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Meissner state of high- T, oxide thin films observed by scanning
superconducting quantum interference device microscopy
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The magnetic level of the Meissner state in highexide thin films is investigated using scanning
superconducting quantum interference device microscopy. We find that the Meissner level observed
is not uniquely determined and shifts with the temperature and depends on the doping level of
individual oxide films. The result at higher temperature may be interpreted by a grain-coupled model
which reflects the granular nature of high-oxides and is useful for evaluation of high-film

quality. © 2003 American Institute of PhysicgDOI: 10.1063/1.1599624

It is well known that the Meissner state in a supercon-Meissner magnetic levels between them could be made di-
ductor is uniquely determined and the magnetic flux pentectly. The SSM made use of a Nb superconducting quantum
etrates it in terms of a quantized vortex above the lowetnterference devic€éSQUID) and had a spatial resolution of
critical field H., . There has been little research on detaileds—10 um limited by an input coil diameter. The SQUID
study on the magnetic level of the Meissner state in Aigh- resolution was less than610 5®,, Hz Y2 Details are de-
oxide superconductors. The scanning superconducting quagcribed elsewhere®*?A small magnetic field normal to the
tum interference device microscof8SM) is a powerful tool fiim surface could be generated by a coil wound around the
for spatially detecting small magnetic flux and provides di'sample.
rect information on the magnetic property of materials. The Figure 1a) shows an example of the observed three-

. ) o7 ) rH?mensional magnetic image of the patterned LSCR (
basic study of highF. superconductofs’ as well as for their ~30 K) and YBCO [,=90 K) film domains fabricated

application® 10
) . on the same LaSrAlQsubstrate. It was recorded at 3 K
In this letter, we report the measurement of the spauaP o . :
distribution of the magnetic level of the Meissner state forunder an external magnetic field of AT in a window of
g 400x200 pwm?, in which two flat domaingon the right

patterned highF, thin films by SSM. The magnetic level was : .
found to depend on the carrier doping level and shift with thel‘SCO film (part of the hexagonal shape is skemn the left

temperature. This may be interpreted by the granular naturgBCO f'_lm] with several qugntlzed vortlcgs trapped d.urln'g
of high-T, oxide thin films and provides evaluation of them. the cooling process are Meissner do_malns_. The region in-
The samples were fabricated by depositingbet""ee” the two goma|ns where no film exists corrgqunds
YBa,Cu;0;, , (YBCO), Bi,S,CaCyO, (Bi-2212), and to the external field level. Thfe enhanced magnetic fleld
La,_,SK,Cu0, (LSCO) thin films on SrTiQ and LaSrAIQ around the patterned edge regions shows that the Meissner
substrates, respectively, using the pulsed laser depositigiate really expelled the external magnetic field at the film
technique and patterning them into square or hexagonﬁdge and the magnetic level inside the film was quite flat
shapes of a few 10@m by the conventional photolithogra- within the spatial resolution of the SSM. Although the ob-
phy technique. Nb and Pb films were also deposited usingerved vortices appeared to be quite large due to the spread
conventional evaporation and sputtering chambers. All highef vortex flux in free space, their size in the film is about an
T. oxide films werec axis oriented. The film thickness was order of London penetration depth. In fact, the simulation
150-200 nm for YBCO, Bi-2212, and LSCO, 100 nm for yielded almost the right size vortex measured at pickup coil
Nb, and 200 nm for Pb films. The YBCO films were near height of 3—4um.
optimally doped, while the Bi2212 and LSCO films were Figure Ib) shows three-dimensional SSM images of the
slightly overdoped or underdoped. The observed critical curpatterned LSCO T.=24 K, right) and YBCO (T.=90 K,
rent density was 310° Alcny for YBCO, 1xX10° Alcm®*  |eft) film domains &3 K under an external field of 2T in a
for Bi2212, and 5<10° A/cm? for LSCO at 4.2 K. In most  window of 400<300 xm?, in which the difference in Meiss-
samples, two different oxide films were deposited and patner |evel height between the two oxides appeared remark-
terned on the same substratso that the comparison of the gple. The LSCO film here was less underdoped compared
with that in Fig. 1a). Note that the degree of doping level for
¥Electronic mail: i-iguchi@ap.titech.ac.jp LSCO films was estimated by thk,, ¢ axis length and the
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FIG. 1. (a) Three-dimensional magnetic image of two Meissner domains |_'(;
with trapped quantized vortices for optimally doped YB@E&ft, T.=90 K) )
and slightly underdoped LSCQight, T.=30 K) film domains at 11 K in a .
window of 400<200 um?. The local magnetic field at the patterned edges <)
was enhanced due to expulsion of the magnetic floxThree-dimensional
magnetic image of two Meissner domains for optimally doped YB@&®,
T.=90 K) and underdoped LSC@ight, T,=24 K) films at 3 K in a win-
dow of 300300 wm?. In this sample, the two Meissner levels were differ-
ent even at the lowest temperatufe. Meissner level shift as a function of
the external magnetic field at 3 K for the LSCO film. The linear relation
exhibits clear diamagnetic behavior up to at least0 T [K]

FIG. 2. Temperature dependence of two Meissner levels measured from the

I’eSIStIVIty versus temperature curve. Four vortices were Vlsexternal field level of the two YBCO/LSCO samples in Fig. 1.

ible in the LSCO film. When the external magnetic field was
varied, the Meissner level changed without any change in the
vortex state in these domains. Figuré)lshows such an In the conventional sense, the Meissner level would not
example for the LSCO film. With an increase in the magneticshift while the film is in the superconducting state. We note
field from 2 to 20uT at 3 K, the Meissner level measured that, in raising the temperature, the external field was kept at
from the external field level became deeper, indicating stroneonstant value, and the sample—pickup coil distance was
ger magnetic expulsion. This process was quite reversible. Ikept unchanged. The possible thermal expansion effect of the
this experimentH.; was found to be greater than at least 20SQUID apparatus was investigated by independent measure-
uT. ment of trapped vortices in a single YBCO film of good
Figures 2Za) and Zb) show plots of the Meissner level quality and it was found that the sample—pickup coil distance
height measured from the external field level obtained bywas unchanged up to 70 K.
averaging the data in the 3®0 um? area as a function of Figure 3 shows the Meissner level height measured from
the temperature for the two samples in Fig. 1. The standarthe external field level as a function of the normalized tem-
deviation of these data points was about 10%. Surprisinglyperature T/T, for various kinds of superconductors. For
both Meissner levels shifted continually as the temperatur& BCO oxide films with optimal doping, the shift of the
was increased. However, the trapped vortices remainelleissner level with the temperature was rather small but
present up to very close f©,. We have also measured the quite evident. On the other hand, for the Nb.€8.5 K)
temperature-dependent Meissner shift for Bi2212 and YBCQnetal film, it was not recognized up to very close to the
films fabricated on the same substrate. The observed resulgcinity of T, consistent with perfect diamagnetism. Similar
were qualitatively similar, and the shift of the Meissner levelbehavior was also observed for the Pb films.
with the temperature is a common phenomenon among high- Now we try to interpret the observed results. First, be-
T. oxide superconductors. It is emphasized here that it oceause of high critical current densily, the argument based
curred uniformly in space, not in terms of penetration ofon the pinning force in the grain boundary and the formation

guantized vortices abovd ., of a certain critical staté under very low field is not likely
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FIG. 3. Temperature dependence of the Meissner level measured from the
external field level normalized by the value3K for various cuprate oxides 0O Y I

(YBCO, Bi-2212, and LSC@and Nb metal. For all high-, oxide super- }IO 60 8
conductors, the Meissner levels were found to shift with the temperature, T (K)
while that of Nb was almost constant except very close to the vicihity
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FIG. 4. Temperature dependence of the London penetration depth
tained by magnetic imaging of a single vortex in the YBCO film observed
since it gives a negligibly small magnetic penetration d&pth by the scanning SQUID microscope.
and a perfect Meissner state almost everywhere.

The other possibility relies on the granular networkinterpreted simply by this argument. The quantftsg(B
model in which the film consists of the aggregation of many—Bg)/dT] depended on the film quality. For the films of
small grains. The magnetic field penetrates the grain boundather poor quality, it became large, whereas for the films of
aries and this field will be shielded by distributed supercon-good quality, it became small. In the other words, measure-
ducting grains. The grain size would be at least smaller thament of the Meissner shift provides a method for evaluating
a few um, possibly around m by considering the flatness the quality of highT. oxide thin films.
of the Meissner plane observed. Because of high the ,
scaling parameter in the grain boundary would be character- '€ authors thank Professor T. Tamegai, Professor M.
ized by the London penetration depthrather than by the Tachiki, Profes;or T. Egam|. and Professor S Okuma fpr
Josephson penetration depth. Inside the film, the Smanelpfgl dlscus_smns and T. Miyake and K. Hanioka for their
shielding current loops in the grains cancel each other ouf,EChnlcal assistance.
leaving a shielding current around the film edge which yields | _ _ o
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