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Probing Ferromagnets with Andreev Reflection
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High transmissivity, ferromagnet-superconductor thin film nanocontacts are studied experiment
Compared to nonmagnetic metal-superconductor contacts, Andreev reflection is strongly suppresse
to the spin polarization of conduction electrons in the ferromagnet. This effect is used to mea
both the transparency of the interface and spin polarization of thedirect current in the ferromagnet in
contrast to the spin polarization of thetunnelingcurrent previously measured in ferromagnet-insulator
superconductor systems. [S0031-9007(98)07318-9]

PACS numbers: 75.70.– i, 74.80.Fp, 85.70.Kh
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Scattering at the interface between a ferromagne
and a nonmagnetic metal holds the key to a mo
complete understanding of many important effects su
as giant magnetoresistance (GMR) [1], and spin injectio
into metals [2]. When the nonmagnetic metal is
superconductor, novel effects such as the nonmonoto
dependence of the superconducting transition temperat
on the film thickness of ferromagnet-superconductor (F
multilayers [3] and nontrivial magnetoresistance of SF
structures have been observed [4]. Recent experiments
Vas’ko et al. [5] also indicate the suppression of pairing
in a superconductor by the injection of spin-polarize
current. To properly understand such effects we ne
to better understand the nature of scattering and sp
dependence of transport at interfaces between dissim
metals. However, separating out interface from bu
scattering effects is difficult [6], and measurements of th
spin polarization of currents through clean ferromagneti
nonmagnetic (FN) metal interfaces have not yet be
accomplished.

In this Letter we show that Andreev reflection can b
used to measure both the spin polarization of the curre
in a ferromagnet and the transmission probabilities of F
and FN interfaces. To isolate the effect of interfacia
scattering from bulk scattering, we have made ballist
nanocontacts with the lateral dimension of the clea
interface between the two metals small in compariso
to other scattering lengths. The suppression of Andre
reflection then allows the determination of the spi
polarizationP, of the current in the ferromagnet, and th
transmission coefficientT , of the interface. By forming
these types of nanocontacts (Pb-Co and Pb-Ni), we ha
made the first detailed measurements of transport at
S interfaces. For comparison we have made the sa
measurements on N-S (Pb-Cu) nanocontacts. In t
way we have determined both the spin polarization
the ferromagnet, and the transmission coefficients f
Pb-Co, Pb-Ni, and Pb-Cu interfaces. Our experimen
are sensitive to the direct current in a ferromagn
as opposed to the tunneling current in the pioneerin
experiments of Tedrow and Meservey [7].
0031-9007y98y81(15)y3247(4)$15.00
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In the case of a normal metal-superconductor (N
interface, the electron transport below the gapsDd of
the superconductor is enabled by Andreev reflection [
whereby every incident electron is reflected as a ho
while a Cooper pair carries the current away in the sup
conductor. For a clean ballistic nanocontact with
transmission coefficientT (when the superconductor is
normal), the Andreev reflection probabilityA is propor-
tional to T2, because subgap transport involves a trans
of two electrons across the barrier. As pointed out
Blonder, Tinkham, and Klapwijk [9] (BTK), this makes
it possible to characterize the interface between the t
metals if the voltage dependent conductanceGsV d can be
determined in both the normal and the superconduct
states. de Jong and Beenakker [10] subsequently poin
out that for an FS contactA should also be sensitive to
the polarization of the conduction electrons in the ferr
magnet, since not every electron from the up-spin co
duction band can find a down-spin electron with whic
to pair, and thus will not be able to enter into the supe
conductor. This, they argued, should reduce the Andre
probability A to approximatelyAs1 2 Pd where P is
the polarization of the current in the ferromagnet and
given by P ­ sJ" 2 J#dysJ" 2 J#d, where J" and J# are
the current densities of the up-spin and down-spin ele
trons, respectively.

We have fabricated bimetallic nanocontacts by therm
evaporation in a vacuum of low1027 Torr onto both
sides of a silicon-nitride membrane containing a taper
nanohole (3–10 nm minimum diameter) [11]. Either C
Ni, or Cu was evaporated first onto one side of the me
brane, and then Pb was deposited onto the other side
form an interface at the narrowest part of the constricti
(see Fig. 1). This method has several advantages o
the conventional mechanical point-contact technique [1
Since the samples are made in high vacuum, there is
oxide barrier at the interface. Pb has a much lower hea
condensation than Co, Ni, and Cu and does not disso
in these metals at room temperature [13] and thus sho
yield relatively abrupt, clean interfaces. This is importa
because substantial intermixing at the FS interface co
© 1998 The American Physical Society 3247
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FIG. 1. Schematic of a Pb-Co nanocontact.

suppress the gap and lead to unintended effects. O
Pb-Co and Pb-Ni samples have aTc of 7.2 K which is
the bulk value.

The conductanceG ­ dIydV was measured as a
function of voltage down to 1.4 K using a standard lock
in technique both in the absence of a magnetic fieldsGFSd
and at2k GausssGFNd. All our experiments are described
in terms of the dimensionless function

gsV d ­
GFSsV d 2 GFNsV d

GFNs0d
. (1)

gsV d is a measure of the Andreev reflection probab
ity [9]. In the case of a perfectly transmissive conta
sT ­ 1d with no spin-polarization of the normal elec
trons, gsV d ­ 1 for V , D and gsV d ! 0 for V ¿ D.
Figure 2(a) showsgsV d for two lead-cobalt samples, with
normal state resistances 15.5 and12.1 V. The increase in
g below the gap is due to Andreev reflection. Howeve
the maximum value ofgsV d is close to 0.15, suggesting
that Andreev reflection is significantly reduced for this in
terface. We have studied twenty-one Pb-Co devices, w
normal state (when Pb is normal) resistances varying fro
5 to 45 V and find that at any voltageV , gsV d varies by
less than60.02 from sample to sample. We also studie
Pb-Ni devices, where we expect a similar reduction
Andreev reflection and Pb-Cu devices where we do n
Figure 2(b) showsgsV d for a Pb-Ni devices7.3 Vd at
2.5 K. Here the maximum value ofgsV ds is 0.23. For
comparison Fig. 2(c) showsgsV d for a Pb-Cu device
s6.5 Vd, with gsV d ø 0.5 for eV , D which is higher
than both Pb-Ni and Pb-Co.

Andreev reflection can be suppressed by elastic sc
tering at the interface and, for an FS contact, also
a net spin polarization of the electrons. Another sour
of a variation ingsV d can be an additional series resis
tance, e.g., due to scattering in the bulk. We now a
gue that bulk elastic scattering cannot be responsible
the reduction ofgsV d. In a nanocontact device the con
ductance is given by [14],G ­ s2e2yhd skFad2fT 2 G

a
, g

wherea is the diameter of the hole,, is the bulk scattering
length, T is the transmission coefficient of the interface
andG ø 1. If we assume that the bulk scattering length,
is the same for each of these devices, this independenc
gsV d on the resistances5 45 Vd and hence the diameter
3248
ur

-

il-
ct
-

r,

-
ith
m

d
in
ot.

at-
by
ce
-
r-
for
-

,

e of

FIG. 2(a). gsV d ­ GFSsV d 2 GFNsV dyGFNs0d for two Pb-
Co samples with normal-state resistances15.5 V ssd and
12.1 V s1d at 1.41 K; (b)gsV d for a Pb-Ni device with normal
state resistance of7.3 V at 2.5 K; (c)gsV d for a Pb-Cu device
with normal state resistance of6.5 V at 4.2 K. The solid lines
are a fit of a modified BTK model (see text) to the data.

of the contact implies thatT, ¿ a. This indicates that
the nanocontacts’ transport properties are indeed dom
nated by the interface between the metals.

To include the effects of interface scattering and sp
polarization, we have generalized the de Jong-Beenakk
model [10] to the case of arbitrary scattering at th
interface along the lines of BTK theory [9]. For the
ferromagnet, we used a Stoner model with momentak"

and k# for up and down spin electrons given byk2
" ­

s2myh̄2dEF and k2
# ­ s2myh̄2d sEF 2 2Hd where EF is

the Fermi Energy andH is the exchange energy.
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The transport in the superconductor is described by t
Bogoliubov–de Gennes equation. For simplicity, we ha
assumed that the Fermi wave vector for Pb,kF ­ k" and
that the effective masses are equal in S and F. A diffe
ence in effective masses or Fermi wave vectors will r
sult in elastic scattering at the interface. To take this a
any additional impurity or defect scattering at the inte
face into account, we included a delta function potent
V s$rd ­ ldszd wherel is spin independent. The strengt
of scattering by the delta function is measured by the d
mensionless parameterZ ­ smlyh̄2kFd. For the super-
conducting gap, we have used an abrupt approximati
Ds$rd ­ DQszd whereQ is the unit step function. This
approximation is justified since the contact-size (3–10 nm
is smaller than the coherence-length of lead (83 nm) [1
In order to calculate the conductance in the FS ca
we used the linear response formula due to Takane a
Ebisawa [16]

GFS ­
e2

h

X
a,b

fdab 2 jrbe,aej
2 1 jrbh,aej2g , (2)

where rbh,ae is the Andreev reflection coefficient and
rbe,ae is the normal reflection coefficient. The summatio
is over all the modes of the point contact and over sp
indices a and b. The calculation then follows very
closely to that of Ref. [9] and [10], performed for a
three-dimensional (3D) geometry. In order to extra
GFN, we just setD ­ 0. We then calculategsV d as a
function of V numerically. The temperature dependenc
is assumed to arise only from the thermal smearing of t
Fermi surface and the temperature dependence of a g
In the case of a nanocontact, the number of modes w
spin up and down are given byN"s#d ­ k2

"s#dAy4p where
A is the area of the contact. SinceJ"s#d ~ N"s#d in the
ballistic limit, the polarizationP can also be written
as P ­ sN" 2 N#dysN" 1 N#d ­ sk2

" 1 k2
# dysk2

" 1 k2
# d.

This modified BTK model has only two independen
parameters,P and Z. In the case of an SN contact
this reduces to a three-dimensional BTK model whic
has only one parameter,Z, sinceP ­ 0. The details of
the calculation will be presented elsewhere [17]. Th
transmission coefficientsT" and T# for the up and down
spins and the average transmission coefficientT can then
be determined in terms ofP andZ.

The solid lines in Figs. 2(a), 2(b), and 2(c) are th
best fits of this model to the data. We usedDs0d ­
1.34 6 0.01 mV for all our devices, which is consisten
with the bulk gap of lead [15]sDs0d ­ 1.36 mVd. Similar
n, and
TABLE I. Spin polarization and transmission coefficients of direct FS interface currents as measured by Andreev reflectio
in comparison to previously measured polarization of FIS tunnel currents.

Metal P (tunneling) [7] P (Andreev) T" (with Pb) T# (with Pb) T (average)

Co 10.35 6 0.03 0.37 6 0.02 0.95 6 0.01 0.38 6 0.01 0.67 6 0.03
Ni 10.23 6 0.03 0.32 6 0.02 0.94 6 0.01 0.43 6 0.01 0.68 6 0.03
Cu 0.00 6 0.01 0.79 6 0.01 0.79 6 0.01 0.79 6 0.03
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quality fits are obtained for the data sets taken on
given sample at several temperatures below theTc of
lead, yielding the same values ofP and Z in each case.
These fits are obtained without the necessity of invokin
a “gap-smearing” parameter to explain a broadening
the transition from the lowV to high V behavior.
For Pb-Co samples, we obtainP ­ 0.371 6 0.002 and
T ­ 0.666 6 0.002. For the Pb-Ni sample [Fig. 2(b)],
P ­ 0.327 6 0.002 and T ­ 0.682 6 0.002. The Pb-
Cu data [Fig. 2(c)] were best fitted withP ­ 0.000 6

0.002 and T ­ 0.794 6 0.002. Table I summarizes our
measurements ofP andT for a number of samples. For
each of the different contact types, i.e., Pb-Co, Pb-N
and Pb-Cu, the sample-to-sample variationdP is less
than 60.02 while dT is less than60.03. This small
variation is attributable to sample-to-sample difference
in the nature of the interface, e.g., interfaces betwee
different crystal faces of lead and cobalt may give ris
to different scattering rates at the interface.

While our 3D modified BTK model fits the data very
well for V , 3 mV, it deviates from the measuredgsV d
for large biases. This deviation is most visible in the cas
of Pb-Cu [Fig. 2(c)]. The deviations are either due to th
strong coupling effects in lead or the high current den
sities achieved in our samples (109 Aycm2 at 10 mV for
a 10 V sample) which can lead to partial gap suppres
sion [18]. Figure 3(a) shows the point-contact spectr
sdRydV vs V d for the same Pb-Cu sample both in the
normal and the superconducting state. The phonon pea
of lead [19] are very clearly visible in both, the peaks be
ing shifted to higher energies in the superconducting cas
Figure 3(b) showsdRydV vs V for a Pb-Co sample.
Our ability to see lead phonon peaks in the point-conta
spectra of all our samples also gives us confidence
the relative cleanliness of our devices (negligible bul
scattering).

Our experiments show that the reduction of Andree
scattering at FS interfaces can be used as a pro
to study transport in the ferromagnet. Of course ou
analysis is based on a very simple model. Cobalt an
nickel are not Stoner ferromagnets; their band structu
is quite complicated and a complete theory should tak
the s-band electrons, thed-band electrons, and their
hybridization into account. While the remarkable succes
in fitting the data suggests that the simple model captur
the essential physics, certainly a more complete theo
taking the band structure of Pb and Co (or Ni) into
account is needed to fully establish its validity.
3249
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FIG. 3(a). dRydV for the Pb-Cu sample of Fig. 2(c) at 4.2 K,
when the Pb is superconducting (dashed line) and when the
is normal (solid line); (b)dRydV for a Pb-Co samples15.5 Vd
of Fig. 2(a) at 1.4 K, when the Pb is superconducting (dash
line) and when the Pb is normal (solid line).

In the past Meservey and Tedrow [7] used ferromagne
insulator-superconductor junctions to study the sp
polarization of tunneling electrons. As shown in Table
the polarization measured by them differs from our re
sults. Their results for Co and Ni are135% and123%,
respectively, while ours are 37% and 32%, respective
As pointed out by Stearns [20], the tunneling measur
ment is sensitive to the density of states of the tunnelin
electrons (the itinerantd electrons). Recent work also
suggests that the tunneling experiments are sensit
to the nature of electronic states within the first few
monolayers of the ferromagnetic electrode [21]. Ou
experiments, on the other hand, are performed in t
high-transparency limit and hence are sensitive to t
polarization of the incident electrons from within a volum
of radius 3–10 nm (the size of the nanocontact). Th
independence of the measured polarization on contact s
also indicates that we are sensitive to the spin polarizati
of the bulk current and are not just measuring an inte
face effect. In terms of a Stearns model (the modifie
BTK model in the low transparency limit), we measur
the quantity sk2

" 2 k2
# dysk2

" 1 k2
# d while the tunneling

experiments measure the quantitysk" 2 k#dysk" 1 k#d.
Although we can measure the magnitude of the polariz
tion, our experiments are not sensitive to its sign.
3250
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Note added in proof.—A similar, Andreev reflection
study of magnetic-superconducting interfaces, carried o
with mechanical point contacts, has very recently bee
reported by Soulenet al. [22].
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