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We have investigated the low-temperatufe < 7../10) mixed-state current-voltage (IV) response of magne-
sium diboride films beyond the point where the superconductivity is completely destroyed and the system enters
the normal state. The resistance-versus-cuti) curves are extremely steep and featureless, with a critical
current densityj., marking the onset of dissipation, that is unusually high>(j4/10) with respect to the de-
pairing current density,. At large flux densitied /10 < B < H.o, the R(I) curve has a functional shape

that is largely independent @B, indicating that the rise in resistivity with increasing current occurs mainly
due to pair-breaking rather than flux motion. The macroscopic destruction ciifremhich drives the system
normal, has 4l — / B/ H.2] flux-density dependence, suggesting that the vortices mainly reduce the effective
cross section over which a current of effective dengity j, flows.

1 Introduction and background the vortex motion is effectively free from the influence of
pinning and the response becomes Ohmic again. We previ-
ously introduced the term free flux flow (FFF) for this linear

When a superconducting state is formed, charge carriers

correlate and condense into a coherent macroscopic quanr_eg|me [2]. Here the dissipation and resistivity should cor-

tum state. The formation of this state is governed princi- respond_ to the can_onlcay ~ pnB/Hes Bardeen-Stephen
pally by a competition between four energies: condensa-eXpr.eSS'on.(Sor.netlmes large departures can occur for ex-
tion, magnetic-field expulsion, thermal, and kinetic. The or- ceptional situations such as superclean systems a_nd nar-
der parameten\, that describes the extent of condensation row vortex cores where the internal energy-level spacing ex-
and the strength of the superconducting state, is reduced ageed; their widths). Beyond FFF’ the response can become
the temperaturd’, magnetic fieldf, and electric current non-linear because of the heating of the electron gas [3] or
density; are incréased The bounéary in thieH-j phase changes in the electron distribution function [4]. Finally at
space that separates the superconducting and normal staté(gt h|gher_ currents, pair-breaking destroys superconductn(-
is whereA vanishes, and the three parameters attain their'™ and drives the system normal and the resistance again
critical valuesT,( H ,.’) H.o(T, ), andju(T, H). ju is the becomes independent of current, being characteristic of the
depairing or pa?r—br’eJaI’(ingcfcur’rér;t derigity ’ whi.ci]dsets the normal state. Our previous review article discusses some of

intrinsic upper limiting scale for current transport in any su- these stages of dissipation. InB2;Cu;Or, the depinning
perconductor. critical current is sufficiently weak compared to the pair-

S breaking value that all of these regimes have be observed.
In a transport measurement in finite flux dendity re-

sistance appears above a threshpldt which flux vortices In MgB- the scenario has turned out to be completey dif-
start to move. In a system with weak flux pinning, is ferent from the cuprates. The pinning in MgBims is much
much lower thanj, and the response goes through alter- stronger (because of its higher isotropy and ten times larger
nate regimes of Ohmic (homogeneously linear dependencevortex cross section) and ifs is intermediate in value (less
of V- onI) and non-Ohmic behavior [1]. At very low driving than half that of YBa,Cu;O; or Bi;SrCaCuypOg). This
forces (lowj) there can be observable resistance due to ther-boosts;j. while inhibiting thermally activated flux motion.
mally activated flux flow (TAFF) or flux creep. Then one On the other hang,; has a much lower value than cuprates
encounters a non-linear response as current driven depin{j;(0) ~ 107 A/lcm? [5]). As a resultj, is within an order
ning sets in; in effect the number of mobile vortices is rising of magnitude ofj; and the IV curve remains dissipation-
with j. This is incipient flux flow. At sufficiently largey, less untilj. ~ j4 and then quickly rises to the normal-state
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suppressed. All of these factors combine to produce an ex- (a)
tremely steep non-linear IV curve influenced only secondar-

il he motion of flux vorti ven wh roach
y by the motion of flux vortices, eve el approaches Figure 1. (a) Sample geometry used for resistance measurement

Hep. At low values ofj the wide lead areas add a constant resistance of
about 15% of the total value. At highthis contribution is frozen
. . out. (b) Pulse waveforms under worst-case conditighs=(9.7
2 Experimental details MA/cm?, E = 83 Vicm, andp = jE = 803 MW/cm® on the
plateaus). The resistance rises to (90% of) its final value in about
The samples are 400 nm thick films of MgHabri- 50 ns from the (10%) onset df

cated using a two-step method whose details are described
elsewhere[6, 7]. An amorphous boron film was deposited
on a (1102) Al, O3 substrate at room temperature by pulsed-
laser ablation. The boron film was then put into a Nb tube own resistance can be used as a thermometer to measur
with high-purity Mg metal (99.9%) and the Nb tube was R;;. For films of Y;Ba,Cu;O; (YBCO) on LaAlG;, which
then sealed using an arc furnace in an argon atmospherewere used for most of our previous work, we fouRg, ~
Finally, the heat treatment was carried out at 9@ for 1-10 nK.cm/W at microsecond timescales [3, 1, 9]. In the
30 min. in an evacuated quartz ampoule sealed under higrcase of our MgB films, we expectR;;, to be smaller be-
vacuum. X-ray diffraction indicates a highly c-axis-oriented cause of sapphire’s very high conductivity. However the five
crystal structure normal to the substrate surface with no im- parameters required to calculd®g, from first principles are
purity phases. The films were photolithographically pat- not all known for this film-substrate combination and MgB
terned down to narrow bridges. In this paper we show datahas a very flaf?(7") below 50 K, so one can’'t measufg,
on three bridges, labelled S, M, and L (for small, medium, as was done for YBCO. We can, however, obtain an upper
and large) with lateral dimensions 2.8 x 33, 3.0 x 61, and bound onR;;, in the following way: Fig. 2 show$V curves
9.7 x 172um? respectively. The lateral dimensions are un- for sample L in zero field (This is the largest sample with
certain by+0.7um and the thickness by50 nm. Fig. 1(a) the lowest surface-to-volume ratio, so that it represents the
shows the sample geometry. The horizontal sections of theworst case thermal scenario.). The curves were measure
current leads contribute a smadl (15 %) series resistance  with the sample in different thermal environments. Above
to the resistance of the actual bridge whe>, H.o(7T') and some threshold currerd}; ~ 650 mA, the system abruptly
the entire material is normal. At lo#8 in the mixed state,  switches into the normal state. The valuel/gfis not sensi-
this extra contribution is frozen out because the current istive to the thermal environment contacting the exposed sur-
spread out in these wider lead areas and hence its density iface of the film, confirming that the highly conductive sap-
too low to cause dissipation. Thens high only within the  phire, together with the greatly reduced heat input during
bridge itself and the leads do not contribute to the measurecthe short pulse, prevents the film's temperature from rising
resistance. significantly (It has been shown by Stoll et al. [10] that if
The non-linear electrical transport measurements werethere is sample heating, the thermal environment makes a
made using a pulsed signal source with pulse durations rangsignificant difference because it will provide an additional
ing from 0.1 to 4us and a duty cycle of about 1 ppm. A con- path for the heat to flow through.). We show elsewhere [5]
ventional continuous DC method was employed for the very that this jump to the normal state occurs due to pairbreaking
low currents { = 1.4uA). Fig. 1(b) shows pulse waveforms by the current. At the point the system is driven normal,
under the especially severe conditiongief 9.7 MA/cm?, the power density reaches= jE = 1.01 GW/cn?. This
E =83 Vi/cm, andp = jE = 803 MW/cm?. The resistance  sets a gross upperbound Bf;, ~ 7 nK.cm?/W. Note that
rises to 90% of its final value in about 50 ns from the 10% the main bottle neck of heat conduction is the film-substrate
onset off/. From a knowledge of the thermal conductivities boundary resistance which is not strongly temperature de-
and specific heat capacities of the film and substrate matependent [8]. In the present work, typicalvalues are two
rials, and their mutual thermal boundary resistance, one carorders of magnitude lower than the critical 1 GW/cand
calculate the total thermal resistanBg, for any pulse du-  so we expect the temperature rise to be a small fractidn (
ration [1, 8]. Also if R(T") has enough variation, the film's %) of T... A value of;;(0) ~ 2 x 10“A/cms was obtained

IThe value of the current density at which this jump occur® x 107 A/cm?, is roughly comparable to the theoretical estimatej@f0) =
cH(0)/[3v67A(0)] ~ 6 x 107 Alcm?.
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from such zero-field IV curves [5]. The corresponding val- at the current scale of this phenomeridn- 50 mA is of the

ues for the zero-field pair-breaking currents are 240 mA, 257 order of the pair-breaking current (257 mA) for this sample

mA, and 700 mA for samples S, M, and L respectively [5]. (For B < 2 T, the sample resistance becomes lower than the
The magnetic field is applied normal to the film (parallel source impedance of the pulsed voltage source. As a result

to thec axis) and the self field of the current is much lower the relevant portion of th&(I) curve is inaccessible. This

than the applied fields used in this work. Further details of external circuit issue is discussed elsewhere [5]).

the measurement techniques have been published in a previ-

ous review article [1] and other recent papers [9, 3]. 4 —
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Figure 2. IV curves in zero field for sample L in different ther- ~ H T=1.5K
mal environments. The resistance is driven to its normal-state & 2] ;' B=14,10
value (top parts of curves lie outside the panel) by currents of pair- v 7543,
breaking magnitudes. The absence of a significant systematic de- . and2 T
pendence on the thermal environment shows the paucity of sample L ; ;
heating. -0.04 0.00 0.04 0.08
[1-1*] (A)
3 Results and analysis 501
a0 ©)
Fig. 3(a) shows the R(l) curves for sample M at different val- < 30
ues of Binthe H.5/10 < B < H. range. After the onset |
of dissipation, the resistance quickly rises to the full normal- = 204
state value. It should be noted that the plateaus do not corre- = 10f °
spond to FFF but to the normal state. Accordingly the resis-
tance value changes very little with the appligdthe slight %_0 02 0.4 06
shift in plateau resistance at the highest flux densities can be (1- [B/H ]1/2)
C2

understood in terms of spreading of resistance outside the

bridge area into the current-lead areas as explained in the19ure 3. (a) Resistance versus current curves for sample M. Flux
g P densities are indicated from left to right. (b) The same data now

experlmentgl section; fields approachl_ﬁgg start drIVIng. plotted with simple vertical and horizontal shifts to produce a sin-
the whole film normal so that the resistance of the wider g|e C0||apsed curve. The horizontal shifts are by the amdtint
current-lead areas is not frozen out). It is interesting to notethe destruction current, defined at the elbow of the curve as indi-
that the overall shapes of the curves are almost independerﬁated by the arrow. (c) Plot of the destruction current versus the
of B. The curves of panel (a) can be made to overlap, asPinch-off function(1 — \/B/Hcs).

shown in Fig. 3(b), by merely shifting them vertically and

horizontally by constant amounts. For a dissipation curvein-  We tentatively propose the following explanation for the
fluenced by flux motion, one expects the function to depend R(I) curve and its parallel shifts witi®: Clearly the cur-

on B. The vertical shift is not crucial as explained above. rent scale for the curves is of the order of the pair-breaking
The horizontal shift corresponds to substracting an amountcurrent (please earlier discussion and reference [5]). This
I* from I. I*, which we call the destruction current, is the implies that pinning is so strong that vortex motion doesn’t
elbow point (arrow in Fig. 3(b)) below whicR starts to fall lead to enough dissipation to greatly contribute ROT).
below its normal-state value. In panel (c), tlisis plotted Then the perfect conductivity is destroyed mainly by pair-
versus the functiofl — /B/H.s], the meaning of which  breaking and the field merely serves to suppress the effec-
is explained below. It is seen that most of the data obey ative j;. We could not find in the literature any discussion
roughly linear dependence that extrapolates back to the ori-of the field dependence gf;. For the field range in ques-
gin, consistent with the pinch-off model. Also we note that tion we propose that the main effect of increasiigs to
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“pinch off” the cross section by adding more vortices. At
high B ~ H,.,, there will be some additional corrections
as the field approaches its critical value, but for lower fields
let's assume that the locg} is unaffected byB, but only the
macroscopic averagg is reduced because of loss of cross-
sectional area. In this case the destruction curféntill
equaljy times the available cross section which is given by

the factor[l — \/B/H)].
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section (other effects like pair-breaking by the field and rise
in R due to vortex motion seem to be secondary).

4 Summary

We have investigated the low-temperattife< T.) in-field
transport behavior of MgBand present the first measure-
ment of the full dissipation curves (i.e), < j7 < j; and

0 < R(T =0) < R,,) for this system. MgB films made by
the two-step laser-ablation process have intrinsically strong
pinning, leading to ususually steep IV aRdI) curves. The
onset of dissipation is within an order of magnitude of the
pairbreaking current, even at flux densities of a few Teslas,
and the resistance quickly rises to the full normal-state value
as the current is increased beygjad The dissipation curve
seems to be controlled mainly by the pair-breaking action of
the current, the vortices merely serving to reduce the effec-
tive cross section over which the transport current is able to
flow. Such a “pinch-off” model provides a first-order expla-
nation of the relative horizontal (current-axis) displacements
of the R(I) curves at different flux densities.
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