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Angular dependence of the irreversible magnetization of YBgCu3;0; superconducting thin films
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YBa,Cuz0; superconducting thin films have been studied by magnetization measurements in oblique fields
up to 0.8 T both at low temperature and at temperatures clogg tdBoth 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 B, 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 field50163-182@06)03845-3

I. INTRODUCTION magnetic properties of YBEu;O; thin films in oblique
fields obtained both at low temperatures and at temperatures
Superconductivity at high temperature was discoveredlose toT,.
nearly ten years ago in copper-based oxid&nce then, In Sec. I, the experimental techniques including thin-film
much effort has been put in the study of thin films, mainly of characterization and the d_escription qf the magnetization
the compound YBZCu;0,.2 This was largely motivated by Measurement apparatus will be described. In Sec. lll, the
the high critical currents which could be obtained comparatheoretical background is summarized and some experimen-
tively easily in the thin-film geometry and by the possibility tal results corroborating the theoretical models for the case of
of deve|oping app”cations_ Ten years |ater, the Origin ofpel’pendicular fleldS will .be re_ported_. Section IV is devoted
these high critical currents and therefore of vortex pinning into the results obtained in oblique fields. They demonstrate
thin films is still not well understood, even if several mecha-that in the low-temperature case shape effects are always
nisms such as the presence of twin p|anes or of screw dis|diominant, whatever the orientation of the applled field is.
cations have often been invokad. The results obtained at temperatures just belgughow that
Most Of the Studies performed on th|n f||ms have beenthe situation is different from the |0W-temperature one and
devoted to the transport properties with or without magneti¢hat intrinsic effects may appear in this temperature range.
field and to the determination of critical currents using etch-
ing tec_hniques in ordgr to obta.in narrow tracks. Few studies Il. EXPERIMENTAL TECHNIQUES
deal with the magnetic properties which however do not re-
quire the preparation of current tracks and probe the whole Most of the results reported in this article have been ob-
film. Magnetization measurements give easy access to thained on thin films prepared by laser ablation at the Univer-
critical state induced by a magnetic field, therefore to thesity of Augsburcf The films were deposited on substrates of
superconducting properties in the presence of currents clodeaAlO; and the thickness was 350 nm. The transition tem-
to the critical currend. . The geometry is obviously different perature was 91 K and the critical current of the order 10
in the case of transport measurements since in this case t#ém? at 4.2 K. Detailed crystallographic studies performed
direction of the current is imposed by the geometry of theusing grazing incidence x-ray diffractibwill be reported
contacts. elsewheré. The LaAlQ; substrates have a rhombohedral
One of the major problems related to the thin-film geom-(pseudocubicsymmetry and become twinned after the film
etry is due to the self-field®f the same origin as demagne- deposition and the related heat treatment. They are cut in
tizing fields in magnetic materiglswhich induce strong such a way that a pseudoculp@1] axis is perpendicular to
shape anisotropy and make difficult the studies of intrinsicdhe substrate plane. The lattice mismatch with respect to
properties™® Since the irreversible magnetization is directly YBa,Cu,0; is 1.5%. The deposited films, oriented with the
related to the critical curreni,, the evaluation ofl. is in  axis perpendicular to the substrate, are found to be faceted as
this case comparatively easy, especially at low temperatura consequence of the substrate twinning. The) crystal-
when J; is large. The situation is different at temperatureslographic axes of the film and of the substrate are found to be
close toT. where the magnetic moment and therefore thealigned. The films are twinned witf110; twin planes paral-
self-fields effect are much weaker. However in this caselel to the{110 planes of the substrate. In consequence, there
since the shape anisotropy should be smaller, it may be posre two equivalent orientations of the twin planes and four
sible to study intrinsic properties such as intrinsic pinningtypes of crystallites. The orthombicity of the film is found to
anisotropy. The aim of this article is to report results of thebe smaller than that of stoichiometric single crystéisa
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=0.055 A to be compared to 0.065 A in single crystalhis ; — . . . .

is probably due to the strain induced by the substrate. The 1.2 1
in-plane mosaicity parametéiull width at half maximum of 1ol i
the (200) x-ray line) is found to be small, of the order of 0.5° LT T 8731 T
(to be compared to 0.9° for films deposited on MgO sub- 08F = 1
strates. & Y Mean experimental
Some results have been obtained on films deposited by = *°[ | ¢ value 1
coevaporation at the Defence Research Agetidalvern 04+ 1 .
U.K.).° The thickness was also 350 nm, the transition tem-
perature 89 K, and the critical current in the range ot'10 02 1
A/m? at 4.2 K. As mentioned earlier, the film mosaicity was 0.0 L—s . . . . ; .
much larger than for LaAl@substrates, in consequence of 100 150 200 250 300 350 400
the larger lattice mismatch8.6% between MgO and Film thickness (nm)
YBa,Cuz0,).

Magnetic measurements have been performed with two FIG. 1. Initial susceptibility aff =4.2 K multiplied by the geo-
vibrating sample magnetometers built in the laboratory. Thénetrical factord/R as a function of the film thicknest Ris the
first one, equipped with a superconducting coil providing gaverage film radius. Films elaborated by laser ablation on SrTiO
field up © 6 T and with a sensitivity of 10 A m? (unit of ~ Substrates(From Refs. 12 and 13
magnetic moment was used for measurements in perpen-
dicular fields between 4.2 K an@,. In the second one, a . . —_—
magnetic field up to 0.8 T is produced by a rotating magnet!n thin superconducting films has also bee_n developed more
Measurements can be made for different angldsetween recently by Zeldowt all* All these calculations agree with

the film plane and the applied magnetic field between 20 I%he results of Refs. 11 and 12 corresponding to the more

andT,. The angle accuracy is 0.1° and the sensitivity 10 simple case of only dc transverse f|e|d_s.. . D
Am? Two pairs of detection coils with perpendicular axes According to these calculations, Fhe initial suscept[blllty is
allow measurements of the components of the magnetizatioy. und to depend only on a geometrical factor, the ratio of the

parallel and perpendicular to the applied field. The rate of ™ radii to the film thicknesgy=8R/3md). Complete flux
change of the magnetic field is kept constant equal to 1. enetration Is obtaln_gd when the applied f|e|d_ reac_hes avalue
mT/s for all experiments *, related to the critical curredt, and to the film thickness

(H*=J.d). The valueM;® of the saturated remanent mag-
netization obtained after applying a high field is the same as
in the classical Bean model for parallel geometiyl ¢
I1l. THEORETICAL BACKGROUND =J.R/3).
o N Previously obtained experimental restit® are well ac-

The problem of the relative importance of intrinsic anisot- ., nted for by these recent calculations. Figure 1 shows the
ropy and of shape anisotropy for the irreversible magnetizag;yig yd/R as a function of thickness for films of different
tion of flat superconducting samples has become importan}icknesses obtained by laser ablation. The average value of
with the discovery of the higff:, superconducting oxides. s ratio is clearly close to the theoretical value. Another
These materials show indeed both an intrinsic anisotropy dugynfirmation of these models is given by the experimental
to their layered crystal structure and shape anisotropy due t&ependence of the remanent magnetizaignas a function

the platelet shape of the available single crystals or to thes the maximum applied fieléh ™ during an hysteresis loop,
thin-film geometry. In this context, it was shown five years .« <hown in Fig. 2. The curve of the ratd, /M5 vs
- e r r

ago by Hellmfanet al. that the i_rrevgrsible magneti_zation of 4 T/H* is perfectly fitted by the formula calculated from the

superconducting Nb samples is oriented perpendicular to thF'esuIts of Zhuet al 12

platelet(or film) plane when the aspect ratio is larger than ’

10/1%° M(HD) 4] 1 [ HDY [HT
However, it is only recently that the problem of flux pen- Ao [ S( 2 —i”

etration in thin films in the presence of magnetic fields per- H

pendicular to the film plane has been solved analyticallyyynere

assuming a field-independent critical curréht? The defor-

mation of the flux lines in the vicinity of the sample induces sinhx|

a curvature of the vortices inside the film. The radial field at S(x)=arcco% cosR(x) "

the surface is of the order of the applied field in low applied

fields. The critical currend is then related to the field gra- This formula takes into account a more realistic current dis-

dient across the thickness and therefore to the vortex curvaribution for decreasing fields than the model of Mikheenko

ture. It is of the order of/d, whereH, is the applied field and Kuzovlev'!

andd the film thickness. This is different from the result of  The situation is much more complicated in oblique fields

the classical Bean model for parallel geometry wh&rés  in the case of thin films since both the intrinsic anisotropy

related to the radial field gradient. Further calculations haveelated to the layered structure of high-superconductors

been performed by Brandt for the case of time-dependerdnd the self-field effect should be taken into account. For

magnetic fields and in the presence of transport curfémts. bulk layered superconductors, theory predicts in oblique

very complete theory of magnetization and transport currentfields the existence of pancake vortices in the CuO planes
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FIG. 2. Normalized remanent magnetizatidh, /M, as a
function of the normalized maximum applied fieldT/H* ob-
tained at the temperature of 10 KI*is the saturated remanent
magnetization obtained after applying a maximum fidld @ and

FIG. 4. Hysteresis loops obtained at 20 K with perpendicular
applied fields of maximum amplitud@]'. Film A prepared by co-
evaporation on a MgO substrateee text and Ref.)9

H* is the full penetration fieldFrom Refs. 12 and 23The squares IV. EXPERIMENTAL RESULTS AND DISCUSSION
are experimental data and the line the results of the model of Zhu o ] ]
et al. (Ref. 12. A. Magnetization in oblique fields at low temperatures(T<T,)

. ) All data reported here have been obtained at 20 K after
connel(7:t3eg by Josephson strings running along &  cooling the sample in zero field. As shown in Fig. 3, both the
plane.”**When the angle) between theab plane and the component of the magnetization parallel to the applied field,
magnetic field is close to 0, the flux lines therefore formMHB , and the perpendicular on®] 5 , can be measured.

a a

ab pane.for a ical vauer, T corresponds (o the. St We give as refrence ypcal ystereis oops obtained
- " ; o o
i?g—cagedoloclzl;—m transitiond, has been predicted to be 4° for several values of the maximum applied fildd® (Fig. 4.
B0y . One notes that in large fields, the increasing decreasing
ranches of the loops are superimposed for different values
f BY' (except for the region where the field is reversed
Figure 5 shows for the same sample hysteresis loops for
R . . a4 various angleg, obtained with the values of the component
thgig‘_]157ls.rt¥§rlc\?gég:ge7_O.Ir.ﬂg Ioef ajzls i\rl]v'g:]; c;ge t(a)lr:i(:n- of the magnetization parallel to the_z applied fie'_ﬂnsa, VS
iting values ofé very close to Qtypically 104 degreg¢ and Ba . Typical results for the hysteresis loops obtained by plot-
indicates that the perpendicular componenBofill practi-  tihg Now M, g vs B, are shown in Fig. @) for different
cally always penetrate a thin film. However no detailedanglesé. Since we assume that the magnetization is perpen-
theory is available for the complicated situation of a layereddicular to the film plane and since it is likely that due to
superconductor in the thin-film geometry in the presence oshape effects only the component®f perpendicular to this
oblique fields. There is only one assumption that can b@lane is effective, one may pIM , ,,=M g /COSOVSB ,p,
made for the critical state: since the critical current has taas shown in Fig. @). The corresponding loops are very

circulate along theab plane because of shape effect, in all similar to those of Fig. 4. One should note that the initial
cases the magnetization will be perpendicular to the film

In the thin-film geometry, demagnetizing fields become
important. Brandt predicts that the perpendicular componen
of the applied field will penetrate the film for anglé@sarger
than (1-N) BZ,/B,, .* The demagnetizing coefficieM of

plane, as demonstrated by Hellmanal. in the case of Nb 6F
thin films 1° Possible currents with other geometries would in
any case give negligiblénonmeasurabjecontributions to o 4r
the magnetization. g
< 2
=
Miap = of
Mg, e
2 5l
= L
2l ab) -4 7
A Ba L ren T=20K T
-6 L 1 1 I 1 L 1 L L 1=
Mg, 0 -1.0 0.8 -0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
Ba (Tesla)
FIG. 3. Scheme of the field and magnetization orientati@gs. FIG. 5. Hysteresis loops obtained at 20 K by plotting the com-

is the applied field. The magnetizatiohl, ,,, is assumed to be ponent of the magnetization along the applied figljd Mg_, as a

oriented along the perpendicular to the film plane which is also thdunction ofB,, for different angle® betweerB, and the film plane
c-crystallographic axis. (Film A).



54 ANGULAR DEPENDENCE OF THE IRREVERSIBE . . . 15521

15 C T T T T T T T T T T T] 8 C T T T T T T T T T T l_
90° _gRfg
_1of 6F g 2 B 1
S g 2t #
< < A AT
S i © v v Ve
— 0 > 2r gy 1
\; : fa v 900
A 5t = oh - g |
= p= 8 Ba, o 45°
v
> o} ) g 2F v —, 10° ;
ash oo 1=20k] 4l e T T=20K]
-1.0-0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6 0.8 1.0 -100-80 -60 -40 -20 0 20 40 60 80 100 120
(a) Ba (Tesla) @ (degrees)
T T . T T FIG. 7. Component of the remanent magnetizatidi], along
I5F e B, i the axis of the rotating pickup measurement coils, as a function of
1ok <o | the angle¢ between this axis and a reference direction. Curves
) e 4GP obtained at 20 K for different angleg between the applied field
< 5T 1 01 15.6° T B, , which has previously induced this remanent magnetization, and
N 0'_ : : 43% \ ] the film plane(Film B).
'§ SF } \ § of the strong demagnetizing field effects which dominate the
= ok ] properties at low temperatures. However these results do not
RN allow us to predict the structure of the vortices in oblique
SEI S . T  T=20K4 fields. One may only suggest that, since the properties at low
06 -04 02 00 02 04 06 temperature do not seem to be affected by the component of
(b) Buab (Tesla) the applied field parallel to the film plane, the vortex prop-

erties may depend only on the perpendicular component, as a
FIG. 6. (a) Hysteresis loops obtained at 20 K by plotting the COnsequence of these strong shape effects.

component of the magnetization perpendicular to the applied field One should now compare these results with data obtained
B.. M, g, as afunction oB,, for different anglesy betweenB, on bulk materials. LaSrCuO single crystals have been re-
and the film plane(Film B obtained by laser ablation on a LaAJo ~cently studied at low temperature with a similar techniglie.
substrate, see text and Rej. () Same aga) obtained by plotting  In the case of single crystals, secondary peaks are observed
the full magnetizationM, ,,=M g /cOSOVSB, 4, the component ~ ON the hysteresis loop&see also Ref. 20, and references
of the applied field perpendicular to the film plane. therein. These peaks are obviously absent in the case of thin

films. Another difference concerns the low-field behavior: in
susceptibility M /B, 4 is found equal to the value ob- sjngle crystals, the magnetization is not parallel todtexis
tained in perpendicular fieldy=8R/3wd. The increasing for applied fields away from the axis. This is attributed to
and decreasing branches of the loops are also superimposee penetration of vortices along tia plane as predicted
when fields larger than the full penetration field have beeRheoretically for layered superconductéfsSuch an effect is

applied. This is a confirmation of our hypothesis.  apsent in thin films at low temperatures as a consequence of
One may also check that the remanent magnetization igyrge demagnetizing field effects.

always perpendicular to the film plane. For that, one records
a hysteresis loop with an applied field making a given angle o . ) .
ew)i/th the film plgne and th(—?r?one decreasesgt]he ?applied f?eld B. Magnetization in oblique fields at high temperatures
to zero. The component of the remanent magnetization along (T<To)
the pickup coils axis is then measured as a function of the At temperatures close b, the critical currents and there-
angle ¢ between the axis of these rotating coils and a referfore the magnetization are weak. The shape effect may be-
ence direction. This is shown in Fig. 7 for previous maxi- come negligible and one may expect to detect intrinsic prop-
mum applied fields of 0.8 T. Obviously, the component oferties of the material. The experimental studies are made
the remanent magnetization along this ai$ follows a law difficult by the weakness of the magnetic moment to be mea-
of the type cosp. It is saturated for angleglarger than 10°. sured. Since it is likely that in all cases the component of the
The cos¢ law is valid for all anglesd and establishes that in magnetization parallel to the film plane is zero within the
all cases the remanent magnetization is aligned along a dexperimental accuracy, one has to measure only the magne-
rection perpendicular to the film plane independent of thdization along thec axis, whatever the anglé is. This is
angle 6. Similar results had been obtained in Ref. 18. made possible with a magnetometer having two pairs of
The previous results corroborate that at low temperaturegrossed pickup coils. The results of such a study are given
the magnetization is always perpendicular to the film planefor values ofé between 0.3° and 9° at 80 K in Fig. 8. One
even for angles between the applied field and this plane ashould note that fop larger than approximately 1°, the rem-
small as 1°. They also demonstrate tiatand therefore the anent magnetization is saturated, which shows that the film is
critical state depends only on the component of the magnetitully penetrated by vortices in the remanent state. To com-
field perpendicular to the film plane. This is a consequenc@are the properties with the low-temperature ones, one
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FIG. 8. Hysteresis loops obtained by plotting the magnetization FIG. 10. Hysteresis loops obtained at 80 K by plotting the mag-

(perpendicular to theo film pLam’EMiab’ as a funption oB,, for netization(perpendicular to the film planeM | 4, as a function of
anglesd between 0.3 _and 9° betwe® and the film plane, at the B, ., for anglesd of 0.5° and 90° for the same maximum value of
temperature of 80 KFilm A). B, ., (Film B)

a .

should now plotM, ., vs the component dB perpendicular
to the film planeB, ,,,. This is shown in Fig. 9 for small
values of 6. The curves are superimposed in low fields
which indicates that the initial flux penetration in low fields
is controlled only byB, ., 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 depen
on the value oB,, which is different from the situation at

intermediate and high temperatures. If one assumes that the
predictions of the perpendicular model are still valid in this
'low-field regime,BY ,,, should be proportional to the critical
current atB=BP (B ,,=uoJ.d). The 6 dependence of

BY ., would then be correlated to the field dependencé,.of

She curve ofB?,, vs BP would correspond to the curve of

low temperature. To corroborate this result, one has mea- 10! R ' ]
I — o o - ]
sured hysteresis loop#) , ,, vs B, 4, for 6=0.5° and 90°, 20K ]
with the same values & T, (8x10 * T) and the same rate 10K W ]
of changesB  ,,/dt of the field(Fig. 10. The two loops are = s
superimposed only for the initial part at low fields, which § w02k .
means that the mechanism of penetration of vortices is the z 60K °
same at both angles and that it depends onlB oy, , just as %;'
at low temperatures. The other parts of the loop are com- Q0K v
pletely different and this indicates that the value and orien-
tation of the applied field may now be important, at variance 103 F 86K vy E
with the low-temperature situation. From such data, one can N : 1
extract a fieldB P, corresponding to the maximum of the 01 : 10 100
initial magnetizationM , ,,. This field is close to the full (@) 6 (degrees)
penetration fieldB !, is plotted as a function of at differ-
ent temperatures in Fig. {d. It shows an increase & at 14 . . - -
T=825K
— . — . 12__ 0 =15.6° n Je=BPp/ nod
15F Ba 3 B o —o—J.=3aM/R A
i ] £
10F ] 8r
— j =
g : S ol
5 ’ \ i ] =
o ] 4
Z 0 z ] I
o X 203 208 % 2.3° 1 2+
ﬁ st 5 ] |
2 - X \ / 0 1 1 1 1
: ] 0.0 0.1 0.2 0.3 0.4
R .  T=80K] ®) BP, Ba ( Tesla)
0.00 0.01 0.02 0.03 0.04
B.iab (Tesla) FIG. 11. (a) Value of the component of the applied field perpen-

dicular to the film plan@? ., corresponding to the maximum of the
FIG. 9. Half-hysteresis loops obtained at 80 K by plotting the initial magnetization, as a function of the angleT=80 K (Film
magnetization(perpendicular to the film planeM, ,,, as a func-  B). (b) Critical current evaluated from the values of the figlfl,,
tion of B, ., for anglesd of 0.3° to 2.3° betweeB, and the film  (full square$ vs BP (see text and from the irreversible magnetiza-
plane(Film B). tion (open circley vs the applied fieldB, .
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———— /] fect of intrinsic pinning when the applied field approaches a
— parallel to the CuO layeab 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
T=825K Ba=05T on the same mechanism as the anisotropy of the transport
ool critical current reported by Roas, Schultz, and

0 2 4 6 8 10 12 14 16 90 L .
6 (degrees) Saemann-lschenk%.We suggest Fhat it is possibly due.to
the kink structure of the vortices in the presence of oblique

FIG. 12. Irreversible magnetizatiodM , ., as a function of ~applied fields. When the angle is approaching zero, the
the angled for several values of the applied fieR},. T=80 K. The  length of the portion of the vortices of the Josephson type,
upper curve shows the remanent magnetizakignvs 6 (Film B). parallel to the layers, is increasing and therefore the effect of
the intrinsic pinning would be getting strongér?

100k

AM.ab (A/m)

J; vs B. Figure 11b) shows the critical current evaluated
from BY,, 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 of 6. This indicates that the perpendicular field model

o . This article is focused on the vortex properties of high-
applies indeed only when the perpendicular component of I . N
the applied field is large enough. YBa,Cuw;0; thin films studied by magnetization measure-

One may also obtain from these data the initial susceptiMents in oblique fields. We have verified that at all tempera-
bility tures, the magnet.lzatlon is perpendlcular_to the f|Im_pIane
(ab-crystallographic plane as expected since the critical
currents are forced to circulate along this plane as a conse-
X= oM ab/Byap, quence of the shape anisotropy. At low temperatures, the
properties are dominated by large self-field effects and the
in the limit of low fields, at temperatures between 20 and 87magnetization depends only on the perpendicular component
K and for 6 between 0.3° and 90% is found to be approxi- of the applied field.
mately independent of the temperature and of the angle and, The situation is different at temperatures just belgw In
within the experimental accuracy, close to the expected valughjs case, when the applied field is oriented close to the film
of 8R/3d (2280 for the measured sampie the framework  pjane, the demagnetizing field effects compete with the in-
of the perpendicular field model. trinsic properties of the material: we have demonstrated that
Figures 9 and 10 show clearly that, at temperatures closge critical current and therefore the vortex pinning are in-
to T, the curves oM, 4 VS B, o depend on the anglé  oreqging when the anglé between the film plane and the

except in the initial magnetization regime. One may there,oqnq| applied field is smaller than approximately 8°. This

fore assume that, in this regime, the critical state depend& attributed to the kink structure of the vortices and to the

strongly on the gpplled field, anq not on_Iy OB, qp. ILIS increase of the length of the Josephson portions which are
therefore tempting to plot the irreversible magnetization .

. . nned between the CuO layers.
AM | ,p (half height of the hysteresis lobps the angled for P! . .
different values of the applied fieH,, as shown in Fig. 12 Further work involves YBZCu;0,-PrBg,Cus0; multilay-

for B,=0.25 and 0.50 T aT=82.5 K. The remanent mag- ©'S- Preliminary rgsults indicate that the above properties
netization (caseB,=0) is also shown for comparison. One May be enhanced in muliilayers and may depend on the cou-
notes first that there is in all cases a decrease of the irreverBling between the superconducting layers.
ible magnetization at angles smaller than approximately 1°.
At higher angles, while the remanent saturated magnetization
is angle independeny M | ,,, clearly decreases with increas-
ing value of @ for nonzero values of the applied field. ACKNOWLEDGMENTS
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