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Central peak position in magnetization hysteresis loops of ferromagngguperconductoy
ferromagnet trilayered films
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We report on the magnetization hysteresis loops of rf-sputtered Co/Nb/Co trilayered films under applied
fields parallel to the film surface. Below superconducting transition temperagyréne central peak around
zero field in the superconducting magnetization is found to be anomalously shifted toward a positive field on
the descending branch of the hysteresis loop, in contrast to a negative peak position of a single superconducting
film observed in this geometry. The central magnetization peak shifts toward a lower field with decreasing
temperature and increasing the thickness of superconducting Nb layer. These results are explained as due to the
stray field of the ferromagnetic Co layer with in-plane magnetization, which effectively reduces the internal
field of the superconductor.
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[. INTRODUCTION to the film surface. Although there have been some reports
concerning the magnetization hysteresis loops of F/S layered
The magnetization hysteresis loop, which is related to theystems under a parallel field orientatihthe influence of
field dependence of the critical current density, is importanthe ferromagnet magnetization on the superconducting mag-
for applications and is widely used to characterize supercori?etization was not discussed in detail. We show that when
ducting materials. These properties reflect the internal-fieldh€ System has a layered structure and the ferromagnet has
profile of superconductors which is created by the screenin§-Plane magnetization, the central peak of the superconduct-
field, trapped flux, demagnetizing field, &t€he field depen- Nd Magnetization is significantly shifted from a negative
dence of the internal field and therefore, the shape of thf€!d toward a positive field on the descending branch of the
hysteresis loop can be modified in a controlled way byhysteress loop. The qualitative explanation is given in view

; - f the internal field of the superconductor which is a sum-
gﬂzng;ni%ttrgzjg?gplgrgf?ggigei?g microstructure of Samp%mtion pf the applied field and the stray field of the ferro-
Recently, much attention has been paid to the influence Ol?wagnenc layer.
the magnetic field of ferromagnets on the superconducting
bulk properties in ferromagnet/supercondudtetS) hetero- IIl. EXPERIMENT

structures. Since the ferromagnet produces the stray field, the The co/Nb/Co trilayers were prepared at room tempera-
internal field of the superconductor in contact with a ferro-tyre on Si100) substrates using a rf-sputtering system with a
magnet is strongly modified and bulk properties absent in @otatable substrate holder. The Nb and Co sputtering targets
single superconductor would be induced. For instance, in thgere 99.95% and 99.99% in purity, respectively. The base
regular arrays of magnetic dots covered by a type-ll superpressure was less than<20~’ Torr. To achieve a high su-
conducting film under a perpendicular applied field, the in-perconducting transition temperatufe, the Nb layer was
ternal field of the superconductor is locally modified arounddeposited with a high sputtering rate under Ar pressure of 30
the ferromagnetic dots and the penetrating vortices are magnTorr; the sputtering rate of Nb and Co was 5.7 A/sec and
netically pinned. This pinning effect results in a pronounceds.6 A/sec, respectively. The layer thickness of Co and Nb is
commensurability effect and asymmetry in the magnetizatiortc,= 200,500 A anddy,=500-2000 A. To avoid surface
hysteresis loops which depend on the relative alignment besxidation, a 50-A Nb capping layer was deposited on top of
tween the ferromagnet magnetization and vortfc€@n the  the film. We also prepared a multilayered sample vt
one hand, in a mesoscopic F/S nanostructure including F/S 500 A anddy,=1000 A where the number of Co/Nb bi-
junctions, anomalies in the magnetoresistance implying théayers is 5. The Co/Nb multilayer exhibited the same super-
reentrance of the superconductor to the normal state wemonducting properties as that of the trilayer with equal sub-
observed under perpendiculaand parallé! applied fields. layer thickness and was used for structural characterization.
These anomalies were qualitatively explained by the pairfor a reference film, a single Nb film with thickness of 2500
breaking effect due to Zeeman splitting, whose characteristi& was prepared. The samples fabricated in the present study
field is given by the summation of the applied field and strayare listed in Table I.
field of the ferromagnet with in-plane magnetization. Figure Xa) shows a typical high-angle x-ray diffraction

In this paper, we report on the results of magnetizatiorspectrum of the multilayered sample, i.81;Col, taken at
measurements on ferromagf@ub)/superconductéNb)/  room temperature by #-26 scan with CuKa radiation.
ferromagneiCo) trilayered films under applied fields parallel Several Bragg reflections due to the bcc structure of Nb were
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TABLE I. The prepared samples and their superconducting tranwould be polycrystalline where the hcp planes are randomly
sition temperaturesM, T, and S in sample name represent stacked along the hexagorahxis within grains.

multilayer, trilayer, and single films, respectively. In order to confirm the layered structure of sample, we
performed specular polarized neutron reflectivigPNR

Sample dy (A) deo (A) Te (K) measurements on thél-Col sample, using a PORE

M-Col 1000 500 78 reflectometef, installed at KENS, Neutron Science Labora-

: tory in High Energy Accelerator Research Organization
I_gg; 328 288 g:g _(KEK), i.n Tsukuba, Japan. The SPNR measurements give
T-Co3 1000 500 78 information abput the depth proflle of both magnetlp and
T-Coa 2000 500 8.2 nuclear scattering Ienth densiti€3LD) along the direction
SNb 2500 8'5 perpendicular to the film plane. Measurements were per-

formed atT=12 K aboveT. under an applied field of 1 kOe
parallel to the film plane, which is enough to saturate the
magnetic Co moments. Figuréh) shows the SPNR for neu-
observed, being indicative of the polycrystalline nature of theyon spins parallel and antiparallel to the applied fieldThe
sample with no preferred orientation. On the other hand, foependence of the SPNR on the neutron polarization is due
the Co layer, two Bragg reflections were observed @t 2 tg the in-plane magnetization of the Co layer. Assuming that
=43.9° and 97.7°, which can be assigned as (@2 or  each Co(or Nb) layer has an equal layer thickness and has
fcc (111 and hep(004) or fec (222), respectively. These two  yniform magnetic and nuclear SLD, the least-squares fits
reflections appeared even in the &an with arbitrary X-ray  yjelded the depth profile of the SLD as shown in the inset of
incident angle to the film plane. Therefore, the Co layerrig. 1(b). Good fits to the observed data confirmed the lay-
ered structure of the sample. The error of the sublayer thick-

108 : . . ness was within 10% of the designed value and the root-
( a) Nb: bee(1 1—0%30' hep(002) or fec(111) meanl-square roughness parameter was typically 40 A in our
_ . samples.
rNb'b°°(211)+S'(400)_ The superconducting transition temperatuiigesat zero

Nb: bee(220) field and upper critical fields were determined by conven-

l Co: hop(004) tional four-probe resistivity measurements, by var_y_ing the

orfeo(222) temperature under constant applied field. The transition tem-
perature was defined as the temperature where the sample

resistance becomes half that just above the transition. All

samples showed a sharp superconducting transition with a
transition width of 0.1 K(10%—-90%. From the upper criti-

i cal fields, the Ginzburg-Landau coherence lenfjtand the
10 . . . London penetration depth at T=0 K of our samples were
0 30 60 90 120 found, in the dirty limit, to be 105 A and 630 A, respectively.
2 0 (deg) The magnetization under applied fields parallel to the film

plane was measured with a superconducting quantum inter-
ference device(SQUID) magnetometefQuantum Design
MPMS-59. The measurements were performed in the recip-
rocating sampléRSO mode in the center scan with a fre-
quency of 1 Hz and an amplitude of 3 cm. The lateral dimen-
sion of the sample was typically>22 mn?. The applied
field was changed with “no overshoot mode.” To remove the
field inhomogeneity of the superconducting magnet which
produces artifacts, the applied field was set to zero field with
an oscillating field with decreasing amplitude and then the
magnet was quenched before the measurements. We also
monitored the raw SQUID voltage data to ensure the reliabil-
. . 004 0.06 0.8 ity of the observed data. All hysteresis loops beldywere
Q (A'1) recorded after zero-field coolinZFC) with a positively
magnetized Co state; this state was produced by applying a
field of +0.5 kOe before quenching the magnet.
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FIG. 1. (a) High-angle x-ray diffraction profile of thé1-Col
sample, taken at room temperatu(e. Specular polarized neutron
reflectivity of the M-Col sample, taken af=12 K and H
=1 kOe. The open and solid circles show the data for neutrons IIl. RESULTS AND DISCUSSION
with spin parallel and antiparallel td, respectively. The upper and
lower panels in the inset show the nuclear and magnetic scattering AS a typical example, Fig. 2 shows the magnetization hys-
length density profiles, respectively, obtained by least-squareteresis loops of thé@-Co2 sample, taken at a temperature
fittings. above and below.. At T=10 K aboveT., the hysteresis
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FIG. 2. Magnetization hysteresis loops of tfieCo2 sample,
measured after ZFC. The inset shows the enlargement around zerc
applied field. The open circles, triangles, and solid circles represent
the data, taken on increasing the field after ZFC, on decreasing the
field from + 4 kOe, and on increasing the field from4 kOe,
respectively.

loop is typical of a ferromagnetic film with in-plane anisot-
ropy and has a coercive field of about 50 Oe. On cooling the
samples belowl;, the superconducting signal is added on
the hysteresis loop at=10 K for all samples investigated.
As can be seen in the inset of Fig. 2, with increasing the
applied field after ZFC the magnetization shows the usual
diamagnetic behavior and then increases toward the value a
T=10 K. On decreasing the field from a high field, the mag-
netization increases due to vortex pinning and then shows a

maximum aroundd =100 Oe, followed by a sharp reduction |G, 3. Hysteresis loops of superconducting magnetization for
compared with the magnetization reductionTat 10 K. (a) T-Co2 and(b) SNb at various temperatures, where the magne-

To show clearly the superconducting signal of Nb, thetization at T=10 K is subtracted. The solid arrows indicate the
magnetization al =10 K is subtracted from the data below position of the central magnetization peak.

T. as shown in Fig. 3. Note that from magnetization mea-

surements al =10 K after heating at an arbitrary field on  The temperature variation of the central peak position
the descending branch of the hysteresis loop belowwe  H,y obtained on the descending branch of the hysteresis
found that the hysteresis loop of the ferromagnet magnetizdeops is shown in Fig. 4. For all trilayered sampleék, is

tion below T, is slightly modified at fields very close to the about 200 Oe just belowW. and shifts toward a lower field
coercive field where the magnetic susceptibility maximizeswith decreasing temperature. Even at the lowest measuring
This might be due to the reshuffling of magnetic domains intemperature, a negative peak position was not detected when
the ferromagnet by the magnetic field created by pinned vorely, is small, whileH,, rapidly crosses the zero field and
tices or by screening effects of the stray fielfherefore, the  shifts toward a further negative field in the case of ladgg.

data around the coercive field were omitted from the figuresParticularly, forT-Co4 with dy,=2000 A, Hpm below T/T,

As shown in Fig. &), for T-Co2 with dy,=750 A, the  ~0.7 almost coincides with that &Nb, indicating that the
central peak around zero field in the superconducting magnfluence of the ferromagnet is ineffective in this case.
netization was found to be anomalously shifted toward a Generally, superconductors show a central magnetization
positive field on the descending branch of the hysteresis loopeak at a negative field on the descending branch of the
while it shifted toward a negative field on the ascending onehysteresis loop due to the field-dependent critical current
With decreasing temperature, the central peak positiomensity. At the field where the central peak appears, the mean
gradually shifts toward zero field. This behavior is sharply ininternal field throughout the superconducting specimen is
contrast to the hysteresis loop of the single Nb fihlb in minimum so that the current density which contributes to the
this geometry shown in Fig.(B), where the central peak is total magnetic moment maximizes. Within the context of the
located at zero field just beloW, and shifts toward a further critical-state model taking account of the field-dependent
negative field at low temperatures. critical current density, the central magnetization peak of the
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[ T T ' T ' into the superconductor is very large, the mean internal field
200 - T is less dependent on the film thickness, yielding nearly the
sameH ,y~200 Oe for all trilayers investigated. This value
roughly corresponds to the strength of the effective stray
. field acting on the superconductor in this geometry and is in
good agreement with that determined from our recent trans-
[ port critical current measuremertSVhen lowering the tem-
100 | . perature, however, the field penetration is suppressed and a
[ positive internal field develops locally around the center of
[ the film in the remanent state. This results in a shiftgf,
@ 50[ T-Co2 ] toward a lower field at low temperatures as shown in Fig. 4.
C [ Note that within the experimental accuracy no pronounced
g L
T

150 [ T-Cot

[ anomaly in the superconducting magnetization was detected
0|l A around the coercive field where the direction of the effective
[ stray field is reversed.
[ T-Co4 From simple analytical calculations, the stray field around
-50 | i a ferromagnetic film with in-plane magnetization and flat
T-Co3 S-Nb surface was determined. It was found that while the stray
- field is very large &10° Oe) around the edge of the super-
qool— 1 P T T conducting film(near the poles of the ferromaghehe stray
0.2 0.4 0.6 0.8 1 field that almost the majority of the superconducting region
T/ TC feels is only of the order of a few Oe. This value is small
compared with the effective stray field of 200 Oe, obtained
FIG. 4. Temperature variation of the central peak position, obfrom H at high temperatures. The existing large interfacial
tained on the descending branch of the hysteresis [B@o1(open  roughness might modify the distribution of the stray field
circles, T-Co2 (solid circleg, T-Co3 (open triangles T-Co4 (solid  around the F/S interface and increase the effective stray field
triangles, andS-Nb (squarep Solid lines are guides to eyes. inside the superconductor. Theoretical works are necessary to
quantitatively explain the position of the central magnetiza-
rectangular slalfi.e., the thick film with thickness much tion peak in F/S-layered systems including ferromagnets
larger than the London penetration depth under applied With in-plane magnetization. N
fields parallel to the surface is always located at a negative Finally, it should be noted that a positive central peak
field on the descending branch of the hysteresis fohis ~ Position has been observed also in granular Aigtsuper-
arises from the fact that the internal field of the great majorconducting films under perpendicular fiefdfs® In this sys-
ity of the superconducting region is delayed behind the aptem, the observed magnetization consists of intergranular
plied field and a large positive internal field remains in themagnetic moments due to intergranular Josephson current
remanent state when reducing the applied field from a higi@nd intragranular magnetic moments due to currents circulat-
field. ing in grains, and the intergranular magnetic moments give a
On the other hand, when the film thickness is comparabl&hajor contribution to the total magnetization. Owing to the
with \, the superconductor is magnetically transparent andlemagnetizing field by the intragrain magnetization, the in-
the internal field is sensitive to the sweeping applied field. Adernal field at the grain boundaries is effectively reduced.
a consequence, reconstruction of the internal field can b&his allows the intergranular Josephson junction to cause a
quickly achieved over the entire sample if the direction oflarge Josephson current flow across the grain boundaries
the applied field is varied. Then, the central magnetizatiorfven at a positive field, resulting in a positive central peak
peak appears at a slightly negative field or even at zero agosition in this granular superco_nductor. As the temperature
plied field. This behavior is clearly seen in the central peakdecreases, the central peak shifts toward a positive higher
position of the S-Nb sample shown in FiggbBand 4. field ovying to the increase in the demagnetizing _field b_y
When a superconducting film is in contact with a ferro- increasing the number of trapped flux within the grains. This
magnetic layer with in-plane magnetization, however, themechanlsm is different from our case ?hat the. stray field is
central peak position will be changed dramatically. Since thdndependent of temperature due to a high Curie temperature
ferromagnet produces a stray field along the surface antipaf the magnetic Co moments and the central peak position
allel to its in-plane magnetization, the internal field of the Strongly depends on the degree of field penetration into the
superconductor is modified. Particularly, when a field posi-SUpefCOﬂdUCtlng film.
tive enough to saturate the ferromagnet magnetization is ap-
plied, the stray field is antiparallel to the applied field and the
internal field is effectively reduced. Therefore, the condition
that the mean internal field minimizes can be achieved even The influence of the ferromagnet magnetization on
at apositivefield. This results in a positivei,y on the de- the magnetization hysteresis loops has been investi-
scending branch of the hysteresis loop as shown in Fig. 4. Agated on rf-sputtered ferromag(t@o)/superconductdNb)/
sufficiently high temperatures where the field penetratiorferromagneiCo) trilayered films under applied fields parallel

IV. SUMMARY
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to the film surface. From our measurements, it is clear that For F/S/F-trilayered films the main effect of the in-plane
when the ferromagnetic layer has in-plane magnetization, thmagnetization is to shift the field position that the internal
central peak of the superconducting magnetization of F/S/field of the superconductor minimizes. As a consequence, the
trilayers is shifted toward a positive field on the descendingosition of the maximum critical current is shifted from zero
branch of the hysteresis loop. This is attributed to the fachpplied field to a finite applied fiettt. Thus F/S/F trilayers
that the stray field of the ferromagnet which is antiparallel tomay be applicable to a superconducting device where a

the in-plane magnetization effectively reduces the internajaximum critical current is needed at a desired field.
field of the superconductor and the condition that the mean

internal field minimizes is achieved at a positive applied
field. This observation is in contrast to the behavior of a ACKNOWLEDGMENT
single superconducting film where the central magnetization
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