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YBa2Cu3O7 superconducting thin films have been studied by magnetization measurements in oblique fields
up to 0.8 T both at low temperature and at temperatures close toTc . Both components of magnetization
parallel and perpendicular to the applied field could be measured with two pairs of crossed detection coils. In
all cases the magnetization is found to be perpendicular to the film plane. This is due to the self-field effects
related to the thin-film geometry which force the critical currents to circulate along the film plane. At low
temperature the properties are found to depend only on the component of the applied magnetic field perpen-
dicular to this plane, as expected in the situation where demagnetizing field effects are dominant. However, at
temperatures close toTc the critical currents and therefore the pinning are found to increase when the applied
field approaches the film plane. This is attributed to the effect of intrinsic pinning which may be related to the
kink structure of the vortices in oblique fields.@S0163-1829~96!03845-3#

I. INTRODUCTION

Superconductivity at high temperature was discovered
nearly ten years ago in copper-based oxides.1 Since then,
much effort has been put in the study of thin films, mainly of
the compound YBa2Cu3O7.

2 This was largely motivated by
the high critical currents which could be obtained compara-
tively easily in the thin-film geometry and by the possibility
of developing applications. Ten years later, the origin of
these high critical currents and therefore of vortex pinning in
thin films is still not well understood, even if several mecha-
nisms such as the presence of twin planes or of screw dislo-
cations have often been invoked.3

Most of the studies performed on thin films have been
devoted to the transport properties with or without magnetic
field and to the determination of critical currents using etch-
ing techniques in order to obtain narrow tracks. Few studies
deal with the magnetic properties which however do not re-
quire the preparation of current tracks and probe the whole
film. Magnetization measurements give easy access to the
critical state induced by a magnetic field, therefore to the
superconducting properties in the presence of currents close
to the critical currentJc . The geometry is obviously different
in the case of transport measurements since in this case the
direction of the current is imposed by the geometry of the
contacts.

One of the major problems related to the thin-film geom-
etry is due to the self-fields~of the same origin as demagne-
tizing fields in magnetic materials! which induce strong
shape anisotropy and make difficult the studies of intrinsic
properties.4,5 Since the irreversible magnetization is directly
related to the critical currentJc , the evaluation ofJc is in
this case comparatively easy, especially at low temperature
when Jc is large. The situation is different at temperatures
close toTc where the magnetic moment and therefore the
self-fields effect are much weaker. However in this case,
since the shape anisotropy should be smaller, it may be pos-
sible to study intrinsic properties such as intrinsic pinning
anisotropy. The aim of this article is to report results of the

magnetic properties of YBa2Cu3O7 thin films in oblique
fields obtained both at low temperatures and at temperatures
close toTc .

In Sec. II, the experimental techniques including thin-film
characterization and the description of the magnetization
measurement apparatus will be described. In Sec. III, the
theoretical background is summarized and some experimen-
tal results corroborating the theoretical models for the case of
perpendicular fields will be reported. Section IV is devoted
to the results obtained in oblique fields. They demonstrate
that in the low-temperature case shape effects are always
dominant, whatever the orientation of the applied field is.
The results obtained at temperatures just belowTc show that
the situation is different from the low-temperature one and
that intrinsic effects may appear in this temperature range.

II. EXPERIMENTAL TECHNIQUES

Most of the results reported in this article have been ob-
tained on thin films prepared by laser ablation at the Univer-
sity of Augsburg.6 The films were deposited on substrates of
LaAlO3 and the thickness was 350 nm. The transition tem-
perature was 91 K and the critical current of the order of 1011

A/m2 at 4.2 K. Detailed crystallographic studies performed
using grazing incidence x-ray diffraction7 will be reported
elsewhere.8 The LaAlO3 substrates have a rhombohedral
~pseudocubic! symmetry and become twinned after the film
deposition and the related heat treatment. They are cut in
such a way that a pseudocubic@001# axis is perpendicular to
the substrate plane. The lattice mismatch with respect to
YBa2Cu3O7 is 1.5%. The deposited films, oriented with thec
axis perpendicular to the substrate, are found to be faceted as
a consequence of the substrate twinning. The^110& crystal-
lographic axes of the film and of the substrate are found to be
aligned. The films are twinned with$110% twin planes paral-
lel to the$110% planes of the substrate. In consequence, there
are two equivalent orientations of the twin planes and four
types of crystallites. The orthombicity of the film is found to
be smaller than that of stoichiometric single crystals~b-a
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50.055 Å to be compared to 0.065 Å in single crystals!. This
is probably due to the strain induced by the substrate. The
in-plane mosaicity parameter~full width at half maximum of
the~200! x-ray line! is found to be small, of the order of 0.5°
~to be compared to 0.9° for films deposited on MgO sub-
strates!.

Some results have been obtained on films deposited by
coevaporation at the Defence Research Agency~Malvern
U.K.!.9 The thickness was also 350 nm, the transition tem-
perature 89 K, and the critical current in the range of 1011

A/m2 at 4.2 K. As mentioned earlier, the film mosaicity was
much larger than for LaAlO3 substrates, in consequence of
the larger lattice mismatch~8.6% between MgO and
YBa2Cu3O7!.

Magnetic measurements have been performed with two
vibrating sample magnetometers built in the laboratory. The
first one, equipped with a superconducting coil providing a
field up to 6 T and with a sensitivity of 1028 A m2 ~unit of
magnetic moment!, was used for measurements in perpen-
dicular fields between 4.2 K andTc . In the second one, a
magnetic field up to 0.8 T is produced by a rotating magnet.
Measurements can be made for different anglesu between
the film plane and the applied magnetic field between 20 K
andTc . The angle accuracy is 0.1° and the sensitivity 1027

A m2. Two pairs of detection coils with perpendicular axes
allow measurements of the components of the magnetization
parallel and perpendicular to the applied field. The rate of
change of the magnetic field is kept constant equal to 1.5
mT/s for all experiments.

III. THEORETICAL BACKGROUND

The problem of the relative importance of intrinsic anisot-
ropy and of shape anisotropy for the irreversible magnetiza-
tion of flat superconducting samples has become important
with the discovery of the high-Tc superconducting oxides.
These materials show indeed both an intrinsic anisotropy due
to their layered crystal structure and shape anisotropy due to
the platelet shape of the available single crystals or to the
thin-film geometry. In this context, it was shown five years
ago by Hellmanet al. that the irreversible magnetization of
superconducting Nb samples is oriented perpendicular to the
platelet ~or film! plane when the aspect ratio is larger than
10/1.10

However, it is only recently that the problem of flux pen-
etration in thin films in the presence of magnetic fields per-
pendicular to the film plane has been solved analytically,
assuming a field-independent critical current.11,12 The defor-
mation of the flux lines in the vicinity of the sample induces
a curvature of the vortices inside the film. The radial field at
the surface is of the order of the applied field in low applied
fields. The critical currentJc is then related to the field gra-
dient across the thickness and therefore to the vortex curva-
ture. It is of the order ofHa/d, whereHa is the applied field
andd the film thickness. This is different from the result of
the classical Bean model for parallel geometry whereJc is
related to the radial field gradient. Further calculations have
been performed by Brandt for the case of time-dependent
magnetic fields and in the presence of transport currents.13 A
very complete theory of magnetization and transport currents

in thin superconducting films has also been developed more
recently by Zeldovet al.14 All these calculations agree with
the results of Refs. 11 and 12 corresponding to the more
simple case of only dc transverse fields.

According to these calculations, the initial susceptibility is
found to depend only on a geometrical factor, the ratio of the
film radii to the film thickness~x58R/3pd!. Complete flux
penetration is obtained when the applied field reaches a value
H* , related to the critical currentJc and to the film thickness
(H*5Jcd). The valueMr

sat of the saturated remanent mag-
netization obtained after applying a high field is the same as
in the classical Bean model for parallel geometry (Mr

sat

5JcR/3).
Previously obtained experimental results15,16 are well ac-

counted for by these recent calculations. Figure 1 shows the
ratio xd/R as a function of thickness for films of different
thicknesses obtained by laser ablation. The average value of
this ratio is clearly close to the theoretical value. Another
confirmation of these models is given by the experimental
dependence of the remanent magnetizationMr as a function
of the maximum applied fieldH a

m during an hysteresis loop,
as shown in Fig. 2. The curve of the ratioMr /Mr

sat vs
H a

m/H* is perfectly fitted by the formula calculated from the
results of Zhuet al.12

Mr~Ha
m!

Mr
sat 5

4

p F2
1

2
SS 2Ha

m

H* D 1SSHa
m

H* D G ,
where

S~x!5arccosF 1

cosh~x!G1
sinhuxu
cosh2~x!

.

This formula takes into account a more realistic current dis-
tribution for decreasing fields than the model of Mikheenko
and Kuzovlev.11

The situation is much more complicated in oblique fields
in the case of thin films since both the intrinsic anisotropy
related to the layered structure of high-Tc superconductors
and the self-field effect should be taken into account. For
bulk layered superconductors, theory predicts in oblique
fields the existence of pancake vortices in the CuO planes

FIG. 1. Initial susceptibility atT54.2 K multiplied by the geo-
metrical factord/R as a function of the film thicknessd. R is the
average film radius. Films elaborated by laser ablation on SrTiO3
substrates.~From Refs. 12 and 13!.
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connected by Josephson strings running along theab
plane.17,3,4When the angleu between theab plane and the
magnetic field is close to 0, the flux lines therefore form
kinks. If pinning is not too strong, they may switch into the
ab plane for a critical valueuc . This corresponds to the
so-called lock-in transition.uc has been predicted to be 4° for
YBa2Cu3O7.

17

In the thin-film geometry, demagnetizing fields become
important. Brandt predicts that the perpendicular component
of the applied field will penetrate the film for anglesu larger
than ~12N! B c1

z /Ba' .4 The demagnetizing coefficientN of
thin films is typically of the order of 12e, with e51024 and
B c1

z 50.17 T for YBa2Cu3O7. This leads in any case to lim-
iting values ofu very close to 0~typically 1024 degree! and
indicates that the perpendicular component ofB will practi-
cally always penetrate a thin film. However no detailed
theory is available for the complicated situation of a layered
superconductor in the thin-film geometry in the presence of
oblique fields. There is only one assumption that can be
made for the critical state: since the critical current has to
circulate along theab plane because of shape effect, in all
cases the magnetization will be perpendicular to the film
plane, as demonstrated by Hellmanet al. in the case of Nb
thin films.10 Possible currents with other geometries would in
any case give negligible~nonmeasurable! contributions to
the magnetization.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetization in oblique fields at low temperatures„T!Tc…

All data reported here have been obtained at 20 K after
cooling the sample in zero field. As shown in Fig. 3, both the
component of the magnetization parallel to the applied field,
M iBa

, and the perpendicular one,M'Ba
, can be measured.

First, we give as reference typical hysteresis loops obtained
in the simple perpendicular geometry~Ba'film plane! for
several values of the maximum applied fieldBa

m ~Fig. 4!.
One notes that in large fields, the increasing~or decreasing!
branches of the loops are superimposed for different values
of Ba

m ~except for the region where the field is reversed!.
Figure 5 shows for the same sample hysteresis loops for
various anglesu, obtained with the values of the component
of the magnetization parallel to the applied field,M iBa

, vs
Ba . Typical results for the hysteresis loops obtained by plot-
ting now M'Ba

vs Ba are shown in Fig. 6~a! for different
anglesu. Since we assume that the magnetization is perpen-
dicular to the film plane and since it is likely that due to
shape effects only the component ofBa perpendicular to this
plane is effective, one may plotM'ab5M'Ba

/cosu vsB'ab ,
as shown in Fig. 6~b!. The corresponding loops are very
similar to those of Fig. 4. One should note that the initial

FIG. 3. Scheme of the field and magnetization orientations.Ba

is the applied field. The magnetization,M'ab , is assumed to be
oriented along the perpendicular to the film plane which is also the
c-crystallographic axis.

FIG. 4. Hysteresis loops obtained at 20 K with perpendicular
applied fields of maximum amplitudeBa

m. Film A prepared by co-
evaporation on a MgO substrate~see text and Ref. 9!.

FIG. 2. Normalized remanent magnetizationMr /Mr
sat, as a

function of the normalized maximum applied fieldH a
m/H* ob-

tained at the temperature of 10 K.Mr
sat is the saturated remanent

magnetization obtained after applying a maximum field of 6 T and
H* is the full penetration field.~From Refs. 12 and 13!. The squares
are experimental data and the line the results of the model of Zhu
et al. ~Ref. 12!.

FIG. 5. Hysteresis loops obtained at 20 K by plotting the com-
ponent of the magnetization along the applied fieldBa , M iBa

, as a
function ofBa , for different anglesu betweenBa and the film plane
~Film A!.
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susceptibilityM'ab/B'ab is found equal to the value ob-
tained in perpendicular field,x58R/3pd. The increasing
and decreasing branches of the loops are also superimposed,
when fields larger than the full penetration field have been
applied. This is a confirmation of our hypothesis.

One may also check that the remanent magnetization is
always perpendicular to the film plane. For that, one records
a hysteresis loop with an applied field making a given angle
u with the film plane and then one decreases the applied field
to zero. The component of the remanent magnetization along
the pickup coils axis is then measured as a function of the
anglef between the axis of these rotating coils and a refer-
ence direction. This is shown in Fig. 7 for previous maxi-
mum applied fields of 0.8 T. Obviously, the component of
the remanent magnetization along this axisM r

i follows a law
of the type cosf. It is saturated for anglesu larger than 10°.
The cosf law is valid for all anglesu and establishes that in
all cases the remanent magnetization is aligned along a di-
rection perpendicular to the film plane independent of the
angleu. Similar results had been obtained in Ref. 18.

The previous results corroborate that at low temperature,
the magnetization is always perpendicular to the film plane,
even for angles between the applied field and this plane as
small as 1°. They also demonstrate thatM and therefore the
critical state depends only on the component of the magnetic
field perpendicular to the film plane. This is a consequence

of the strong demagnetizing field effects which dominate the
properties at low temperatures. However these results do not
allow us to predict the structure of the vortices in oblique
fields. One may only suggest that, since the properties at low
temperature do not seem to be affected by the component of
the applied field parallel to the film plane, the vortex prop-
erties may depend only on the perpendicular component, as a
consequence of these strong shape effects.

One should now compare these results with data obtained
on bulk materials. LaSrCuO single crystals have been re-
cently studied at low temperature with a similar technique.19

In the case of single crystals, secondary peaks are observed
on the hysteresis loops~see also Ref. 20, and references
therein!. These peaks are obviously absent in the case of thin
films. Another difference concerns the low-field behavior: in
single crystals, the magnetization is not parallel to thec axis
for applied fields away from thec axis. This is attributed to
the penetration of vortices along theab plane as predicted
theoretically for layered superconductors.20 Such an effect is
absent in thin films at low temperatures as a consequence of
large demagnetizing field effects.

B. Magnetization in oblique fields at high temperatures
„T<Tc…

At temperatures close toTc the critical currents and there-
fore the magnetization are weak. The shape effect may be-
come negligible and one may expect to detect intrinsic prop-
erties of the material. The experimental studies are made
difficult by the weakness of the magnetic moment to be mea-
sured. Since it is likely that in all cases the component of the
magnetization parallel to the film plane is zero within the
experimental accuracy, one has to measure only the magne-
tization along thec axis, whatever the angleu is. This is
made possible with a magnetometer having two pairs of
crossed pickup coils. The results of such a study are given
for values ofu between 0.3° and 9° at 80 K in Fig. 8. One
should note that foru larger than approximately 1°, the rem-
anent magnetization is saturated, which shows that the film is
fully penetrated by vortices in the remanent state. To com-
pare the properties with the low-temperature ones, one

FIG. 6. ~a! Hysteresis loops obtained at 20 K by plotting the
component of the magnetization perpendicular to the applied field
Ba , M'Ba

, as a function ofBa , for different anglesu betweenBa

and the film plane.~Film B obtained by laser ablation on a LaAlO3
substrate, see text and Ref. 6!. ~b! Same as~a! obtained by plotting
the full magnetization,M'ab5M'Ba

/cosu vsB'ab , the component
of the applied field perpendicular to the film plane.

FIG. 7. Component of the remanent magnetization,M r
i , along

the axis of the rotating pickup measurement coils, as a function of
the anglef between this axis and a reference direction. Curves
obtained at 20 K for different anglesu between the applied field
Ba , which has previously induced this remanent magnetization, and
the film plane~Film B!.
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should now plotM'ab vs the component ofB perpendicular
to the film planeB'ab . This is shown in Fig. 9 for small
values of u. The curves are superimposed in low fields,
which indicates that the initial flux penetration in low fields
is controlled only byB'ab , as in the low-temperature case.
On the contrary, in high fields, the curves are not superim-
posed: this shows that in this case the critical state depends
on the value ofBa , which is different from the situation at
low temperature. To corroborate this result, one has mea-
sured hysteresis loops,M'ab vs B'ab for u50.5° and 90°,
with the same values ofB'ab

m ~831023 T! and the same rate
of change]B'ab/]t of the field~Fig. 10!. The two loops are
superimposed only for the initial part at low fields, which
means that the mechanism of penetration of vortices is the
same at both angles and that it depends only onB'ab , just as
at low temperatures. The other parts of the loop are com-
pletely different and this indicates that the value and orien-
tation of the applied field may now be important, at variance
with the low-temperature situation. From such data, one can
extract a fieldB'ab

p corresponding to the maximum of the
initial magnetizationM'ab . This field is close to the full
penetration field.B'ab

p is plotted as a function ofu at differ-
ent temperatures in Fig. 11~a!. It shows an increase vsu at

intermediate and high temperatures. If one assumes that the
predictions of the perpendicular model are still valid in this
low-field regime,B'ab

p should be proportional to the critical
current atB5Bp (B'ab

p 5m0Jcd). The u dependence of
B'ab

p would then be correlated to the field dependence ofJc .
The curve ofB'ab

p vs Bp would correspond to the curve of

FIG. 8. Hysteresis loops obtained by plotting the magnetization
~perpendicular to the film plane!, M'ab , as a function ofBa , for
anglesu between 0.3° and 9° betweenBa and the film plane, at the
temperature of 80 K~Film A!.

FIG. 9. Half-hysteresis loops obtained at 80 K by plotting the
magnetization~perpendicular to the film plane!, M'ab , as a func-
tion of B'ab , for anglesu of 0.3° to 2.3° betweenBa and the film
plane~Film B!.

FIG. 10. Hysteresis loops obtained at 80 K by plotting the mag-
netization~perpendicular to the film plane!, M'ab , as a function of
B'ab , for anglesu of 0.5° and 90° for the same maximum value of
B'ab ~Film B!.

FIG. 11. ~a! Value of the component of the applied field perpen-
dicular to the film planeB'ab

p corresponding to the maximum of the
initial magnetization, as a function of the angleu. T580 K ~Film
B!. ~b! Critical current evaluated from the values of the fieldB'ab

p

~full squares! vs Bp ~see text! and from the irreversible magnetiza-
tion ~open circles! vs the applied fieldBa .
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Jc vs B. Figure 11~b! shows the critical current evaluated
from B'ab

p vs Bp and the values obtained from the irrevers-
ible magnetization vs the applied field. The two sets of data
are consistent for low values of field, therefore for large val-
ues ofu. This indicates that the perpendicular field model
applies indeed only when the perpendicular component of
the applied field is large enough.

One may also obtain from these data the initial suscepti-
bility

x5m0M'ab /B'ab ,

in the limit of low fields, at temperatures between 20 and 87
K and foru between 0.3° and 90°.x is found to be approxi-
mately independent of the temperature and of the angle and,
within the experimental accuracy, close to the expected value
of 8R/3pd ~2280 for the measured sample! in the framework
of the perpendicular field model.

Figures 9 and 10 show clearly that, at temperatures close
to Tc , the curves ofM'ab vs B'ab depend on the angleu
except in the initial magnetization regime. One may there-
fore assume that, in this regime, the critical state depends
strongly on the applied fieldBa and not only onB'ab . It is
therefore tempting to plot the irreversible magnetization
DM'ab ~half height of the hysteresis loop! vs the angleu for
different values of the applied fieldBa , as shown in Fig. 12
for Ba50.25 and 0.50 T atT582.5 K. The remanent mag-
netization~caseBa50! is also shown for comparison. One
notes first that there is in all cases a decrease of the irrevers-
ible magnetization at angles smaller than approximately 1°.
At higher angles, while the remanent saturated magnetization
is angle independent,DM'ab clearly decreases with increas-
ing value ofu for nonzero values of the applied field.

We will first discuss the small angle regime. Looking first
at the remanent magnetization and at Fig. 9, it is obvious that
the decrease ofMr at small angles is due to the fact that the
perpendicular component of the applied field was not large
enough to saturate the remanent magnetization. The same
argument applies for the casesBa50.25 and 0.50 T. The
situation is different at larger angles: we suggest that the
increase ofDM'ab and therefore of the critical current at
angles smaller than approximately 8° may be due to the ef-

fect of intrinsic pinning when the applied field approaches a
parallel to the CuO layerab plane. This effect is very likely
competing with the demagnetizing shape effects. Therefore it
appears only at intermediate fields when the critical current
and then the magnetization are weak enough to make the
demagnetizing field negligible. At higher fields, the sensitiv-
ity of the apparatus is not high enough to detect the magne-
tization at that temperature.

One should note that the above result is probably based
on the same mechanism as the anisotropy of the transport
critical current reported by Roas, Schultz, and
Saemann-Ischenko.22 We suggest that it is possibly due to
the kink structure of the vortices in the presence of oblique
applied fields. When the angleu is approaching zero, the
length of the portion of the vortices of the Josephson type,
parallel to the layers, is increasing and therefore the effect of
the intrinsic pinning would be getting stronger.17,21

V. CONCLUSION

This article is focused on the vortex properties of high-Tc
YBa2Cu3O7 thin films studied by magnetization measure-
ments in oblique fields. We have verified that at all tempera-
tures, the magnetization is perpendicular to the film plane
~ab-crystallographic plane!, as expected since the critical
currents are forced to circulate along this plane as a conse-
quence of the shape anisotropy. At low temperatures, the
properties are dominated by large self-field effects and the
magnetization depends only on the perpendicular component
of the applied field.

The situation is different at temperatures just belowTc . In
this case, when the applied field is oriented close to the film
plane, the demagnetizing field effects compete with the in-
trinsic properties of the material: we have demonstrated that
the critical current and therefore the vortex pinning are in-
creasing when the angleu between the film plane and the
external applied field is smaller than approximately 8°. This
is attributed to the kink structure of the vortices and to the
increase of the length of the Josephson portions which are
pinned between the CuO layers.

Further work involves YBa2Cu3O7-PrBa2Cu3O7 multilay-
ers. Preliminary results indicate that the above properties
may be enhanced in multilayers and may depend on the cou-
pling between the superconducting layers.
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FIG. 12. Irreversible magnetization,DM'ab , as a function of
the angleu for several values of the applied fieldBa . T580 K. The
upper curve shows the remanent magnetizationMr vs u ~Film B!.
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