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  Magnetic propenies of  ferromagnetic and  super-

conducting  hybrid films "'ere investigated. The rnagne-

tization process ef  the hybrid films exhibits  peculiar
behavior which  suggests  the  existence  of  the magnetostatic
interaction betweefi the ferromagnetic and  the
supercondueting  layers,
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1.Introduction

  Most studies  concerning  the ferromagnetic-super-
conducting  hybrid films have focused on  the proximity
effect,  i.e., the cempetition  between the ferromagnetism
and  the superconductivity  l)72). In addition, the
magnetostatie  interaction between a  ferromagnet and  a

superconductor  also exists in the hybrid fi1rns. Recently,

theoretieal studies focusing on  such  a  magnetostatic

interaction have suggested  that the magnetostatic

interaction plays an important role  for the determination of

the magnetic  domain  configuration  in the hybrid films 3)'
5).

 The experimental  result  of the magnetostatic

irrteraction has been already  investigated in bulk samples
6). Additionally, an  electric current  switch  consisting  of  a

superconducting  and  a ferrornagnetic layer was  produced
as ari application  of  the hybrid system  7). In this device,
thc suppression  of  the superconductivity  by the loeal
magnetic  field from  the ferromagnetic 1ayer was  utilized

for the  switching,  Therefore, it is of  importance to
investigate the magnetie  properties of  the ferromagnetie-
superconducting  hybrid films.
  gn this paper, the magnetie  properties of  ferromagnetic
and  supercondueting  hybrid films consisting  of  FetSifNb

are  presented. The magnetization  process of  the hybrid
films is different ftom those of  individual Fe and  Nb  films,
suggesting  the existence  of  the magnetostatic  interaction
between the ferromagnetic and  the superconducting  layers.

2.Experiffnenta1

  Samples wlth  trilayered structure consisting  of

FelSilNb were  prepared on  silicen  substrates  using  RF

sputtering process progressed in an  argon  gas pressure of

5,O ×  1O'3 Torr. The  Si layer is in$erted so  as  to eiiminate
th¢  supercenducting  proximity efflect  and  to investigate
only  the magnetostatic  intevaction. The thickness of  Nb
layer was  varied  from 60 nm  to 400 nm,  while  that of  Fe
and  Si layer were  fixed to 100 nrri and  1O nm,  respectively.

Both  Fe and  Nb  layers have enough  thickness  te keep their
inninsic ferromagnetic and  superconducting  properties.
Nb  and  Fe  films were  also  prepared to investigate the
effect  of  the hybridizaeion. All sampies  were  pattemed
with  a  circular  structure  5 nim  in diameter using  rneta11ic

Fig.1 Trilayered structure ofFelSifNb  hybrid film. 8is
    the angle  between the appliecl  magnetic  field and

    the sample  plane.

masks.  Magnetization measurements  were  perfbrmed by a

vibrating  sample  magnetometer  (VSM) at 4.5 K  and  15 K,
which  are  below  and  above  the superconducting

temperature  Tb -- 8.4 K, respectively,

3. Results and  Discussion

  Figure 2 shows  the magnetization  curves  for the
sample  censisting  of Fe(1OO nm)f  Si(10 nm)fNb(400  nm)

at 4.S K. After the sample  had been demagnetized at 15 K,
it was  cooled  down  to the  measuring  temperature  in the
al)sence of  the magnetic  fields. The  rriagrietization  was

measured  as  functions of  extemal  magnetic  field and  the
angle  Obetween  the exte]mal  field and  the sarnple plane.
The magnetization  curve  in the magnetic  field
perpendicular to the sample  plane (e==9ee) exhibits  a

typical magnetization  curve  of  type II superconductors,

The 1arge magnetization  of the hybrid films at e-=900 is
mainly  caused  from  the  shape  effect of  the
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Fgg.2 Magnetization cairves ef  Fe(100nm)/Si(10nm)
      fNb(400nm) at 4.SK.
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superconducting  film. in this configuration,  the fiuxoids
                                e  sample  becauseare hard to penetrate into the center  of  th
of the pinning effect of  the Nb  Iayer 8), Therefore, its
magnetization  curve  changes  as  if the volume  of  the
superconductor  were  increased. As  rotating  the applied

field parallel to the  sample  plane, the  hysteresis loop
beeomes  smalier  and  finalIy the magnetization  curve  at

e=Oe shows  the same  hysteresis as that of  an  Fe fiIm,
since  thc superconductor  does not  contribute  to the in-

plane magnetization  cun'e,

 Figure 3 shows  the three  magnetization  eurves  at e= 450
fbr the Fe(100 nm)ISi(IO  nm)/Nb(400  nm)  hybrid film
[solid line], the Nb  (400 nm)  film [broken line] and  the Fe
(100 nm)  fiIm [dotted Iine], If there is no  interaction

between the lslb and  Fe 1ayers in the hybrid film, the
magnetization  of  the hybrid film should  be equal  to the
simple  sum  of  the magnetization  of  the Nb  and  the Fe
film; mhybrid  =  mNb+mFc  , where  mhybrid, mNb  and  ntFe  are the

magrietization  ofhybrid,  Nb  and  Fe films, respectively. As

seen  in Fig. 3, however, it is obvious  that mhybrid >

mNb+mFe  at the decreasing process of the magnetic  field

from ±O.1 kOe to zero,  In general, in terms ofthe  critical

state  model,  the 1arger magnetization  in the hysteresis Ioop
at  the decreasing process of  magnetic  field reflects the
larger pinning fbrce in superconductors,  Therefore it is
considered  that the hybrid film has the pinning force larger
than that of  the single  Nb  film. The increase of  piming
fbrce in the hybrid film is possibly due to the pinriing of

the fiuxoids in the Nb  layer, enhanced  by the ncighboring
Fe layer,
   The in-plane magnetization  curves  for the hybrid film
censisting  ofFe(1OO  nm)f  Si(1O nm)tNb(160  nm)  at  4.5 K

are  sho"n  in Fig, 4; one  is the magnetization  curve  (solid
line) measured  in the low magnetic  field (O.15 kOe)  after

the cooling  from 15 K without  magnetic  fields, and  the

other  was  the curve  (broken line) obtained  in the high
magnetic  field (12 kOe), It should  be noted  that the

magnetization  curve  measured  subsequently  at  15 K  after

measuring  the magnetization  curve  in the high field

exhibited  the same  square  hysteresis loop as  that of  high
field at 4.5 K. As seen  in Fig. 4, the magrietization  reversal

process measured  in the high field has three significant
differences in comparison  with  that measured  in the low
field. Firstly the enset  field ofmagnetization  reversal, H},
is in the positive direction. Secondly the magnetization
reversal  is progressing slowly.  Thirdly the magnetization
is hardly saturated, and  the absolute  value  ofthe  saturation

field (ffk) becomes 1arger than that in the low field.
  Here the relation to the magnetization  process of  the
hybrid films is discussed, Figure 5 shows  the Nb thickness
dependences ef  I4 (triangles) and  Hk  (circle), where  the
open  and  solid marks  respectively  represent  the values
obtained  in the low (O.15 kOe)  and  high (12 kOe)

magnetic  fields, The values  IL and  "  measured  in the low
magnetic  fieids are almost independent ofthe  thickness of
the Nb  layer, while  HL and  it after applying  the high field
depend on  the Nb  thickness. [that is, H; increases and  Hl
decreases with thickness  of  the Nb  layer, It is known  that
the critical  fielcl HLi, ahove which  the fiuxeids penetrate
into the superconducting  Nb  layer, is about  1 ,3 kOe  at 4.5

K, In the low magnetic  fields below HLi, the Nb  layer,
cooied  without  magnetic  fields, is in the Meissner state
and  exhausts  the fluxoids. As the Nb  layer is so  thin, the
magnetic  field acting  on  the Fe  layer is not  much  different
whether  the Nb  layer is superconducting  or  not. Therefore,
the magnetization  curve  of  the  hybrid film is unchanged
below and  above  Tb of  the Nb  layer.

  VLrhen high magnetic  fields beyond HbT are  applied  to the
superconducting  Nb, the fiuxoids penetrate into thc Nb
iayer and  are  pinned along  the external  field, The remnant
fiuxoids pirmed in the Nb  layer produce a  local magrietic
field at  the Fe layer, As this Iocal magnetic  field
oppositely  directs towards  both ihe rerrmant  fiuxoids and

the magnetized  field, the effective field on  the Fe 1ayer is
weakened.  As a  result,  the magrietization  reversal  of  the
hybrid film magnetized  in the high magnetic  field starts  in
early  stage  during the demagnetizing process.
  The strength  of  the local field can  be estimated  as  the
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Fig.5 Magnetizatien reversal  field H}  and  4  as a fimction
    of  the thickness  of  the Nb  layer. The open  and  solid

    marks  indicate the  values  obtained  in the field up  to

    O.15kOe and  12kOe, respectively,  and  the triangle

    and  circle  show  H} and  Hk, respectively. (see Fig,4)

difference between K  obtained  in the low and  high

rnagnetic  fields. As shown  in Fig. 5 which  shows  the Nb

thickness dependences of  the H  and  ", the diffbrence
lineariy varies with  thickness  of  the  Nb  layer, suggesting

that the strength  ef  the local field from the Nb  1ayer
linearly depends on  the volume  of  the Nb  layer. This is
consistent  with  the  idea described above  in which  the local
field results from the remnant  fiuxoids pinned in the Nb
layer, since  the quantity of  the rernnant  fiuxeids should  be
proportional to the volume  ofthe  Nb  layer.
  The  detailed mechanism  why  the magnetization

reversal  process gradually progregses and  the
magnetization  is harder to saturate after the application  of

the high magnetic  fieid is nQt clear at this stage. It is sure,
however, that the magnetostatic  interaction between the
remnant  fluxoids in Nb  layer and  the Fe layer results in the
change  ofthe  magnetization  reversal process of  the hybrid
films, as Hk measured  in the high magnetic  field depends
on  the thickness  of  the Nb  layer. The magnetic  domain
structure  in the  Fe film, together  with  the  magnetostatic

interaction between the  remnant  fiuxoids and  the magnetic

fiuxes at  the magnetic  domain wall,  p}ays an  important
role  in the magnetization  reversal  process of  the hybrid
system.
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