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Combined voltage and magneto-optical study of magnetic flux flow in superconducting NbN films

is reported. The nanosecond-scale voltage pulses appearing during thermomagnetic avalanches

have been recorded in films partially coated by a metal layer. Simultaneous magneto-optical

imaging and voltage measurements allowed the pulses to be associated with individual flux

branches penetrating the superconductor below the metal coating. From detailed characteristics

of pulse and flux branches, the electrical field in the superconductor is found to be in the range of

5-50 kV/m, while the propagation speed of the avalanche during its final stage is found to be close

to 5 km/s. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4775693]

Superconductivity is going to play an important role in

the development of an economy based on renewable energy

resources.1 To achieve the highest performance, supercon-

ducting materials are likely to be used at the limit of their

current carrying capability. This, however, may lead to ther-

momagnetic breakdown, an instability which is well-known

but difficult to prevent in most superconducting materials.2,3

It can take place in bulk samples, wires, and tapes, but in

thin films subjected to a perpendicular magnetic field, the

instability takes a most spectacular form of dendritic ava-

lanches propagating at ultra-fast speeds. The phenomenon

has been reported to occur in a large number of materials

important for practical applications, such as Nb,4 NbN,5

Nb3Sn,6 and MgB2.7 The avalanches are expected to gener-

ate strong electromagnetic noise and even destroy supercon-

ducting equipment.8

Whereas flux structures frozen in superconducting films

after such events are routinely observed by magneto-optical

imaging (MOI),4–7 experiments providing insight to the

time-resolved behavior of these ultrafast avalanches are

extremely few. Previous work on films of YBa2Cu3Ox has

combined MOI and a femtosecond pulsed laser technique,

where an avalanche was triggered by a laser-generated hot

spot, and a few nanoseconds later laser light was used to re-

cord a snapshot of the evolving flux distribution.9 From such

measurements, it was found that at the initial stage the flux

branches grow at speeds near a hundred kilometers per sec-

ond. Using that method, however, little information was

obtained about the dynamic electrical field generated during

avalanche events. In this work, we present fast voltage meas-

urements in combination with MOI, allowing determination

of the transient electrical voltage, as well as electrical and

magnetic fields associated with the propagation of dendritic

flux avalanches.

Figure 1 illustrates the sample configuration, where a

170 nm thick film of superconducting NbN is covered on the

left half by a 900 nm thick Cu layer. The NbN was grown on

MgO(001) single crystals using a pulsed laser deposition

technique.10 Then, using electron beam lithography (EBL)

and reactive ion etching with CF4 þ O2, a rectangular NbN

area was patterned on the chip. In the final step, the copper

layer was deposited on one-half of the NbN area using over-

lay EBL and electron-beam evaporation. Finally, two electri-

cal contacts were placed near the lower corners of the

sample area, which measures 3.0� 1.5 mm2. Previous MOI

work has shown that corner regions almost never experience

flux avalanches,11 and are thus optimal locations for placing

electrical contacts. As a voltmeter, an oscilloscope Tektronix

TDS 210 with nanosecond resolution and triggering mode

was used. It was set to record voltage with sampling intervals

FIG. 1. Experimental configuration for simultaneous magneto-optical imag-

ing and voltage measurements.a)E-mail: pavlo.mikheenko@fys.uio.no.
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down to 0.1 ns, and was triggered by the pulse itself when in-

stantaneous voltage was exceeding a threshold value, which

was varied in experiments from 1 to 100 mV. When trig-

gered, the voltmeter also stored previously measured data in

a preset time interval. Before attaching the potential leads,

the sample was thoroughly investigated by MOI,12,13 where

a ferrite garnet indicator film covered the entire sample area.

Figure 2(a) shows the flux distribution when the sample

was initially zero-field-cooled to 7.5 K, and then exposed to

a perpendicular magnetic field of 12.8 mT. The image bright-

ness represents the magnitude of the local flux density, and

the pattern shows that the film is macroscopically uniform.

The flux has penetrated approximately 0.2 mm into the sam-

ple from all edges, which corresponds to having a critical

current density of jc¼ 2.3� 1011 A/m2. The image shows no

indications that the Cu layer influences the superconducting

properties of the NbN film in any significant way. The rami-

fication of the flux front is caused by micro-defects and edge

roughness. The large dendritic structure rooted at the lower

edge of the film shows the flux pattern created by a typical

avalanche event. The vertical dashed line marks the bound-

ary between the Cu-coated (left) and bare (right) parts of the

superconducting film, and one sees that a few flux branches

have penetrated also into the Cu-covered area.

It is already known that a normal metal layer adjacent to

a superconducting film tends to suppress the avalanche activ-

ity due to electromagnetic braking,14–16 an effect experienced

also in the present work, where we never observed ava-

lanches starting from an edge covered with metal film. How-

ever, the Cu layer on the present NbN sample is sufficiently

thin to allow branches to partly enter under the Cu electrode.

With the triggering option described above, voltmeter

never registers any pulse when dendritic flux avalanches are

outside of Cu-layer, even if they come very close to this

layer. In contrast, when avalanches penetrate into the Cu-

layer, voltmeter registers a strong pulse of the amplitude of

several hundred mV that lasts few tens of nanoseconds. It

means that we are only capable of measuring the induced

voltage in the Cu-layer. This is reasonable to expect given

that electric field in the superconductor is efficiently screened

by supercurrents, except inside the normal cores of the prop-

agating branches. In its turn, the fact that there is a difference

between potentials of the Cu-layer and the superconductor

means that there is either a significant interface resistance or

a capacitive layer between them. The existence of such a

layer is to be expected since the NbN film was exposed to air

before the Cu-layer was deposited. In this respect, the system

is similar to that described in Ref. 16, where dendritic ava-

lanches were suppressed by electromagnetic braking with

clear separation between the metal and the superconductor.

In that work, the voltage was not measured, but the presence

of electromagnetic braking is a clear indication of the exis-

tence of a significant voltage induced in the metal by the fast

dendritic flux avalanches in the superconductor.

Shown in Fig. 3(a) is the voltage signal generated by the

particular avalanche seen in the magneto-optical image in

Fig. 2(b). With the potential leads attached, the indicator

film is here slightly shifted to get clear from the contacts.

The measured voltage, which is an integral signal from all

branches entering into the Cu-coated area, forms a well-

defined pulse with a half-width of 40 ns, and a peak value of

0.37 V. From the pulse shape, we conclude that in this ava-

lanche event, all the four easily identifiable flux branch seg-

ments arrived under the electrode within an interval of

approximately 40 ns.

Figure 3(b) shows the voltage signal from another

experiment on the same sample as seen in Fig. 2(c). Here,

the first avalanche, starting from the upper edge, did not

enter under the Cu-electrode and also did not trigger the volt-

meter. However, the second avalanche rooted at the lower

edge did result in the shown voltage signal, which clearly

reveals a fine structure caused by several flux branches enter-

ing the Cu-electrode at different times. When decomposing

the signal into separate pulses, each individual branch con-

tributes by a peak of half-width 30 ns, but of different magni-

tudes. The numbers assigned to the branches in Fig. 2(b) and

to the voltage peaks in Fig. 3(b) indicate a suggested corre-

spondence between the different pulses and respective flux

branches, assuming that the voltage amplitude depends on

how far from the electrode connection line the flux motion

takes place.17,18

FIG. 2. Dendritic avalanches in the NbN film before (a) and after (b), (c)

attaching potential leads. The boundary between the metal cover on the left

and the bare NbN film on the right is indicated by the dashed line. The

length of the black scale bar in (b) is 0.5 mm. The horizontal line in the

lower region of (b) and (c) is the edge of the indicator film. The bright fea-

tures below this line in (c) are artefacts of light reflections from the metal

surface, and are independent of the applied magnetic field.
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The simultaneous recording of voltage pulses and

magneto-optical images allows interesting estimates to be

made. From the length of the branch segments penetrating

under the metal coating, and the duration of the voltage

pulses, the avalanche propagation speed can be determined.

Using the results shown in Fig. 2(c), where individual

branches are resolved, we find an average speed of 5 km/s,

using a branch length of 0.15 mm formed during a time

interval (equal to the pulse halfwidth) of 30 ns. This speed is

3-4 times less than that reported by Bolz et al.9 for the late

stage of dendritic avalanches in YBa2Cu3Ox. At 10 K, they

found a speed, which in the very early stages of an avalanche

has values near 150 km/s, and then decreasing to 18 km/s at

the later stages. In our experiment, the measured late-stage

speed is lower, which is to be expected since the branch prop-

agation gets further slowed down by the presence of Cu-layer.

In the present measurements, we find that the width of

the flux branches below the electrode is near 20 lm, an

observation which can be used to estimate the electrical field.

Since the voltage close to the branch is as high as 1 V, it fol-

lows that the electrical field can be as high as 50 kV/m. The

result is in good agreement with recent simulations of the

dynamics of the thermomagnetic instability by Vestgården

et al.,19 where both high speed of avalanche propagation and

large generated electrical field have been found.

In summary, we have reported a relatively simple exper-

imental technique, which allows imaging of dendritic ava-

lanches in combination with measurements of the time

dependence of the induced electrical voltage, on nanosecond

time scales. These measurements have been used to estimate

the speed of the avalanche propagation and the value of the

generated electrical field. We have found that an average

speed of propagation during the final stage of an avalanche is

5 km/s. We suggest that the ultrafast dynamics of an ava-

lanche is linked to the high electrical field generated during

its propagation, which in our experiment reaches values as

high as 50 kV/m.

From an applied perspective, the generation of the

described voltage signals, though being a hallmark of flux

motion in a normal metal film, is of major concern for super-

conducting and hybrid devices. While it was shown previ-

ously14,16 that coating a superconductor film with a metal

layer strongly suppresses the dendritic instability, we demon-

strate here that when flux dendrites actually penetrate into a

coated region, they may have a serious impact on the device

performance. Therefore, thin superconducting devices expe-

riencing transverse magnetic fields should be carefully

designed to be robust against electrical noise of the type

reported in this work.
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FIG. 3. (a) Voltage pulse generated by dendritic avalanche in Fig. 2(b) at

temperature of 3.8 K and applied magnetic field of 4.25 mT. The measured

pulse is an integral signal from all branches entering into the Cu-coated

area. (b) Voltage pulse generated by dendritic avalanche shown in Fig. 2(c)

at temperature of 4.5 K and applied magnetic field of 2.25 mT. The numbers

in Figs. 2(c) and (b) indicate a suggested correspondence between the differ-

ent pulses and respective flux branches.
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