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Influence of randomly distributed magnetic nanoparticles on surface superconductivity
in Nb films
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We report on combined resistance and magnetic measurements in a hybrid sttbiSuef randomly
distributed anisotropic CoPt magnetic nanoparti¢dhl) embedded in a 160 nm Nb thick film. Our resistance
measurements exhibited a sharp increase at the magnetically determined bulk upper-criticad fielils
Above these points the resistance curves are rounded, attaining the normal state value at much higher fields
identified as the surface superconductivity fields;(T). When plotted in reduced temperature units, the
characteristic field line#.(T) of the HS and of a pure Nb film, prepared at exactly the same conditions,
coincide forH <10 kOe, while for fielddH>10 kOe they strongly segregate. Interestingly, the characteristic
valueH=10 kOe is equal to the saturation fight}"\' of the MN. The behavior mentioned above is observed
only for the case where the field is normal to the film’'s surface, while it is absent when the field is parallel to
the film. Our experimental results suggest that the observed enhancement of surface superconductivity field
Hc3(T) is possibly due to the not uniform local reduction of the external magnetic field by the dipolar fields of
the MN.
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[. INTRODUCTION SC/FM interface. A phenomenological parameter called
transparency is employed to describe the transmission ability
The interplay of superconductivity with magnetism is anof the interface.’-8 This parameter depends on the structural
interesting subject of current theoretical and experimental requality of the interface and on the specific spin-dependent
search. The interest on the experimental study of compositécattering mechanism that the superconducting pairs
superconductor—ferromagnésC/FM) structures is continu- experiencé/=2?In the case of very low transparency the su-
ous not only due to their importance for the further theoret{perconducting pairs never enter the FM as they are reflected
ical treatment and understanding of the underlying mechaat the SC/FM interface. As a consequence the proximity ef-
nisms, but also because of the promising applications thdect is depressed. In contrast, when nearly perfect interfaces
such combined structures could give in the near futdre. are available their transparency is very high and conse-
Such composite structures are in the form of films consistingiuently the proximity effect is fully restored with breaking of
of SC/FM bilayers or superlatticés? periodic nanosized or the transmitted pairs to occur in the FM. Nevertheless, the
microsized artificial FM dots or squares embedded in a lowwhole process is not instant but occurs at a time scale corre-
T, superconducting film; %3 etc. sponding to a travelling length of the order of the coherence
In such artificial structures there are two basic mechalength & in the FM. Even in the clean limit wherég
nisms that control the interaction between the superconducEfug/AE., (U is the Fermi velocity and\E,, is the ex-
ing order parameter and the magnetic moments at the SC/FRhange splitting the characteristic magnetic length is very
interface. First is the electromagnetic mechanism which ismall and as a result the superconducting order parameter
related to the interaction of the superconducting pairs witrexhibits a rapid decay in the FM component. As a conse-
the magnetic fields induced by the FM component in the SQjuence of its almost zeroing at the SC/FM interface the su-
and second is the exchange interaction that the supercondugerconducting order parameter should also be strongly de-
ing pairs experience as they enter the FM through the SC/FNtressed at a scale of the order of the coherence lefigth
interface!4~16 This second mechanism plays a crucial rolethe SC?324Thus, it is generally expected that at a SC/FM
when the SC and the FM layers are placed in close proximitynterface the proximity effect should be antagonistic to the
and the SC/FM interfaces are of high structural quality. Innucleation of superconductivity near the surfaces of the SC.
such cases the so-called proximity effect dominates and a On the other hand, when a SC is in proximity with an
number of interesting phenomena are revealed. In the proxnasulator(IN) superconductivity should firstly appear not in
imity effect the spin dependence of the exchange interactiothe bulk of the SC but at a thin layer of the orderéafnear
in the FM results in a favorable spin orientation for the su-its surface$® This is the so-called surface superconductivity
perconducting electrons. As a consequence the superconduéffect and occurs at a magnetic figtds(T) which is higher
ing pairs are destroyed as they are transmitted through thidan the bulk upper-critical fieldl »(T) where superconduct-
SC/FM interface. Nevertheless, in many cases the supercoimg order is established in the whole samf#é®As a con-
ducting pairs may be reflected, rather than transmitted, at theequence of the surface superconducting layer for

1098-0121/2004/18)/0545128)/$22.50 70054512-1 ©2004 The American Physical Society



STAMOPOULOSet al. PHYSICAL REVIEW B 70, 054512(2004)

H<H.(T) the magnetoresistance is lower than the normalThe CoPt MN are isolated and randomly distributed on the
state value and becomes zero only when bulk supercondusubstrate’s surface. Their magnetic behavior is anisotropic,
tivity occurs, i.e., atH=H.(T) <H(T). In contrast, it is presenting a preferential out-of-plane magnetic moment.
expected that in the regimi ,(T)<H<H.(T) the mea- Their typical in-plane size and thickness are of the order of
sured magnetization of the superconductor should be zerd00 nm and 30 nm, respectively, while their distance is of
due to a change in the direction of the superconductinghe order of 200 nnisee transmission electron microscopy
screening currents that flow in the thin layer near the surfacéata in Ref. 29 After producing the MN the Nb layer was
of the samplé&>26 Thus, the effect of surface superconduc-sputtered on top of them, so that the MN were actually em-
tivity cannot be identified by means of global magnetic meabedded at the bottom of the Nb layeee Fig. 7 beloyw We
surementgSQUID measurements should underline that the pure Nb film and the Nb layer of
Until today, most of the reports on HS referred mainly tothe HS were produced simultaneously during the same sput-
transport properties performed in the regime just below thdering run since the two substrates were mounted side by
bulk upper-critical fieldH.,(T), or well inside the mixed side. In this way the same intrinsic properties of the Nb layer
state of the superconductor and were limited in the low-field®f the HS and of the pure Nb film are obtained. The critical
regime close to the critical temperature. The influence of 4€mperature of the films under discussionTis=8.3 K for
magnetic component to the transport behavior of the supeRure Nb andT.=7.7 K for the HS. The residual resistance
conductor in the high-field regime above the bulk upper-ratio is RRR=3. The determination of the thickness of the
critical field He(T) and especially the behavior of the sur- Nb layer was based on an Alpha-Step device and for the
face superconductivity fielHe(T) has not attracted the films under discussion was found to bel60 nm ensuring
interest of experimental studies although there are theoretic&f@t the SC is in the three-dimension@D) bulk limit. Typi-
reports related to the subjeééi!>27In this paper we present €@l in plane dimensions of the films are<4 mn. Com-
detailed transport and magnetic data on the influence of rarined x-ray diffraction and transmission electron microscopy
domly distributed anisotropic CoPt MN on the superconduct-d?‘ta revealed that the crystallites of the Nb layer have mean
ing order parameter of the conventional IGwNb supercon-  Size of the order of 40 nm and that they are homogeneous
ductor which is a simple isotropic system, thus giving us the/ithout exhibiting columnar growth.
opportunity to exclude parametegtermal fluctuations or Our magnetoresistance measurements were performed by
anisotropy that could complicate the total behavior of a HS. @PPlying a dc transport curre@iormal to the magnetic fiejd
In the composite system, we found that the surface superco@d measuring the voltage in the standard four-point configu-
ductivity field He(T) is strongly enhanced in the high-field ration. In most of the measurements presented below the
regime when the applied field is normal to the film's surface 2PPlied current was,;=0.5 mA, which corresponds to an

More specifically, we found that although the related linesSfféctive densityJy.~80 Alcn?. The magnetic measure-

H.s(T) of the HS and pure Nb films coincide in the low-field ments were performed under both zero field cooling and field

imeH < 10 kOe, th t | te fdr> 10 kOe. gooling conditiqns. The temperature control and the applica-
'rl'ehgem::eharacteristice: Vaﬁjyb{szrfg?(é:e\,%i?: fhis changeeoc- tion of the dc fields were achieved in a commercial SQUID

; L device (Quantum Design We examined the whole
curs is equal to the saturation fiehth of the MN. In con- o : ;
trast, the bulk upper-critical lined,(T) of the pure Nb and temperature-magnetic-field regime accessible by our SQUID

the HS films almost coincide. A comparison of our experi—(Hdc< 55 kOe,T>1.8 K).

mental results with current theoretical knowledge is made

and a simple explanation is proposed for the observed behav- Ill. EXPERIMENTAL RESULTS AND DISCUSSION
ior. We believe that in our case the electromagnetic mecha-
nism plays a dominant role, while the proximity effect is
probably depressed due to the low transparency of the stru
turally disordered surfaces of the MN. The high values tha
the dipolar field of the MN attains by their lateral surfaces
results in a sufficient reduction of the external applied mag
netic field in the respective regimes. As a result the surfac
superconductivity field lineH 5(T) is strongly enhanced in
the HS film.

Figure 1 presents a set of magnetic and resistance mea-
urements for magnetic field,.=5, 10, and 15 kOe normal
fo the surface of the HS film, while in the inset we present
he magnetic data in an extended temperature regime. In the
magnetic data we present both curves for zero field cooling
gnd subsequent field cooling. We observe that the bulk
Upper-critical temperature$.,(H), defined from the mag-
netic measurements as the point where the diamagnetic sig-
nal becomes zero, coincide with the temperatures where for a
high applied currenty.=0.5 mA (J4.~80 A/cn?) the volt-
age starts taking nonzero valugee dotted double arroys
In addition, the magnetically determined irreversibility
First of all, our aim was to produce pure Nb films. Rela- pointsT;(H) are clearly placed at much lower temperatures
tively clean films are needed in order to minimize the bulkcomparing toT.,(H). This fact indicates that the identified
pinning of vortices. This is necessary in order to reveal theupper-critical pointsT.,(H) refer to the zeroing of the equi-
interaction between the MN and the superconducting ordelibrium magnetization and not to a collapse of screening cur-
parameter. The sputtering conditions needed for the deposients that originate from bulk pinning. More importantly, we
tion of relatively clean Nb films and for the preparation of clearly observe that the voltage curves take the normal state
the CoPt MN are reported in Refs. 28 and 29, respectivelywalue at temperatures much higher tiag(H). Furthermore,

Il. PREPARATION OF THE FILMS AND EXPERIMENTAL
DETAILS

054512-2



INFLUENCE OF RANDOMLY DISTRIBUTED MAGNETIC.. PHYSICAL REVIEW B 70, 054512(2004)

(=)

o
@
S

35504540 ___ 1=0.5mA;

v
M

0.6 0.50

A
(nuxa_o7)w

m(10°emu)
(=]

FIG. 1. The main panel presents the comparison of the measured
voltage curves at a high currehf.=0.5 mA (J4.~80 A/cn?) to
magnetic datgcircles and squares, respectivefgr the HS as a 0.545}
function of temperature for magnetic fieltig.=5, 10, and 15 kOe.
The voltage attains the normal state value at a much higher tem-
perature T.3 than the upper-critical ond.,. The irreversibility
pointsT;, (inclined arrows$ are clearly distinct from the bulk upper- =
critical temperature3,,. In the inset we present the magnetic mea- > 0.535f
surements in an extended temperature regime. In all cases the ap- [ 15 {10715
plied dc field is normal to the surface of the film. 0.530L 0 KOe

the |-V characteristics exhibited a clear nonlinear behavior

in the regime abov@.,(H) (see below According to cur-

rently available knowledge the only characteristic effect (0)
placed outside the mixed state of a type-Il superconductor
[T>T.(H)] is surface superconductivity. Thus, we identify
the points where the resistance attains the normal state valﬂl‘%
as the characteristic temperatufes(H) where surface su- _

FIG. 2. Measured voltage in the HS as a function of temperature
various dc magnetic fields under a dc transport curigpt

5 mA (Jg.~80 A/cn?) when the dc field is normal to the sur-
face of the film. The upper panel presents the whole resistive tran-

percon_ductlwty OCeurs. sition, while in the lower panel we focus in the regime where the
In Flgs. 4a) and 2b) we presgnt a Complgte set of mag- voltage attains its normal state value.
netoresistance measurements in the HS film at a constant

currentlg.=0.5 mA (Jy.=~80 A/cn¥) for various magnetic  ata presented in Fig. 3 give evidence that the regime
field values. We observe that the voltage curves are S"O”g}Ycz(H)<T<TC3(H) is governed by surface

rounded. The observed rounding gradually disappears as W&iperconductivity®26:2830-33Although the original theory
apply lower magnetic fields. In addition, we see that the, e qicted the presence of the effect only for the case where
points Tc(H) where the voltage takes the normal state valugyg field is parallel to the surface of the specimen, recent
are well resolved in our measuremefsge Fig. 20)] and experimental reports investigated also the case where the
consequently may be defined with high accuracy. In order t@jg|q js normal to the surface of the sample giving evidence
investigate the regiméc,(H) <T<Tcs(H) in more detail we hat an analogous effect takes place even for such
also performed measurements as a function of the applie@onﬁguraﬂorﬁsse,sl

current. Representative-V characteristics are shown in Fig.  since the MN exhibit anisotropic magnetization, different
3 for various temperatures at a magnetic fielgl=20 kOe.  pehaviors should be observed when the magnetic field is
In the upper panel the dotted lines indicate the specific tempgrmal or parallel to the HS film. In Fig. 4 we comparatively
peratures where the measurements have been performgfesent such measurements for both field configurations. At
while the lower panel presents the respective data. Fome first set the field was normédpen circley while at the
T<Tc(H)=3.4 K the maximum applied curremfc=1 MA  gsecond set was parallésolid circleg to the surface of the
(Jgc= 160 A/cn) does not exceed the bulk critical current film. In both sets the dc transport current was transverse to
and the detected voltage is almost zero. AboNg(H)  the magnetic field. As we clearly see the resistive transition
=3.4 K the applied current exceeds the surface critical curfor the case where the field is normal to the surface of the HS
rent and a finite voltage is measured. The obsered  film is rounded and more extended compared to the one for
curves are nonlinear in the reginfg,(H) <T<T.(H) and  the case where the field is parallel to the film’s surface.
become linear only whefi 5(H) is exceeded. In the inset we In Fig. 5 we present in reduced temperature units a com-
present the derivative of the measuileeV curves. We see parison of the voltage measured in pure Nb and HS films
that even aff=3.9 K the response is nonlinear in small ap- under a magnetic fieltly.=20 kOe normal to their surfaces.
plied currents. In agreement to other works the experimentalVe see that the upper-critical poins,(20 kOg almost co-
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04 8 FIG. 4. Measured voltage on the HS film as a function of tem-
perature for various dc magnetic fields under a dc transport current
l4c=0.5 mA (J4c=~80 A/cn?) when the dc field is normalopen
circles and when it is paralle{solid circleg to the surface of the

film. In both cases the transport current is transverse to the magnetic

field.
0.0 ments(triangles and semifilled rhombi for the pure Nb and
0.0 02 04 06 08 1.0 HS films, respectively The most important result presented
I(mA) in Fig. 8b) is that the characteristic lind4.5(T) coincide up

to H=10 kOe but above this field they strongly segregate,
Swith the H¢s(T) line of the HS film placed at much higher
Jields comparing to the respective one of pure Nb. The char-
data refer toHy.=20 kOe normal to the surface of the film. The acteristic va_lueH = 1(_) kOe is equal_ to the Saturati_on field of
inset presents the derivative of the measure¥ curves forT e MN. This experimental fact gives strong evidence that
=35, 3.6, and 3.9 K. Even at=3.9 K thel—V curve is nonlinear the MN are responsible for the behavior observediin(T)
in low applied currents. (see below. Furthermore, abovel =10 kOe the bulk upper-
critical field line H.,(T) of the HS presents a smooth devia-

incide (see the insg¢tbut the voltage attains its normal state tion from the extrapolated high temperature d@tee dotted
value at a much higher temperatufg (20 kOg¢ for the HS  line). This behavior is not observed in thé.,(T) data of
film compared to the pure Nb one. On the other hand, thg@ure Nb. Thus, regarding.,(T) the preliminary results pre-
corresponding measurements performed for the configuratiosented in this work suggest that the weak rounding observed
where the applied magnetic field is parallel to the main sur-
face of the films exhibited a totally different behavior. In the
parallel configuration th&.; (20 kOe€ points of the HS and 1.00
of the pure Nb films coincide when plotted in reduced tem-
perature unit§see the inset of Fig. 6 beldw

The experimental results presented above are summarized 0.80

FIG. 3. Measured voltage in the HS as a function of temperatur
for 14.=0.5 mA(upper pangland representativie-V characteristics

H, =20 kOe
(]

in Figs. §a) and &b). Figure &a) presents the surface super- Q’
conductivity fieldsH.5(T) for the HS film for the case where 2
the field is normal(open and solid circlgsand parallel =) 080
(semifilled circle$ to the surface of the film. The open >

(solid) circles come from isofielgisothermal measurements
as a function of temperatuk&eld). We see that for the two
field configurations the characteristic lindsy(T) clearly co-

0.70

incide up to a certain magnetic field= 10 kOe, but above 0.60

this value the two lines strongly diverge. Figurgbpsum- o ' ToT/T

marizes the main result of the present study referring to the ¢

configuration where théeld is normalto the film's surface. FIG. 5. Comparison of the measured normalized voltage for the

The Hy(T) and theHc(T) lines of the HS and of the pure pure Nb(squares and the HS(circles films as a function of re-
Nb films are presented in reduced temperature units. Th@uced temperature under a dc transport curtgmt0.5 mA (Jgc
Hco(T) lines are determined by magnetiopen and solid =80 A/cn?) for Hy.=20 kOe. In both measurements the magnetic
rhombi for the HS film and magnetoresistance measure-field is normal to the surface of the film.
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60 parallel to the surface of the films the situation is entirely
H,(T) HS film different as presented in the inset in reduced temperature
501 1 units. We observe that the lindd.5(T) of the pure Nb
(squarepand HS(circley films almost coincide in the whole
Ao ] temperature-magnetic-field regime investigated in this work.
8 As we mentioned in the introduction there are two basic
& 30 ] mechanisms that control the interaction between the super-
o conducting order parameter and the magnetic moments at a
20¢ ] SC/FM bilayer. First is the electromagnetic mechanism and
second is the exchange interaction that the superconducting
10¢ ] pairs experience as they enter the FM through the SC/FM
interface. The second mechanism results in a strong depres-
001 9 sion of the superconducting order parameter at the surfaces
(a) of a SC which are placed in close proximity to the FM com-
ponent(proximity effec).’*-161n contrast, at a SC/IN inter-
60_ PR RN A ' ] face the surface superconductivity effect implies that for
sof H_, (TR 2ol e ST ] magnetic fielddH ,(T) <H<H.s(T) the superconducting or-
3 Goof 1 der parameter is enhanced near the surfaces of the SC. Con-
wof = iz ] sequently, _the so-called proximity effec_t _should act agai_nst
ot 5| 1 parallel ] the formation of surface superconductivity. Our data give
8 30 | H (D) R TR BT evidence for an enhancement of surface superconductivity in
oot /T, ] the HS film. Thus, we speculate that probably the proximity
sob ™ 1 effect does not have strong influence in our case. One way to
[ @ Ry ] eliminate the proximity effect is by placing a sufficiently
10k S thick insulating spacer between the SC and the FM compo-
 H normal B ] nents. In such structures the insulating layer ensures that the

superconducting pairs do not experience the dominant ex-
change interactions as they never enter the FM. On the other
c hand, recent studi€s?? showed that an important phenom-
FIG. 6. The upper panel presents the characteristic field ”negnologl_cal parameter called transparenc_y shoulq be intro-
Hq3(T) where the voltage attains its normal state value for the Hsduc_ed in order for the t.heory to be cons!stent W'th_ the ex-
film measured when the magnetic field is nornaben and solid perlme_nta_l resu_lfts' This parame?er which describes the
circles and when it is parallesemifilled circles to the surface of ~ transmission ability of the SC/FM interface depends on ex-
the film. In the lower panel and in reduced temperature presentefinsic and intrinsic factors. The_maln extrinsic con_tr|but|on
are the upper-critical field linéd (T) (triangles and rhombi for the comes from the structural quality of the SC/FM interface
Nb and the HS films, respectivelyand the characteristic fields (Compositional disorder, oxidation, mismatch of the lattices
H.3(T) where the voltage attains its normal state value, of the purdhat results in strain effegts'”2°-22while the intrinsic one is
Nb (squares and HS(circley films measured when the magnetic related to the specific spin-dependent scattering mechanism
field is normal to the surface of the film. In the inset we present thehat the superconducting pairs experience as they go through
Hcs(T) lines for the pure Ni§squaresand for the HScircles fims  the interfacé’2%3*For the case of perfect SC/FM surfaces
measured when the magnetic field is parallel to the surface of théhe transparency is maximum and as a result the proximity
film. In all cases the transport current is transverse to the magnetigffect may be easily observed. In contrast, strongly disor-
field. dered interfaces are described by low transparency and the

: : . . . proximity effect could be strongly depressed. Due to the
in the lineHc,(T) of the HS |s.mot|va.ted by the M[[‘B_S is the preparation technique employed in our work the produced
pronounced one observed in the likk;(T)]. Despite that,

) e / MN do not have flat surfaces, in contrast to other works
this gradual deviation could be also ascribed to the commojhere the magnetic dots or squares were usually fabricated
zeroing of its slope as the lind,(T) of a disordered super- py means of a controllable lithographic technique. Thus, in
conductor approaches zero temperature. In this work we fogyr case the proximity effect could be strongly depressed due
cus on the pronounced effect observedin(T) and we will 15 stryctural distortion and possible oxidation of the SC/FM
not refer further on the weak rounding observedHg(T) interfaces.

since more experiments are needed to clarify this point. By |n order to leave no doubt, below we compare our experi-
extrapolating the related data to zero temperature we finghental results with recent theoretical studfeand experi-
that the ratio of the surface superconductivity fielgh(T) to  mental work&36-4! that refer to similar phenomena moti-
the bulk upper-critical fieldH,(T) is He3(0)/He(0)=1.5and  vated by the proximity effect in superconducting-normal
2.9 for the pure Nb and the HS films, respectively. The estimetal (SC/NM) or SC/FM multilayers. In recent studies Ta-
mated valueH 3(0)/H.,(0)=1.5 for the pure Nb film is close kahashi and Tachif} suggested that due to the proximity
to the theoretically proposed value of 1.69%¢In contrast, effect a strong deviation in the bulk upper-critical field
the corresponding valul.3(0)/H.,(0)=2.9 for the HS film  H.y(T) should be observed in a SC/NM multilayer. A brief
is strongly increased. For the case where the magfielitis  summary of their conclusions is given here. The constituent
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Ho A dimensional to two-dimensional behavior was observed in
the above-mentioned experimental and theoretical
He+H reports3>-37:41 Despite this similarity there are also strong

differences that should be mentioned. First of all, we have to
underline that in those works absolutgdgriodic multilay-

ered structures were employed, while in our case we have a
nonperiodic distribution in the MN/Nb interfaces. Second,
our H5(T) data do not exhibit &1-T/Ty)*? dependence in

the low temperature regime. Third and more important, our
experimental data refer to the surface superconductivity field

/(N (0

\\\!i,"“A\'ll/.\\\'j’.““\!’l/ line Hes(T) and not to the bulk upper-critical fields.(T).
Due to the above arguments we believe that either the behav-
X ior observed in ouH.4(T) data is not influenced by the prox-

FIG. 7. Schematic presentation of the HS consisting of the MNimity effect, or the results of previously pUb“Shed_e_Xpe_ri'
embedded at the bottom of the Nb layer. The external applied ﬁekgnental works refer also to_ the Sur_face _SUpe_rconductIVIty field
Hex (thick dashed lingis modulated by the dipolar fieldsy,of the ~ Hca(T). The second case is possible since in most works the
MN. Due to the inhomogeneous intensity of the dipolar fields, theUpper-critical field was usually defined by the midpoints of
total local fieldH,, (thick solid curve presents a local minimum the resistive transition without comparing with magnetic
very close to the lateral surfaces of the MN. Away from the MN the measurements. As a consequence, the data presented in the
total local field equals the external field. past could more or less detdd{s(T) and notH.,(T). Finally,

we note that until today there is no theoretical work investi-
layers of the superlattice are characterized by their diffusioyating the problem of a thick SC layer in proximity with a
constants, pairing potentialg\/, electronic density of states FM in the field rangeH ,(T) <H < Hc4(T) where surface su-
A and thicknessed. By varying each parameter separately perconductivity is expected in the SC. The antagonistic role
the author® showed that both parallel and normal bulk of the proximity effect and surface superconductivity
upper-critical fields exhibit an intense change at some charsirongly complicates this problem. Our experimental results
acteristic temperature. First, let us suppose that dalis  could give some information for future theoretical treatment
discontinuous at the SC/NM interface, whil2s=Dy, Vs  of this problem.
=Vy, and ds=dy. For temperatures close @ the usual By assuming that in our case the electromagnetic mecha-
three-dimensional linear behavior is observed in the para”ql"ism dominates over the proximity effect, in the discussion
bulk upper-critical fieldHco(T) = (1-T/To). When decreas- given below we propose a simple explanation for our experi-
ing the temperature the superconducting coherence le€iagth mental results. Magnetization loop measurements performed

also decreases and at a characteristic temperature it becomgshe HS film in temperature just aboie (not shown herg

equal both tods and dy. Below this characteristic tempera- reyealed that the saturation field of the MN SN

ture, Hc»(T) exhibits a square-root dependertdg,(T)=(1 <10 kOe(see also Ref. 29This value is equal to the char-
—T/To)"? which is indicative of a two-dimensional behavior. acteristic field abovebelow) which the respective lines
Thus, in the low temperature regime the layers of the SCH_4(T) of the HS and the pure Nb films divergeoincide
become decoupled. The same qualitative behavior is also olyhen the field is normal to the film’s surface. We believe that
served inH,c,(T) when the conditions\s=Ay, Vs=Vy and  this purely experimental facmay lead us to the following
ds=dy hold, but the diffusion constants of the constituentqualitative interpretation for the behavior observed in Figs.
layers are unequaDs# Dy. In the later case the effect is 6(a) and Gb). Under zero magnetic field the anisotropic MN
even more dramatic for the normal upper-critical field have their moments randomly distributed so their macro-
H, c2(T). While close to the critical temperature the ;o(T)  scopic magnetic moment is zero. When we apply the mag-
exhibits the usual linear behavior, below a characteristic temnetic field normal to the film we also align the dipolar fields
perature acquires a pronounced upturn. It is worth noting thadf the MN normal to the film's surface. The situation dis-
in contrast toHc»(T) the H, .»(T) exhibits almost linear be- cussed here is schematically presented in Fig. 7. The dipolar
havior in a wide regime both below and above the characterfields Hgy, will reduce (enhancg the external applied field
istic temperature. This is reminiscent of the behavior obH,, in the region by the lateral surfaces of the MM the
served in our data. Thus, a comparison of the two cases i®gion above their normal surfageso that the total effective
necessary. Due to the fact that the CoPt MN are embedded atagnetic fieldH,, is lower (higher than the external mag-
the bottom of the Nb film a normal applied magnetic field netic field in the respective regimes. As our experimental
could be experienced as parallel by the sequenitiat not  results showed, the whole effect takes place clearly above the
periodig lateral MN/Nb interfacegsee Fig. 7 beloy So, the  bulk upper-critical-field lineH.(T), so that the dipolar fields
present experimental configuration could be analogous, iy, of the MN are not efficient to reduce the external applied
some degree, to the theoretically descriemhd experimen- field H,, in the bulk of the superconductor and drive it in the
tally studied artificial SC/NMP—4%or SC/FM4! multilayers.  mixed state. More importantly, we believe that the observed
Interestingly, the shape of the resulting liHgs(T) observed effect is related to the fine locainevendistribution in the

in our case is similar to the one exhibited by tharallel  intensities of the dipolar fieldsl 4, (see Fig. 7. The dipolar
“upper-critical field” H¢.»(T) when a crossover from three- fields of the MN are not uniform in the surrounding space
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but have higher intensity in the vicinity close to their lateral tirely when plotted in reduced temperature units. In contrast,
surfaces, while away from them decay rapidly to zero. Thighe situation changes strongly when the field is normal to the
could lead to a more efficient compensation of the externasurface of the films. Although for this field configuration the
magnetic field in the vicinity by the lateral surfaces of thebulk upper-critical fieldsH.,(T) of the two films almost co-
MN. Such a reduction of the external field could enhance théncide in the entire temperature regime, their respective char-
formation of a superconducting condensate confined close tacteristic linesH.4(T) coincide up to the saturation field
the lateral surfaces of the MN, thus promoting surface supemg"a’;‘zlo kOe of the MN, while above this field they
conductivity. strongly segregate. In our case the proximity effect is possi-
Finally, we discuss another possible mechanism that couldly depressed due to the strongly distorted surfaces of the
motivate the rounding observed in our resistance curves. DUgIN. More importantly, recent works suggest that the prox-
to their preparation procedure the MN are not identical but amity effect has a strong influence on the bulk upper-critical
distribution in their sizes exist. Although the distribution of fields H.,(T), while our experimental results refer to the sur-
their in-plane dimensions could possibly assist a rounding iface superconductivity fielti.5(T). Thus we believe that in
the measured voltage curves, it could not be the main undepyr case the electromagnetic mechanism is dominant and
Iylng mechanism that motivates the observed effect. A diStrimotivateS the observed behavior. Consequenﬂy, we propose
bution in their out-of-plane dimensio(heighy also exists  that in our HS film the enhancement of surface superconduc-
and this should also lead to the same effect when the field |§V|ty could be ascribed to the reduction of the external ap-
parallel to the film's surface. This is not observed in ourplied field by the uneven dipolar fields of the MN in the
results. Consequently, we believe that the distribution in thQ/icinity by their lateral surfaces. We hope that our experi-
dimensions of the MN could not be the main reason for thenental results will promote future theoretical studies on the
observed effect. possible coexistence of surface superconductivity and ex-
change interactions at a bilayer of a thick SC placed in prox-
IV. CONCLUSIONS imity with a FM.

In conclusion, we presented detailed transport and mag-
hetic measurements in pure Nb e}nd in HS f|Im_s in the whole ACKNOWLEDGMENT
temperature-magnetic-field regime accessible by our
SQUID. We observed that when the magnetic field is parallel This work was supported by the IHP Network “Quantum
to their surfaces the characteristic lindsy(T) coincide en- Magnetic Dots” Contract No. HPRN-CT-2000-00134 EU.
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