows. A polyurethane foam with the
hence ameliorating the performances for fault currendesired porosity is impregnated in a,BaCuQ slurry,
limitation.”8 formed by mixing commercially available ,;BaCuQ, pow-
From a fundamental point of view, superconductingder (1-5um size in a water-based solution with 5 wt. %
foams additionally raise many interesting questions assocpolyvinyl-alcohol as binder. A thermal process follows such
ated with the effect of the disordered geometry on thethat(i) the organic componentgolyvinylalcohol and poly-
morphology of the vortex line lattice and the influence ofurethang are burnt off by slow heating at
their high surface-volume ratio on vortex motion. The50 K/h to 600 °C and dwelling during 6 h, arii) the re-
first new theoretical challenge raised is the study of thesulting Y,BaCuQ ceramic is densified by further heating at
applicability of the critical state model. The primary tech- 150 K/h to 1.373 K. In the second step, the formed
nique to analyze the current-carrying properties is to visualY ,BaCuQ foam is converted into a single-domain

Il. EXPERIMENTAL DETAILS
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TABLE |. Superconducting YB#u;0; foams studied. Sample
dimensionsaX b X ¢, pore diameter R, pore densitys, and rela-
tive cross-section densitis/Ar.

Dimensions 2R, S
Sample axXbxc (mm) (mm)  (pores/mm)  Ag/Ar
Foam A 23.8x19.1x8.3 2.6 0.15 0.23
Foam B 17.0<12.0x7.5 1.6 0.28 0.43
Foam C 2.8<2.8x2.8 0.65 1.48 0.51

YBa,Cu;0; foam by an infiltration proce$$°® followed by a
top-seeding growtiTSG) method 2 commonly used for
the growth of melt-textured single domains. In this process a
liquid phase source, formed by a mixtyfel) of barium and
copper oxides and additional YBau;O, powder, is placed
under the ¥BaCuQ; foam, and the assembly is heated up
above the peritectic temperatug10 ° Q. The YBgaCu;0,
phase decomposes into soliBaCuQ, and liquid phase,
which infiltrates into the ¥BaCuQ, skeleton by capillarity?
The infiltrated Y,BaCuQ; foam is then slowly cooled down
(0.3 K/h) through the peritectic temperature with a
NdBaCu;0,_, seed crystal centered on top of it, resulting in
the growth of a single-crystalline YB@u;O, foam.
The single-crystalline structure of the foam is evidenced by
the intensg001) peaks observed in theé-26 x-ray diffrac-
tion pattern and by the fourfold symmet(it03) pole figure>
The final foam porosity can be tuned by selecting the
initial polystyrene foam. Three samples have been studied
with different pore radiusR, and pore surface density (b)
(Table ). These two parameters were estimated by ) ) )
measuring, respectively, the average radius and number of FIG- 1. (@ SEM micrograph showing the typical three-
holes in several foam cross-section images obtained b mensional stru_cture _ofafoam,_where the pores and the struts are
optical microscopy. The relative surface density, or fractionCPServed(b) Optical microscopy image of a polished surface of an
of superconducting are&; in a cross section of total arég, ab plane of foam A.
is then: Ag/Ar=1-(wR,%)é. Figures 1a) and Xb) show
typical SEM and optical microscopy images of supercon-
ducting foams. SQUID magnetometéf. The factork of the foams in this
The magnetic characterization of foams was done with avork was determined theoretically as follows. A numerical

Hall probe scanning system able to measure the locahethod® was applied to obtain the distribution of currents
magnetic inductiorB,(x,y) under magnetic fields upto 1 T in the sample, assumed cylindrical and pore-free. The
applied parallel to the axis of the single-crystalline foad.  demagnetization effects are hence taken into account. The
An AsGa Hall probe with an active area of XD.1 mnf  model divides the sample in cylindrical paths of constant
sweeps the sample surface at a flying distance&® «m in  current, and uses energy minimization to solve the current
Etepstf 160‘mh' The I_Io(cj:a;l' Ignagnetlzanon_ !S obtained distribution, from which the integrateB-H](0) at the

y subtracting the applied field at every poi(x,y)—H. Hall probe flying distance is calculated. On the other

The integration OfBZ(X’.y)_H over the scanned samp_le hand,M(0) is obtained from the standard Bean equation for
areaS should be proportional to the total sample magnetiza- : _ . . : .
tion M a cylinder (J,=30M/R); k is then just the ratio:

k=M(0)/[B-H](0).
— 1 N The Hall probe scanning set up allows both measuring
B_Hzéff[BZ(X’y)_H]dXdy:klM' (@) the remanent magnetization after a field-cool process
(fc) under a maximum applied field, or measuring the
through the proportionality constark™®, which depends integrated magnetization after a zero-field-cool process
on the geometry of the sample and the height of the scanningt different applied fields along a hysteresis cycle. In
Hall probe. We have shown in a recent work that asome cases the magnetic moment of foams was also
Single Constank;l is needed to correlate the Hall integrated measured with a Commercim‘Quantum Design PPMS”
magnetization[B—H](H) to the M(H) measured with a magnetometer.

(2) Pl
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FIG. 2. Local magnetization distributions in the remanent state = =
determined with a Hall probe magnetic imaging systés: 3D =
magnetic flux profile of foam B(b) 3D magnetic flux profile of vertical ;,M ﬁ
foam A(only%1 of the total scan is shownSeveral peaks used for strut é' = X
the determination of thE(B-H)gead Roealdi Slopes of the local mag- '41771.' g

netization peaksémarked 1 to 4 and the slopéB-H),.qd R) of the =
background magnetization are indicated. The typical radius of the

small-size loops is-1.5 mm. FIG. 3. Schematics of the 3D critical state established in a
foam in the remanence. Bottom: Long-range current loop running
. RESULTS AND DISCUSSION extending over the sample, with true critical curreﬂgab in
the ab planes andJ® at the vertical struts. Short-range current
A. Local and effective currents in the remanent state loops(also 3D but more limited in spagérmed as flux penetrates

the sample. Top: Sketch of the magnetic fBxprofile that would

. . ) be measured by Hall probe scanning. Local magnetization peaks
field, applied perpendicular to theb plane. The remanent (with slope=J®) and background magnetization pyramid, that can

magnetlzatlor_l_ Hall profiles measured showed typlcallybe interpreted as generated by the effective critical current density
the superposition of a broad peak and several sharp magng-i

tization peakgFig. 2a@)]. Analyzing the optical microscopy °© °

images of several foanab cross sections, we observed along thez axis which generate magnetic fields withaut
that there were hardly any in-plane percolative connectedomponent will not be sensed by the Hall probe system.
paths. By further studying the superposition of the remanenthough the real circulating current is 3D, only @b “pro-
magnetic Hall images with optical images of the samplejection” will be recorded. The contribution of the different
surfaces, we realized that there was not always a goodurrent loops to the magnetization Hall probe image is
correspondence between the position of the local peakseighted by the area enclosed by the loops and the vertical
and the “islands” of superconducting material between thalistance to the sample surface. The sum of all the inductive
pores. We interpret these results as follows. When a magnetizontributions gives, as a result, a magnetic flux prdfig.

field H, (higher than the critical magnetic fieltl,;) is  2(b)] that can be interpreted in the remanent state as the
applied to the foam, a three-dimensioidD) supercurrent combination of a background critical state pyramid extended
percolates through the sample and a large 3D loop closingver the basis of the whole sample and several highly local-
the outermost limits of the sample appears. The geometricated sharper peaks. This suggests that we can define first an
inhomogeneity of the foam sample and the condition ofeffective critical-current densityJCEff extended over the
current continuity enforce that the current has saneam-  whole sample and producing the background magnetization
ponent. In contrast, onlgb planar currents would circulate observedFig. 3). The sharp magnetization peaks then would
in a homogeneous, infinitely long sample containing colum-be produced by the projection of the short-range current
nar holes. The currents percolate with current denkfyin  loops, with a critical-current density?” characteristic of the
the planar regions and current densltythrough the vertical material. The effective critical-current density" would de-
struts (Fig. 3). As H, increases and the sample becomesscribe the long-range current loops extending over the
more and more penetrated, several short-range curresample, and hence would be related to the geometry of the
paths enclosing small areas are left aside. If an externalample and the porous structure. We emphasize that though it
magnetic field is applied to the sample and then switcheds convenient to describe the critical state of the foams in
off, a critical state flux profile is established that produces germs of two different critical current densities, locally a
remanent fieldB. The Hall probe imaging system measuresunique physical critical-current density exists in the single-
only the B, component. Hence, the current paths flowingcrystalline foam.

The foams were cooled to 77 K under &r0.6 kOe
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We used first the critical-state model to evaluate the
local and effective critical-current densities. Cgs units are
used all through the article. In the Bean approximation to the 0|
critical state, and assuming the sample to be a cylinder of %
radius R, the critical-current density), can be estimated _
ad’18 J.~30AM/2R, whereAM=M*-M" is the width of R oo
the magnetization hysteresis loop at a certain figldThe 6 e o
effective J°" is determined by definition from the slope 5 :
(Mpacd R) of the background magnetization profile in the
remanent state

B,(T)
0

M B-H
Jﬁff ~30. back: 30 ( )back_ K. (2) p
R R 0 2 4 6 3
length (mm)
For foam A we estimated, for instance, a fackee 0.256,

and an effective current density ocheﬁ(O)zl.S FIG. 4. Superposition of the remanent magnetization map

X 10° A/cm?.

In a similar way, the local critical-current density*® was
estimated from the slope of the magnetizatiy,ca/ Roea
at each one of the sharp peaks measured

i M B-H
Jebi <30 -(—P—ea“> =30 -(—P—( ) eak) k. (3)
peak’ i Rpeak i

The proportionality factok;=M(0)pea (B-H)peaxWas calcu-

B,(x,y) measured by Hall probe scanning and current distribution
calculated through inversion of the Biot-Savart Iaivportion of
foam A is shown.

would give the sam®, profile. Hence, for certain purposes
(e.g., the study of the influence of the pore size and disorder
on the effective J°M.see beloy, we will be able to
model the foams by their equivalent columnar hole systems.

lated following the same numerical approach described irFigure 4 shows the current-density distribution computed
Sec. II. The volume under each peak was assumed cylindrfor foam A in the remanent state. The critical-current
cal with radiusRye4, and thickness equal to the sample. Fordensity obtained from the observed local loops was
instance, from the peaks shown in Fig(bR we found Jcab"zlx 10* A/cm?, in good agreement with the value ob-
critical-current densities in the range o]‘cab"(O)zl—Z tained from the magnetization slopes. The effecﬂy?ér was

X 10* A/cn? (with k;=~0.17), i.e., typical values reported for estimated from the computed current-density distribution

bulk melt-textured YBgCu;0; single-domain samples when maps by evaluating the average current density along a line
H is parallel to thec axis!®?° The agreement between the crossing the whole cross section of the sample, since the
critical-current densities obtained from different peaks iscurrent distributions of the local loops cancel themselves and
fairly good, taking into account the uncertainty in the deter-only the long-range current density prevails. The estimated
mination of the extension of the local current loBp..,; and  value was) S~ 0.5x 10® A/cm?, of the same order of mag-
geometrical factors determinirig. nitude as the]cerf determined from the slope of the back-
An alternative way to determine]cab and the effective ground magnetization.
Jceff is to compute the current distribution that produces In conclusion, the local critical-current densit}f‘b in
the measured, profile by solving back the Biot-Savart the foam, which only depends on the vortex pinning and
law the nanostructure of the YBCO material, is typical of
u I e -1 bulk _melt—textured _single—dolmain cgramics, while the
Bz(r)z—0 f f J ————d%. (4)  effective current density,®", which describes the long-range
4 (r=r") currents extending over the sample, is typically one order
For this purpose we used a general software tooPf mqgnitude smaller than the physical local critical-current
(“CARAGOL"2M2) which has been widely tested for the density. _ _
determination of critical-current distributions in many 10 further “”ders_tane?f the physical meaning of the
geometrie€3 The calculation is also based on the critical EfféCtive current density,™, we have investigated how it is
state assumption, i.e., the maximum current density allowel!fluénced Dby the sample porosity and pore disorder.
is the critical current density,; however, the integral expres- | ree foams(A, B, and O having dlfferelthﬁl Ar were
sion of Ampére’s law rather than its differential form is Measured by Hall imaging, and the effectiy€”(0) in the
used. The integral in Eq(4) spans the whole scanned rémanent state detgrmlned using the critical state approach
area, so no geometrical boundary conditions on the extern&€scribed above. Figure 5 shows the dependendﬂgeﬁb)
shape of the sample need to be set. The problem is solvedith As/Ar. J°(0) has been normalized to the*" of a
in the pseudo-3D approach, i.e., the currents are assumé@@re-free, bulk sampled *(Ag/Ar=1)=J Afoam A) ~2
to be planar and uniform along theaxis. Therefore, the X 10* A/cm?. On the other hand, by solving the critical-state
current distribution computed is only tlab projection of the ~ pattern of a theoretical infinitely long sample containing
real current distribution in the foam. This implies that nXn (odd) cylindrical holes, distributed in a regular pattern
one could find a certain “equivalent” sample containing(Fig. 5, inse}, it can be shown that 'thﬂ';f"”(O)/Jc"’lb depends
columnar holes and circulating planar currents thaton Ag/Ar as
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FIG. 5. (a) Effective current density"*(0) obtained from the 7O
remanent magnetic flux profiles as a function of the sample cross- 400 (b)
section densityAs/ At of different foamg*). Continuous line: Ana- 300
lytical \]Ce“/\lcab vs Ag/ At dependence for a regular array ok n
cylindrical pores, Eq(5), obtained by solving the flux distribution 200
critical state pattern. Inset: e.g., critical state pattern in the rema-
nence of an array of 8 3 cylindrical pores. @ 1004
2 ol
Jgff_ 2 ( AS>1/2 E
7 1 - 1 A ©) <1001
independently of the number of holes, The factor 24/mis -2001 5
the surface area density in the limit that holes touch each 2300 : : :
other and/or the area occupied by KgJeA, approaches the 0 500 1000 1500 2000
total sample aread,— A;. The decrease of the normalized 150 H(G)
effective current densities of foams with porosity is well de- (©
scribed by the analytical expressi@), as can be observed ’g 100
in Fig. 5. This result suggests that the effective current is =
essentially determined by the amount of porosity of the = 50l
foam, and little influenced by the pore disorder. To confirm <)
this result, we studied further how th&®"/J 2 (AJ/A;) Z oo
curve is affected by the pore distribution by simulating the 5@
critical state of samples with random distributions of holes, 2B -501
generated from an originally ordered pattern. The simula- 5
tions, which will be presented elsewhere, showed that the -100 - - ;
degree of pore disorder in a foam has only a small influence 500 1000 1500 2000
H(G)

on theJ *"/3.2° (AJ A) dependence.
FIG. 6. (a) Two different integratedB-H) vs applied magnetic

field cycles(foam A) obtained by Hall magnetic imaging system.

(b) Magnetic field dependence of the local magnetization

(B-H)peak (H) and(c) background magnetization normalized by the
The field dependence of the local and effective criticalposition of the peak with respect to the edge of the sample

current densities was investigated to further clarify the(B-H)ya{H)/Ry; [obtained from peakél) and(3) of foam A Hall

mechanisms underlying its behavior. The integrated magneprofile].

tization field dependendd@-H](H) was determined from the . . .

Hall magnetization maps measured along a hysteresi@eak(':'g- 2) can be obtained from the Hall magnetic flux

. rofiles measured at different magnetic fields to obtain the
loop. For example, Fig. (@) shows the[B-H](H) curves P ; . i
found for foam A after following two different cycles. The corresponding cycles. Figureth shows the(B-H)pea, (H)

shape of these hysteresis loops is typical of meIt—textureijles obtained from two different peaks observed in foam A

. . o oI . Fig. 2b)], while Fig. Gc) displays (B-H)pack {H)/ Ry,
ceramics with a field-dependent critical-current density. Th whereR,  is the distance of the peak from the sample edge.

[B-H](H) obta!nedﬁls a weighted average of the backgroun@rne scaiing of these ratios indicates that the background
(associated witll*") and local(associated witll) magne-  magnetic flux profiles follows indeed the critical-state model.
tizations, but we will show next thdiB-H](H) describes Note that for all peaksB-H)peax > (B-H)packi However,
mainly the background magnetization evolution. The absosince the local peaks extend over much smaller areas than the
lute values of(B-H)packi @and local(B-H)peay,i Under each background peak, the magnetic moment produced by short-

B. Field dependence of local and effective critical
current densities
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FIG. 7. Magnetic field dependence of the normalized effective H(G)

critical current densityd ®"(H)/J.(0) (x) of foam A, estimated

from the integral [E—H](H) cycle shown in Fig. 6.
I (H)/135M0) (O) calculated from the(B-H)pa 4H) local

FIG. 8. Magnetic field dependence of the effective critical-
current densitnyﬁ(H) of foam A (@), determined from the

background magnetization cycle shown in Figh)6 Magnetic [B-H](H) Hall cycle,.and foam Q;r) obtained from the magneto-
field dependence of the normalized local critical currentmhetelrm(H) fh)t:steresus loop(©) J:™(0) of foaTAc?llculated from |

- i : the slope of the remanent magnetization Hall profile. Inset: normal-
density J.'(H)/J/(0), (®) obtained from the(B-H)yeax 4H) cycle . o off
of Fig. b). The particular] ™ and J.2 values obtained from ized J;™(H)/J;™(0) for the same foams.
the magnetization peak 3 are representative of all other magnetiza-
tion peaks. Finally, we investigated the field dependencngﬂ"(H)

_ of two foams(A and O, with different porositief\s/ At (Fig.

range CurrentsYleq(B-H)pealioc, is much smaller than the  8). The J*(H) of foam A, containing large size pores
magnetic moment associated with the large-range ones. %2.6 mm, could only be determined from the-H](H)

; 2
?havg tactu?llg est|ma:gd t,thampeaki 10 mbs”‘cfs ;’he{rﬁ;’qtrﬁ ' Hall probe measurements, due to size restrictions of the mag-
e integrated magnetization can be associated Jyfthwi netometer sample holder. Note that th§”(0) value ob-

a fairly good approximation. : o . e "
The magnetic field dependence of the local and effectivéamed from the magnetization cycle is similar to thE'(0)

critical-current  densities were, respectively, obtaineddemrm'n.ed from the slope of the remanent magnetization
: Hall profile (Sec. Il A), hence validating the two calculation
from the (B-H)pae{(H) and (B-H)peax(H) hysteresis off .
off i : . abi methods. Thel.""(H) dependence of foam C, which con-
loops - as J;(H) = 304 (B-H)paoi (H) . k/2R and J™(H) tained much smaller pores, could be obtained from the direct
~30A(B-H)pear (H) .ki/2R;, where the constantsk, k; P ’

. : measurement of the magnetic moment cywigd) with the
are defined through E@l) and calculated with the method- effri .
ology already described in Sec. Il A. Figure 7 Showsmagnetometer, a%"(H)=30Am(H)/2RV, V being the total

the normalized magnetic field dependencies of the Ioca?amp.le V°'”F“e- Notice that though(H) integrates all con-
and effective critical-current densities found for foam A. trl_b_ut|ons, SINCE Mpea< Mpack S We argued befo_re, the
For the sake of clarity, we present only the dependenciegr't'c_al'Current denan&obtamed from t_nkm cycle IS ap-
obtained from one of the peaks, but similar dependencieQoximately egﬁual tdceﬁ(H)' The normalized magnetic field
were obtained for the otherd.f(H) can be directly obtained dependencel; "(H)/J:7(0) for both foams is similarsee
also from the integrated magnetization cycle, since it repretn® inset to Fig. & This result confirms that the pinning

sents basically the averaged background magnetization, 4&&chanisms determining the field dependence of long-range

explained above. Tha effi(H) values obtained from the in- currents in all foams are similar, and no major modifications
dividual peaks c.oinciae indeed with the averagh(H) of the bulk flux pinning behavior occurs associated with the

dependenceFig. 7). modified pore sizes.
Note also that the field dependencies of the local and ef-
fective critical current densities practically conaiig. 7).
This coincidence might be expected, since there is only one
physical critical-current density in the material, whose field  The critical state appearing in single-crystalline supercon-
dependence is governed by flux pinning in the ¥Ba;O, ducting YBgCu;0O; foams can be described by an effective
material?* The effective critical-current density is reduced ascritical-current density producing a background magnetiza-
compared taJ ® only due to the porosity of the foam. This tion, and the physically local critical-current density
situation is different from that of multigranular supercon- giving rise to a superposed local magnetization peaks.
ducting ceramic8;?® which present a “real” double critical We were able to evaluate both critical-current densities
state resulting from a long-rangpercolativg intergranular — applying the critical-state model, either from the Hall
current density and a local, intragranular current density. Irmagnetization profiles, or by using the Biot-Savart inversion
that case the magnetic field dependence of the two criticalmethod, assuming in both cases in-plane currents. The
current densities is very different, sindg"¥(H) is ruled by  effective critical-current densities are typically reduced by a
vortex pinning, whileJ/"®(H) is determined by the grain factor of 5-10 as compared to the local critical-current
boundary behavior. densities in the foams investigated. We have shown that

IV. CONCLUSIONS
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the planar component of the long-range current depends oeroscopic physical mechanism ruling their magnetic
the surface porosity in a similar way to the law found for anbehavior.
effective current in a sample containing< n ordered hollow

cylinders. Hence, the amount of porosity, rather than pore
disorder, is the main parameter controlling the effective
critical-current density. The dependence of the effective and This work was supported by the Generalitat de Catalunya
local critical-current densities with the magnetic field is very(Catalan Pla de Recerca 00206 and CeRNlAdhd by
similar, and independent of the porosity. This indicates thathe MCYT (MAT2002-02643. One of us(E.B.) thanks
though two critical-current densities have been used to dethe CSIC(Consejo Superior de Investigaciones Cientificas
scribe the irreversible behavior of foams, vortex pinning, de-Spain, for the financial support of the I3P Contract
pending on the YB#Cu;O; microstructure, is the only mi- Program.
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