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Spin Filtering of Free Electrons by Magnetic Multilayers: Towards an Efficient
Self-Calibrated Spin Polarimeter
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An asymmetrical ferromagnetic cobalt bilayer (18 nm Au/0.8 nm Co/2.2 nm Au/1.3 nm Co/1.5 nm
Au) operates as a self-calibrated spin polarimeter with a high spin selectivity for free electrons injected
at a few eV above the Fermi level. We present the analysis of transmitted currents as a function of
the incident energy, based on a model of spin polarization dilution into the first gold layer and ballistic
transport close to the vacuum level throughout the sample.
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Since the Stern and Gerlach experiment, spin filtering
has been demonstrated in systems associating ferromag-
netic and nonmagnetic materials. One of its most spec-
tacular manifestations is the giant magnetoresistance in
ferromagnetic multilayers [1]. It refers to the conductiv-
ity at the Fermi level, which is strongly correlated to the
orientation of magnetization. In contrast, spin polarized
electron spectroscopy offers the opportunity to address
spin-dependent transport of ballistic electrons traveling at
energies of a few tens of eV above the Fermi level. In order
to do so, one can examine the transmission of an unpolar-
ized electron beam from a nonmagnetic substrate through
an ultrathin 3D ferromagnet [2,3]. Unpolarized electrons
are then found to become polarized after traversing the
magnetic layer. This so-called overlayer technique shows
the preferential emission of a spin direction from the ferro-
magnetic layer, defining an electron spin filter effect. The
spin polarization can be explained by the electron inelastic
scattering involving unoccupied d states above the Fermi
level [4,5]. The scattering rate for minority spin electrons
is then enhanced with respect to that of majority spin elec-
trons due to the excess of minority spin holes.

The first attempts to characterize electron spin filtering
well above the Fermi level were attained by measuring
the direct transmission of a spin polarized free electron
beam through a freestanding Au/Co/Au film [6,7]. It was
shown that the transmitted current depends on the relative
orientation of the incident spin polarization with respect to
the cobalt layer magnetization. This approach offers the
advantages of tuning the energy and the spin polarization
of the incoming electrons, and of separating the inelastic
and the elastic contributions to the transmitted current.
By analogy to spin polarimetry, an ultrathin ferromagnetic
layer can be described by its spin discriminating power,
the so-called Sherman function s. It is the polarization
acquired by an unpolarized beam when passed through the
spin filter [8]. The Au/1 nm Co/Au structure, which has
an s value of 0.34, behaves as an electron spin detector [9].

In this Letter, we show that the Au/Co/Au/Co/Au
cobalt bilayer constitutes a self-calibrated spin polarimeter.
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Two uncoupled ferromagnetic layers of different thickness
di and d, have different coercive fields. Therefore a bi-
layer structure can be magnetized in four saturated configu-
rations: two of them, that we call “F” and “—F” correspond
to parallel saturated magnetizations in both layers, and the
other two labeled “AF” and “—AF” refer to antiparallel
saturated magnetizations. The two reversed configurations
F (AF) and —F (—AF) are equivalent for the transmis-
sion of an unpolarized beam, whereas they yield different
transmissions for a polarized beam. It is therefore possible
to perform three separated measurements: the transmis-
sion asymmetry of an unpolarized beam between F and
AF configurations and the transmission asymmetries of a
polarized beam between F and —F and between AF and
—AF configurations. As a consequence, one obtains sepa-
rately three quantities: the spin discriminating power s
and s, of each layer and the polarization Py of the inci-
dent beam. Furthermore, from the microscopic analysis of
s1 and 57 in terms of spin-dependent inelastic scattering at
the interfaces and in the bulk of the ferromagnetic layers,
we determine a characteristic spin-discriminating length
in bulk cobalt and the spin-filtering power of Au/Co in-
terfaces. We also show evidence that spin transport above
the Fermi level is mainly governed by the creation of a
low energy secondary electrons distribution, followed by
a ballistic transmission at an energy close to the vacuum
level. The formation of the electron distribution leads to a
dilution of the polarization by secondary electrons.

The transmission experiment consists of focusing a lon-
gitudinally polarized electron beam photoemitted from a
GaAs source on a cobalt bilayer with perpendicular mag-
netization (18 nm Au/0.8 nm Co/2.2 nm Au/1.3 nm Co/
1.5 nm Au). The spin polarization Py of the incident
beam lies along the direction of the sample magnetization.
Experimental details on sample preparation can be found in
Ref. [9]. The sample is magnetized in situ by pulses of the
magnetic field, which allows one to select the four distinct
states of saturated magnetization. The electron beam enters
the thickest gold side. The low energy injection threshold
is given by the vacuum level of the entrance side, whereas
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the lowest possible energy of the transmitted electron is the
vacuum level Ey of the exit side of the cap Au layer. The
vacuum level of both gold faces was lowered at best by
3 eV by cesium deposition. The electrons emerging from
the multilayer build up an energy distribution curve, which
includes, besides the elastic electrons, a distribution of in-
elastically scattered electrons. A retarding-field analyzer
with an energy resolution of 0.2 eV FWHM allows one to
separate these two parts. The inelastic contribution is lo-
cated at the energy Ey and originates from electrons having
lost energy and from secondary electrons excited from the
Fermi sea. In the following, we will discuss only the in-
elastic part of transmitted beam, which is in our case essen-
tially responsible for the spin-dependent transport above
Er [9].

The transmitted currents I;f are measured at £y, where
pm stands for the bilayer magnetization configuration and
P for the polarization values (0 or =Pj). We separate
Ip into its spin-independent contribution 1§ and its spin-
dependent contribution Alp, Ip = I + Alp. I} is actu-
ally the transmitted current for an unpolarized beam. Let us
remark that changing P into —P is equivalent to changing

S mo_ Lok N P —p
winto —u, sothat Iy = 5(Ip, + IZp)) = 5(Ip, + Ip, )
and Al = 2(Ib — I"p) = S5 — Ip") = 1h — I

First, when injecting an unpolarized electron beam
(P =0) at very low incident energy Ej, = 3.4 eV
(referred to the Fermi level Er of the sample), we measure
the transmitted current I) at Ey = 1.7 eV versus pulse
amplitudes of the magnetic field [diamonds in Fig. 1(a)].
Such a measurement is equivalent to complete the hys-
teresis cycle of the sample. The largest transmissions
are reached at high magnetic fields in the configurations
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FIG. 1. (a) Transmitted current 1§ of an unpolarized beam in-
jected at 3.4 eV above the sample’s Fermi level versus magnetic
field (®). The vacuum level of the exit face Ey is lowered to
1.7 eV. Corresponding fit calculated from Eq. (2) (solid line),
I 1y being the transmitted current when one Co layer is demag-
netized (horizontal dotted line). (b) Spin-dependent transmitted
current A7, 11;0 versus magnetic field (®). Scaled magneto-optical
effect hysteresis loop showing the “F” and “AF” magnetization
states (solid line). Vertical lines visualize the coercive fields of
each Co layer. Both current measurements are normalized to
100 nA of incident current.
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identified as F and —F and sharply drop by about 30%
when the bilayer is set to the AF or —AF configurations.
This transmitted asymmetry of an unpolarized electron
beam between the parallel and antiparallel magnetization
configurations is analogous to the spin-valve effect (or
polarizing-analyzing effect) present in spin-valve transis-
tors [10,11] and ballistic electron emission miscroscopy
experiments [12]. The first cobalt layer polarizes the beam
by passing a spin direction, whereas the second layer
detects the projected spin component. Conditions of total
extinction will be defined below.

Second, working with an incident beam of polarization
P = Py, the relevant quantity is AJ ;fo, which is reported on
Fig. 1(b) versus the pulsed magnetic field. Alﬁo is directly
measured by modulating the incident polarization between
Py and — Py and using a lock-in amplifier. Alﬁo reproduces
the magnetization cycle of the sample. One can easily
identify the four magnetization states F, —F, AF, and —AF.

To describe quantitatively the transmission above Ep,
we propose the following model. At very low Ej,., the
electron distribution propagates ballistically within an
energy range close to Ey by following an exponential
attenuation versus distance. In this transport regime, no
spin relaxation in the cobalt layers and in the 2.2 nm
thick gold layer is assumed. At low energy, the electron
inelastic mean-free path is large, i.e., of the same order as
the cobalt layer thickness. Magnetization resulting from
the distribution of opposite domains can be described
by the respective domain fractions %(1 * x;), with [
indexing the cobalt layers and 7; varying continuously
from —1 to 1. We define I as the current entering the
first spin filter and P its polarization. From the formalism
of spin polarimetry [8,13,14] applied to the bilayer, the
transmitted current is

I;:L = ]t()(l + nimasisy + T(T]]Sl + 7’]252)), (D)

where 7151 and 7),s; are the Sherman functions of the Co
layer (analyzer), and ¢, is the product of the spin-average
transmissions of the four layers from the first magnetic
layer to the exit surface. From Eq. (1), one obtains

Iy = Ito(1 + mimasisa), 2
and
Alp, = IPto(misi + m2s2). 3)

Note that (2) implies that (i) a perfect spin-valve effect
(s1 = 52 = 1) would yield a zero transmitted current 1,
in AF states (n;m2 = —1) (extinction condition), and
(ii) Tt is the transmitted current, for an unpolarized
electron beam, when at least one of the Co layers is
demagnetized (n; or , = 0). In Fig. 1, the correspond-
ing magnetization states are indicated by vertical dotted
lines set at the coercive fields of the two Co layers. The
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Iy values associated with these states are the averaged
tlranFsmittejgiF currents between the F and the AF states
5(1() + Iy) = It

By using 77; and 7, values extracted from the hysteresis
loop associated with each Co layer, Eq. (2) successfully
fits the step variation of I(l)t [solid lines in Fig. 1(a)]. For
an unpolarized incident beam (P = 0), the asymmetry A,
in transmitted currents between F and AF states, deduced
from Fig. 1(a), yields directly the value of 515, = Aj, =
s — 1’5/a + 1Y) = 0.17 £ 0.02.  On the other
hand, for a spin polarized incident beam (P = Py), the
relevant asymmetry Ay, between the F and the AF states
calculated from Fig. 1(b) gives the ratio s1/s2 = Aa Iy, =
(AIp, — AIRF)/(AIL, + AIpF) =070 = 0.03.  Ob-
viously, this nonunity value expresses that in the AF
configurations the saturated magnetizations of the two
layers do not compensate, which is expected since both
Co layers have different thicknesses. The spin selectivities
of the two layers deduced from the above values of s;s;
and si/sy are 51 = 0.34 = 0.02 and s, = 0.49 * 0.03.
By analogy with usual spin polarimetry, we write

Ap, = U5, — IpH/UE + Ip5) = s"P, @)

which defines the Sherman function of the bilayer in the F
state [8]. From the previous definition of I(’)L and Alﬁo, A,PO
is equal to AIEO/I(I): = 0.17 = 0.02 and, using Egs. (2)
and (3), s¥ = (s1 + 52)/(1 + s152) = 0.7 %= 0.04. From
Eq. (4), we then obtain P = 0.24 £ 0.02, which is pre-
cisely the value of the polarization Py produced by the
GaAs source that we use. This result shows that a calibra-
tion of the initial spin polarization is achieved and also vali-
dates the ballistic transport assumption at very low Eijpc.
In order to verify the ballistic transport assumption at
higher Ej,., we investigate the variation of ISL relative to
Eipn restricting ourselves to the F and AF states. In this
experiment, the work function of the exit face has raised
up to Einc = 2.5 eV. The net increase in I(’)L reveals the
creation of secondary electrons, as seen on Fig. 2(a). As
expected, the transmission is much higher in the F state.
When Ej,. > Ey, the central result is that the asymmetry
A;, = 0.12 does not depend upon Ej,. [Fig. 2(a)]. Since
s is a decreasing function of the transport energy inside
the spin filter [15], this invariance shows that transport
in the ferromagnetic layers takes place at the same en-
ergy. The subjacent model is the creation of secondary
electrons in the first atomic gold layers followed by ballis-
tic propagation at energy close to Ey across the Co layers
[16]. Consequently, according to (2) the current I en-
tering the first cobalt layer increases almost linearly as a
function of Ej,.. Since secondary electrons are generated
into the first Au layer, the initial polarization P, should be
diluted by unpolarized secondary electrons excited from
the Au conduction band. A first hint is given by the mea-
surement of AJ ﬁo, which is constant [see Fig. 2(b)]. This
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FIG. 2. (a) Inelastically transmitted currents I(l): and I()A Fin the
F and AF configurations (left scale) and the asymmetry Ay,
measured versus the incident beam energy Ej,. (right scale).
(b) Difference in transmitted currents between Py and O spin
polarized electron beam for the F and AF configurations (left
scale) and the spin filter selectivity s¥. E;,. = 0 corresponds to
the sample’s Fermi level. Dotted lines give the averaged values.
Data recorded for Ey = 2.5 eV.

means that J 72 is constant and therefore implies that P
is a decreasing function of Ej,. (fo is constant since the
ballistic transport occurs at the same energy Ey). To de-
termine accurately this variation, we first calculate s from
the measured asymmetries Aj, and Aay, . Figure 2(b) dis-
plays s as a constant s¥ = 0.62 + 0.05, a lower aver-
aged value than the previous one, since at Ey = 2.5 eV
electrons travel farther above the Co d bands. Figure 3
shows the polarization P = A, /st versus Ein.. The
sharp fall is a direct evidence of the polarization dilution.
The decrease is well reproduced by the following relation
P = PyEy/Ei., which asserts that the initial polarization
Py is diluted by the multiplication factor Ej,./Ey produced
by secondary electrons. This ratio can be derived from a
model, in which §-like d bands are considered at the Fermi
level [14,17]. At each collision, an electron loses half of its
energy by exciting a secondary electron. The mechanism
of energy loss iterates until Ey is reached. This model
is valid as long as Ey and the width of the d bands are
negligible relative to Ej,.. The data fit, excluding the mea-
surements at low Ej,. given by the polarization dilution
model, is plotted in Fig. 3. The extrapolation of the fit to
Ein. = Ey gives again P = 0.24 = P,,.

Coming back to the microscopic analysis of s; and
s2, we introduce the spin-discriminating length 6 and the
average inelastic mean-free path in cobalt A by 1/8 =
(1/A- — 1/Ay)/2and 1/A = (1/A- + 1/A4)/2, where
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FIG. 3. Variation of the diluted polarization P versus the inci-
dent energy Ej,.. The polarization dilution law P = PyEy /Ej,.
is drawn as a solid line. By extrapolating at E;,. = Ey, the ini-
tial polarization Py is retrieved.

A+(A=) is the inelastic mean-free path in cobalt for ma-
jority (minority) spins. For each of the two layers [, we
separate the bulk and interface discriminating powers, sp
and s; defined in terms of transmission asymmetries as
in [13]. Then, s = (t+ — t-)/(t+ + t—) = th(d;/8) =
th(apd;/A) and s; = th(2a;), where t+ = exp(—d;/A+),
ap = A/d is the intrinsic spin-discriminating factor in
cobalt, and a; is the intrinsic spin-discriminating factor of
one Co/Au interface. Then, the total Sherman function for
the layer [ is

s; = (si + sp)/(1 + sispp) = thQQa; + apd;/A).  (5)

The Sherman function depends on the intrinsic quantities
of the magnetic material a; and a;, and on the reduced
thickness d;/A. Using the values of 51 = 0.34, s, = 0.49,
d; = 0.8 nm, and d» = 1.3 nm, one obtains the following
from Eq. (5): 6 = 2.7 nm and 2a; = 0.06. The value of
0, at 1.7 eV above the Fermi level, is in good agreement
with the values previously reported [12]. The comparison
of the value of 2a; with di/8 = 0.30 and d>/6 = 0.48
shows that the interface effect is much smaller than the
bulk effect (it is equivalent to the bulk effect in a layer
of thickness of 0.16 nm). The contribution of the two
interfaces to the Sherman function is in fact of the order of
the experimental uncertainty, since sy, s3, d;, and d, are
not known with an accuracy better than 5%.

In conclusion, the analysis of the transmission through
a ferromagnetic bilayer of free spin polarized electrons
provides the physical quantities, which describe the spin-
dependent transport: the spin-discriminating length in the
ferromagnet, the Sherman function of the two layers, and
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the bulk and interface contributions to the spin-filtering
effect. Finally, the incident beam polarization Py is
measured without the need for any external calibration
and without relying upon any microscopic model of spin-
dependent transport. Multilayered ferromagnetic struc-
tures open up the way to new self-calibrated electron spin
polarimeters with high selectivity.
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