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A strong mutual influence of superconductors (S) and ferromagnetic (F) conductors in hybrid F/S
(Ni/Al) nanostructures is observed. The proximity-induced conductance on the F side, AG, is 2 orders
of magnitude larger than that predicted by theory. A crossover from positive to negative AG takes
place upon an increase in the F/S interface barrier resistance. Reentrance of the superconductors to the
normal state reciprocated by changes on the F side has been found in low applied magnetic fields with
new peaks in the differential resistance as an effect of the saturation magnetization. An analysis has
been developed providing a base for a numerical description of the system.

PACS numbers. 74.50.+r, 74.80.Fp, 85.30.St

At the interface of a normal metal (N) to a supercon-
ductor (S), normal electrons coherently evolve into holes
retracing the electrons on the N side and creating Cooper
pairson the Sside and vice versa. This process, called the
Andreev reflection [1], is a key to the microscopic mecha
nism of the superconducting proximity effect. In ballistic
normal conductors when the bulk scattering is negligible
the transport properties are directly connected to the proba-
bilities of the scattering processes at the N/Sinterfaces[2].
In the general case of conductors with diffusive electron
transport, the connection is much more complex resulting
in many spectacular unconventional proximity effects (see
[3] for areview). Among the highlights of recent investi-
gations is the discovery of the long-range phase-sensitive
effects and the reentrance of diffusive proximity conduc-
tors to the normal state at low quasiparticle energy [4].
Theory provides several strong argumentsthat these effects
are specific to “nonmagnetic” conductors and are unob-
servable in disordered ferromagnetic (F) conductors. The
arguments are based on several fundamental differences
between N/S and F/S systems. While an Andreev reflec-
tion conserves energy and components of the momentum
paralld to the F/Sinterface of incident and reflected quasi-
particles, they occupy opposite spin bands. In aferromag-
net with different numbers of spin-up, n;, and spin-down,
ny, conduction channels, only a fraction n;/n; of the ma-
jority ny channels can be Andreev reflected [5] making
a superconductor an effective spin filter. Furthermore,
in a ferromagnet with the exchange field energy, hg, the
Andreev reflected quasiparticles acquire a momentum of
O = 2hy/vE, where v isthe Fermi velocity [6]. Thelat-
ter results in fast oscillating superconductor-induced wave
functions exponentially decaying in diffusive conductors
over microscopic distances, &,, = /(AD/2wkgT,), where
Ty = ho/kg is the Curie temperature; D is the diffusion
constant. These short-range effects have been intensively
studied in the superlattices comprising thin F and S layers
(see, e.g., [7], and references therein). The amplitude of
long-range effects in diffusive F/S systems with small su-
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perconducting gap, A < hy, is predicted to be negligibly
small [6].

In this Letter we report on the first observation of giant
effects of mutual influence of ferromagnetic conductors
and superconductors in hybrid F/S nanostructures. The
amplitude and the range of the proximity-induced changes
in the conductance on the F side of the structures are
found to be more than 2 orders in magnitude larger
than those predicted by theory. Dramatic changes in the
transport properties on the S side of the system with new
peaksin the differentia resistance have been observed. A
phenomenological analysis of the superconductor-induced
effects and a model explaining qualitatively the influence
of ferromagnetic conductors are presented.

The samples were fabricated using e-beam lithography.
The geometry of the structuresis shown in Fig. 1 (see left
inset). The bar in the inset shows the actua scale. The
width of the wires was about 100 nm. The first layer was
a 40 nm thick Ni film in contact with golden pads (left
side of the structure). The length-to-width ratio for the Ni
wire was about 20. The second layer was Al film of the
thickness d = 55 nm with a small area of the interface
to Ni of about 100 X 100 nm?. We took particular care
to create clean interfaces and control their composition.
Before the deposition of the second layer, the contact
area was Ar" plasma etched. A study of wide checking
layers using the secondary ion mass spectroscopy with
Cs* ions showed very steep concentration profiles close
to atheoretical value for an abrupt interface.

The measurements were carried out using both dc and
low frequency lock-in techniques in the temperature range
from 0.28 to 1.5 K in magnetic fields up to 5 T applied
perpendicular to the substrate. The combination of Uy, I
of potential and current electrodes was used to measure
the region ab, of the total length L., = L; + L, which
included the region of the length L = ¢ + L,, which we
call F/Sjunction; ¢ isthe distance at which the supercon-
ductor is influential in the bulk of the F wire. The use
of I, or I3 combined with U, enabled measurements of
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FIG. 1. Temperature dependence of the resistance for F/S
junctions (curves 1 and 3) and adjacent superconducting wires
(curves 2 and 4) taken at zero external magnetic field, the lines
1 and 2 for the sample FS1 (left axis); lines 3 and 4 for FS3
(right axis) at low F/S interface barrier resistance, R,. Left
inset: sample geometry, side and top views; the bar shows
actual scale. Right inset: temperature dependence at high R,,.

the adjacent Al wire of the length L3, which we call S
wire. The resistivity, p, and barrier resistance, R, was
measured directly using on-chip-checking layers. The
value of p for the Ni and Al films was about 50 and
1.5 uQ cm, with corresponding diffusion constants, D, of
about 10 and 100 cm?/s, calculated using a p! value for
Ni, 1.5 X 107" Q cm? [8(a)] and Al, 3.2 X 10~ '2Q cn?
[8(b)]. The values of the coherence length, &, and pene-
tration depth, A, for our disordered Al films were 180 nm
and 140 nm, correspondingly.

Figure 1 shows the temperature dependence of the
resistance of F/S junctions and that of the S wires for two
samples. Thelength-to-width ratio for the Swiresisequal
to that for the Al film overlapping Ni in the junction area.
We observe a spectacular drop in the resistance of the
F/S junction, AR, at the onset of superconductivity with
slow changes persisting down to the lowest temperatures.
The amplitude of the drop is up to 50 times greater than
the resistance of the L, region of the junction. Such a
giant change in the resistance together with its sign can
be explained only as due to the drop in the resistance in
the bulk of the F wire beyond L,. Moreover, the change
in the resistance can be explained only if one assumes that
it occurs in the part of the Ni wire of length, & (see inset
in Fig. 1), much longer than &,,. For our Ni wires we
find &, = 2 nm with To(Ni) = 630 K. The contribution
of such asmall portion of filmto theresistance, AR(¢,,) =
pni(€n/A), is 2 orders of magnitude smaller than the
measured drop; A is the cross-section area. We observe a
crossover from negative to positive AR upon an in-
creasein the barrier contribution (right inset in Fig. 1). To
control the value of barrier resistance, R, we used its de-
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pendence on the ion etching time. The crossover takes
place at the barrier resistance Ry;; /a1 = 27 Q correspond-
ing to the specific crossover resistance ARy; /a1 = 2.7 X
1072 Q cm?. The magnitude of the negative AR corre-
lates with the resistivity, pni, of Ni wires, with no corre-
lation with ps;: sample FS1 [AR =8 Q, § = AR/AR
(£,) =0.014, pn; = 52 uQ cm, pa; = 1.0 wQ cm]; FS2

(AR =40, 6 =0.038, PNi = 44 ,LLQ cm, par =
1.3 uQdcm); FS3 (AR =180, 6§ =001, pn =
90 uem, par=15uQcm), FA (AR =3Q,

0 = 0.03, pni = 40 pQ cm, pa; = 1.5 p cm).

Dramatic changes in the transport properties on the F
side and those on the S side are illustrated in Fig. 2. The
diagrams show the dependence of differential resistance,
dV /dI, on the applied dc current, at different magnetic
fields. The curves are taken with the same current leads,
I3 for both, F/Sjunction and Swire. Several unusual fea
tures are seen in the resistance of the S wire. The peaks
corresponding to the onset of superconductivity split with
the separation of new peaks increasing with lowering
magnetic fields [Fig. 2(b)]. The lower current peak posi-
tion approaches zero [see also Fig. 2(d)] showing that the
superconductor reenters the normal state. The large am-
plitude of changes induced in F wires strongly correlates
with those on the S side of the structure [Figs. 2(a), 2(b),
and 2(c)]. The samples showed usua negative magne-
toresistance [9] with AR = 0.1 () at temperatures above
the superconducting transition.

'RN [Q]

dv/di

0400
H [Oe]

FIG. 2. Differentia resistance at different applied dc current
and magnetic field (a) for F/S junction, (b) S wire (Al Lj
wire; see inset in Fig. 1). (c),(d) Sections at H = 200 Oe for
F/S junction (curve 1) and S wire (curve 2). (d) Solid line:
magnetic field dependence of the differentia resistance of F/S
junction at zero bias, left axis; open circles: critical current of
the S wire [lower current peaks of Fig. 2(b)], right axis.
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To carry out a numerical analysis of the experimental
data we will use a phenomenological approach. The con-
ductance of a diffusive F wire can be written as Gpy =
(e2/h)N, where N is the number of electron levels in the
bandwidth of Thoulessenergy, 1y, (see[10], and references
therein). When spin channels do not mix, the formula can
be written in terms of numbers of spin-up (majority spins),
ny, and spin-down, nj, conduction channels in the Thou-
less bandwidth: Gy = (ez/h) (”l + I’ZT) = (26‘2/h)nl +
(€?/h) (n; — n}). Theterm proportional to the difference
of (ny — ny) describes spin-polarized current. A formulafor
the proximity modified conductance, Grs, can bewritten as
Grs = 1n(2¢*/h)n; + n,(e*/h) (n; — n;) with phenome-
nological parameters, n and 1, (0 = 5, = 1) matching
the current in the F wire with spinless current in the
superconductor. The values of n and 7, are connected
with the measured changes in the resistance, ARrs =
Rry — Rrs, by

ARFS _ . 1
[l — P(1 — a)]’

)

Rry

where P = |ny — ny/ny + ny| is the spin polarization,
a=mn,/n, Ry = préyin/wdp, €1h = D/ &fin, Exin =
min(Ly,L), L, is the phase breaking length including
spin-relaxation processes, and L is the length of the wire.
The limit of @ — 0 corresponds to the total spin filtering.

The formula (1) coincides with that suggested in [5] for
aballistic contact (p = 2) inthelimit of @« — 0, however
there is a principal difference: for a ballistic junction, n;
and n; arethe numbers of spin-up and spin-down transverse
modes in the contact at the Fermi level [5].

In the limit of P — 0 the formula (1) has the structure
similar to that established for nonmagnetic normal disor-
dered metals [3]. In general, the value of 7 isvaryingin
therange 1 < n < 2. A microscopic mechanism of the
enhancement of conductance by the factor of % in non-
magnetic metals is based on the Andreev reflection. Here
we consider i as a phenomenological parameter.

Several important conclusions can be drawn when the
polarization is known. Substituting into (1) the measured
values for ARpg, the resistivity and the upper bound for
the right-hand side of the eguation we estimate the lower
bound for the coherence length. With P = 0.23 for Ni
reported in [11], we get values of &, in the range of
0.2 to 0.6 wm for our samples, with &in/&, > 10* for
al samples investigated. If finite spin-polarized current
is alowed in the F-junction area the vaue of &y,
accounting for the measured values of ARpg, is even
larger by afactor of about (1 + P) = 1.25.

To account for experimentally observed positive values
of ARrs = Rpy — Rps > 0, the value of n must be large
enough: n > n9 = 1/(1 — P) = 1.3 inour Ni wires. In
general, as it follows from our analysis, the sign of the
change in the resistance of ferromagnetic conductors (1)

may be positive as well as negative, depending on the
values of the parameters 1 = n =2, 0= P =1, and
0 = a < 1. If the values of the parameters change due
to the dependence on the energy of quasiparticles and/or
current induced effects, as a result of the competition of
the spin filtering and conductance enhancement a cross-
over from the negative values of ARpg to the positive
ones may take place as a function of the bias voltage and/
or temperature in the vicinity of {1 — P(1 — a)] = 1
with extrema at certain temperature and bias voltage.
These effects have probably been observed in the experi-
ments with Co/Al structures reported recently [12]. The
results shown in the inset of Fig. 1 can be interpreted as
due to suppression of 5 at high barrier resistance.

The phase diagram shown in Fig. 2(a) can be explained
as due to the influence of the magnetization of the F
electrode on the S wire. The dependence of the critical
current on a magnetic field, H, can be written as J.(H) =
Jo(A(H)/Ag)*'?, Jy and A, are the values of critical
current and the gap at zero magnetic field and temperature
[13]. The magnetic field, H*, that the S wire is subjected
to, depends strongly on the angle, between the substrate
and the saturation magnetization, M;. The latter rotates
from the parallel to the substrate direction, to that parallel
to the easy axis, upon the application of a relatively low
field, H = H,y, perpendicular to the substrate. As a
result the modulus of H* varies from the rather high value
of |Bs| = 47|M;| = 6 X 10° G to the relatively low
values at H > H,,. Taking into account the boundary
conditions, we take the perpendicular to the substrate
component of H*, H, = H" cos(6), equal to the external
field, H, and paralel one, Hy = H*sin(f), equa to
the parallel to the substrate component of B,. For the
dependence of the angle, @, between the norma to the
substrate and H* we use the following rotation model:
[H /By — sin(6p)* + (H/H,)*> = 1, 6y is the angle
between the easy axis and the normal. The value of the
critical field, H., at agiven angle 6 [13]

| B oxto) +<HC(0)‘°‘”("))2=1. @

cl Hcll

In our phenomenology we assume that the new peaks are
due to the Zeeman splitting and can be connected to the
singularities in the density of states of quasiparticles that
take place at the following energies [11,14]:

H*(H)

i ﬂl/z © usH'H). ()

A(H) = Ao[l - <
The result of the calculations is shown in Fig. 3(b). Our
model nicely explains the features of the phase diagram,
supporting the Zeeman mechanism. We used the set of
directly measured parameters: H.;, = 430 Og, T. = 1 K
with the value of H,,; = 70 Oe, close to the coercive
force and the value of H, and 6, as fitting parameters.
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FIG. 3. Normal /superconducting phase diagrams versus cur-
rent and magnetic field for the S wire (Al L; wire; see inset of
Fig. 1). (a) Experiment: dV /dI = const contours of Fig. 2(b).
(b) Calculated contours for critical current using formulas (2)
and (3); see text. Solid line: H,; = 8 kOe, sample FS1, w =
300 nm; dotted line: H.; = 12 kOe, sample FS2, w = 100 nm.
Dashed line: the dependence of critical current for Al L, wire.

The best fit was obtained with 6y = 0.1 and H.; = 8 kOe
for the sample FS1 with the width w = 300 nm of the
S wire and H, = 12 kOe for the sample FS2 with
w = 100 nm. Thefield A} induced by the ferromagnetic
electrode, unlike the external field, is concentrated in a
small volume with the total flux of several flux quantathat
may lead to high values of H . The S wire with lower
values of H,| reentered the normal state at low magnetic
fidds [ j.(H — 0) — 0]. This accounts for the increase
in the resistance of the F/S junction at low fields shown
in Fig. 2(d). No low field peaks were observed in the
magnetoresistance of narrow samples with higher values
of H,, as expected.

Theresults of Figs. 2 and 3 show that the changesin the
resistance of our F wires are mainly due to the influence
of the L; part of the Al wire rather than overlapping
the Al L, wire. The dependence of the critical current
for the latter is shown in Fig. 3(b) by the dashed line.
Interestingly, a minute influence of the L, wireis possibly
seen in the differential resistance of the L3 wire; see
experimental curves in Figs. 3(a) and 2(b). When the
overlap, L,, is large enough a contribution of the effect
of short circuit at the onset of superconductivity becomes
important leading to a sharp dip in the resistance a a
very low magnetic field H = H., (H,,;/B;) of severd
Oe, accounting for the results reported in [15].

In summary, we observe a strong mutual influence of
ferromagnetic conductors and superconductors in hybrid
F/S nanostructures. The saturation magnetization of the
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ferromagnetic conductors may lead to dramatic changesin
the transport properties on the S side of the system result-
ing in new peaks in the differential resistance and reen-
trance of the superconductors to the normal state in low
external magnetic fields. We suggest a model explain-
ing the effects as due to the Zeeman splitting in the spec-
trum of quasiparticles. The amplitude and the range of
the proximity-induced changes on the F side of the struc-
tures are found 2 orders in magnitude larger than those
predicted by theory. We observe a crossover from posi-
tive to negative proximity-induced conductance upon an
increaseinthe F/Sinterfaceresistance. A phenomenologi-
cal anaysis has been developed providing a base for the
numerical description of the system. Based on the analy-
sis we anticipate strong effects in hybrid nanostructures
comprising superconductors and strongly polarized ferro-
magnetic materials such as “half-metals.” Phase-periodic
effects which may exist in F/S nanostructures with long
coherence lengths are of great interest.
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