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Mesoscopic ferromagnet-superconductor junctions and the proximity effect
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We have measured the electrical transport of submicron ferromagdigtin contact with a mesoscopic
superconductofAl) for a range of interface resistances. In the geometry measured, the interface and the
ferromagnet are measured separately. The ferromagnet itself shows no appreciable superconducting proximity
effect, but the ferromagnet/superconductor interface exhibits strong temperature, field, and current bias depen-
dences. These effects are dependent on the local magnetic field distribution near the interface arising from the
ferromagnet. We find that the temperature dependences can be qualitatively described by a modified version of
the Blonder-Tinkham-Klapwijk theory for normal-superconductor transport.
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There has been much interest recently in the possibility ogistance of the ferromagnet, the FS interface, and the Al film.
observing the superconducting proximity effect in a ferro-In agreement with previous experiments, we find large
magnetic metal 2 In general, one does not expect to see thechanges in resistance below the superconducting transition of
proximity effect in a ferromagnet due to the large internalthe Al. However, the multiprobe nature of our devices allows
exchange field which is expected to destroy superconductings to determine that the primary contribution to this resis-
correlations in the ferromagnet at distances greater than tHénce change in our samples arises from the FS interface
exchange lengtH,, (typically a few nanometers for the itself, with essentially no contribution from the ferromagnet,
transition-metal ferromagnetsThis point of view has been indicating the absence of long-range superconducting corre-
reinforced by many experiments on ferromagnetﬂations in the ferromagnet. In addition, we find that the inter-
superconductofFS) multilayers, where it was found that two face resistances of our devices are sensitive to the magnetic
superconducting layers are effectively decoupled if the thickstate of the ferromagnetic particle. The resistance of the in-
ness of the ferromagnet between them is much greater thdfrface can be described qualitatively by the model of
lox.*° Blonder, Tinkham, and KIapwijI@BTK),9 taking into account

More recently, attention has focused on mesoscopic F#1e effects of partial spin polarization of the conduction elec-
structures, where experimental results seem to indicate th#fions in the ferromagnéf:**
superconducting correlations can penetrate into the ferro- Our samples are fabricated in three sepambeam li-
magnet at distances much greater thap Giroud et al®  thography steps, with the polycrystalline metal films depos-
measured the temperature-dependent resistance of mes#gd bye-gun deposition. Seven different samples were mea-
copic Co rings in contact with a superconducting Al film, andsured, but here we present results on only a few
found a small but significant temperature and bias-dependefigpresentative samples. Figuregland Xb) show a scan-
differential resistance, reminiscent of the reentrant proximityning electron micrograph of one of our samples along with a
effect observed in normal metal/superconductdé®) struc- sample schematic. The majority of our devices consist of an
tures. They estimated a penetration of superconducting coglliptical Ni particle in contact with a superconducting Al
relations into the Co to a distance 6180 nm, much larger film.** To ensure predictable magnetic behavior, the Ni ele-
than l,,. Lawrence and Giordadomeasured Ni wires in Mments are patterned and deposited first so that they lay flat on
contact with Sn pads, and observed a large change in resiffi€ substrate, and the elliptical shape of the Ni particles en-
tance which they attributed to a proximity effect that pen-sures that the magnetic shape anisotropy aligns the magneti-
etrated up to 46 nm into the Ni. Finally, Petrashetal® zation of the particle in-plane along the major axis of the
measured Ni wires in contact with Al films, and observed an

anomalously large change in the resistance of the device
below the transition temperature of the superconductor. Thi
change was also reflected in the differential resistance of th
devices as a function of dc current below the superconduct
ing transition. They attributed this to a proximity effect

which penetrated up to a distance of 600 nm into the ferro-
magnet, again much larger thg,.

In all these experiments, the superconductor was mea|
sured either in parallel or in series with the ferromagnet. In
this paper, we present results of our measurements of the
resistance of mesoscopic Ni/Al structures as a function of F|G. 1. (a) Micrograph of a typical FS structure. The picture
temperature, dc current, and magnetic field. In contrast to therea is scaled toxt1 wm?. (b) Schematic of the probe configura-
experiments discussed, the devices have multiple nonmagen. The various probe configurations are denoted by the sub-
netic Au probes which allow us to separately probe the rescripts, as referred to in the text.
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ellipse’® Au wires are then patterned and deposited, contact- 28
ing the Ni particle and providing nonmagnetic electronic 27
probes with which we can monitor the magnetic behavior of = 26
the Ni particle!® as well as measure any proximity effectin =~ <% 25
it independent of the response of the FS interface. In addi- T o4
tion, two Au probes are within 20-50 nm of the interface, &
ensuring that only a very small part of the ferromagnet is
included in measurements of the FS interface. The supercon-
ducting layer is then deposited in the final lithography step.
All interfaces are cleaned using an ac’Aetch prior to the 1818
deposition of the Au and Al layers. The thickness of the Ni . 1818
films is ~30 nm, that of the Al film is~50—60 nm, and that Pl
of the Au electrodes is-50—60 nm. In addition to the FS 1812
samples themselves, control samples of Ni wires, Al wires, 1810
and Ni/Al interface samples are also fabricated simulta-
neously in order to characterize the material parameters of
the films and interfaces. From low-temperature measure- FIG. 2. (&) Temperature dependence of the interface resistance,
ments on these control samples, the resistivity of the Ni filmRz=23.8, and the interface resistance and Ni ellipse in seRgs,
was estimated to bgy;~ 6.6 «Q cm and that of the Al film Inset: the reS|s_tanpe of the overlapping Al wiRy, . (b) The resis-
pa~8.4 uQ cm, corresponding to electronic diffusion con- ance of the Ni ellipseR, .
stantsD = (1/3)vgl (Wherevg is the Fermi velocity, andlis
the elastic mean free pattof Dy~76 cnf/s and Dy,
~26 cnf/s, respectively?

The measurements are performed at temperatures down

;ger?eg(]: ﬁielfjlsng Stlﬁar;u??rl(;nae(;lz)oan-tlr?e tsggnfggsc;f méhN?"ever, a similar resistance changena seen in the Ni particle
9 PP P 9 y by itself [R; in Fig. 2(b)], indicating that the resistance

pf:'lrtIC.|eS using a supercqndpctlng split-coil magngt. ‘!’he ‘T"péhange arises in the region of the sample between the voltage
plication of such a longitudinal, in-plane magnetic field is

advantageous in two respects: first, the critical field of the Alprobes of configuration 2, i.e., at the FS interface. Similar
) 9 : respects. first, behavior is also observed in our other samples with barrier
is much greater in this configuration, and second, the mag-__. ing f 19 1.3 MQ. We theref
netization of the elliptical particles lies in-plane and is single esistances ranging from to 1. . We therefore
domain at remanendd. With this geometrv. a number of conclude thaho long-range superconducting coherence ef-
four-probe measureme.nt confi urgtions ar)é, osfide Fi fects are present in the ferromagnet in our samples,

P : 9 P 9. The peak in the resistance observed near the supercon-
1(b}. In this paper we concentrate on only thidenoted by ducting transition in Fig. @) is similar to that observed in
the subscripts in the figureConfiguration 1 measures the 9 9.

resistance of the Ni particle, configuration 2 measures thgther mesoscopic superconducting samples, and is associated

; o > "With charge imbalance effects in the Al fili%Below the
interface and a small contrlbutlo(r20—50.nrr) fr.om the Ni resistance peak, the data can be qualitatively described by the
between the Ni and Al probes, and configuration 3 measur

both the interface and the Ni particle resistance in series, aﬁ%TK .thepry, with swtablg modifications to account for spin
) . . olarization as we describe below.
is equivalent to the probe geometry used in Ref. 8. Measure- : : .
S ! X The normalized conductance of an NS point contact in the
ments which include the interface in the current path A&t model i
performed with an excitation current of 10—50 nA, while the
Ni particle measurements are taken with currents of 100-500 vl gf,
nA, low enough to avoid self-heating. g(Z,T)=(1+22)f ( - —)[1+A(E)—B(E)]d E,
. . o JE

Figure Za) shows the zero-field temperature dependences 1
of the resistances of the FS interfad®,] and the FS inter- (1)
face in series with the Ni ellipseRg). The normal-state re- wheref, is the Fermi function, and(E) andB(E) are the
sistance of the interface in this device was 2Q.8The mag- BTK parameters which describe Andreev and normal reflec-
netic state of the particle was prepared by saturating th&on processes, respectively(E) and B(E) depend on the
magnetization in a magnetic field of4 kG aligned along gap in the superconductak and the BTK parametez,
the major axis of the elliptical Ni particle, such that it con- which parametrizes the strength of the interface. In the case
tained no domain structure at remanence. The resistaces when the normal metal is a ferromagn@S transpot
andR; both display a sharp increase at the superconductinthe spin polarization P=[N;(Eg) — N, (Eg)1/[N;(Ef)
transition, and then decrease until the temperature reachesN, (Eg)] of the electrons in the ferromagnet must be con-
0.9 K, below which the resistances begin to rise again. Thaidered. Since Andreev reflection processes can only occur
behavior ofR; simply duplicates that of the interfad®,,  between pairs of spin-up and spin-down electrons, the frac-
being offset from it by approximately 2}, which corre- tion of the electrons that can participate in such a process is
sponds to the resistance of the Ni particle itself. The tem{1—P) of the total population. To account for this in the
perature dependence &; is reminiscent of the reentrant BTK model? one may replace the fact@k(E) in Eq. (1)
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proximity effect seen in normal metal mesoscopic structures
in contact with superconductof3and, if one had access to
hese data alone, one might conclude that the ferromagnet
Xhibits a strong superconducting proximity effect. How-
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FIG. 3. (a) Normalized experimental temperature dependences FIG. 4. (a) Multiple states in the temperature dependence of the
for various values of the normal-state barrier resistafgg,. (b) 5564 interface resistance samplé) Magnetoresistance®IR’s)
The lowest resistance devisolid tracé shows a charge imbalance (at T=300 mK) of the Al/Ni interface R,(H) showing multiple
peak neafT(=1.4 K). (b)—(e) BTK fits (points for various values states(left axis, solid trackand the overlapping Al wireR,(H)
of the interface resistanc®;,,. Our experimental data are shown (right axis, dashed trage(c) MR (at T=300 mK) of the Ni ellipse,
as the solid traces. Inset: Fitting parameters. Free parameters app&a(H) (arrows indicate sweep directiprNote: H is the externally
in italics [(b)—(d) normalized resistance¢e) normalized conduc- applied field.
tance.

polarization in the differential resistance as a function of dc
formed by Souleret al 101145 determine the polarization of current, although these data are not discussed here. We note

various ferromagnetic metals using point-contact spectrodhat the Z values obtained are all within the same range,
copy in clean contacts. Using this same substitution, one ma§,Ithough the mtc_arfacg resistances are clearly different. We
fit the temperature dependence for arbitrary valuez ahd ~ Shall return to this point later. . .
P. Finally, the presence of a finite field on the supercon- N contrast to previous FS experiments, in many of our
ductor, which is the sum of any externally applied field anddevices two or more distinct states were seen in the tempera-
the field due to the magnetization of Ni particle, is taken intoture dependence of the interface beldy{see Fig. 48)]; the
account by assuming a field-dependent g@gjB). A(0) is samples frequently showed switching between these states
calculated from the measured transition temperafiyeof  while the sample temperature was swept. These multiple
the superconductor, so we have three free parameters to fitates were also seen in the magnetic-field dependence of the
the temperature dependenZethe effective fieldB, and the interface at fixed temperature. Figurd¥shows a number of
polarizationP. magnetoresistancéMR) traces for both the interfaceRf)
Figures 3b)—3(e) show numerical fit§pointy of our ex-  and the overlapping AlIR,), with field sweeps in both posi-
perimental datésolid tracegto the normalized resistan¢er  tive and negative directions. There is a strong low-field de-
conductancepredicted by the modified BTK theory, along pendence with sharp jumps &350 and—300 G. A MR
with the values of the parameters obtained from the fittingrace of the Ni ellipse by itself shows standard anisotropic
procedure. We found that fixing at zero nearly always gave magnetoresistanddMR) behavior(see Ref. 18 with sharp
inferior fits to those performed witP as a free parameter. jumps at exactly the same fielfisee Fig. 4c)]. Since these
For the traces shown in Figs(t8—3(d), theZ values are all jumps are due to the switching of the magnetization from
similar (0.38<Z<0.50), while the best fits are found with positive to negative orientatioand vice versp it is clear
0.21<P<0.30, in rough agreement with the valuBy; that the interface resistan€® is sensitive to the local field
~0.23 found by FS tunneling spectroscdpyhut less than generated by the ferromagnet itself. Even with no applied
that found in recent work on Andreev reflection in FSfield, the ferromagnet may generate a substantial amount of
structure$’. Our highest resistance samgleg. 3e)] is fit  flux, and should never be assumed to vanish, especially in
with a higher value oZ=2.1, while also yielding a polar- this geometry. Furthermore, the absence of multiple states in
ization P=0.28. We also observe evidence of a finite spinany part of the sample abovg suggests that the states seen

with A’(E)=(1-P)A(E).1>!! This substitution was per-
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in the temperature and field dependences of the interface aoertainly more sophisticated than our simple approach, quali-
due to multiple magnetic screening states in the superconatively they predict behavior similar to our experimental
ductor itself. _ o results for the temperature dependence. A complete theory of
The Z parameter in the BTK model is directly related to FS transport in diffusive samples will need to include all
the transmission of the interface, in that barriers with highethese effects together.
Z's have correspondingly higher resistances. Fhearam- In summary, our results are in agreement with recent the-
eter values in our samples range from 0.38 to 2.1, correpretical work, which suggested that superconducting correla-
sponding to a factor of-5 change in the transmission coef- tions cannot extend into a ferromagnet over distances larger
ficient, while the interface resistances range frodf2® 1.3 han the exchange length. In addition, we find that our
MQ; thus, although the BTK model seems to provide aggmpjes switch between different metastable states which ex-
qualitative description of our data, a quantitative agreemenfy; characteristically different behavior. We believe the
'Svlaert'Rig' lleken fthe ?ss;mrp])tnoinsnoi therBr'iI'Ii<nmo_(?ﬁl, rI]BO_I‘f\’K'Iatrge changes in resistance seen in previous experiments
ever, this fack of agreement IS not surprising. 1he arise primarily from the FS interface or the superconductor,
model assumes Afunction potential barrier whose strength which were measured in series or in parallel with the ferro-
IS qharaqterlzed bY the pa_ramemand a normallmetal with magnet. While our results do not completely preclude the
no impurity scattering, Wh'le our materials and interfaces ar%xistence of a small proximity effect in samples with cleaner
clearly more in the d|ﬁu§|ve limit. Recent work gttempf[ed_ to FS interface resistances, they show that it is necessary to
take diffusive interfaces into account by assuming a dlstrlbu-expIiCitIy eliminate any possible contribution from the super-

. . . 8 . .
tion of Z values W'th.".] t_he BTK m’odeﬂl, or within the conductor in searching for a proximity effect in a ferromag-
framework of nonequilibrium Green’s function thedfyln et

addition, the effects of charge imbalance in the

superconductol® and the effect of spin-polarized transport ~We have benefited from discussions with W. Belzig and
in the presence of a magnetic field, where the quasiparticl®. Giroud. This work was supported by the David and Lu-
spectrum in the superconductor is Zeeman split, are onlgile Packard Foundation, and the National Science Founda-
beginning to be consideréd.While these approaches are tion through Grant No. DMR-9801982.
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