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Anomalous flux dynamics in magnesium diboride films
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Abstract

The flux dynamics in magnesium diboride films becomes altered by scattering resulting in an unprecedented quenching of flux motion
that is beyond 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.
� 2005 Elsevier B.V. All rights reserved.
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1. Background

In a type-II superconductor, an applied flux density B or
current I has two effects. First the superconductivity is sup-
pressed and the transition temperature Tc shifts downward
in the manner [1–3]: T cðB; IÞ � T cð0; 0Þ � BjdT=dH c2j �
I2=3jdT=dI2=3

d j, where Hc2 is the upper critical field and Id

is the depairing or pair-breaking critical current; the slopes
are evaluated at Tc(0, 0).

The second effect of B and I is that they both broaden
the conductance versus temperature G(T) transition. The
current produces a self magnetic field which causes the
local Tc to decrease with the distance from the center due
to Silsbee’s mechanism [2]. Additionally, variations in sam-
ple cross section cause the local current density and hence
the local Tc to vary. Note that for very low-value currents
I� Id—as are typically used—the transition will not be
broadened; in this work we use substantial currents
I � Id(T).
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Similarly, an applied magnetic field broadens G(T),
because of flux motion, and limits the maximum G to a
finite value given by [2,4]: Gf � GnHc2/B. This Gf / 1/B
field dependence persists even in the case of highly driven
non-linear and unstable flux flow [5,6].

Fig. 1(a) shows an example of this expected behavior in
the MgCNi3 system: B causes both a shift and a progressive
broadening. These measurements were conducted at a high
current density (j = 2 · 105 A/cm2) so that the flux motion
induced resistance did not freeze out quickly as the temper-
ature is lowered. Notice that the broadening with B is more
conspicuous when the curves are plotted as G vs T (inset)
rather than R vs T. If on the other hand R(T) is measured
at currents too low to overcome pinning, then the R(T)
curves in different B will appear parallel. This is seen in
Fig. 1(b). The vast majority of published transport mea-
surements lie in this regime; they are carried out with feeble
currents below the depinning threshold Ic, so that broaden-
ing with B is prevented by flux pinning. These represent
trivial cases where R(T) curves in different B may appear
to be parallel. Note that even in this low-I case, when the
same data is plotted as G(T) (inset of Fig. 1(b)) there is a
noticeable divergence between curves at different B.
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Fig. 2. G(T) curves for a postannealed MgB2 film at different values of B

(left to right: 1.2, 0.64, 0.47, 0.32, and 0.16 T). (a) Curves at I = 8.7 mA
(j � 7 · 105 A/cm2). (b) I = 15.6 mA (j � 1.3 · 106 A/cm2). For both
panels, the rightmost curve represents the collapse of all five fields.

(a)

(b)

Fig. 1. (a) R(T) curves of a MgCNi3 film at a high value of j (=2 · 105 A/
cm2) in different indicated flux densities; inset shows the same data plotted
as conductance. (b) Similar set of R(T) curves at a very low j (=264 A/
cm2); lines are guides to the eye. Inset shows corresponding G(T) curves.
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The dividing line between the two types of behavior is
the value of I relative to Ic. Typically Ic is significantly
lower than Id and has a maximum value for columnar
defects whose size, orientation, and distribution match
the vortex lattice. As discussed elsewhere [7], the maximum
value of Ic does not exceed Ic,max � 0.16Id for the highest
pinning. In this work even when I well exceeds this limit,
the response still shows a lack of significant flux motion.
(a)

(b)

Fig. 3. (a) R(I) curves for a postannealed MgB2 film at T � 0 (i.e.,
T� Tc) at different B values. (b) V(I) curves on another postannealed
MgB2 film showing the very low end of dissipation (data from ORNL
[11]). For both panels the arrows point to the current value for which j � 1
MA/cm2.
2. Results

Fig. 2 shows G(T) curves at different B measured on
MgB2 films with built in disorder (these films are c-axis ori-
ented but not epitaxial, and have Hc2 and normal resistiv-
ities several times higher than single-crystal values [8]). In
stark contrast to the MgCNi3, the G(T) curves at different
B have identical shapes and show essentially no B depen-
dent broadening; when shifted horizontally they collapse
together. Also the G(T) transition widths are abnormally
narrow considering the high values of j, and the conduc-
tance is abnormally high (i.e., the flux motion induced volt-
age vanishes). As shown elsewhere [7,9,10], at the point
where the resistance is vanishing and flux motion is freezing
out we have I � Id(T)/2, thus making a conventional pin-
ning mechanism unlikely in light of the earlier discussion
regarding the limit Ic < 0.16Id. Also a conventional pinning
mechanism would require a substantial fraction of the sam-
ple to be filled by an impurity phase. This is impossible in
light of the known purity of the sample. Note that prob-
lems with sample quality, I or B inhomogeneity, 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 conductance, which is
the opposite of what is observed.

This anomaly of B independent shapes of R(T) and G(T)
curves near Tc, is also reflected in I vs V curves at fixed tem-
peratures. Fig. 3(a) shows an example of transport charac-
teristics at low temperatures and high fields; other sets of
curves under different conditions have been presented else-
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where [8,10]. Once again there is virtually no evidence of
flux motion—the curves at different B are parallel and do
not become progressively broader with increasing B but
only shift because of the B dependent suppression of Id.
Also the curves are abnormally steep—the (extrapolated)
onset of dissipation again corresponds to I � Id(T)/2. This
behavior has also been observed by other groups and
Fig. 3(b) shows data [11] from the Oak Ridge National
Laboratory (ORNL). Their measurements are carried out
with higher voltage sensitivity. Notice that the slopes are
extremely steep and correspond to ‘‘n values’’ in the
�100 range (the n value is defined as the exponent in the
power law E / jn exhibited by the transport characteristic
as E vanishes). Their transport measurements agree with
their measured flux creep rate S (which should go as
S = 1/[n � 1]) obtained from magnetic relaxation. These
unprecedented n values imply the same drastic suppression
of flux motion at the very low end (I! 0) of the driving
force scale as we have observed at the extreme high end
(I! Id).

In order to shed more light on the possible causes of the
severe braking of flux motion, we investigated the transport
response in the limit of very low B values. These data are
shown in Fig. 4. Curiously, the curve shapes change at
low B, indicative of flux motion, but become steep and par-
allel above �0.1 T. Normally flux moves more easily at
large B and not the other way around. This cross-over field
of Hx � 0.1 T corresponds to the value above which the
gap in the p band is suppressed and the two-band super-
conducting state of MgB2 reverts to one where mainly
the r band contributes. This has been established by
STM based tunneling measurements [12] and through spe-
cific heat behavior [13]. Could it be that the now normal or
gapless p band provides an alternative low-dissipation path
shorting out the r-band mixed state? The p band in these
films is in fact much cleaner than r as inferred from the
shape of Hc2(T) near Tc using the Gurevich theory [14].
It turns out that impurity scattering affects the diffusivities
of the two bands unequally. If unequal diffusivities are at
the root of the anomalous flux dynamics, a sufficiently
Fig. 4. R(I) curves at T = 20 K (�Tc/2) for a postannealed MgB2 film.
From left to right, B = 1.2, 0.6, 0.3, 0.2, 0.11, 0.08, 0.06, and 0.033 T;
normalized range: B/Hc2(T) � 0.4% –16%. The curves at very low fields
show the usual field dependent broadening, while at higher B they become
unexpectedly steep and parallel, signaling the freezing of flux motion. The
arrow points to the I for which j � 1 MA/cm2.
clean MgB2 sample should exhibit conventional flux
dynamics. In this clean limit many other properties, such
as the T dependence of Hc2, also become conventional [14].

With this in mind, we studied films of MgB2 made by the
HPCVD in situ process where the disorder can be progres-
sively increased by carbon doping. For the undoped case
this leads to extremely clean epitaxial films whereas the
doped films are uniaxial. The resulting IV transport charac-
teristics are shown in Fig. 5. Panel (a) shows raw data on a
pure sample. The curves shapes are not parallel but depend
on B as per conventional flux dynamics. When V is divided
by B, the curves become parallel and can be shifted hori-
zontally and made to collapse as shown in panel (b). On
the other hand panel (c) shows a film that is 22 at. % car-
bon doped (also made by the HPCVD process). Here again
we see the anomalous dependence on B where the I–V

curves become parallel (without division by B). The pure
and carbon-doped films show a corresponding difference
(b)

(c)

Fig. 5. (a) V(I) curves for a clean HPCVD in situ epitaxial MgB2 film
showing conventional B dependent (V / B) broadening due to flux
motion. T = 10 K. (b) Above V values divided by B and then shifted
horizontally and made to collapse. (c) V(I) curves for a carbon-doped
HPCVD in situ MgB2 film. T = 6 K. The arrows point to the I values for
which j � 1 MA/cm2.
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in their Hc2(T) functions, changing from a conventional
shape to one indicative of disparate diffusivities in the
two bands [15].

3. Discussion and conclusions

The dynamics of flux vortices in disordered MgB2 shows
an interesting regime where their motion is drastically sup-
pressed and the system behaves like a highly conducting
normal conductor or a type I superconductor. The R(T)
curves near Tc (Fig. 2) and the R(I) curves at all tempera-
tures (Fig. 3(a)) shift with B through its pair-breaking
action (i.e., suppression of Tc or Id) but without much
broadening or change in shape with B. This is uncharacter-
istic of any type or regime of flux motion. The same sur-
prising reluctance of flux motion is also evident in
magnetic relaxation where the relaxation rates are abnor-
mally slow and the corresponding n values are abnormally
large [11]. There is a third kind of probe that also fails to
see flux motion in disordered MgB2 films but sees it in sin-
gle crystals. This probe consists of parking a scanning-tun-
neling microscope tip at a fixed point and sensing flux
motion through temporal variations in differential conduc-
tance [16].

The regime with anomalous flux dynamics is not a nar-
row one but rather includes most of the phase space (T � 0
to Tc and B � 0.1 to Hc2). It seems to correspond to the sit-
uation when impurity scattering affects the p and r diffusiv-
ities unequally and when B is large enough to mostly
extinguish the weaker p gap. In this regime, Hc2 has the
unconventional temperature dependence indicative of a
cleaner p band. Thus the p band now behaves like a highly
conductive normal conductor in parallel with the mixed
state of the r band.

The situation is analogous to having a thin supercon-
ducting film deposited onto a thick silver substrate. In this
case the resistance remains zero as long as I < Ic(B). Once Ic

is exceeded, the mixed state resistance of the superconduc-
tor exceeds that of the substrate, and the latter then carries
most of the current. The I–V curve then reflects the (very
low) resistance of the substrate, which is not B dependent,
leading to parallel curves that merely shift with B. Looking
at this from another point of view, the conduction through
the silver boosts the viscous drag felt by the vortices. The
generation of the local electric field within the vortex core
and its vicinity arises from the acceleration of superfluid
(Bardeen–Stephen mechanism) and the relaxation of the
order parameter (Tinkham mechanism) [2]. The silver does
not contribute to the generation of electric field but does
add to the conductance and eddy-current damping, thus
boosting the viscous drag coefficient. In this scenario, the
layers of silver closest to the interface will feel the largest
modulation of B and hence contribute the most to the
damping. In MgB2, the p band spatially coexists with the
vortex structure and hence provides a more exaggerated
effect than the silver analogy. Besides the effect on viscosity,
there may be some novel mechanism related to this two-
band scenario that leads to a giant enhancement of pin-
ning. We hope the results presented here will generate the-
oretical activity leading to a complete solution.

4. Experimental methods

The samples of Fig. 1 are polycrystalline MgCNi3 films
on sapphire substrates [17] with bridge dimensions
t � 20 nm, w � 250 lm, and l � 2 mm.

The samples of Figs. 2–4 are uniaxially (c-axis perpen-
dicular to substrate) oriented MgB2 films on sapphire
grown by depositing B on sapphire and subsequently
annealing in Mg vapour [11,18,19]. The bridge dimensions
were t � 400 nm, w � 3 lm, and l � 60 lm, except for the
data of Fig. 3(b), which has bridge dimensions t � 600 nm,
w � 200 lm, and l � 3 mm.

The MgB2 films on SiC substrates of Fig. 5 were grown
by a hybrid physical–chemical vapour deposition
(HPCVD) in situ process [15]. The bridge dimensions in
this case are t � 190 nm, w � 65 lm, and l � 3.5 mm for
the clean and t � 170 nm, w � 15 lm, and l � 800 lm for
the doped films, respectively. Further details about the
sample preparation and characterization is given in the
cited references [15,17–19].

The electrical conductance was measured with a contin-
uous DC source for currents below 50 lA and with a
pulsed current source for higher currents. A detailed
description of the pulsed measurement technique is pro-
vided in our previous review articles [1,9].
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