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Effect of two bands on the scaling of critical current density in MgB, thin films
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The dependence of critical current dendifly) on applied magnetic fielB) and angle(6) betweenB and
the c axis has been investigated to determine the anisotropy of MuB films at different temperatures. The
results have been compared with upper critical fig¢lgd,) anisotropy(y,) determined by measuring., for
fields applied parallel to thab plane and the axis. Contrary to the case of Br,CaCyOg and YBaCusO,,
whereJ.(0,H) scales withtH/H(6), J.(8,H) for MgB, did not follow this scaling. Surprisingly, the tempera-
ture dependence of anisotropy determined frayt9,H) is similar to the predictions for penetration depth
anisotropy of MgB. These results have been understood as a combined effect of a two-band theory and the
collective pinning model, in whicll, strongly depends on the elastic properties of a vortex lattice.
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One of the most peculiar properties of the recently discovH/H(6). In thin films'® and tape¥ of Bi-2212, J, was
ered superconductor MgBis the two-band nature of its found to scale withH/H(6) with H.,(6) described by a 2D
superconductivity. First-principle calculations of MgB  model for superconducting thin films. This is in accordance
showed the existence of two-distinct groups of energy gap@ith 2D behavior of the Bi-2212 superconductr.in
that originate from two dimension&2D) o bands and three-  studied®-18 reported on 3D superconductor YBCQ, was
dimensional(3D) 7 bands. The superconducting gap varieSiound to scale withe ,H, whereg,= \,/cosz(0)+(l/y2)sin2(0)
from 5.5 to 8 meV ono bands and 1.5 to 3.5 meV far  4ndy s the anisotropy parameter. This is because, for aniso-
bands?® The nature of two-band supercond_uctéwty has beenyopic superconductors],, scales with(s,) 2. A theoretical
confirmed by studies of specific héfgttunneling? and pho- s for the scaling of,(6) with &,H for anisotropic super-
toemission spectroscopy; etc. One of the surprising predic- o quctors has been provided by Blatégrall® They have
tions of the two-band superconductivity of Mgis the dif- 51, ated a general scaling approach based on the one-band
ference between absolute value and temperatife  ,higotropic Ginzburg-LandagGL) model and found that
dependence of anisotropy of upper critical fieldy  yarious physical properties at a given temperature scale with
=Hean/Hez)  and  that  of  penetration  depth . b
(3 =Ne/Nap). MM This is in contrast to one-band anisotropic A few studies on the anisotropy df have been reported
superconductors, where these two values are nearly the samg MgB,. In a study on aligned crystallites, de Lima and
and independent df. Kogari® has shown that, in the case of Cardosé®found thatJ, anisotropy(defined as]gb/Jg) is tem-
MgBy, ¥\, should increase with temperature from a value ofperature independent with a value of 1.5+0.1. In an earlier
nearly 1.1 at low temperatures to abot.6 at transition  study on MgB thin films?! carried out in temperature range
temperaturéT.). Compared to this, the value of; has been  of 33.5-38 K, J, was found to scale witls,H with an an-
predicted to reduce with temperattité from a value of jsotropy parameter ofy=2.55. The scaling behavior was,
nearly 6 at low temperatures te2.6 atT.. Quite a number however, seen to deviate from the anisotropic GL model at
of studies have claimed the observationgfas predicted by T<33 K.
theory; but very few measurements have been reported on A perfectly periodic vortex lattice is not pinned by ran-
7 and even these have been limited to low temperattires dom pinning centers. This is because for any position of the
despite the importance of its determination over a wide temrigid vortex lattice, pinning centers will exert force in differ-
perature range. ent directions and the net pinning force will be z&rg?23

Critical current density(J,) is one of the most important For pinning, vortex lines need to adjust their position with
superconducting quantities for industrial applications. Jhe respect to pinning centers. Therefore, the elasticity of flux
is determined by physical parameters of superconductors anithe lattice(FLL) plays an important role in determining the
vortex pinning. In anisotropic superconductors such asinning energy and,.. Effective pinning energy in such a
YBa,Cuz;0,(YBCO) and B,LSr,CaCyOg(Bi-2212), theJ. is  case has been described by the collective pinning model.
found to strongly depend on anglebetween magnetic field Typically, J. is found to depend o, applied field, andH.

(H) and the crystat axis, andJ.(6) is seen to scale with For one-band superconductors, anisotropies of penetration
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FIG. 3. Angular dependence df measured at a temperature of

FIG. 1. Normalized resistance as a function of magnetic field a%5 K for different magnetic fields between 0.5 to 4.0 kG

different temperatures fd8//ab plane(#=90° andB//c axis (0
=0°). for measuringH., anisotropy as the low current density in a
wide bridge helps to reduce the vortex motion. The second
depth andH., are nearly the same. Therefore, scalinglof bridge of 10um width and 180um length was used to mea-
does not distinguish between the effectdyf and\. How-  sureJ.. The resistivity and), were measured using ”RPMS

ever, this is no longer true for MgB and a study of].  system(Quantum Design, Ing.with a rotation option. To
anisotropy can help us to experimentally determine the imdetermineyy, resistance of the film was measured as a func-
portance of various parameters in pinning. In the preseniion of H for §=0° and 90°. For measurinj, a current ramp
study, we extend the measurementJpf) in MgB, thin ~ Of a few ms duration was applied to the sample and the
films to include temperatures much lower than those previvoltage across the sample was acquired. Then Jtheas
ously reported. The results can be understood in terms of tHé€termined with a criterion of 2-20V. The results re-
collective pinning model and two-band nature of superconPorted here were found to be independent of the criteria
ductivity in MgB,. The pinning energy at low fields is seen used. The contact resistance on each of the contacts in the

to be strongly influenced by elastic properties of the vorte>jIIm was~1 ohm. The calculations using thermal conductiv-

; . . ity of sapphire showed that at a dc current of 20 rfthe
lattice. Further, the megsgrement.]gfanlsotropy provides a maximum used in this stughyheating effects are limited to
new method for determining.

o . . less than 0.02 K. Insignificant heating during measurements
MgB, thin films were prepared bgx situlaser ablation Ignim Ing during u

: : . was also confirmed by using dc and 208 pulse currents
technique on sapphire substrates as described edrieray where the same value of. was obtained. We have used

diffraction spectra showed that the films are oriented with the;rrent ramps in this study to facilitate the acquisition of
¢ axis normal to the substrate. Anisotropytf, and scaling  |arge data by PC. During the measurements, the film was
of J; were studied in a large number of samples and similafotated along the microbridge direction in taé plane. In
results were obtained. We report here results of both meahis manner, the anglé was varied while maintaining an
surements performed on a single sample to enable a bettahgle of 90° between th& and thel. The angled was
comparison betwee, and . The film used in the present measured with an accuracy of 0.1°.
study had a thickness of 500 nm and was patterned to have Resistance as a function bf measured at different tem-
two bridges. The first bridge of 1000m linewidth was used peratures and=90°and 0° is shown in Fig. 1. Upper critical
field Ho(6,T) was determined as the field at which resis-
3 tance drops to 90% of the normal state value. Anisotropy
(v4) at different temperatures was calculated as a ratio of
H(90°) to He,(0°), whereH,(6) is the value ofH,, at the
angled measured in degrees. The results are shown in Fig. 2.
, Anisotropy is found to be nearly independentTofin agree-
/ ment with our earlier results in the temperature range of 1 K
/ to T..2° The use of different criteriéd90% —99% or onset of
' transition) for determiningH,, yields values ofyy within a
A range of ~5%?® and does not affect the findings. A
temperature-independent value gf is in agreement with
theoretical models applicable in dirty liffttand indicates
that the diffusivity in two bands is nearly same. The same
value of diffusivity in two bands was also independently
confirmed by the agreement of the angular dependence of
He, with the GL model as theoretically expect€dlhis has
been seen in many samples prepared in a similar manner and
has been reported previoush.
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FIG. 2. Temperature dependenceypf(determined from data of
Fig. 1) and y; (determined from scaling od. at low magnetic
fields). The dotted line shows a linear fit tg, data.
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g dicted temperature dependenceyft This is in strong con-
g T=35K H (kG)= trast to earlier studiéd*2of high T, superconductors, where
sl =% the scaling ofl; is believed to yieldyy. _
«— 4 —a—15 In what follows, we will give an explanation fal) why
£ Xﬁg the scaling of anisotropy id; at low fields is related toy,
<« (b) the deviation in scaling at higher fields, af@ why such
e deviations have not been seen in one-band anisotropic super-
= conductors, such as YBCO and Bi-2212. We have used the
collective pinning theory to qualitatively understand the re-
sults. This is because a quantitative agreement with the col-
lective pinning model is generally not observed, due to un-
ok certainties in parameters used in this thedry.

In the collective pinning theor¥%-23the effective pinning
eH force is determined by the sum of the individual pinning
] ] forces acting on a correlation volumg of flux line lattice.
FIG. 4. Scaling ofJ Slata obtained at a temperature of 35K cqprelation volume is determined by considering the change
excluding data within 10° of theb plane. of free energy when boundaries \gf are displaced by dis-
tance of the order of lattice parameterThis change in free
The measured (6) plots atT=35 K and different mag- energy, and thereford., depends on three parametefa)
netic fields are shown in Fig. 3. To study the scaling behavshear(cgg) and tilt (c,,) moduli of the vortex lattice(b)
ior, we showJ.(6) as a function of reduced magnetic field vortex lattice parameter, arid) pinning forcef. The typical
gy¢H in Fig. 4. Here,y was used as a parameter and its opti-expression fod, of superconductors may be writter?ag,
mum value(called y;) was found to be 2.43. In Fig. 4 we =J(f,a,c44,Ce B). The angular dependence &f has not
have excluded the data for magnetic field within 10° of thepeen investigated but would be expected to depend on the
ab plane because it is a region of the enhanced pinning oingular dependence of various parametierthe direction of
vortices at the interface between MgBiin films and sap- motion and normal to )t For this purpose, we consider the
phire substrates, as reported in earlier stuéfié8The value crystal frame(X,Y,Z) with a current along th¥ axis and the
of v, determined at 35 K was found to be in good agreemengrystal ¢ axis coinciding with theZ axis?32° The angular
with that determined foH, anisotropy. dependence of parameters has been investigated in the “vor-
While the J;. was found to scale well with reduced field tex frame”(x,y,2) obtained from the crystal frame by a rota-
for T=35 K, deviations were observed fdr<30 K. The tion ¢ about theY axis (coinciding with they axis) such that
typical low temperature scaling behavior is shown in Fig. 5the magnetic field is along theaxis?82°In the vortex frame
for T=10 K. While low magnetic field data scale well with (for a current along thg axis) vortices will move along the
goH (with y,=1.28, data at higher fields show deviations. x axis. The vortex lattice in uniaxial superconductors has
Similar results were obtained at other temperatures and thgeen determined by Campbell al2° who found a triangular
temperature dependence gfis shown in Fig. 2 along with  |attice with unit cell parameters given Hy,=L,\e,% and
that of yy. It is seen that whiley;=yy at high temperatures, p,=L,(Ve,X+\3/e,Y)/2, whereL, is the side of an equi-
they differ significantly at lower temperatures. It is quite in- |ateral triangle with an area of$y/2B and e,
te.resting if we compare the temperature dependence; of :\I"co§(0)+(1/y§)sin2(0). It is seen that intervortex dis-
with the temperature dependencegf predicted for MgB.  4nces along the axis (by) and they axis (b,-§) scales with
Surprisingly, 7,(T) is found to be very similar to the pre- gg- A shear modulugcgg) has also been determined for
uniaxial superconductors. Its values for vortex motion along
the y axis (c.) and the x axis (c,) are given byc,
=mymge, 3cs  and  c,=mMymgCis/e,,  Where G
= ¢oH/647°\? is the modulus for the isotropic case with
equal to the average value of uniaxial material, amdand
m, are effective masses along theaxis and theab plane,
respectively. It is seen thagg is a function ofey, in both
directions. The tilt modulus foH<H,, is independent of
angle # and may be written ag,,~H? (see Sudbo and
Brand&®). We consider strong pinning by small normal de-
fects with size(d) smaller than the coherence length. The
pinning energy(U,) in this case will be given by the loss of
condensation energy in the pinning voluftej.e., U,
~H§d3. This is independent of field and angle. This is also
supported by earlier studi€$,where the pinning force is
FIG. 5. Scaling ofJ, data obtained at a temperature of 10 K. reported to be proportional th?~ (1/H/H,). This is inde-
Plot (a) shows the data in full magnetic field range ail shows  pendent of the angle at low fields. From above, we see that
the same data at low magnetic fields. all the parameters determining, and the pinning force at

J(10° Acm?)

c
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J{10° Acm™)
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low fields depend orz, andH. As the results determined arise due to the reported formation of MgO nanoparticles in
from the collective pinning model usually do not yield good the film during annealiny-®and interaction of the film with
quantitative agreement with experiments due to many una|,0, substrate, leading to the formation of Mg, and
kn%/vn parameter$;**we use the scaling result of Blattet  \gB, as revealed by TEM studies on epitaxial thin fil#s.
al.” for the study ofJ; anisotropy. Blatteret al. predicted  The presence of additional pinning at the film-substrate in-
that the physical parameters of anisotropic superconductoligrface leads to a gradient of pinning centers with a higher

should scale withe,H, and based on the above diSCUSSion’densi'f of defects at the interface and has been confirmed b
we expect]. at low magnetic fields to scale with, H. This y , y
an asymmetry of vortex motion on the reversal of current

explains our observation thag is related toy,. ! i h
From the explanation mentioned above, the deviations ifirection, as has been reported previodsly.
J. scaling(at low temperaturésat higher magnetic fields are ~ In conclusion, we find that the magnitude and temperature
easily understandable as the parameggr- (1/H/H)? for ~ dependence of anisotropy determined by scaling, @it low
H nearH,.2 SinceCgg is a function ofH,,, we expect that magnetic fields is in agreement with predictions fgrin
Jc will depend both orny, and yy at higher fields. Conse- terms of two-band superconductivity in MgBThe results
quently, deviations in the scaling behavior in Fig. 5, at highershow that elastic deformations of the vortex lattice play an
fields, may be explained as the transition of scaling from thaimportant role in the determination of effective pinning en-
determined byy, to that determined by both, and y4.  ergy, and thereby, of anisotropic superconductors, and that
Since y4 has been predicted to be samejgsat high tem- . can be determined by scaling of angular dependendg of
peraturegand measured;, identified by us asy, is nearly  Sincey, <y, (for MgB,), the anisotropy ofl, is much less
equal toy, at T=35), J. is expected to scale witty\H over  than what would have been expected in terms of upper criti-
the whole magnetic field range in this case, as has been 0By field anisotropy. The lower anisotropy Ja is important
served(Fig. 4). Finally, in the case of other anisotropic su- for applications. Finally, in other anisotropic superconductors
perconductorsy, =y and we expect good scaling behavior \yhere ], is believed to scale with,H, it may actually be a

With_a single val_ue ofy as o_bserved in varioys studies. function of e, H, but indistinguishable in view ofy, = .
Finally, we will briefly discuss the possible sources of 1his may need further investigation.

pinning in the MgB thin films. Earlier studie®-2%24on the
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