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Vortex lattice dynamics in DyBa,Cu ;0 ,/(Sr,_,Ca,)RuO ;3 multilayers
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We have investigated vortex dynamics in Dyai;0-/(Sr,_,Ca,)RuO; multilayers in parallel and per-
pendicular applied magnetic fields. In both configurations, we have measured activation edefgieffux
motion and determined vortex coupling through either ferromagn&iRuQO;) or nonmagnetidCaRuQ;)
barriers. Coupled motion of pancake vortices belonging to different DgBgO-, layers occurs for nonmag-
netic barriergCaRuQ,) as large as several hundredsfo. In the case of ferromagnetic barriefSrRuQ;), 50
A was found to be sufficient to decouple the vortices between the barrier. The ferromagnetism present in the
SrRuG; barrier is believed to be responsible for such behay®9163-1826)03934-3

[. INTRODUCTION goal, we have deposited two series of multilayers, one with a
ferromagnetic barriefDyBCO/SRQ and another with a
Vortex dynamics in the mixed state of high-temperaturenonferromagnetic barrie(DyBCO/CRQO. The flux motion
superconductors have been extensively studied since theias been studied in resistive transitions in magnetic fields. In
discovery in 1986. The stacking sequence of their layered the tail of the transitions a thermally activated flux motion is
crystal structure has been shown to have a direct influence agsbserved, as shown previously by Palsttaal. in YBCO
their highly anisotropic superconducting properties. Ansingle crystal$? The activation energield, determined from
original way to address some of the questions related to ththis thermally activated behavior, are directly related to the
importance of anisotropy in higliz superconductors con- anisotropy of the flux-line lattice and hence are sensitive to a
sists of modifying this stacking sequence in a controlledpossible coupling between the superconducting laytns
manner. For that goal, thin-film growth is a powerful tech-thin enough superconducting layerghe possibility of vary-
nique which has led to numerous studies involving heteroing the magnetic properties of the barrier allows us to better
structures or artificial multilayers  consisting of understand the role of ferromagnetism in the coupling and
superconducting-nonsuperconducting materials grown epican bring additional information on the type of mechanism
taxially on different substrates. In most of these investi-responsible for it. This is the first report of such a study in a
gations, the barrier material was chosen to be structuralifnigh-T, superconductor based multilayers and superlattices.
close to the superconductor In the case of YBgu0;,

(YBCO) ~ based  superlattices, — different ~ types | pREpARATION AND CHARACTERIZATION

of barriers such as Pr_l?2€u307 (insulating, OF THE SAMPLES

Y 0.58PT0.4BaCu;0; (semiconducting or Y ¢Pry sBa,Cus0;

(superconducting have ben uset® However, other mate- Before growing the heterostructures, we investigated the

rial combinations are possible with different types of oxidesmagnetic properties of single SrRy@ilms by using a su-
which still present good structural and chemical compatibil-perconducting quantum interference devi®QUID). A cu-

ity with the superconductor. This allows the combination ofrie temperature of~155-160 K was determined from the
materials with very different electronic and magnetic onset of magnetization and from a kfrilin the resistivity, in
properties®~1° In this paper, we present a study of vortex good agreement with the reported values in the literature.
dynamics in superconducting-ferromagnetic heterostructurehe exact structure of SCRO is indeed orthorhombic due to
based on the superconductor Dyf8ai;0, (DyBCO) and  the small size of the $i and C&* ions, which creates a
(Sr,_,Ca)RuO; as a barrier material.  The small distortion from the cubic structure. Out-of-plane x-ray
(Sr;_,Ca)RuO; (SCRO perovskite is an ideal system to analyses showed that the growth orientation €00
study the possibility of proximity coupling through a ferro- SrTiO; substrates i$110). If we neglect the distortion, we
magnetic material. STRUQ(SRO is a metallic perovskite can index the reflections to a pseudocubic lattice with param-
which is ferromagnetic below 160 KRef. 16 but CaRuG  eters varying continuously from 3.92 A&#0) to 3.85 A
(CRO) does not exhibit any magnetic order at low (x=1). These values are close to the DyBGEb axes,
temperaturé’ In more recent studies, the fabrication of which should guarantee a good growth quality of the hetero-
SCRO thin films and YBCO-SCRO-YBCO Josephson junc-structures. The multilayers have been deposited by on-axis
tions have been reporté*In this paper we have investi- magnetron sputtering in an UHV chamber. Typical deposi-
gated the flux dynamics and the dimensionality of the vortexion parameters for the SCRO are 75 mTorr of Ar and 25
lattice by examining the vortex coupling between two supermTorr of O, at 680 °C. These conditions were changed to
conducting layers separated by a SCRO barrier. For thatO0 mTorr of Ar and 80 mTorr of @at 780 °C for DyBCO.
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FIG. 1. Schematic diagram of the DyBCO/SCR@ (d,) mul-
tilayers. (a) Two superconducting DyBCO layers of thickness
are separated by thick SCRO barrier. 300-A SCRO buffer and
covering layers are also deposited. Limiting cases for no central

barrier (b) and an infinite separatioft) are also shown. A -~ Simulation 320 A
AR — Experiment

b) DyBCO

More details on the preparation and the characterization can
be found elsewher#"?°
The construction of the samples used in this study is il-
lustrated in Fig. 1 and can be described as follows. Two
superconducting layers of thickneds of DyBCO are sepa-
rated by a SCRO batrrier of variable thicknes In order to
assure an identical environment for the superconducting lay-
ers, a buffer layer and a covering lay@00 A SCRO each
are also depositefhotationd, /d,, see Fig. 1a)]. Figures 10 15 P 25 3
1(b) and Xc) illustrate the two limiting cases used as a ref- 20 (deg.)
erence in this studynotationd/—). They correspond, re-
spectively, to a perfect couplinge.,d=2d, no central bar- FIG. 2. 6-26 x-ray diffractograms of a single DyBCO filnta)
rier) and to a decoupled casdd=d, only one Around the(001) reflection. The secondary peaks are due to the
superconducting laygr finite-size effect. The dashed line is the calculated spectrum, assum-
X-ray diffraction in the Bragg-Brentano geometry hasing a thickness o317 A . (b) Grazing angle diffraction of the
been used for characterization and deposition rate calibrdim. The oscillations in the intensity can be fitted to a simple opti-
tion. In DyBCO/SCRO superlattices, the artifical modulation¢@ model. The calculated spectruaashed linggives a thickness
of the structure is responsible for the appearance of satellitef ~320 A, in good agreement with the previous result.
peaks. By using different modulations it is possible to deter-
mine the thicknesses of the individual layers with a goodmodef?’ to fit the position of these peaks and to extract the
precision?® For single thin films, the finite size of the sample thickness of the film. The calculation, assuming a thickness
thickness, as compared to the x-ray coherence lefigth-  of 317 A |, isshown as a dashed line in Figia2 The good
cally several hundreds of )Agives rise to additional peaks, agreement between the experimental and the calculated po-
located around the main reflections. The distance betweesitions of the peaks is clearly visible. Note that an exponen-
these peaks allows a precise determination of the thicknestal factor is used in the calculation to account for the asym-
and does not require the growth of superlattices in order tenetry present in the oscillations. Figurég®is the grazing
calibrate the deposition raté$An alternative way to cali- angle diffractogram of the same film. Oscillations in the
brate the sample thickness with good precision consists of-ray intensity are observed for small diffraction angles. It
using x-ray grazing angle diffraction. In that case, the reflecshould be noted that these oscillations are not to be confused
tions from the two interfaces of the film interfere and form with the finite-size effect peaks described before. Calcula-
oscillations in the x-ray intensity at low angle tions based on a simple optical modéf®allow us to fit the
(1°<26<5°). The period of these oscillations is then usedmeasured spectrum with a very good agreement. The dashed
to determine the film thickness. Figure@Rand Zb) present line in Fig. 2b) represents the calculation, assuming a layer
a comparison between these two last phenomena for a Dyhickness of 3@ A . As one can see iffigs. 4a) and 2b),
BCO thin film. Figure 2a) is a #-26 x-ray diffractogram the two methods give similar results for the sample thick-
around the(001) reflection. Numerous peaks related to theness. Such effects could not be observed for SCRO thin
finite-size effect can be observed. In order to allow a precisdéilms. In that case, we used scanning electron microscopy
determination of the film thickness, we use a simple(SEM) and transmission electron microscoffyeM) profile

Intensity (arb. units)
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FIG. 5. Normalized resistivity vs T/ for a 200 A /25 A

FIG. 3. #-26 x-ray diffractogram of a 200 A /200 A DyBCO/ I_DyBCO/SRO multilayer, as a function of perpendicular applied
SRO multilayer. fields.

analyses to determine the deposition rate. thogsands of )}\showgd no discontinuity of the barrier, con-

Figure 3 shows @-20 diffractogram of a 200 A /200 A firming the high quality of the structure.
DyBCO/SRO multilayer. Only SRO and DyBCO reflections
are visible. No trace of extra phases in the heterostructure
could be detected. Figure 4 shows a cross-sectional view of a
i2a5y£rss(§5% %a/rgse rigg::;?; ?rdhgysltjvk\)lgté?g é \-/Ers]:greDo):\Btch:S We hgve studied the activated behayior of the vortice_s in
upper-right part of the image. The SRO buffer and coverin applled fields where thé-V character!stlcs are linear. Thls_
layers are clearly visible Thé two DyBCO layers are easil)?acnvqt_ed character can be observed in the tail _of the resistive
recognized due to their (.:haracteristic layered structpae- transmons_ measured. by t.he standard four-points technique.
allel lines. They are separated by(85-373 A -thick SRO To better illustrate this point, we represent the measured re-
barri ) ) X . sistivity p(T) as a function of applied magnetic field in an
arrier. The structure is w_eII defined and thg barrier is CONA rrhenius olot, i.e., Ip vs 17T. Figure 5 shows the normal-
tinuous. Further investigations over larger distaneseral ized resistivity versus temperature and applied magnetic field
for a 200 A /25 A DyBCO/SRO sample plotted in an Arrhen-
ius graph. The activation energiblsare defined as the aver-
age slopes of the lower part of the plot. The temperature
dependence of) has been previously analyZédnd is re-
sponsible for some curvature visible on the bottom part of
the curves. It has been shown in a previous WelatU can
nevertheless be used to compare different samples with good
precision. .

Figure 6 shows the activation energits for different
DyBCO/SRO multilayers. The field is applied perpendicular

Ill. STUDY OF THE VORTEX DYNAMICS
IN PERPENDICULAR FIELDS
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FIG. 4. TEM cross-sectional view of a 200 A /25 A DyBCO/ FIG. 6. DyBCO/SRO activation energid?as a function of

SRO multilayer. The substrate is visible in the upper right corner ofapplied perpendicular fields and for different barrier thicknesses
the image. The barrier thickness is 25—-37 A thick. The dashed lines are guides for the eye.
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to the CuQ, planes and to the current passing through the I
sample. We have measured five multilayers with variable
SRO (ferromagneti¢ barrier. The activation energy is pro-
portional to the effective thickness involved in the flux jumps ~
up to the limiting correlation length.. of the vortices’
Since this correlation length in DyBCO is close to 400%A |,
which is larger than each DyBCO layer thickness, the pres- o
ence of coupling between the two superconducting layersa.

should then cause an increaselbfas compared to the un-
coupled reference samp(00 A /-). By examining Fig. 6,
among the multilayers with a central SRO barrier of 25, 50, L . . . ]
or 100 A , only the activation energy of the 25 A barrier ¢ 6 7 8
sample(200 A /25 A exhibits a clear increasé80% as /T (10°1/K)
F:ompared to the uncoupled reference SamZﬂ}é).A F. This FIG. 7. Arrhenius plot of a 200 A /25 A DyBCO/SRO
is the expected enhancement for strong coupling between the . o

. . . ... multilayer. The applied field€, 1, 3, 6, and 9 Yare parallel to the
DyBCO layers. However, this result |s'n0t in agreement Wlthplane of the film(DyBCO a-b plane. Inset: close views of the
the (400 A /) multilayer corresponding to the reference g1 (.03, 0.06, 0.15, 0.25 0.5, and 0.75 T plots.
sample for strong coupling and whose activation energies are
surprisingly high in comparison to the uncoupl@®0-A /) more recently by Jensest al.>! presents a different expla-
case. We attribute this discrepancy to a relaxation of strain imation based on the dominant contribution of thermally gen-
this multilayer due to the absence of central layer and to therated vortex-antivortex pairs. More details of these two
large DyBCO thicknes$400 A). The presence of strain in models can be found in Refs. 6 and 32.
our multilayers is believed to be the explanation for the ob-
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served reduction of the activation energies as compared to IV. STUDY OF THE VORTEX DYNAMICS

those obtained in YBCO/PBCO superlattices with similar IN PARALLEL FIELDS

YBCO thicknesse$?® For the two others barrier thick-

nesseg200 A /50 A and 200 A /100 A samplesio clear In order to further investigate the presence of coupling in

sign of coupling is observed. The 100-A SRO barrier sampléour multilayers, we have undertaken a complementary study
shows a slight increase of the activation energy which can b a different field configuration, i.e., by applying the mag-
due to strain relaxation but no increase is reported for a thinnetic field parallel to the plane of the films and thus to the
ner barrier of 50 A . a-b plane of DyBCO. Figure 7 shows the normalized resis-
The magnetic field dependence of the activation energy i§vity versus temperature for a 200 A /25 A DyBCO/SRO
logarithmic(see Fig. for all samples, except for the 200 A/ multilayer in parallel applied fields, plotted in an Arrhenius
100 A and 400 A /- samples which show some curvature dugraph. We observe a reduced broadening of the transition as
to strain relaxation. We can define an effective thickrakss compared to the measurements done in the perpendicular
involved in the motion of the flux and write configuration(see Fig. . A striking feature is the absence of
mdsz —a In(B)+B8 where «,8 are some numerical any field erenQence of th_e transition be_Iow_O.lS T, as it can
factors?® In the uncoupled reference cask=200 A , we be seen in the insert of Fig. 7. The activation energies are
obtain the numerical values=1.43 K/A , and 8=4.68 field indgpendent for suffﬁciently low app]ied fie_tlds. We can
K/A. From that result, we can deduce the effective thicknes¢hen define a crossover fiekt", above which a field depen-
ds~370 A related to the increase of the activation energy fordentU and a reduction of the activation energies are ob-
the strongly coupled sampl@00 A /25 A). This value is served. Figure 8 is a plot of the normalized activation ener-
close to the total DyBCO thickness in the sample, which isgies for our DyBCO/SRO multilayers as a function of the
the expected result for complete coupling. field applied parallel to tha-b plane of the DyBCO layers.
Different theoretical explanations have been proposed tdhe vertical scale has been changed for each sample in order
account for the Iri8) dependence of the activations energiesto highlight the value of the crossover fielf, indicated by
in perpendicular fields. Following Feigel'man, Geshkenbeinarrows. We clearly observe a plateau in the activation ener-
and Larkin®® this dependence is indeed related gies belowB*, followed by a decrease &f for B>B*. The
to plastic deformation in the vortex structure. In two presence of this plateau is believed to be due to remanent
dimensions(2D) and because of a short translational cor-field from the external coil or to thermally generated pairs in
relation lengthR., the free energy to unbind a dislocation the direction perpendicular to the applied fi&fdrhe unsen-
pair is finite and leads to an activation energy given bysitivity of U on the magnetic field wheB<B* shows that it
U=(¢§d/16772ﬂ0)\§b)ln(aolgab) where\,, and &,,, are, re- s energetically unfavorable for the vortices to penetrate the
spectively, the in-plane penetration and coherence lengthsuperconductor when a small field is applied parallel to the
¢o the flux qguantumd the superconducting thickness, and multilayers. In the case of thin decoupled layers, we can
a, the flux-line-lattice spacing. A straightforward calculation describe this situation by calculating the lower critical field
assuming the usual DyBCO parameters leadsxte3.47 B, as a function of the thicknessof the lay&ts® we
KIA , B=24.2 KIA ?° This is in reasonable agreement with obtainB¢;(0)=[2\,,(0)¢o/ mA(0)d?]In[d/&x(0)] where
the experimental result for the uncoupled multilayeri.,\,, are thec and ab penetration depths, respectively;
(«=1.43 K/IA , B=4.68 K/A). Another model, proposed ¢ is the flux quantumg is the superconducting thickness;
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FIG. 8. Normalized DyBCO/SRO activation energi@as a
function of fields applied parallel to the plane of the film and for
different barrier thicknesses. The dashed lines provide a guide f

the eye.
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in the first-order approximation of the formula. The agree-
ment is reasonable with the measuigtl values. An exact
calculation for a 450 A thin film, assuming the usual param-
eters for DyBCO, give8.,~0.66 T, to be compared with
the experimental resuB*~0.1 T. Since the activation en-
ergies are measured negy, the relevant penetration depth
and coherence length should be extrapolated from zero tem-
perature to neaf., which should reduce the predict®&j},
value. A further confirmation of the formula is also illus-
trated by the very largeX20 T) B* observed in YBCO/
PBCO multilayers for 24 A decoupled YBCH.

More interestingly, a change in tH&* value is reported
for the 200 A /25 A sample, as compared to the other mul-
tilayers. It is reasonable to assume that the reduction of
B*, observed in the 200 A /25 A multilayer, is due to the
presence of coupling, as described previously in the perpen-
dicular analysigsee also Ref. 33A tempting way to calcu-
late the increase in the effective thickness due to this cou-
pling would be to use theB*d?=const approximation.
Takingd=200 A ,B*=0.5 T (200 A /- sample, see Fig)7
we deduce an effective thicknessd# 365 A for the 200 A
/25 A sample B*=0.15 T). This result is indeed in good
agreement with the effective thicknedg~370 A obtained
in the perpendicular analysis. However, the validity of the
approximation used for decoupled DyBCO layer is still un-
clear for coupled systems and a quantitative analysis remains
guestionable. It should also be noted that the parallel analysis

95 based on the variation of the activation energy and not on

its absolute value as for the perpendicular configuration. In
the latter case, some possible degradation in our samples an

and &e= Véapéc the effective superconducting coherencecayse some fluctuation in the absolute measuré ofAn
length. As a first order of approximation, we can write this example of such degradation is visible in the inset of the Fig.
expression a8;d?~const.
In order to test this prediction, we grew single uncoupledihe slope of the Arrhenius curves fpip(100 K) <103,
DyBCO f"TS surrounded by SRO. This way, we could com-gych a problem can lead to a difficult interpretation in the
pare theB* dependence on the thickness of the superconperpendicular case. However, in the parallel analysis, the
ducting layer with the predicted value given by the aboveyg|ative variation ofU is not affected and the determination
formula. Figure 9 shows the activation energies as a functlogf B* enables a more precise measure of the coupling. This

of the applied parallel fields, for different DyBCO thick-
nesses. The arrows indicateladependence d8*, as given

. oo
37 00 vg 0.,
® o
I% DyBCO ® 450 A e O
=) O 200A ® %
80 & 110A .
Q
= o)
102 107 1
B, (Tesla)

7 where the repeated thermic cycles lead to a slight change in

is illustrated in Fig. 8 where no change in tB& value is
reported for the 50 A and the 100 A barrier, as compared to
the reference samplk00 A/-). This confirms that 50 A of
SRO is sufficient to decouple the vortices. Such a conclusion
cannot be drawn from the perpendicular analysis.

In order to determine the effect of a nonmagnetic barrier
on the coupling of the vortices, we have grown a series of
multilayers with different CRO barrier thicknesses. Figure
10 presents the activation energies of these multilayers as a
function of the applied parallel fields for nonferromagnetic
CRO barriers 100 and 300 A thick. The reference for a de-
coupled system is also showB00 A /9. The vertical scale
has been shifted for each sample in order to exhibit the val-
ues of the crossover fie®* , indicated by arrows. This value
is reduced for the two barriers, as compared to the uncoupled
reference. We conclude from that result that a coupling is
observed for barrier thicknesses as large as several hundreds
of A, when the barrier is nonferromagnetic.

A very clear dependence of the coupling on the type of

FIG. 9. Normalized SRO-DyBCO-SRO trilayers activation en- barrier is then reported. In DyBCO/SRO multilayers, 50 Aof
ergiesU as a function of applied fields parallel to the plane of the SRO between the superconducting DyBCO layers is suffi-
film and for different DyBCO thicknesses.

cient to decouple the vortices. In the DyBCO/CRO multilay-
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—r — — used, 48 A are sufficient to decouple the vorti%‘é@ecently,

l 47 a related work on YBCO/LggBag:MnO3 superlattices,
----- o - o - -’ reported a decoupling length of 46 A of the LaBaMnO fer-
350 A/100 A ® - romagnetic barriet* For such small barrier thicknesses, the
‘.. presence of ferromagnetic order becomes questiorible.
J; .. ° Due to the SRO buffer and covering layers in the DyBCO/
YT o . SRO multilayers, it has not been possible to measure directly
350 A/300 A 0. s the magnetism of the barrier. It should nevertheless be noted
that a 30 A SRO single film has been shown to be ferromag-

.. . \ netic below 150 K&’
R AR ! O

350 A/~ &y

Log (U [K])
O
[

o, L V. CONCLUSION

‘@ In conclusion, we have measured the activation energies
‘B for two series of DyBCO/SCRO multilayers in fields parallel
) and perpendicular to tha-b plane. We find a very distinct
, e e el behavior for the coupled motion of pancake vortices belong-
107 107 1 10" ing to the DyBCO layers, depending on the type of barrier
B, (Tesla) we used. In DyBCO/SRO multilayers, 50 A of SRO between
the superconducting DyBCO layers is sufficient to decouple
FIG. 10. Normalized DyBCO/CRO activation energigsas a  the vortices. In the case of the DyBCO/CRO system, we
function of fields applied parallel to the plane of the film and for Observe a coupling for CRO thicknesses as large as several
different barrier thicknesses. The dashed lines are guides for theundreds bA . The presence of ferromagnetism in the SRO
eye. barrier is a natural explanation for this striking difference.
The measure of the activation energy in parallel fields has
Jyroven to be a complementary tool to determine the occur-
rence of coupling in our multilayers.

ers, we observe a coupling even for CRO thicknesses
large as several hundreds/A . This striking difference can
be explained by the presence of the ferromagnetic order in
the SRO barrier. This is the central result of this work. An
interesting comparison can be drawn from similar analyses We would like to thank L. Antognazza for fruitful and
made on DyBCO/Y, ¢Prq sBa,Cuz0- superlattices where a stimulating discussion, and G. Bosch for efficient technical
coupling up to several hundreds of A of metallic barrier hassupport. This work was supported by the Swiss National Sci-
been observe® However, if an insulating PBCO barrier is ence Foundation.
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