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Suppression of superconducting critical current density by small flux jumps in MgB thin films
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By doing magnetization measurements during magnetic field sweeps on thin films of the new supercon-
ductor MgB,, it is found that in a low-temperature and low-field region small flux jumps are taking place. This
effect strongly suppresses the central magnetization peak leading to reduced nominal superconducting critical
current density at low temperatures. A borderline for this effect to occur is determined on the field-temperature
(H-T) phase diagram. It is suggested that the small size of the flux jumps in films is due to the higher density
of small defects and the relatively easy thermal diffusion in thin films in comparison with bulk samples.
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[. INTRODUCTION moment was carried out by a quantum design superconduct-
ing quantum interference devi¢gSQUID, MPMS 5.5 and
For applications of superconductors, a high transitionthe MHL were measured with a vibrating sample magneto-
temperaturel . and superconducting critical current density meter(VSM 8 T, Oxford 3001 at temperatures ranging from
jc are desirable. The discovery of the new superconductop K to T, and an external field up to 8 T along tbaxis. The
MgB, (Ref. 1) with a remarkably high transition temperature M(H) curve was measured with a field sweep rate of 0.01
of 39 K and high critical current densify. provides a prom-  T/s and integration time of 60 ms. The pressure of helium

ising candidate for such applicatiofis: One big issue con-  gas in the sample chamber for thermal exchange was kept at
cerns the stability of the critical current and what processy 04 par during the measurement.

dominates the flux motion in the new superconductor KgB
For bulk samples the flux dynamics and the vortex phase
diagram have been intensively investigafedUsually it is
believed that thg is controlled by either continuous flux
creep(in intermediate- and high-temperature region sud- In the inset of Fig. 1, we show the temperature depen-
den, large, and discontinuous flux jum(@s low-temperature dence of the zero-field-cooletZFC) magnetization mea-
region.’® The former can give rise to a continuously and sured by SQUID afu,H=0.001 T. It is clear that the su-
parallel marching flux front and thus a continuous magnetiperconducting transition temperatufe is about 38 K and
zation versus fieldM (H) curve, whereas the latter will gen- the transition is rather sharp, indicating a good quality of the
erate many big blasts at the flux front leading to big discon<ilm.

tinuous steps on th®l(H) curves. Since there are generally

more defectgso more pinning centersn thin films, it is ——

IIl. RESULTS

4+

interesting to know whether the same flux dynamics is oc- 008} < % P
curring in thin films as in bulk samples. In this paper, we " o06] $ aacy MOBfim [ ]
present the experimental observation of many small flux S £ 3T, i
jumps (SFJ in low temperature and field region of MgB 2 0.04 Z o107 1
thin films. It is further shown that the central magnetization O 0.02 2 2410 0 4
peak of the magnetization-hysteresis-ldMHL ) is smeared © 0.00 T 1
out and the nominaj, is suppressed by this effect in com- -
parison to that due to the continuous flux creep. = -0.02 .
0.04 .
Il. EXPERIMENT

The thin films of MgB, were fabricated 0111102 Al,0; LwH(T)
substrates by using the pulsed laser deposition technique,
which was described clearly in Ref. 12. They are typically |G, 1. Magnetization hysteresis loop measured by VSM at 2 K.
400 nm thick with predominant c-axis orientatithe c axis  The curve is nearly closed at 8 T and many small magnetic insta-
is perpendicular to the film surface rectangular sample of pilities can be seen at low field. The inset shows the temperature
size 2.1 mnx4.9 mm was chosen for the magnetic mea-dependence of the ZFC magnetization of the MdiBn measured
surements. The temperature dependence of the diamagnebyg SQUID atuoH=0.001 T.
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FIG. 2. MHL's measured for a MgBthin film at temperatures FIG. 3. An enlarged view for the MHLta4 K and the field
of 2, 4, 6, 8, 10, 14, 18, and 22 K with the external field sweep ratganging from 0 to 1.4 T on the field descending branch. We can
0.01 T/s. In low field region and at temperatures from 2 to 10 Kclearly see that the SFJ begin at 0.7 T and a kink point appears on
(solid line), there are many small flux jumps leading to the suppresthe MHL curve. The dotted line represents the extrapolation from
sion of the nominal superconducting critical current dengity the high-field data.

The main frame of Fig. 1 shows a typical MHL measuredfield, though at higher fields they are separated gradually
at 2 K with the external field sweep rate of 0.01 T/s. One carfhowing the usual order of thg vs.H andT, i.e., a highei;
see that the MHL is symmetric about the=0 axis showing ~at & lower field and temperatur@y) when the temperature is
the dominance of the bulk superconducting current here. Anincreased, the small instabilities will evolve into some larger
other interesting finding is that the MHL is almost closed atones(@t 10 K and disappear completely at a higher tempera-
about 8 T, being very similar to the observation on bulkture (at 14 K). The larger instabilities here look similar to
MgB,.? This relatively low irreversibility fieldH,, deter- those appearing in bulk samples, therefore it is tempting to
mined from the closing point of MHL was first attributed by régard these instabilities as small flux jumps.

Wen et al# to the existence of quantum vortex liquid in the _ N Fig. 3 we show a part of the MHL measured at 4 K.
rather clean system of MgBThe nominalj,. estimated us- One can clearly see tha}t when the field is swept through 0.7
ing the Bean critical state model is about £. 20 A/cm? at T from above, the continuous MHL curve becomes discon-
2 K and zero field, which is about one order of magnitudet'”b!ous: small a_md irregular instabil?ties appear in low-field
higher than that in high-pressure synthesized bulk sample&egion. Interestingly these two regions are separated by a
This further indicates a rather good quality of the film. Wor- ¢léar kink point on the MHL. The same feature appears for

thy of noting here is that multiple small and irregular insta-Other MHL's measured at 2, 6, and 8 K. This kink may be
bilities appear in the magnetization in a low field region. Understood in the following way: the SFJ appearing in low-
These irregular instabilities have magnitudes typically in thei€ld région suppresses the magnetic mongtmts the nomi-
order of 102 emu. They are much higher than the noisenal .cr|t|cal current densmyof the sample; while in hlgh-fleld
background (10° emu) of our VSM. The magnitude of r€gion theM (H) curve will behave in another way since no
these instabilities are much larger in low fields than in highSFJ occurs there. However, we are not sure whether this kink
fields[where theM (H) curve becomes smodthlthough the point is corresponding to a phase transition of the vortex
field sweep rate and the data acquisition speed are the san/Stem-
indicating that the instabilities are not due to the noise back-
gr_ound of the_ VSM. These instabilities have been rechecked IV. DISCUSSION
with caution in a sense that after one week and two weeks,
the same MHL's were obtained during the remeasuring pro- Figure 4 shows the field dependence of the nomijpal
cess on MgB thin films, confirming the reproducibility of determined using the Bean critical state model vyia
the instabilities in MgB thin films. =20AM/Va(1—-a/3b), where AM is the width of the

In order to know whether these irregular instabilities areMHL; and V, a, and b are the volume, width, and length
related to the flux jumps appearing in bulk MgB (a<b) of the sample, respectively. Although for a system
samples®!* we have carried out detailed measurements awith flux jumps the Bean critical state model may be inap-
different temperatures. The results are shown in Fig. 2. Ongplicable; it can be used to estimate the nominatalue for a
can clearly see the following interesting findings:the in-  qualitative comparison. At 14 K and near zero field, the es-
stabilities in the magnetization appear in a region below dimated j. is as high as 1.X10° A/cm?, which is rather
certain value of field and temperature, e.g., below 1.3 T at digh. It is necessary to note that thevalue at 14 K is a real
K; (ii) when these instabilities appear the central magnetizamagnetic critical current density instead of a nominal one
tion peak is strongly flattened o(gee, e.g., the data of 2, 4, since here no flux jumps occur. However, at lower tempera-
6, and 8 K revealing a suppression of the nomina} (i)  tures, the nomina). is clearly suppressed by these SFJ in
the magnetizations at 2, 4, 6, and 8 K nearly merge at lowow field region. In the high-field and -temperature region
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To get a more comprehensive understanding to the SFJ = 77|
observed in a MgBthin film, it is worthwhile to compare it MgB, film
with that in bulk MgB,.1%*! The MHL’s of a high-pressure 0.03
synthesized bulk sample are presented in Fig. 5. It is clear “00 01 02 03 04 05
that after each flux jump, the optimal slope may not be fully wH(T)
0

recovered, while there is no suppression of the central mag-

netization peakand thus the nomingl,) near zero field at 2 FIG. 6. Field dependence of thé(H) anddM/dH for (a) the

and 4 K, in contrast to what was observed in MgiBms. In bulk and(b) the film at 2 K and the same field region from O to 0.5

other words, although strong flux jumps occur at 2 and 4 KT on the field descending branch of MHL. For the bulk there are

in bulk, the outlines of the MHL's at these temperatures arednly few large flux jumps. And the occurrence of the jumps is

still wider than those at higher temperatures where no fluxepeatable even in detailb) For the film many small irregular

jumps are observed. jumps can be observed. The details of these small jumps are com-

Now we have a close look at the part of MHL's where the Pletely irreproducible.

flux jJumps occur. In Figs. & and &b) the magnetizatioiv

and the derivativelM/dH are plotted against the field in the to the main branch of MHL. A nearly constant field interval

flux jump region for the bulk and the thin film, respectively. for every jump(about 0.07 T is observed. During multiple

Two types of flux jumps can be clearly seen here for thesgneasurements, the jumps repeatably tend to occur at the

two different samples. The jumps in the bulk sample aresame field with the same magnitude. All these can be quali-

sparse and relatively large. After each jump, the magnetizaatively understood based on the Swartz-Bean adiabatic

tion changes significantly and then it gradually comes backheory*3 The flux jump can be triggered when the gradient of

magnetic flux profile inside the sample exceeds some critical

006 - value. After a very short timgusually in the order of milli-

004 secondqRef. 15] the magnetic profile drops to a new con-
o figuration with a lower gradient, then the flux only creeps
E 0.03 slowly until the gradient of magnetic flux profile induced by
:E’ 001 F varying the external field exceeds the critical value again. In
B ool 1 each jump many vortices are involved in the thermomagnetic
o avalanche which normally expands to a large part of the
Z00E ] sample volume. In thin films, however, the situation is com-
= 0.03 : pletely different: many small local avalanches ocdas
-0.04 shown in Fig. 6b)]. Although theH-T region for flux jumps
MgB, bulk to appear does not change in different round of measurement
00 703 02010001 02 03 04 05 in MgB, thin films under identical conditions, the specific
uH(T) positions and the magnitude of the SFJ are, however, com-

pletely unrepeatable. All these cannot be explained by the
FIG. 5. The MHL's measured for a high-pressure synthesized@diabatic theory. The different avalanches observed in bulk
MgB, bulk at temperatures of 2, 4, 6, 8, and 10 K with the field Samples and thin films may be induced by the different struc-
sweep rate 0.01 T/s. There is no suppression of tt 2 and 4 K. tural details and thermal diffusibility For example, in bulk
The flux jumps are relatively big and sparse. samples, there are many large grain boundaries, which act as
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strong pinning centers. The gradient of the flux profile near 10 . . . . . . .
these boundaries can be broken at a certain limit. Once a —— MgB, film
blast occurs in a bulk sample, the thermal energy induced by 8|
drastic flux motion cannot easily diffuse out and be carried
away by the environment. Therefore this self-heating will 6L
lead to an increase in the region in which the vortex insta-
bility occurs, leading to a large jump on the magnetization in
a bulk superconductd?. One can also understand from this
picture that the number of flux jumps cannot be large in bulk 5
S L . H
samples. In thin films the situation can be very different. On SFJ
one hand scanning-electron-microscdS&M) data indicate
a high density of small defects formed during the preparation o 5 10 15 20 25 30 35 40
process of the thin films leading to much stronger critical T(K)
current densities. Therefore there are many places for the
avalanche to occur. On the other hand, thermal diffusion is FIG. 7. The borderlineHs-{T) (filled circles separating the
much easier in thin film samples due to their very smallusual flux creep and the SFJ region. The SFJ region is marked by
thickness and large surface area exposed to the environmetite shaded area. The irreversibility likk,(T) is represented by the
Therefore in thin films each avalanche is small in magnituddilled squares. The lines are a guide to the eye. The flux dynamics in
but the number of avalanches can be huge. This picture mdﬁe major part of the vortex solid state is dominated by the elastic
give an explanation to many small vortex avalanches obflux creep with very slow creep rate.
served in the Nb filf and the YBCO filmt” However, why
some of these small avalanches will grow in a dendritic
structuré® is still an open question. But clearly the very fine
disorder structure and the relatively better thermal diffusio
in thin films are two key factors to be considered here.
Finally we suggest a criterion to identify the specific re-
gion for these SFJ on thE-T vortex phase diagram. The
boundary point for SFJ is defined as the clear kink poin
shown in Fig. 3. Above this field no flux jumps could be
observed above the noise background of the instrument. This V. CONCLUDING REMARKS
?s very helpful to-illu.strate the field gnd temperature region |, conclusion, we have reported the observation of the
in which the application of the MgBfilm can be hampered g,y nression of the central magnetization peak and thus the
by the thermal instability. In Fig7 a borderlinése{T) for  ominal critical current density in the new superconductor
the SFq is plotted togethe_r with t_he irreversibility I}H@r(T). MgB, film at low temperatures due to many small flux
d_etermlned frorr_lithe closing point of the MHL W|_th a crite- jumps. A comparison with a MgBbulk sample is made. It is
rion of AM=10"" emu. The SFJ appears only in the low g,ggested that the small vortex avalanches in the thin film
temperature and low field region. Beyond this region theyre closely related to the high density of small defects and
M(H) curves c%ntmuously show normal flux creep with Very ihe rejatively easy thermal diffusion. A borderline for this
low creep raté® Therefore it is safe to conclude that the effect to occur is determined on theT phase diagram. This

application in the large part of the vortex solid will not be ;a5 helpful information for the application of MgBilms.
influenced by the SFJ. However, it is important to point out

that the SFJ observed in these films will prevent the use of
the SQUID device made from these thin films at low tem-
peratures. This work is supported by the National Science Founda-

We have been aware of a recent result by Johansetion of China(NSFC 19825111land the Ministry of Science
et al,'® who found the SFJ and some dendritic avalanches imnd Technology of China (Project No. NKBRSF-
MgB; thin films by doing the magneto-optical measurement.G1999064602 The work at Pohang University was sup-
One can see from their data that many tiny avalanches occyorted by the Ministry of Science and Technology of Korea
first at the edge of the film and some of them will gradually through the Creative Research Initiative Program.

vortex liquid

vortex solid

grow into a dendritic structure. Each tiny jump on our MHL
may correspond to a local avalanche or the growth on one
Iﬂpranch of the dendritic structure. These tiny jumps cannot be
observed from the MHL measured by SQUID as presented
by Johanseket al. since the SQUID has a very low speed for
data acquisition. They can be seen clearly from our data
lmeasured by VSM with a fast data reading capacity.
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