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The first direct measurement of an anisotropic superconducting propektyyiB. was achieved for the bulk
nucleation fieldH., in a sample of aligned crystallites. It was found a ratid@) = HZ/HS, = 1.6 — 1.9,
for T varying from 32 K to 26K, betweei? applied parallel to thed plane, and along the direction. The
anisotropy of the induced critical current density was evaluated through the Bean modeltytg ~ 1.5.
We present here a brief review of these studies in connection with current results found in the literature.

1 Introduction nation of J& /J&, using transport current measurements,
produced values around 2.5 for c-axis-oriented thin films

The strongly anisotropic crystalline structure #fgBo, [14], although in this case they did not meastre

consisting of triangular layers of magnesium atoms sand-  BY now, a two-band Fermi surface has been clearly
wiched between hexagonal layers of boron atoms, wasdemonstrated[15, 16] fak/gB,: aw— band generated by
known[1, 2] for almost 50 years before the discovery of the bororp. orbitals, oriented perpendicularly to the layers,
superconductivity in this binary compound[3]. It seemed and a— band generated by the, orbitals, confined in the
therefore reasonable when specific heat studies done ifPoron layers. Several novel effects have been related to this
polycrystalline samples[4], as well as band structure calcu-Unique case of genuine two-gap superconductivity, as for ex-
lations [5], pointed to a possible anisotropic nature of the ample, the temperature dependence of khe anisotropy

electronic and magnetic properties &fgB,. The first di- ratio. Intraband and interband scaterring effects has been
rect measurement of an anisotropic superconducting prop-Shown to play important roles in determining some of these
erty was achieved for the bulk nucleation figi,, in sam- ~ new effects[17]. Following, we present a brief review on the

ples of aligned\ ¢ B, crystallites [6, 7]. It was found aratio ~ @nisotropy studies af/g B, done by our group at Unicamp,
v = H%/H¢, ~ 1.7, between the critical field parallel to and comment on some related results reported by other peo-
the ab plane and parallel to the ¢ axis direction. Since then,ple.
different groups have found valuesphbetween 1.1 and 6,
using different type of samples and different techniques to
characterize the normal - superconducting transition[8, 9]. 2 Aligned Crystallites
In our view the large scattering of reportedvalues could
be ascribed mainly to three factors[7]: (1) the sample pu- our studies were done using samples formed by a collec-
rity, since it affects directly the energy gap anisotropy at the tion of aligned crystallites. A weakly sintered sample of
microscopic level, due mainly to inter- and intra-band scat- 7, B, was prepared, starting with a stoichiometric mixture
tering; (2) the experimental criterion used to define areliable of 99 5 at9% pure boron and 99.8 at% pure magnesium. The
superconducting bulk transition; (3) the temperature depen-jgose mixture was sealed in a Ta tube under Ar atmosphere,
dence ofy. Indeed, recent reports[10, 11] have shown that \yhich was then encapsulated in a quartz ampoule and put
7 goes from~ 2to ~ 6 whenT varies between- 39 K10 into the furnace. The compound formation was processed
~ 15K. by initially holding the furnace temperature at 12Q0for

The critical current density anisotropig’/J& ~ 1.5 1 hour, followed by a decrease to 7@ (10°C/h), then to
was also evaluated[12], using the Bean's model with data600°C (2°C/h), and finally to room temperature at a rate of
taken in the same sample of aligned crystallites[6] that pro- 100°C/h. The weakly sintered product was easily crushed
ducedy ~ 1.7. The similarity between these anisotropy and milled employing mortar and pestle. A very uniform
values is indeed expected for clean samples with relativelypowder was then obtained, consisting mainly of shiny crys-
low pinning interactions, since in this cade is propor- tallites with aspect ratios ranging from 2 to 5, the main sur-
tional to[13]¢2, wheres is the anisotropic coherence length. face size ranging from 5 to 40m and thickness around 2
Therefore Jab /J¢ = Eap /€. ~ HY | HS,. Directdetermi-  um. The powder was sieved into a range of particle sizes



ab

710 O. F. de Lima and C. A. Cardoso

between 5 - 2Qum, in which the crystallites fraction was al-  ratio, we find that, .,/&o.c = Eap(TWE(T) = v ~ 1.73
most 100%. Small amounts of this powder were then spreadand? ~ 0.3, for T ~ 27 K. Since at that temperature
carefully on both sides of a piece of paper, producing an we haveHg, ~ 20 kOe, this would imply, ., ~ 70 A
almost perfect alignment of the crystallites, as revealed[6] and, . ~ 40 A. However, these values may be underes-
by SEM pictures and X-ray analysis. Finally, several sam- timated, in view of recent experiments[21] and theoretical
ples were mounted consisting of a pile of five squares of calculations[22] based on the almost independent two-gap
3 x 3 mm?, cut from thecrystallite-painted papeand glued structure, originated by the two separatando bands.
with Araldite resin. These samples produced enough signal
for the measurement of magnetization and AC susceptibility,
using, respectively, a SQUID and PPMS machines (made by4  Critical Current Density Anisotropy
Quantum Design).
Measurements of the magnetic moment as a function of the
- . . applied magnetic field, for several temperatures bélpw

3 Upper Critical Field Anlsotropy 39 K, were performed with a SQUID magnetometer. The

i ) average crystallites dimensions werexli®x2 ym?, de-
Figure 1 shows our data (crossed circles) for the temperatermined by visual inspection, using an optical microscope
ture dependent ratio = H¢/Hg,, with other represen-  \ith a micrometer scale. An estimate of the total volume of
tative results taken from the literature, fdfgB; single  crystallites in the sample gives 0.06 fiym total agreement
CryStalS[ll, 10] and thin f||mS[18] Our data shows consis- with a value that produces a SlOW/AH — —1/47T for
tently smaller values fofy ~ 1.6 - 1.9 in the probed tem-  the region of diamagnetic shielding At ~ 0. In order to
perature interval of 32 K - 26 K, while the other results are subtract the magnetic background present in all curves[6g],
scattered between 2 and~ 4. We ascribe these differ- the same type of measurements were repeated at tempere
ences mainly to the different sample purities as well as to tures abovd’, (not shown here). No significant temperature
the different criteria employed to define the relevant transi- dependence was observed for the hysteresis loops measure
tion between the normal and superconducting states. Our reat several temperatures from 45 K to 80 K, in the low field
sults may also contain a small contribution to the depressedregion. Thus, the loop obtainedAt= 45 K was considered
values ofy in consequence of the average misalignment of to be a good approximation for the magnetic background, in
4.6 degrees between the crystallitesxis[7]. the entire temperature range going from 5 K to 35 K. The
fully corrected magnetization curves are presented in Fig.
2, for (@) H // cand (b)H // ab. The remanent mag-

o~ - ' ' ' I netization values, in both field directions, are shown in the
5 | T~ - i enlarged plot of Fig. 3. To avoid complications associated
N I S~ - ] with demagnetizing effects we treat only the casélof 0.
T a4l T~ J The critical current density can be estimated from the
l o T S ] corrected magnetization curves of Figure 2, if one assumes
T 3f « & 3 MgB, arystaliites —_— S o the occurrence of uniform gradients in the flux density dis-
T T S TTeee tribution inside the crystallites. According to the Bean's crit-
212 ER ®6— o ST 1 ical state model[23],/¢ is proportional to the width of the
oo aopge R ® ] hysteresis loop and for a slab geometry it is
1F b A Hiuab %3 c 1
O - pamEe ‘::'O[st e ] ab — J — 40 |AM| (1)
S R Ct(l—t/3w)
15 20 25 30 35
T K] wheret < w are the sample dimensions perpendicular to

the applied field andA M| is the magnetization loop width.
Figure 1. Anisotropy ratio of the upper critical field W gB- as Notice that the sample used in this work is formed by a col-

a function of temperature for aligned crystallites (crossed circles), |ection of isolated crystallites, gmndw appearing in Equa-

textured thin fllms of.dllff.erent purities[18] (hatched ellipse), sin- tion (1) refer to the crystallites average dimensions.

gle crystal using resistivity measurements[11] (dash-dotted line), b Te . .

single crystal using torque magnetometry[10] (dashed line). The  The ratioJ¢’/J¢ was determined by evaluating M |

inset shows the original,, data from Ref.[6]. Note: The data atH = 0, followed by the use of Equation (1) to both field

quoted from other authors are only approximately represented inorientations. Fig. 4 shows thag’/J¢ = 1.5 + 0.1, be-

this figure. tween 5 K - 30 K and drops suddenly &t = 35 K. The

large error bars shown in Fig. 4 reflect essentially the uncer-

Using the Ginzburg-Landau mean field expression[19] tainty in the crystallites sizes, taken to be= b = 10 £ 4

(in CGS units) &(T) = &, (1 — T/T.)~'/? and the results ~ um ande = 2 + 1 um. Based on this evaluation it is safe to

for anisotropic situations[20, 13 5,(T) = ¢, /(27 £2,) and conclude that we found an anisotropy ratio of the same order

H%/HS = 1/¢, whereg, = 2.07 x 10~7 G cn¥ is the  of the H,, anisotropy, measured in the same sample[6]. A

quantum of flux and? = mg,/m. is the mass anisotropy confirmation of this result through measurements taken
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Figure 2. Magnetization loops for applied fielfis(a) perpendic-
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Figure 4. Critical current density anisotropy, given by the ratio
between the in-plane and out of plane values, calculated from the
remanent magnetization &t = 0 and using the Bean model.

on larger single crystals, or well textured samples, would be
highly desirable. In this case, we would expect also a large
scattering of values from different works. Perhaps, these dif-
ferences will be even larger than the ones reported[8, 9] for
H /HE,, since the critical current density is a very com-

ular and (b) parallel to the crystallites planes, after subtracting the Pl€X variable that depends also on pinning of vortices and,

magnetic background measurediat 45 K (see text).
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Figure 3. Enlarged view of the magnetization loops shown in Fig.
2, for fields near”H = 0. This plot allowed us to extract the rema-
nent magnetization and M values for each temperature.

hence, should depend more strongly on sample quality.
Transport current measurements of the critical current
density anisotropy has also been done in thin films[14],
where values ranging between 2.17 and 2.88 were obtained.
However, in this work they have not measureahd.J&’/ J¢,
in the same sample. We feel that more measurements involv-
ing these two anisotropy ratios in the same sample would be
desirable.

5 Conclusion

We presented here a brief review of the studies done by our
group at Unicamp, on the anisotropic properties\bj B,.

We have employed samples of well aligned crystallites that
fournishedy = H%/HS, = 1.6 - 1.9, for temperatures
varying between 32 K - 26 K. The critical current den-
sity anisotropy was found to bé&2’/J¢ = 1.5 + 0.1, be-
tween 5 K - 30 K. The similarity between these values of
and.Jgb/J¢ is an indication of the crystallites high purity
level and low density of pinning centers. Although these
anisotropy values are relatively small, compared with the
values found in the cuprate superconductors[13], it is clear
that some texturization technique will be required in order
to produce wires and cables &f g B, optimized for appli-
cations.
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