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Systematic measurements were made of the dc magnetization in multilayered YBa;CuzO,/
PrBa;Cu3Oy (YBCO/PBCO) films. The films were fabricated using a molecular-beam-epitaxy
technique and were oriented with their c axis perpendicular to the substrate. A magnetic field was
applied that was both perpendicular to the films and parallel to the film’s ¢ axis. The irreversibility
lines of the films were determined to be at the temperature and the magnetic field when the rema-
nent magnetization falls below the detection limits of the instrumentation. We observed that the
irreversibility line of a film strongly depends on the thickness of the YBCO layers. On the other
hand, for the same thickness of YBCO layer, the irreversibility lines did not change (except for
a slight change in the superconducting transition temperature 7.) for YBCO/PBCO multilayered
films having PBCO layers that were from three to eight unit cells thick. The YBCO layers ap-
peared to completely decouple when the PBCO layer was thicker than three unit cells. As observed
in other high-T. materials, the temperature dependence of the irreversibility field for these films
exhibited a power-law behavior predicted by a thermally activated flux-flow (TAFF) model near
T., and deviated from this behavior at temperatures below T/T. ~ 0.6, where T is temperature.
Irreversibility lines of YBCO/PBCO multilayered films are considered to be analogous to those of
Bi systems, which are more anisotropic than YBCO systems. Relaxation of the magnetization for
the films were also measured and the electric field vs current density (E-J) characteristics were esti-
mated. These estimates suggest the existence of vortex glass state at relatively low temperature. In
the temperature dependence of the remanent magnetization in the films that had very thin YBCO
layers, another transition was observed below the irreversibility line. The E-J characteristics, scaled
using this transition temperature, suggest that this transition is the vortex glass transition and that
there are two kinds of vortex states below the irreversibility line, i.e., vortex liquid and vortex glass.
From these experimental results, the vortex states and anisotropy of high-T. superconductors were
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then discussed from the standpoint of both the TAFF model and the vortex glass model.

I. INTRODUCTION

YBa;Cu30,/PrBa;CuzO, (YBCO/PBCO) multilay-
ered films have been extensively studied, because PBCO
has the same crystal structure as YBCO, although the
resistivity of PBCO exhibits a semiconductive temper-
ature dependence. Good-quality YBCO/PBCO multi-
layered films have been prepared using techniques such
as sputtering,? laser deposition,®* and coevaporation
(e.g., molecular beam epitaxy, MBE).>® One purpose
of such studies was to apply high-T. superconductors
to electronic devices. Another purpose was to observe
intrinsic properties of very thin films of oxide super-
conductors, because the fabrication technique of very
thin YBCO layers sandwiched between PBCO layers
has now been established and anisotropy of such a sys-
tem can be controlled artificially. The dynamics of flux
in YBCO/PBCO multilayers have been recently dis-
cussed in terms of the properties of thin films. Brun-
ner et al.” carefully measured the resistive transition of
YBCO/PBCO multilayers, and observed that the ther-
mally activated flux flow (TAFF) was enhanced as the
thickness of the YBCO layers was decreased. Moreover,
Matsuda et al.® reported a Kosterlitz-Thouless (KT)
transition in a very thin (one cell thick) YBCO film sand-
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wiched between PBCO layers. These results indicate that
flux motion in high-T, materials is strongly correlated
with the large anisotropy and the two dimensionality of
superconductors.

Recently, special attention has been given to the vor-
tex glass model. As Dekker et al. observed in very thin
YBCO films,® the vortex glass transition depends on the
dimensionality of superconductors. In order to discuss
the vortex state of high-T, superconductors, many mea-
surements of irreversibility lines have been made.l® From
the standpoint of the vortex glass model, a irreversibility
line is considered to be related to the melting transi-
tion of vortex glass and to be correlated with the strong
anisotropy of high-T, superconductors. The irreversibil-
ity field of YBCO is much higher than that of Bi sys-
tems that are more anisotropic. Using the YBCO/PBCO
multilayered films, we can control the anisotropy of su-
perconductors by changing the thickness of the YBCO
and PBCO layers, consequently making YBCO/PBCO
multilayers suitable for a model system of high-T, super-
conductors.

The main purpose of our study here is to observe the
magnetization properties of YBCO/PBCO multilayered
films. Transport properties of such films have been exten-
sively studied. However, not only do conventional trans-
port measurements depend on the current path, but also
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the effects of inhomogeneity are not negligible. On the
other hand, magnetization measurements are powerful in
evaluating the flux dynamics of the entire film sample.

In the present work, we measured the dc magnetiza-
tion of YBCO/PBCO multilayers using a superconduct-
ing quantum interference device (SQUID) magnetometer,
and determined the irreversibility line of the films to be at
the temperature and the magnetic field at the point when
the remanent magnetization fell below the detection lim-
its of our instruments. We also measured the relaxation
of the magnetization to observe electric field vs current
density (E-J) characteristics for the films. Finally, we
discussed the vortex state of YBCO/PBCO multilayers
from the standpoints of the TAFF and of the vortex glass
model to understand the correlation between anisotropy
and the vortex states of high-T, superconductors.

II. EXPERIMENTAL DETAILS
A. Thin film preparation

Thin films were prepared using an MBE technique with
pure ozone. The evaporation sources were four effusion
cells (maximum temperature of 1800 °C), where the Y,
Ba, Cu, and Pr metal elements were individually evap-
orated. Ba and Cu were continuously evaporated, and
the layered structure of YBCO/PBCO multilayers was
controlled by shutters on the Y and the Pr sources. The
deposition rate was typically about 0.02 nm/sec. The
substrates were a SrTiO3 (100) plane and kept at a tem-
perature of about 650 °C during the deposition, and the
films were oriented with their ¢ axis perpendicular to
these substrates. For oxidation of the samples, we used
pure ozone. The high-purity ozone flux was first evapo-
rated from the liquified ozone and then introduced to the
growth chamber during the deposition and the cooling
process of the samples. A typical value of the amount
of reactive oxygen flux was 10'%-10'® cm~2sec™!, al-
most one order more than that of the metal-element flux.
Moreover, we used a differential pumping system, where
the evaporation sources were in a vacuum of approxi-
mately 10~7 Torr and the sample was in a vacuum of
approximately 10~° Torr. This system allowed us to not
only maintain a stable rate of evaporation for metal ele-
ments, but also to obtain effective oxidation of the sam-
ples. Using the MBE technique, we successfully fabri-
cated good-quality YBCO films and YBCO/PBCO mul-
tilayers. In the present study, very thin, single YBCO
layers were sandwiched between PBCO layers to prevent
the degradation of the YBCO layers.

B. Magnetization measurements

The magnetization measurements were made using
a SQUID magnetometer (Quantum Design MPMS sys-
tem). Thin film samples were cut parallel to the (010)
and (001) plane of the SrTiO3 substrates, and were al-
most square in shape. The samples were set in a high-

purity quartz tube which had very low magnetization,
and a magnetic field was then applied perpendicular
to the films, i.e., parallel to the ¢ axis of the YBCO
films and the YBCO/PBCO multilayers. In a previous
study, we carefully measured the sample size dependence
of magnetization of thin films using a micropatterning
technique.!! For high field (> 1 T) measurements, we
used a sample scan length of 2 cm, thus eliminating
the effect of inhomogeneous magnetic fields within the
SQUID magnetometer.

To determine the irreversibility line, we measured the
remanent magnetization of the films. First, a magnetic
field was applied to a sample that was well above T..
The sample was then cooled and the magnetic field was
reduced by several hundred Oe (200 Oe was typical for
our films), until the sample reached critical state. The
remanent magnetization measurements were carried out
in a magnetic field higher than 0.1 T, where the distribu-
tion of the magnetic field in the thin films was negligible.
The critical-current density of the films was calculated
using a simple, Bean critical state model. In previous
work,!! we measured the sample size dependence of the
remanent magnetization for the YBCO films and con-
firmed that a Bean critical state is well established in
the good-quality epitaxial films prepared using the MBE
technique. Finally, the irreversibility line was determined
to be at the temperature and the magnetic field at the
point when the remanent magnetization goes to zero, i.e.,
when J,. becomes zero. The resolution of the magnetiza-
tion measurements was 10~7 emu, which corresponds to
a J, of 1000 A /cm? for typical thin films. We determined
the irreversibility line when the J,. became less than 1000
A/cm?, which is on the same order as the criterion for
transport measurements. The estimated voltage criterion
in conventional magnetization measurements, however, is
very low (~ 1071° V/cm) compared with transport mea-
surements.

Relaxation measurements of the magnetization for the
films were also performed using the SQUID magnetome-
ter. The E-J characteristics of the films were determined
from the time dependence of magnetization, neglecting
the geometric factor of the square-shaped samples. Even
though time dependence of magnetization cannot be ob-
served on the scale of several minutes using a conven-
tional SQUID magnetometer, precise measurements of
small magnetization on the long scale of several hours
(which are important in the measurements of thin films)
are possible.

III. RESULTS

A. Characterization of films

Flatness of the films is very important in the fabri-
cation of a continuous layered structure that has layers
several cells thick. We evaluated this characteristic us-
ing two methods: x-ray diffraction (XRD) spectra and
the atomic force micrograph (AFM). Figure 1 shows the
XRD spectra in the low-angle region of the four-cell-thick
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FIG. 1. X-ray diffraction spectra in the low-angle region
of a typical YBCO/PBCO multilayered film, where the total
thickness of the film was about 20 nm.

YBCO films sandwiched between PBCO layers. The sub-
strate was a SrTiO3 (100) plane, and the c axis of the film
was perpendicular to the substrate. Total thickness of the
film was 20 nm. Clear finite-size peaks can be seen in the
spectra in the figure, and high orders of these finite-size
peaks indicate that the thickness fluctuation of the film
was very small, confirming that the film was very flat.

Figure 2 shows the AFM image of the same
PBCO/YBCO/PBCO layered structure. In general, the
surface of the film was flat, except for a few steps that
were almost one unit cell (1.2 nm) or two unit cells of
YBCO in height.

The results of these evaluations confirm that continu-
ous layered structures with layers more than three unit
cells thick can be successfully fabricated using the present
MBE technique. In the case of thinner films, namely, less
than three unit cells thick, however, island structures ap-
pear and the layered structures become discontinuous.
When the thickness of YBCO layers was less than three
unit cells, we observed a rapid decrease in the magneti-
zation due to the island structures in very thin YBCO
layers. Consequently, in the present work, we prepared
films that had layers more than three unit cells thick.

Figure 3 shows representative XRD spectra of the
YBCO/PBCO multilayer, where the designed thick-
nesses of the YBCO and the PBCO layers of the mul-
tilayer were four cells and three cells thick, respectively.
The combined total number of YBCO and PBCO lay-
ers was 5, and the multilayer was deposited on a PBCO
buffer layer that was 15 cells thick. The satellite peaks
(indicated by arrows in the figure) on either side of the
main (00]) peak indicate that periodicity was achieved
in this film. The modulation wavelength D, which is
the sum of the individual YBCO and PBCO layer thick-
nesses, was calculated from the separation of these satel-
lite peaks. The calculated D from the XRD spectra
agreed well with the designed thickness of the multilayer.
Thus, from XRD measurements of the multilayers, we de-
termined the layer thickness of the multilayers precisely.

B. Magnetization properties

Figure 4 shows how the magnetization of a typical
YBCO/PBCO multilayer depends on the applied mag-
netic field, which was applied perpendicular to the film.
After a zero-field cooling process, the magnetization de-
creased rapidly as the applied field increased because of
the large shape effect seen in thin films. In a magnetic
field of several 10 Oe, magnetization reached its minimum
value and then traced a hysteresis loop. In a perfectly
diamagnetic region, we can assume that a sample is a uni-
formly magnetized ellipsoid and that the magnetization
M in an applied magnetic field Hy can be given as

1 2R

- = 1
M dr md ° (1)

where R and d are the radius and the thickness of the
film, respectively. The magnetization is enhanced by the
factor R/d, which is about 10* in a typical thin film sam-
ple. The rapid decrease in magnetization after the zero-
field cooling process (observed in Fig. 4) is due to this
demagnetization effect. With increasing magnetic field,
the perfect diamagnetism disappears in a relatively low

FIG. 2. AFM image of a typical
YBCO/PBCO multilayered film, where the
total thickness of the film was about 20 nm.
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FIG. 3. X-ray diffraction spectra of a typical
YBCO/PBCO multilayered film. Arrows indicate satellite
peaks due to modulation.

magnetic field because of the large demagnetization ef-
fect, and the flux begins to penetrate inward from the
edge of the film. In typical YBCO films, the flux meets
at the center of the sample and the entire sample reaches
critical state above 50 Oe, after which the magnetization
traces the hysteresis loop (as clearly shown in Fig. 4).
The large hysteresis in the magnetization indicates
that the films were uniform and had a high critical-
current density. In previous work,!! we observed both a
large hysteresis in the magnetization and a uniform flux
density distribution in epitaxial YBCO films. We also
observed such a large magnetization in very thin films as
well. Moreover, the small field dependence of the mag-
netization in a relatively low applied magnetic field sug-
gested that there is no weak link and that a multilayer
film with three-cell-thick YBCO layers has continuous su-
perconductive layers. As described in a previous section,
however, in films thinner than three unit cells, we did not
observe large magnetization but rather very small mag-
netization. Therefore, a continuous layer that was two
unit cells thick was not achieved over a large surface area
using the present MBE technique. This is consistent with
the surface morphology observed by AFM, which showed

Magnetization (emu/cm®)
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FIG. 4. Magnetic field dependence of the magnetization
for a YBCO/PBCO multilayered film, where each YBCO and
each PBCO layer is three cells thick. The magnetic field was
applied perpendicular to the film surface.

1- or 2-nm steplike structures (Fig. 2)

For the measurements of J., we used a remanent mag-
netization measurement. First, a magnetic field was ap-
plied to the film sample that was well above T.. The
sample was then cooled in a constant magnetic field, af-
ter which the applied field was reduced by 200 Oe, which
is enough for the entire sample to reach critical state.
After the reduction of the applied field, the temperature
was gradually increased to T, and the positive remanent
magnetization was measured. In the uniform epitaxial
films with continuous superconductive layers, if we as-
sume that the flux density distribution is uniform and if
we use a simple, Bean critical state model, then a good
approximation of J. is

Je =30M, /R, (2)

where M, en, is the remanent magnetization and R is the
sample radius (R was typically 0.3 cm in our samples).
The films prepared by the present MBE technique showed
a linear dependence of the magnetization on the radius
of the disk-shaped samples.!! Therefore, it is considered
that the shielding current flows in the whole of a sam-
ple and we can take the radius of the sample as R. In
the present work, the radius R was approximated by the
radius of a circle that had the same area as the square
sample.

The practical flux density distribution is, of course, not
so simple, as seen in the magneto optical measurements
of the flux density distribution.’? In the present work,
we discussed the temperature dependence of J. and the
simple, Bean critical state model is adequate in the case
of uniformly thin films. The temperature dependence of
J. for the YBCO/PBCO multilayer was calculated using
the Bean critical state model and is shown in Fig. 5.

C. Irreversibility lines

As shown in in Fig. 5, high J. (~ 107A/cm?), which
indicates good quality in a film, was seen for the low tem-
peratures. For each level of applied magnetic field, as the
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FIG. 5. Temperature dependence of J. for YBCO/PBCO
multilayered films determined from the remanent magnetiza-
tion. The thickness of each YBCO and each PBCO is three
cells. The dashed lines are an extrapolation using a polynom-
inal expression.
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temperature increased, J. decreased monotonically and
went to zero at T, just below T.. Above T*, the magne-
tization of the film was reversible. We defined the irre-
versibility temperature 7* as the temperature at which
J. became less than 1000 A /cm?, which corresponds to
the magnetic moment of 10~7 emu (the detection limits
in the measurements of typical thin films). Usually, the
precise measurements of the magnetic moment of 10~7
emu are difficult and we extrapolated the temperature
dependence of magnetization using polynominal expres-
sions and determined the irreversibility temperature, 7.

Figure 6 shows the applied magnetic field vs T,
in other words, the irreversibility lines for different
YBCO/PBCO multilayered films. With increasing thick-
ness of the PBCO layers, T* decreased slightly for the
same thickness of YBCO layers. It is well known that 7
of YBCO/PBCO multilayers that have very thin YBCO
layers is lower than that of the bulk YBCO and decreases
with increasing PBCO layer thickness when the thickness
of the PBCO layers is several unit cells.! In the present
work, we also observed that the T, of the YBCO/PBCO
multilayers decreases gradually with increasing PBCO
layer thickness. This decrease in T, is thought to cause
the decrease in T* (shown in Fig. 6). At the present
stage, we consider that the slight change in the T, in our
samples was due to an extrinsic factor, such as an increase
in disorder in the YBCO layers sandwiched between the
thicker PBCO layers.

To clarify the intrinsic temperature dependence of
the irreversibility line in YBCO/PBCO multilayers, we
looked at the reduced temperature dependence of the ir-
reversibility field. As clearly shown in Fig. 7, the ir-
reversibility lines of all YBCO/PBCO multilayers coin-
cide when the YBCO were three cells thick, even though
the PBCO layers differed in thickness. In the high-
temperature region, the irreversibility line H (T*) is well
described by the TAFF model, which is a power-law func-
tion

H(T*) x (1 -T*/T.)*?. (3)
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FIG. 6. Irreversibility line of YBCO/PBCO multilayered
films. The ratio n/m represents the thickness of the YBCO
layer (n) and that of the PBCO layer (m) in units of number
of cells. T, of the films is indicated by the arrows.

10 15 —
CHSU
= &
= =
(] L
N 1 —EOI
% SN
e
o A10
s = 53
0 L
Eﬂ 01 Fo 38
s & 3/6
A 33 . .
— H(T)=H, (1-T/T)*?
0.01 —
0.01 0.1 I

I-T/T,

FIG. 7. Reduced temperature dependence of the irre-
versibility field in YBCO/PBCO multilayered films and in
a ten-cell-thick single YBCO layer. The inset shows the tem-
perature dependence of the normalized irreversibility fields.

At T*/T. ~ 0.6, however, the irreversibility line deviates
from the TAFF power-law relationship, and increases
more rapidly with decreasing temperature. Such a tem-
perature dependence of the irreversibility line was com-
mon in all of the YBCO/PBCO multilayers, even though
there were slight differences in T.. For comparison, the
irresistibility lines of the YBCO/PBCO multilayers and
that of a single YBCO layer (the YBCO thicknesses of
which were five and ten unit cells, respectively) are also
shown in Fig. 7. The irresistibility line of the single
YBCO layer that was ten unit cells thick was much higher
than that of the multilayers with three-cell-thick YBCO
layers, indicating that the irreversibility line strongly de-
pends on the thickness of the YBCO layers. No change
in the irreversibility lines for the multilayers with differ-
ent PBCO layer thickness is clear evidence that YBCO
layers separated by PBCO layers thicker than three unit
cells were decoupled.

IV. DISCUSSION
A. Temperature dependence of irreversibility field

Even though the irreversibility lines of the thicker
YBCO layers (i.e., the five-cell-thick YBCO/PBCO mul-
tilayer and the single, ten-cell-thick YBCO layer) are
much higher than that of the YBCO/PBCO multilay-
ers with three-cell-thick YBCO layers, the TAFF power
law still applies. For the ten-cell-thick YBCO layer, the
deviation at T*/T,, almost 0.6, could not be observed
because the maximum applied magnetic field possible for
our instrumentation was 5.5 T. Therefore, if we consider
that T. and the irreversibility field H(T*/T. = 0.6) are
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suitable fitting parameters, then the irreversibility lines
for all the films studied here obey a universal scaling
law (the inset of Fig. 7). This universal scaling behav-
ior for the irreversibility line has also been observed in
other high T, bulk materials.!® In the present study, we
have clearly shown that the irreversibility line of very thin
YBCO layers exhibits the same universal scaling behavior
as that of bulk YBCO even though YBCO is considered
to have a three-dimensional nature when compared with
a Bi system. It indicates that the observed temperature
dependence of the irreversibility line is very intrinsic for
high-T. materials

In contrast to this, the irreversibility field H(T*/T. =
0.6), one of the fitting parameters in the universal scaling
behavior of the irreversibility line, drastically decreased
in very thin YBCO films. The dependence of the irre-
versibility field on YBCO thickness is shown in Fig. 8.
The irreversibility field of bulk YBCO at T*/T. = 0.6 is
considered to be 200 T (Ref. 10) and that of Bi 2:2:1:2,
0.02 T.!3 The irreversibility field of the YBCO/PBCO
multilayers was lower than that of bulk YBCO and higher
than that of Bi 2:2:1:2, and increased with increasing
thickness of the YBCO layer. From the standpoint of
the TAFF model, the irreversibility line is related to the
activation energy of the flux motion U, which in turn
is proportional to R2L., where R. and L. are correla-
tion lengths perpendicular and parallel to the magnetic
field, respectively. In the case of the YBCO/PBCO mul-
tilayers, L. coincides with the YBCO thickness dygco
when R, is constant.” The effect of the magnetic field on
U was reported as U o< 1/ VH for high-T, materials that
are more anisotropic, such as Bi systems,'* and U o< 1/H
for YBCO materials.!® The irreversibility line is defined
as the temperature and magnetic field when U reaches a
certain value that is comparable to kT, where kp is the
Boltzmann constant. Therefore, for strong anisotropic
systems, we predicted that

dyBco X 4/ IE[(T"/TC = 0.6) . (4)

As seen in Fig. 8, this relationship is consistent with
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FIG. 8. Dependence of the irreversibility field at

T*/T. = 0.6 on YBCO thickness.
fields of bulk YBCO (Ref. 10) and Bi 2:2:1:2 (Ref. 13)
are also shown. The solid line represents the relation,

dypco x /H(T*/T. = 0.6).

The irreversibility

our results for the YBCO/PBCO multilayers. Conse-
quently, we conclude that the irreversibility field is cor-
related with the thickness of the YBCO layers, i.e., the
anisotropy of the materials, and the irreversibility lines
of YBCO/PBCO multilayers are analogous to that of
the other high-7. materials. For example, we project
that the irreversibility field of YBCO/PBCO multilay-
ers will decrease with decreasing thickness of the YBCO
layers and will coincide with the irreversibility field of
a Bi 2:2:1:2 system, indicating that Bi 2:2:1:2 is analo-
gous to a YBCO/PBCO multilayer with very thin YBCO
layers (0.7-0.8 nm). This thickness corresponds to corre-
lation length of vortex parallel to the magnetic field and
is shorter than the distance between CuQO; planes of Bi
2:2:1:2, suggesting the strong two dimensionality of Bi
systems. However, a continuous layer of such a very thin
YBCO layer cannot be fabricated even when a sophisti-
cated MBE technique (such as that used in this study)
is used.

As observed in other high-T. materials,’® the de-
viation from the TAFF power-law relationship below
T*/T. = 0.6 was also observed here in the YBCO/PBCO
multilayers. The temperature dependence of the irre-
versibility field at low temperature was much stronger
than that predicted from the TAFF model. Almasan et
al.'® claimed that the field strength at which the devia-
tion from the TAFF power-law relationship occurs corre-
lates with the penetration depth, and that the observed
stronger temperature dependence of the irreversibility
field is due to the collective effects of a vortex. In the case
of the YBCO/PBCO multilayers, the deviation from the
TAFF power-law relationship occurred at a much lower
field strength than that of bulk YBCO and depended on
the thickness of the YBCO layers. So it is not possi-
ble in this case that the origin of the deviation from the
TAFF power-law relationship correlates with the pene-
tration depth, nor is it due to the collective effects of a
vortex.

B. Electric field E vs current density J
characteristics

Recently, a vortex glass model for high-T, materials
has attracted special interest. From the standpoint of
this model, the irreversibility line is considered to be the
melting transition line of the vortex lattice or the vortex
glass. The vortex glass model predicts that the power
of the temperature dependence of the irreversibility field
H(T*) is larger than the 3/2 predicted from the TAFF
model. To discuss the vortex glass transition, measure-
ments of the electric field E vs current density J char-
acteristics are needed. If we neglect the geometric factor
for our square-shaped samples, we can estimate the E-J
characteristics of thin films in a very low electric field re-
gion using a relaxation measurement of magnetization.!®
Figure 9 shows the relationship between E and J for
the ten-cell-thick single YBCO layer. In such a low elec-
tric field region, the E-J characteristics seemed to fol-
low the vortex glass model rather than the TAFF model
(linear dependence of E on J). To clarify the vortex
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FIG. 9. E-J characteristics of the ten-cell-thick YBCO de-
termined from the relaxation of remanent magnetization. The
inset shows the time dependence of the remanent magnetiza-
tion.

states, the E-J characteristics at higher temperatures are
needed, forcing us to measure the relaxation of magne-
tization near T.. Using conventional dc magnetization
measurements, however, the relaxation measurements at
high temperatures are very difficult because of both the
rapid decrease in magnetization and the small remanent
magnetization.

The vortex glass behavior observed in the E-J char-
acteristics at low temperature contrasts with the tem-
perature dependence of the irreversibility field H(T™*)
at high temperatures that is consistent with the TAFF
model. It is reasonable to consider that there are two
regions of the vortex state in the films: One is the low-
temperature region described by the vortex glass model
and the other is the high-temperature region described
by the TAFF model. To distinguish the vortex states
of the YBCO/PBCO multilayers, we need to discuss in
detail the temperature dependence of the remanent mag-
netization, i.e., J.. From the vortex glass model, we can
predict the power-law scaling of the physical properties
in the vortex glass critical regime using the vortex glass
transition temperature, Tyg. In the case of materials
with strong enough random pinning, such as YBCO thin
films, one expects that the physical properties are pro-
portional to (T'—Tyg)?”, where v is the order of unit.!” In
the films with YBCO layers several cells thick, we found
a power-law relationship for the temperature dependence
of J. using a temperature below T*. Figure 10 shows this
dependence for the ten-cell-thick single YBCO layer. The
J. of the films is well described by the expression

Jo < (T —Tve)* , (5)

where Tyg and v are the fitting parameters. In the ten-
cell-thick single YBCO layer, Tyg was lower than T*,
and v was about 1. It is possible that a scaling behavior
of J. determined from the magnetization measurements
with very low voltage criteria can be observed and that
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FIG. 10. The scaled temperature dependence of J. for the
ten-cell-thick single YBCO layer. The inset shows the scale
temperature Tvc vs magnetic field. The solid line represents
the relation, H « (1 — Tvg/T.)?.

the above-mentioned scaling temperature, Tyg, be con-
sidered as the vortex glass transition temperature.

To confirm our estimation of the vortex glass transi-
tion, the scaling plot of the E-J characteristics using Ty g
is shown in Fig. 11. We clearly see that the E-J curves at
several temperatures are scaled using Tvg and are con-
sistent with the vortex glass model. Consequently, we
can consider that the Ty¢ is the vortex glass transition
temperature. The values of J. determined from usual dc
magnetization measurements correspond to J at a cer-
tain low electric field, J(E). Electric field dependence of
J observed in the E-J characteristics shown in Fig. 9 was
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FIG. 11. Scaled and unscaled (inset) E-J plot for the
ten-cell-thick single YBCO layer at several temperatures us-
ing the values Tvg = 63.995 K, v = 0.61, and z = 4.8 (Ref.
9).
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very small, and the observed scaling properties of the J,
shown in Fig. 10 was due to the scaling properties of the
E-J curves. Moreover, the wide critical region, at which
J. showed the power-law scaling, observed in the YBCO
layer that was several cells thick is considered to be due
to the strong anisotropy and low activation energy of vor-
tex motion in very thin YBCO layers. For YBCO films
thicker than ten unit cells, we could not observe a power-
law scaling in such a wide temperature region and could
not determined the vortex glass transition temperature
from the temperature dependence of J..

C. Irreversibility line and vortex glass transition

The most important aspect of our work here is the ob-
servation of the vortex glass transition Tyg below the ir-
reversibility temperature 7*. This indicates the existence
of two vortex states, such as a liquid state and a solid
(glass) state, in a conventionally determined nonzero J,
region. As shown in Fig. 12, for the ten-cell-thick single
YBCO layer, the irreversibility line, i.e., J. = 0 line, is
always higher than the observed vortex glass transition
line.

We determined the vortex glass transition line in
the YBCO/PBCO multilayers, with the result shown
in Fig. 13. The vortex glass transition line for the
YBCO/PBCO multilayers with very thin YBCO layers
(three cells thick) shows a stronger temperature depen-
dence than that for the ten-cell-thick single YBCO layer.
In the case of the YBCO/PBCO multilayer, it is most re-
markable that the vortex glass transition line reached the
irreversibility line at about T'/T. = 0.6-0.7, and that it
coincided with the temperature when the irreversibility
line changed its temperature dependence and deviated
from the TAFF power-law relationship. Such crossover
behavior can be explained as follows by the existence of
the two vortex states.

In the high-temperature region, the vortex is in the
liquid phase. However, if the so-called magnetic viscosity
is relatively large, a small but nonzero J. will be observed
using some voltage criteria. The activation energy of
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FIG. 12. Irreversibility line and vortex glass transition line
for the ten-cell-thick single YBCO layer.
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FIG. 13. Irreversibility lines and vortex glass transition line
for the YBCO/PBCO (3/3) multilayered films.

the vortex motion U in a vortex liquid phase determines
the irreversibility line, which shows the thermal activa-
tion behavior. The vortex glass transition temperature
is below the irreversibility temperature. By decreasing
the temperature and increasing the magnetic field, the
vortex glass transition reaches the irreversibility line be-
cause the temperature dependence of the vortex glass
transition is greater than that of the irreversibility line.
After that point, the vortex state changes to the vortex
glass state, and the dissipation mechanism of the flux mo-
tion completely changes. In the case of YBCO/PBCO
multilayers, the crossover occurs at about T/T, = 0.6.
The irreversibility line below this crossover temperature
is considered to be due to the vortex glass transition, i.e.,
the melting transition of vortex glass in the case of thin
films. Therefore, it is naturally understood that the tem-
perature dependence of the irreversibility line changes
from the TAFF power-law dependence to the stronger
dependence predicted from the vortex glass transition
at the crossover temperature. This change of the tem-
perature dependence in the irreversibility lines at about
T/T. = 0.6 was also observed in other high-T, materials,
and the crossover behavior at a certain reduced temper-
ature observed in the YBCO/PBCO multilayers is con-
sidered an intrinsic property of high-T. materials. For
further study of the irreversibility line of high-T, super-
conductors, of course, careful transport measurements of
YBCO/PBCO multilayers are needed. In the present
work, however, systematic magnetization measurements
clarified that the vortex states in the YBCO/PBCO mul-
tilayers and the properties of the YBCO/PBCO multi-
layers are analogous to high-T, materials that are more
anisotropic, such as Bi systems.

V. CONCLUSION

In the present work, we performed systematic measure-
ments of the magnetization in YBCO/PBCO multilayers
and carefully determined the irreversibility line as the
temperature and the applied magnetic field when the re-
manent magnetization goes to zero. Prior to measuring
the superconductive properties of the multilayers, charac-
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terization of the surface morphology of the films, which
is very important for fabrication of layered structures,
was carried out. We concluded that continuous YBCO
layers thicker than three unit cells could be prepared us-
ing the present MBE technique. The result that for the
YBCO/PBCO multilayers where the YBCO layers were
three cells thick the irreversibility lines are identical even
though the PBCO layers varied from three to eight cells
thick indicates that the coupling between the YBCO lay-
ers via the PBCO layers disappears when the PBCO layer
is thicker than three unit cells. The irreversibility field
H(T*) increased rapidly with increasing the thickness of
the YBCO layers and is considered to correlate with the
anisotropy of the materials. The irreversibility field is
high in YBCO, low in Bi systems, and intermediate in
YBCO/PBCO multilayers. The thickness dependence of
the irreversibility field of the YBCO/PBCO multilayers
was consistent with the TAFF model. The irreversibility
fields H(T*) of the YBCO/PBCO multilayers and the
single YBCO films had a universal temperature depen-
dence as observed in other high-T. materials. Near T,
the temperature dependence of the irreversibility lines
of the films exhibited power-law behavior predicted from
the TAFF model. Deviation from this behavior, how-
ever, was observed below T*/T, = 0.6. From the relax-

ation measurements of the magnetization, E-J character-
istics at low temperature were consistent with the vortex
glass model but not with the TAFF model. From careful
measurement of the temperature dependence of J, in the
films, another transition line was observed below the irre-
versibility line. The E-J characteristics were scaled using
another transition temperature and indicated the exis-
tence of a vortex glass transition below the irreversibil-
ity line. From these experimental results, we concluded
that two vortex states exist below the irreversibility line
and that the change in the temperature dependence of
the irreversibility line is due to the crossover from the
TAFF behavior in a vortex liquid state to the vortex
glass behavior. We believe that further investigation into
YBCO/PBCO multilayers will clarify the nature of the
vortex state in high-T, materials, which is very important
for the application of these materials.
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FIG. 2. AFM image of a typical
YBCO/PBCO multilayered film, where the
total thickness of the film was about 20 nm.




