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Suppressed flux motion in magnesium diboride films
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The mixed-state transport behavior of magnesium diboride films shows a suppression of flux motion that is
more severe than is typical for conventional vortex pinning. At currents approaching the pair-breaking value
and magnetic fields approaching the upper-critical field, the conductance diverges and the current-resistance
and temperature-conductance curves become parallel, showing mainly a shift in the transition due to pair-
breaking with minimal signs of flux motion.
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In a type-Il superconductor, an applied flux denddyr  depends of, the matching is optimum for specific values of
currentl has two effects. First the superconductivity is sup-B and T. The maximum critical current density, can be
pressed and the transition temperafligshifts downward in  estimated as follows: The condensation energy density
the mannéer? H§/87-r times the vortex cross sectioné? gives the energy

23 23 per unit Iength—|§§2/8. Dividing this by the displacement?2
Te(B,1) = T¢(0,0) = B|dT/dH,| - 1#4dT/dIg™, (1) (vortex diametergives the maximum pinning forddﬁf/l6,
whereH,, is the upper critical field ant; is the depairing or Which equals the critical Lorentz force, =j.®o/c. Using
pair-breaking critical current, and the slopes are evaluated df¢ ~ relatioR  Hc=o/2y2m\¢  then  gives jomax
T.(0,0). écl—_|c/32\527-r)\. In re!gltlon to the depairing current density

The second effect d and| is that they both broaden the Jd» 9IV€N by?"” cH/3\6m\, we see that
conductance-versus-temperat@®€T) transition. The current | ~0.16 3)
produces a self-magnetic field, which causes the |3gab c.max - =Hd
decrease with the distance from the center due to Silsbeehis is born out by experience: the very highest pinning
mechanisn?-.AdditionaIIy, variations in sample cross section niobium Compounds have critical currents of about 15% of
cause the local current density and hence the [B¢td vary.  the depairing value. If the changes in magnetic and kinetic
Thus when a sample is cooled from abolige G does not  energies of the circulating supercurrents are incluidéue
jump sharply from its normal-state valu(@, to an infinite  estimate ofl, can be as much as twice that in Eg); how-
value just belowT., but has a finite transition width that ever, in practicd, values exceeding Eq3) have not been
increases withl. Note that for very low-value currents  observed. For smaller randomly distributed defektss fur-
<lg—as are typically used—the transition will not be broad-ther lowered by the factai?/4l &%, whered is the mean de-
ened; in this work we use substantial currentsl(T). fect dimension andl their mean separation. Thus ndarwe

Similarly, an applied magnetic field broade@¢T), be-  expect current densitiex1 kA/cn? to promote flux flow
cause of flux motion, and limits the maximu@ito a finite  and broaden the transition, as seen foB¥%Cu;0; in Fig. 1.
value given by The unexpected results on MgBIms in the present work

are that(1) the G(T,B) curves at differenB collapse to-
Gt ~ GaHeafB. ) gether showing essentially r® dependent broadening?)

This G;= 1/B field dependence persists even in the case ofie G(T) transition widths are abnormally narrow consider-

highly driven nonlinear and unstable flux fI&®. ing the high values of, and(3) the conductance is abnor-
The vast majority of published transport measurements

are carried out with feeble currents below the depinning N s e

thresholdl,, so that broadening witB is prevented by flux 0.10v g1

pinning. These represent trivial cases whéx@) and R(T) D) v +4T

curves in differentB appear parallel. However when>1, o v . 1Te ™OT

flux motion will cause broadening. For example, Fig. 1 0.05 'v' *, A

showsG(T) curves for Y;Ba,Cu;0; films at different flux % . * .

densities bearing out both the displacemfag. (1)] and 26, h, SO W |

broadening[Eq. (2)] effects with increasing® (data was 72 80 TK) 88

taken from Ref. 1 Here 1=0.5 mA (j=5000 A/cn?) is

0.01% ofl14(0,0). FIG. 1. Conductance vs temperature curves fqB&%Cu,0-
Typically I is significantly lower tharg and has a maxi- fims at different values of8L film (Blic axis at a fixed |
mum value for columnar defects whose size, orientation, and0.5 mA (j=5 kA/cn?). The normalized B values range
distribution match the vortex lattice. Since the vortex sepaB/H(0)~0-6% and B/H(T)~0-30%. G,=0.0027 S. Data

ration depends oiB, and the radiusg (coherence lengih from Fig. 20 of Ref. 1.
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mally high (i.e., the flux-motion induced voltage vanishes
Since the flux motion is able to freeze out at enormous cur-
rents[1 ~14(T)/2] and fields{H ~H(T)/2], a conventional
pinning mechanism would require a substantial fraction of
the sample to be filled by an impurity phase. This is impos-
sible in light of the known purity of the sample and may
point to some new and unusual type of hindrance to flux
motion. Note that problems with sample qualityr B inho-
mogeneity, or other experimental artifacts would have just
the opposite effect and would show instead the lack of a
universal collapse, broader transitions, and a lower conduc- FIG. 2. 123 vs the mean-field phase boundary¥B=0,1) for an
tance, which is the opposite of what is observed. MgB film. T,(B=0,l) is defined at the transition midpoint, i.e., at
The samples are 400 nm thiakaxis-oriented films of G=2G,. The arrow shows for referenge=10° A/cnm? on thel?

MgB, on (1102) Al,O; substrates whose fabrication is de- @S- The bracket shows the ideal range of currerts
scribed elsewher®. X-ray diffraction indicates a highly ~%~18 mA for probing flux motion in the GL regime of EqL).
c-axis-oriented crystal structure normal to the substrate sur- = o ]
face with no detectable impurity pea®&The sample purity activation and weaker pinning; a— T, the condensation

is also confirmed by scanneling tunneling microscopy€nergy vanishes and the vortex radius diverges so that the
(STM).1 There is no observable weak-link behavior due toSpatially varying pinning potentl_al averages to zero. I_=urther-
grain boundaries, hence their widths are expected to be le§80re, we concentrate on tiiel film (Bl c axis) orientation,
than the coherence length over the enfiieange. Hence Which ought to have higher flux mobility.

such boundaries would be too narrow to provide the opti- (3) Near T, most superconducting parameters show a
mum pinning represented by E(B). Altogether, we have StrongT dependence. T_hls affords a high sensitivity for com-
studied the transport characteristics of four MdBidges(S,  Paring Q(T) curves at dlffere.nB.

M, L, N) under a variety of conditions. The films were pho-  (4) Finally, nearT,, the Ginzburg-Landa(GL) formula-
tolithographically patterned and, in the case of N, the contaciion, or one of its variations, can be applied more straight-
pads were further delineated by scribing. Here we show repforwardly thereby simplifying the interpretation and analysis
resentativeG(0.7T,< T<T,) data on sample N. The normal- Of experimental results.

I2!3 (mAZIS)
(] N » [] o]

35 36 37 )3'8 39

c\Y

state resistivity p,(T=T.) =14 uQ cm, T,=39.6 K with a The conductance in the vicinity of the mean-field phase
transition width of 1 K, and the bridge lateral dimensions aré?0undary Te(B,1) [Eq. (1)] and some distance beloWs
3X 60 pm?. =2G,) is affected by fluctuations. This fluctuation regime

The electrical conductance was measured with a contini?@s & weal8 dependence. The conductance at temperatures
ous dc source for currents below 5@ and with a pulsed below the fluctuation regiofG=2G,,) is limited mainly by
current source for higher currents. The pulse-repetition ratéux motion and should depend intimately 8nWe will use
is about 1 Hz and the results are independent of pulse durdhis G(T) =2G, regime as a sensitive assessment of flux
tions ranging from 0.1 to fs. The worst case Joule tem- motion.
perature rise isAT;q,e~10 mK. For the crucial datdG The first task is to establish the perfect range of currents
>2G,) where flux flow (or lack thereof is investigated, for detecting flux mobility. Figure 2 shows how the transition
AT,oue<1 MK, which is 100 times smaller than the size of temperature shifts with®”® in zero (self-) magnetic field,
the data symbols. The highest self-field of the current at théollowing Eg. (1) (without the second right-hand side term
bridge edge is about 40 &.So for appliedB=0.1 T we containingB). Up to 16 mA, the currents are large enough to
expect a homogeneous flux distribution. Further informatiorfause substantial pair-breakin@\T./T,>10%) and yet
about the experimental methods and thermal calculations agnall enough to fall on the straight linéhe neart. regime
given in two review article3.” A more detailed description of Of Eg. (1)]. We will therefore use currents in the range indi-
the apparatus as well as a more comprehensive compilaticifted by the bracket.
of our data on MgB films is published in a doctoral thesis. In the next step we compai®(T) curves at differenB

In a previous study"!® of the resistive behavior in this values at fixed currents within the optimum window defined
system at low temperaturés~1 K andB<14 T) we found  above. Figure 3 show&(T) curves at seven fields perpen-
no evidence of flux motion—the current-voltageV) curves  dicular to the film(parallel to the crystat axis) at a fixed
at different values oB seemed to all have a similar func- 1=4.7 mA. For B=0.16 T, where the self-field is over-
tional form. This observation seemed puzzling but we diswhelmed by the applied, all five curves have exactly the
missed it as being due to some exceptionally strong pinningame shape. Their collapse is shown in pabgl Figure 4
specific to low temperatures. shows two more examples &f(T) curves in various fields at

In the present work we revisit this issue by investigatingother fixed currentg8.7 and 15.6 mA Once againG(T)
the character of the mixed state closer to the transition temeurves at different fields collapse when shifted horizontally.

peratureT, where there are several advantages: Besides this abnormd@ independence o&(T), the absolute
(1) Inthis high-temperature rand@>0.7T,) itis easy to  values ofG are abnormally high. For example, for the 1.2 T
cover the full ranges of & B<H_, and 0<j <j,. curve in Fig. 3,G should never excee@;~1.3 S at 28 K

(2) Vortices are more mobile because of greater thermalEq. (2)] or 5 S even aff=0—if flux flowed freely—but
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o i .:‘ H fields show the usual field dependent broadening, while at higher
5 ,‘ 11y collapsed they become unexpectedly steep and parallel, signaling the freezing
oG-\ \ . of flux motion.
n 28 32 36

FIG. 3. (a) Conductance vs temperature at different valueB of the following tentative speculations at the present time. It is
(left to right: 1.2, 0.64, 0.47, 0.32, 0.16, 0.04, and 0 T; highestnow Wwell-established that MgBis a two-band supercon-
B/H(T)~0.4. | is fixed at 4.7 mA(j=4x10° A/lcm?). Inset  ductor with a strong planar band and a weaker more three-
shows correspondinB(T) curves for a few fields. The “zero” field dimensionakr band!® The vortices in MgB effectively have
(=40 @ is actually a small residual field plus the current's self- two spatial distributions of quasiparticles of each bahd.
field. (b) Conductance curves for the five highest fie{@sl6-1.2  There is an intermediate crossover field above which the
coll_apsed together onto the 0.16 T curve by simply shifting them__nhand superconductivity is mostly extinguished and this
horizontally (adding a constaniT to each curve band then behaves like a quasicontinudius., vortex freg

. . normal conductor in parallel with the mixed state of the sur-
these limits are completely ignored. Note that at 28 K, where P

G220 511 40k o i s eyt exceed any e £11, SPSIOONNCY band T s veen aged by
sonable maximunh. in light of the discussion related to Eq. P

) behaviort® It may be worth mentioning that the band in
(3). The absolute values ¢fare two to three orders of mag- .
nitude higher than for the a,Cu,0, curves in Fig. 1. this system is cleaner than tleeband[as deduced from the

The cause of this severe braking of flux motion is notShape ofHe(T).429. It is possible that this hybrid type

known to us but we hope that our experimental results WiIII—type Il scenario causes a drastic change in the viscous drag

generate theoretical activity leading to a solution. We Oﬁercoefﬁc_ien_t or enhan_ce_s the conventional pinning mechanism.
While it is not within the scope of the present paper to

provide a theory for the observed vortex braking, some light

20{ © iy (a) can be shed on these issues in the following way. At suffi-
S k = 8.7mA ciently low B, below the crossover mentioned above, both
315' (fixed) bands are actively participating in the superconducting state
10| 1 it B film and even ther quasiparticles will be well-localized to the
AR lapsed core region. For this case of well-separated cores, the re-
51 \ \\\'_w apse sponse should show a conventioBatiependent broadening
2G, 25 30 35 besides a pair-breaking shift. We measuReds | down to
T(K) very low values ofB/H(T) (<1%) at several fixed tem-
peratures. A typical set is shown in Fig. 5. TRé) shape is
151t }-; ‘ : (b) indeed dependent dB at low values but then becomes steep
Poobie = 15.6mA and parallel at the higheé® values, which is opposite to the
~10{ } =‘ {fixed) conventional situation, where the response is steeper at low
g« R B film B and broader at higB.
Although our results are surprising, they are consistent
51 \ [—collapsed with the results of other groups studying transport in MgB
oG—L, \ , films. Researchers at both Oak Ridge National Laboratory
"24 30 . ) 36 and the University of WisconstAfound |-V curves that were

far steeper than in cuprates and showed a small interval be-
FIG. 4. Conductance vs temperature curves at different values diveen the onset of dissipation agd arrival into the normal
B (left to right: 1.2, 0.64, 0.47, 0.32, and 0.16 &t two other values ~ State. In anOther_ study, Gupe al?® measured-V curves
of fixed current(j =0.7 and 1.3 10° A/cm?). For both panels the (which they ascribed to a vortex-glasshoseR(l) functions
rightmost curve represents the collapse of all five fields. seemed like they would merge into ohmic plateaus that
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M Ty the resistivity parametep, that Guptaet al. extract from
3 B+ fim +.¢M their analysis has no obvious field dependefticeir Table ).
MY In conclusion, our transport measurements on Mfjlghs
S 2 4 ¢ show a severe suppression of flux motion under a variety of
o + conditions(T=1.5-39 K andB=0.1-14 T that seems sur-
1 + prisingly high from a conventional pinning standpoint. We
o— ¢ . (b) hope that theoretical activity sparked by these results will
0 10 20|(%0A)40 50 60 lead to a complete understanding of the peculiar mixed-state

transport behavior of this system.
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dence and have nothing to do with flux flow, but insteadDepartment of Energy through Grant No. DE-FGO02-
correspond to the normal state. This agrees with the fact th&9ER45763.

*Electronic address: kunchur@sc.edu; URL: http://  100503R) (2003.

www.physics.sc.edu/kunchur 15M. N. Kunchur, C. Wu, D. H. Arcos, G. Saracila, E.-M. Choi, K.
M. N. Kunchur, Mod. Phys. Lett. B9, 399 (1995. H. P. Kim, W. N. Kang, and S.-I. Lee, Braz. J. Phy&3, 705
2Michael Tinkham, Introduction to Superconductivity2nd Ed. (2003.

(McGraw-Hill, New York, 1996. 163, Kortus, I. I. Mazin, K. D. Belashchenko, V. P. Antropov, and L.

3M. N. Kunchur, D. K. Christen, C. E. Klabunde, and J. M. Phil-
lips, Phys. Rev. Lett72, 752(1994).

4A. 1. Larkin and Yu. N. Ovchinnikov, ifNonequilibrium Super-
conductivity edited by D. N. Langenberg and A. I. Larkin

L. Boyer, Phys. Rev. Lett86, 4656(2001); J. M. An and W. E.
Pickett,ibid. 86, 4366(2001); H. J. Choiet al,, Nature(London
418 758(2002; I. I. Mazin and V. P. Antropov, Physica G85,

(Elsevier, Amsterdam, 1986Chap. 11. 49 (2003.

5A. I. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor. Fi8,  ~'A. A. Golubov and A. E. Koshelev, Physica @08-410 338
1915(1975 [Sov. Phys. JETR41, 960(1976)]. (2009; M. E. Zhitomirsky and V.-H. Dao, Phys. Rev. B9,

6M. N. Kunchur, Phys. Rev. Lett89, 137005(2002. 054508(2004), and references therein.

M. N. Kunchur, J. Phys.: Condens. Matt&6, R1183(2004. 18M. R. Eskildsen, M. Kugler, S. Tanaka, J. Jun, S. M. Kazakov, J.

8E. H. Brandt, Phys. Lett77A, 484 (1980; E. H. Brandt, Phys. Karpinski, and O. Fischer, Phys. Rev. Le®&9, 187003(2002;
Rev. Lett. 69, 1105(1992. M. R. Eskildsenet al, Physica C385 169 (2003.

9W. N. Kang et al, Physica C385 24 (2003, and references !°F. Bouquet, Y. Wang, I. Sheikin, T. Plackowski, A. Junod, S. Lee,
therein. and S. Tajima, Phys. Rev. Let89, 257001(2002.

10w, N. Kang, H.-J Kim, E.-M Choi, and S.-I Lee, Scien@92, 20A. Gurevich, Phys. Rev. B57, 184515(2003.
1521(2001). 21D, K. Christen(private communication

1IM. lavaroneet al, Phys. Rev. Lett.89, 187002(2002. 22D, Larbalestier(private communication

12please see Appendix C of Ref. 13. 233, K. Guptaet al, Phys. Rev. B66, 104525(2002.

13D, H. Arcos, Doctoral Thesis in Physics, University of South M. N. Kunchur, D. K. Christen, and J. M. Phillips, Phys. Rev.
Carolina, 2004. Lett. 70, 998(1993.

14M. N. Kunchur, C. Wu, D. H. Arcos, B. I. Ivlev, E. M. Choi, K. 2°M. N. Kunchur, Sung-Ik Lee, and W. N. Kang, Phys. Rev6B,
H. P. Kim, W. N. Kang, and S. I. Lee, Phys. Rev. 83, 064516(2003.

184516-4



