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In the Fowler-Nordheim regime of Scanning Tunneling Microscopy (STM) the tip-target distance is few nanometers to few tens of nanometers. In this situation the tunneling between tip and target is completely suppressed. Instead, electrons can be ﬁeld-emitted from the tip and their impact with the target might excite
electrons oﬀ the surface. Under certain circumstances, the excited electrons escape the tip-target junction and
build a new electronic system, absent in the tunneling regime of STM. A recent experiment discovered that this
electronic system is spin polarized at nanoscale tip-target distances. Here we provide a comprehensive review of
all strategies that have been adopted to perform the spin polarized experiments in the Fowler-Nordheim regime
of STM. We also present new data that complement the proof of spin polarization and speciﬁcally underline the
magnetic imaging potential of this new technology, which we call Scanning Field Emission Microscopy with
Polarization Analysis (SFEMPA).

1. Introduction
The scattering of electrons in solids is dominated by the Coulomb
interaction, but electrons have a spin and this degree of freedom aﬀects
the scattering processes via two fundamental spin-dependent interactions: the spin-orbit coupling and the exchange interaction [1]. Theoretical and experimental work – speciﬁcally performed in a situation
where electrons scatter at surfaces – have provided a clear understanding of the fundamental principles of spin dependent scattering and
nowadays spin dependent electron scattering has found important applications. In spintronics [2,3], for instance, when electrons are transmitted through a thin magnetic layer, the extent to which current actually ﬂows depends (in virtue of the exchange interaction) on the
relative orientation of the spin of the ﬂowing electrons with respect to
the spins of the magnetic layer. A spin asymmetry arises that is detected
as giant or tunneling magnetoresistance. The ﬂowing spin can even
experience a torque as a consequence of spin dependent processes and
boundaries separating regions of misaligned spin may possibly get
translated by the process [2,3].
The same scattering processes responsible for the spin asymmetry or
the spin torque can also act to create a spin polarization starting from a
non-spin polarized incoming beam. This process has been documented
in the past in electron scattering at surfaces [4–8] but recently [9] a
spin polarization has been observed in a particular experimental situation – the Fowler-Nordheim (or “topograﬁner”) regime of STM

⁎

[10,11]. The “Fowler-Nordheim” regime has to be distinguished from
the one that we call the “Binnig-Rohrer” regime of STM [12] (Fig. 1a),
where the distance between the tip and the target is in the subnanometre range and the electrons are exchanged between the outermost tip
atom and the topmost target atom by the direct quantum mechanical
tunnel eﬀect. If the tip is retracted to few nanometres or tens of nanometres (Fig. 1b) the direct tunneling is completely suppressed: electrons are ﬁeld emitted from the tip (blue in Fig. 1b) – a quantum mechanical process described originally in the celebrated paper by Fowler
and Nordheim [11]. Upon striking the target, they are partly absorbed
(red in Fig. 1b) but also generate back scattered electrons (green).
Those backscattered electrons which escape the tip-target junction and
reach the macroscopic environment surrounding it (the escape process
is also discussed in this article) have been detected [10]. They have
been used to e.g. produce a spatially resolved “secondary electron
image” of the target topography [10]. In Ref. [9] it was shown that the
electrons backscattered from a magnetic layer covering a non-magnetic
surface are spin polarized.
The detection of the spin polarization of secondary electrons was
successful, so far, at macroscopic tip-target distances (1 mm) [13,14].
The detection at nanoscale distances required developing some nontrivial experimental methods and data handling protocols which were
only sketched in Ref. [9]. Here we provide an expanded account of
these methods and data handling protocols, in particular those related
to the spin detection. We have two speciﬁc aims. On the one hand we
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Fig. 1. The SFEMPA instrument. (a)
The tip is typically translated across the
surface. A step is drawn, as example of
surface asperity. The tunnel current
(red) is detected. (b) The tip is retracted to a distance d and translated
along the xy-plane. The ﬁeld emitted
electrons (blue) are partly absorbed
(red). A new electronic system consisting of secondary electrons and
elastically reﬂected electrons (green) is
produced by the primary beam (blue)
and can escape the tip-target junction.
(c) The various components of the
SFEMPA instrument are sketched. The
distance between the coils (C) is about
3 cm and can be used to roughly gauge
the real spatial dimensions of the instrument. “A” is a commercial external
source of focussed primary electrons
(JEOL). B is the set of electrostatic
elements that collect the electrons escaping the tip-target junction (green)
and direct them into the spin detector
J. The insets provide an enlarged view
of the tip-target (lower inset) and spin
detector (upper inset). C: pair of
Helmoltz coils. F: sample holder facing
the tip (G), mounted on piezocrystals
(black) for xyz-motion. I: primary beam
from the JEOL electron gun. H (green):
electron escaping the tip-target junction. K: scattering target used for spin
analysis. The “green” beam is accelerated to 45 keV kinetic energy and
focussed onto K. L0 (not visible) L1, L2,
L3 detect the scattered electrons. (d) Photograph of the STM head. The entire head is located on a platform (D) suspended by rubber rings (E) to minimize mechanical
noise. The section of the STM-head residing within the circle (see d) is enlarged in (e). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

components used for the spin polarized experiment are sketched in
Fig. 1c and the concrete realization of them is pictured in Fig. 1d and e.
The tip (G) is facing the sample, mounted on a sample holder (F). The
tip approach, the tip scan and the data acquisition are performed with a
Nanonis SPM Control System™ [15]. After the approach to tunneling
distance a scanning area is deﬁned and the tip is translated within this
area along a preset xy-plane, while recording the displacement along z
that the tip has to make in order to keep the tunnel current constant.
This is possible by using the tunnel current as a feedback for the piezocrystal controlling the z position of the tip. After direct tunnelling
imaging, the constant current feedback-loop is turned oﬀ and the tip is
retracted to a distance d from the surface (Fig. 1b), where d amounts
from few nanometres to few tens of nanometres – i.e. at least one to two
orders of magnitude larger than in STM imaging. The tip is biased with
a negative voltage −V of the order of few tens of Volts with respect to
the target. At some threshold voltage and above it electrons are ﬁeldemitted from the tip. They build, in the present work, what we call the
“primary” beam (blue in Fig. 1b). Notice that, after STM imaging, the
software interpolates the encoded tip deviations as a function of the xyposition by means of a mathematical plane. This deﬁnes a planar coordinate system (the grid in Fig. 1b) parallel to the previously imaged
area, along which the tip is scanned during Fowler-Nordheim imaging,
which is therefore performed at a “constant average distance d” between tip-apex and target. Data handling is performed using our own
software described in MATLAB Library for Nanonis based ﬁles: NanoLib
[16]. The most recent version of the instrument is able to record three
quantities, simultaneously during a scan: the current ﬁeld-emitted from
the tip (blue in Fig. 1b), the current absorbed by the target (red in
Fig. 1b), and the secondary electron current escaping the tunnel

would like to make the design of this technology generally available to
the community. On the other, we would like to shorten the path toward
constructing a similar instrument by eliminating those steps which were
adopted in Ref. [9] for the “proof of principle” but are not longer necessary for the application of the technology. In addition, further experimental data are provided, which were not included in Ref. [9] but
complement the proof of spin polarization in the Fowler-Nordheim
regime and show its potential as magnetic imaging technology.
We point out that the technology described in this report bears some
similarities to the nowadays standard magnetic imaging technology of
SEMPA (Scanning Electron Microscopy with Polarization Analysis)
[4–8]. In SEMPA, a focussed primary electron beam – typically with a
few keV kinetic energy and originating within a conventional electron
gun column – is directed toward a magnetic target and the low energy
secondary electrons (around 6 eV kinetic energy) excited by the primary beam acquire a spin polarization which is used to detect the local
magnetization vector of that area of the target which resides within the
primary beam focus. The technology described here has, in our opinion,
signiﬁcant elements of novelty – besides the obvious one of substituting
the meter-sized electron gun column with a nanometre sized tip-target
junction – so that we introduce an ad-hoc acronym here: SFEMPA,
standing for Scanning Field Emission Microscopy with Polarization
Analysis.
2. Experimental details
The primary beam. The tip is typically ﬁrst approached to a subnanometre distance from the surface for STM imaging in the BinnigRohrer regime. The geometry of the home-built STM and the essential
2
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Component and the System-Component. The Junction Component
consists of a simple geometrical model that includes only the tip in front
of a plane that represents the sample. The Junction Component inhabits
a subspace that is deﬁned at a subnanometre scale and the mesh used
for the simulation occupies the same scale. The System Component
consists of the one-to-one version of the real experimental set-up, obtained on the basis of the drawings used for the mechanical construction. The system component, therefore, inhabits a space deﬁned on a
ten centimeters scale, in which the Junction Component is virtually
inserted. The mesh of the System component is deﬁned accordingly.
Details of these simulations and their results are discussed in Ref. [18].
Generally, our simulations found that very few excited electrons were
able to escape the tip-target junction (actually almost none): after excitation just underneath the tip apex, the strong electric ﬁeld used to
extract the primary beam from the tip is found to bend the excited
electrons toward the target. Their landing place is only a few 10's of nm
away from the spot where they were generated. Almost none of the
generated electrons were found to avoid the landing. However, it
turned out that four elements were able to counteract this trend and
provide a way to enhance the escape probability: (1) the detector is set
to sample those electrons that travel almost parallel to the surface: inplane escape directions were found to give the best secondary electron
current; (2) the tilting of the tip away from the target normal to increase
the angle between tip axis and the axis of the electron optical column.
This is found to open the space toward the detector and favours a more
distant landing place – which is tantamount to enhancing the escape
probability; (3) the placing of the tip apex close to the target border
nearest to the entrance of the electron-optical column (B); (4) the application of a bias electric ﬁeld between the ﬁrst element of the electron-optical column and the target.
During the course of this work, we have constructed (in addition to
the spin polarized instrument) an entirely new instrument aimed at
measuring a diﬀerent property of the secondary electrons leaving the
channeltron junction: their energy distribution. By the phrase “recording the energy distribution” we mean measuring how many electrons actually escape the junction with a certain kinetic energy. Details
of this instrument – most of which are common to the SFEMPA technology – are given in Ref. [19]. Here we summarize the main features
by taking a close look at the environment of the tip-target region. Fig. 2
is based on the design forwarded to the mechanical workshop for
construction. Fig. 2a shows the tip-target region in the regime of spin
polarized detection. On the top the entrance of the spin detector is
visible. The geometry is such that the spin detector accepts excited
electrons that escape the tip-target region almost parallel to the surface.
The essential features of the instrument for energy analysis is that the
secondary electrons are detected by two devices (Fig. 2b): one that
accepts all electrons, independent of their energy – the channeltron
placed vertically in Fig. 2b and looking at one in-plane direction. The
second detection channel is the one that selects the energy of the

junction (green in Fig. 1b and H in Fig. 1c) and entering the spin detector (B, J in Fig. 1c). In the spin polarisation analysis mode the spin
polarization of the secondary electrons (H) entering the spin detector is
measured as well.
There are two fundamental processes involved in using the FowlerNordheim regime for imaging that we believe are most relevant and
speciﬁc to this regime. The ﬁrst one refers to the process of ﬁeld
emission from the tip. In the Binnig-Rohrer regime of STM, the radius of
curvature of the tip plays a lesser role, as the transported current is
determined by the superposition of the wave function of the outermost
tip atom and the uppermost target atom. Such atomic features are actually deﬁned independently of the radius of curvature of the tip, so
that atomic sized currents are actually often achieved [17]. In the
Fowler-Nordheim regime, instead, the size of the primary beam and its
characteristics are strongly dependent on the sharpness of the tip, so
that particular care must be dedicated to its preparation. The larger the
radius of curvature of the tip, the broader is the width of the primary
beam [18] (in Ref. [19] a tip radius of less than 5 nm is observed in
Transmission Electron Microscopy). Accordingly, one would like to
fabricate tips which are as sharp as possible. On the other side, sharp
tips are often “unstable”, i.e. the ﬁeld emitted current changes often and
suddenly, and this is, for practical purposes, an unwanted feature. A
reason for this instability might be adsorbates and impurities on the tip
surface. We have developed some practical rules of thumb in order to
obtain suitable sharp and clean tips. The various steps leading to tips
commonly used in our instruments and their characterization are described in details in Ref. [19].
The secondary electrons. The focus of this paper is on the electron
system generated at a Fowler-Nordheim STM junction – the secondary
electrons, generated at the location where the primary electron beam
hits the surface. For the aim of detecting their spin polarization, the
electrons escaping the junction are channeled along some direction in
space (the y-direction in the present geometry) by a set of suitably built
electrostatic lenses (B in Fig. 1c–e) into a spin detector (J in Fig. 1c).
The problems concerning the handling of secondary electrons are i. on
the one hand, extracting them from a nanoscale region residing between tip-apex and target and characterized by strong electric ﬁelds
that bend the excited electrons toward the surface and ii. on the other
hand, the coupling of the electrons escaping the junction to a suitable
electron-optical lens system that reside on a macroscopic scale. The aim
of this lens system is to focus the electrons entering the electron-optical
column onto the scattering target (K in Fig. 1c) residing within the core
of the spin detector (J). For eﬃcient spin detection the energy of the
electrons scattering at K should be in the 50 keV range, as explained
later. We have used [18] COMSOL Multiphysics™ to design the electronoptical column, to simulate the trajectory of the electrons and to optimize the electrostatic parameters for conveying as many electrons as
possible to the scattering target. We have found it appropriate to divide
the handling of secondary electrons into two components, the Junction-

Fig. 2. Sketch of the tip-target region. (a) The tiptarget region of the SFEMPA-instrument. The secondary electrons (green) are conveyed into the Mott
detector for spin analysis. (b) The tip-target region of
the instrument for energy analysis. The total secondary
electron current is detected by the channeltron ampliﬁer (top). Those secondary electrons that enter the
energy analyzer are energy selected, so that an energy
spectrum can be obtained. (For interpretation of the
references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Proof of secondary electrons spin polarization in SFEMPA.
(a) Sketch of the experimental method and deﬁnition of coordinate system. (b) −Px(B) (full circles) and −Pz(B) (empty
circles) measured with SEMPA (primary energy: 10 keV). The
applied magnetic ﬁeld is given in units of Gauss
(1 Gauss = 10−4 T). The data were obtained in a situation where
only one side of the W(1 1 0)-surface (with a total area of about
4 mm × 5 mm) was exposed to Fe deposition, the Fe-deposition on
the other side being blocked by a thin silicon wafer placed almost
in contact with the W-surface (shadow mask deposition). The
primary SEMPA electron beam is directed onto the Fe-covered
side, which can be distinguished from the Fe-uncovered side in a
topographic image recorded by a secondary electron detector
because of the slightly diﬀerent secondary electron yield. (c) STM
image (256 × 256 pixels. Tunneling current: 0.1 nA. Tunneling
voltage: 0.2 V) of a region of a 8 AL thick Fe ﬁlm covering a W
(1 1 0)-surface. (d) −Px(B) (full circles) and −Pz(B) (empty circles) measured using SFEMPA with spin polarization analysis
(d = 100 nm, primary energy: 62 eV, ﬁeld emission current:
≈60 nA). (e) STM image (512 × 512 pixels. Tunneling current:
0.1 nA. Tunneling voltage: 0.2 V) of a Fe-uncovered W(1 1 0)surface, showing a large terrace in the center. (f): Full circles:
−Px(B) on the Fe-uncovered surface measured with SFEMPA
(d = 54 nm, primary energy: 71 eV, ﬁeld emission current:
≈320 nA). Full squares: −Px(B) on the Fe-uncovered surface
measured with SEMPA (shifted by +0.1 for clarity).

the spin dependent part of the scattering cross section between the
incoming electrons and the atoms building the scattering target
[21,22]. S depends on the energy of the electrons, the scattering angle
and on the atoms building the target. In the present experiment, the
origin of the left-right asymmetry is the spin-orbit coupling interaction
between the incoming electrons and the atoms in the target (K in
Fig. 1c), so that one typically chooses a target comprising “heavy”
atoms (in the present case Au) to maximize, for a given spin polarization P, the spin asymmetry P · S. In the present Mott spin polarimeter,
we estimate S ≈ 0.15 [22] at a scattering angle of φ = 120° and at an
energy of ≈45 keV. Notice that the angle φ is chosen to be typically
larger than 90° in order to maximize spin sensitivity (S) [21], although
in the backscattering geometry the counting rate is reduced by a factor
≈104 with respect to the incoming current.
In the present experiment, the secondary electrons escaping the
junction are channeled along a straight path (the electron-optical
column B in Fig. 1). A straight path, is “unconventional” for spin analysis. In fact, in a “conventional” SEMPA instrument aimed at optimizing magnetic contrast – and not necessarily the detection of the total
secondary electron current – the electron optical path is arranged to
accept only the very low energy secondary electrons (about 6 eV kinetic
energy), introducing e.g. a 90° spherical deﬂector [4–8]. The low energy secondary are not only the most intensive among the backscattered
electrons – given a primary energy in the keV range – but also carry the
largest spin polarization for a given target magnetization state [7,8].
For instance, the spin polarization of the low energy secondary electrons in Fe can be as large as 40% [23] but decays with increasing
energy. The straight path geometry of the present instrument

secondary electrons: it also looks at an in-plane direction, but is rotated
by about 45° away from the direction selected by the channeltron.
Results obtained in this regime will be reported in a separate publication.
→
The detection of spin polarization. The spin polarisation vector P is a
measure of the collective spin state of an ensemble of spins. Given a
→
certain direction →
n in space, the component P →
n along n of the spin
→
polarization vector P of an electron ensemble is given by
N (↑) − N (↓)
P→
n = N (↑) + N (↓) , where N(↑)(N(↓)) is the number of electrons with spin
parallel (antiparallel) to →
n . P → is a number between −1 (or −100%)
n

and +1 (or +100%), these numbers representing fully spin polarized
states. P →
n = 0 labels an unpolarized ensemble of electrons. We recall
that, because of the negative charge of the electron, the spin polariza→
tion and the component of the magnetization vector M along →
n have
opposite sign. In this report we will therefore plot − P →
n . The detection
→
of P →
n is often performed in a scattering experiment [20–22]. The
electron ensemble is directed toward a suitable scattering target (K in
Fig. 1c). The electrons scattered from the target along two directions in
the same plane (the yz and xy planes, in Fig. 1c–e) and building angles ± φ with respect to the direction of the incident electron beam (y
in the present geometry), are counted by suitable detectors (L in
Fig. 1c). The scattering cross section along ± φ depends [21] on the
component P of the spin polarization vector perpendicular to the scattering plane (Px, respectively Pz in the present geometry). A ﬁnite P
produces a left (+φ) right (−φ) asymmetry of the number of counts L
(+ φ), L(−φ), related to the spin polarization component P by the
L (+φ) − L (−φ)
equation L (+φ) + L (−φ) = P·S . S is the Sherman function, which describes
4
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applied magnetic ﬁeld, the actual spin detection was perfomed in a
“ﬁeld free mode”. In fact, at the moment of production and transport to
the spin detector, the magnetic ﬁeld at the junction site must be exactly
vanishing in order to avoid any Lorentz force which would inevitably
bend the electrons away from y-direction. This bending process would
lead to the counting rate almost vanishing, a situation which could only
be repaired by a lengthy readjustment process of the whole electronoptic. The need to run through the entire hysteresis loop is therefore
apparently in conﬂict with the need of detecting the backscattered
electron in an exactly vanishing magnetic ﬁeld. We have solved this
contradiction by applying a magnetic ﬁeld along the x-direction with a
time structure deﬁned in such a way that it is exactly vanishing at the
moment of backscattered electron generation and detection. Notice that
magnetic ﬁelds as high as a few 10−2 T are required to drive the Fe ﬁlm
through a complete hysteresis curve and to ensure both saturation and
reversal of the magnetization [23]. Such magnetic ﬁelds (e.g. originating from a Helmholtz coil (C in Fig. 1c–e)) require comparatively
high currents, which can be kept active only for short times to avoid
Joule heating and deterioration of the Ultra High Vacuum conditions.
Accordingly, in a typical measurement sequence, the coils (C) are
loaded with a short current pulse which reaches its maximum after a
certain, variable “load time” (typically in the microseconds range), at
which the maximum magnetic ﬁeld B is produced. B drives the ﬁlm into
a magnetic state Mx(B). The current is thereafter switched oﬀ, whereby
(by engineering the electric circuit) one can achieve a rapid, almost
linear-in-time decrease of the current to exactly zero [24]. At that point
in time, one proceeds with the detection of the backscattered counting
rates – either with SEMPA or with SFEMPA. Provided the hysteresis
loop of the target is a square-one (which is the case for Fe/W(1 1 0)),
the magnetic state obtained after the ﬁeld pulse has been switched oﬀ
has some remanent ﬁnite magnetization.
We point out that in the hysteresis loop of Fig. 3b (and in the following hysteresis loops) instrumental asymmetries have been eliminated. Generally, the detection of spin polarization is aﬀected by instrumental asymmetries such as unavoidable diﬀerent sensitivity of the
electron counters or some misalignment of the incoming electron beam.
These asymmetries are not related to the magnetism of the target but
L (+φ) − L (−φ)
produce a ﬁctious ﬁnite P when the equation L (+φ) + L (−φ) = P·S is used
[14]. Instrumental asymmetries are in practice taken into account by
using a slightly modiﬁed relation between left-right counting rates and
spin polarization, which contains an “instrumental” parameter Q [21],
Q·L (+φ) − L (−φ)
= P·S . A beyond-any-doubts-proof of ﬁnite spin polarizaQ·L (+φ) + L (−φ)
tion P requires the knowledge of Q under exactly the same experimental
conditions used to measure P. One possible strategy to determine Q is
e.g. to measure L( ± φ) using a beam of known spin polarization [21].
In the present experiment we have implemented the task of determining
Q using the extra degree of freedom provided by the application of a
variable external magnetic ﬁeld. The undergoing of a hysteresis loop
means that the graph of Mx(B) has a closed topology with a special
symmetry. Let us deﬁne an operation of averaging Mx over all the values of the magnetic ﬁeld required to cover the entire hysteresis loop
(in symbols 〈Mx〉∣B). Then 〈Mx〉∣B = 0. Translated to the spin polarization of the backscattered electron beam, this symmetry deﬁnes a
state of zero averaged spin polarization 〈Px〉 which allows one to ﬁnd Q
simultaneously to measuring Px(B): Q is (approximately) the parameter

maximizes the number of secondary electrons conveyed toward the
Mott target but fails to select the low kinetic energy electrons, as it
accepts all electrons, independently of their kinetic energy – also those
which are less [7,8] spin polarized. Thus, the straight path geometry for
spin analysis had to be validated, as it is bound to reduce the spin
sensitivity in SFEMPA. A further element expected to reduce the spin
sensitivity is the use of low primary energies – some few 10's of eV
typical of the Fowler-Nordheim regime as opposed to the keV primary
energies used in conventional SEMPA [7,8]. At low primary energies
the spin polarization of the secondary electrons is reduced with respect
to the energies used e.g. in the SEMPA regime [8].
3. Results of spin polarized experiments.
SFEMPA versus SEMPA. Fig. 3a summarizes the geometry of the
present experiment. Notice that the sketch shows two primary beams, a
“blue” one coming from the tip and a “red” one. The “red” one originates from a commercial electron gun column of a JEOL scanning
electron microscope (JEOL Ltd, Akishima, Japan). The JEOL electron
gun (A in Fig. 1c–e) provides a focussed electron beam (I in Fig. 1c)
source alternative to the one provided by the tip but it excites electrons
into the very same channel (B) used for SFEMPA. The JEOL-source has
typically few keV energy. In this way, the yet unknown spin sensitivity
of SFEMPA is gauged under exactly the same experimental conditions
against a well-established experimental technique SEMPA [4–8]. This
additional source of primary beam is of course – strictly speaking –
redundant for future applications of SFEMPA, although it has been essential for obtaining the proof of principle reported in Ref. [9]. We,
however, point out that Scanning Electron Microscopy provides an easy
tool for zooming the ﬁeld of view over a larger spatial scale than any
STM-based technology, which is usually restricted to sub-micrometer
scan ranges. This adds a degree of freedom that can be used toward e.g.
providing a large scale overview of the main target features and/or
guiding the tip toward sought-after target features that are on a smaller
spatial scale.
Both primary beams can be scanned along the xy-plane parallel to
the target surface (yellow), the blue one with subnanometre precision.
The tip can also be moved along the z-direction, in order to change the
tip-target distance d. At the end of the spin detection channel, the total
secondary electron current entering the spin detector is measured,
along with two of the components of their spin polarization vector, the
one along the x-direction (Px) and the other along the z-direction (Pz).
In the present geometry, −Px is a measure of one in-plane component
of the target magnetization vector, −Pz is a measure of the magnetization component perpendicular to the target surface.
All experiments presented here are performed in Ultra-HighVacuum conditions, with a pressure in the low 10−10 mbar range, and
at room temperature. The target consists of a few atomic layer (AL)
thick ferromagnetic Fe ﬁlm, grown by Molecular Beam Epitaxy onto a
non-magnetic W(1 1 0)-single crystal surface. Such Fe-ﬁlms provide a
stable ferromagnetic reference system [23] at room temperature, with a
magnetization that can be switched from one spatially uniform state
along the easy in-plane [1̄ 1 0]-direction (here along x) to a spatially
uniform state in the opposite direction. The switching is only possible
when a sharply deﬁned threshold magnetic ﬁeld (the coercive ﬁeld) in
the direction opposite to the magnetization is applied. As a consequence, provided this ﬁeld is not exceeded, the magnetic state
(achieved after a strong magnetic ﬁeld pulse in one direction) is
maintained, even if the magnetic ﬁeld is switched oﬀ (remanent magnetization): the magnetic sample undergoes a “square” hysteresis loop
[23].
Fig. 3b, measured in SEMPA modus (“red” primary beam) shows
that −Px (black circles) plotted as a function of the in-plane applied
magnetic ﬁeld B for a 8 AL thick ﬁlm follows such a square hysteresis
loop (Pz (open circles) is vanishing, i.e. the magnetization is in-plane).
Notice that, although the horizontal scale in Fig. 3b reports the

that fulﬁlls the equation Q =

〈L(−φ) (B ) 〉 ∣B
〈L(+φ) (B ) 〉 ∣B

and can be computed online

while the count rates are registered. The measured left-right counter
asymmetry is therefore rendered as spin polarization using the ﬁnal
expression

P=

1 〈L(−φ) (B ) 〉∣B ·L (+φ) − 〈L(+φ) (B ) 〉∣B ·L (−φ)
·
S 〈L(−φ) (B ) 〉∣B ·L (+φ) + 〈L(−φ) (B ) 〉∣B L (−φ)

(1)

Finally, we would like to comment on the observed maximum value of
−Px (about 20%). The reference value for conventional SEMPA from Fe
is about 40% (see e.g. Ref. [8]). One reason for our observing a lower
5
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value could be the fact that Fig. 3b reports SEMPA in the straight
geometry, as discussed in the previous section. A second reason could
be the fact that Ref. [8] uses the (1 1 0)-surface of an Fe single crystal,
while we use 8 atomic layers of Fe on W(1 1 0): a thicker ﬁlm is expected to give a higher spin polarization [23]. Finally, our ﬁlms are
measured as grown. An atomically smoother (annealed) Fe ﬁlm instead
of the squamous one measured here (see Fig. 3c) could also lead to a
higher maximum spin polarization. In general, we observe that the actual maximum value of −Px depends on the set of voltages we use to
collect the secondary electrons along the y-channel and cannot be assigned a quantitative signiﬁcance yet – except that of being vanishing or
not vanishing within experimental error.
Having established a reliable spin detection, we turn now to the
actual subject of this paper, the SFEMPA experiment. The very same Feﬁlm used in Fig. 3b was approached at some location for STM imaging.
In Fig. 3c the Fe-deposit manifests its presence by means of the typical
squamous topology [25,26]. After the STM image, the tip was locked in
the middle of the Fe-deposit and retracted to d ≈ 100 nm for the taking
of a hysteresis loop, with SFEMPA, see the −Px(B) (ﬁlled circles) and
−Pz(B) (empty circles) in Fig. 3d. Except for the maximum value of
−Px (about 10%), which is reduced with respect to the corresponding
value in Fig. 3b, the SFEMPA hysteresis loop in Fig. 3d is identical to the
one recorded in SEMPA (Fig. 3b). The reduction of the maximum value
of −Px is expected from the drastic lowering of the energy of the primary electrons in the SFEMPA mode, which is 62 eV in Fig. 3d, compared to the 10 keV used for the data (Fig. 3b) with SEMPA.
The tip is successively moved about 300 μm away from the Fecovered side onto an Fe-free position of the surface (Fig. 3e). The spin
polarization is, accordingly, vanishing within experimental accuracy
(black full circles, Fig. 3f). Also shown in Fig. 3f is −Px(B) measured on
the Fe-uncovered side with SEMPA (black ﬁlled squares). This completes the proof of the existence and of spin polarization in the SFEMPA
regime.
Px and Pz selectivity. One important element used in SFEMPA technology to discriminate between a ﬁnite spin polarization and a vanishing one is the Px versus Pz selectivity. In the present experiment,
which uses magnetic ﬁlms magnetized along the x-direction, if the instrument is properly working only the Px channel should register a ﬁnite spin polarization. Mz and – accordingly – Pz should be vanishing
exactly: therefore, the Pz-channel, recorded simultaneously with the Px
-channel, can be used to gauge residual instrumental asymmetries independently of taking any hysteresis loop. Our proof of principle is also
based on this selectivity.
The principle of spin detection by Mott spin polarimetry predicts
that those detectors that accept electrons along directions in the scat→
tering plane measure the component of P perpendicular to the scattering plane. Referring to Fig. 1c, the pair of detectors L0 and L2 are
sensitive to the x-component, the pair of detectors L1 and L3 to the zcomponent. The data in Fig. 3, for instance, have been obtained in the
geometry described in Fig. 1c and refer to Fe ﬁlms on W(1 1 0), which
are entirely magnetized along x and therefore are observed to display a
non-vanishing spin polarization in the L0 − L2 channel. The hysteresis
curve along the z-component (channels L1 − L3) is vanishing within
experimental uncertainty. One validation of this result – and, ultimately, of the spin sensitivity of the technology – is described by Fig. 4
with a new set of data, obtained by performing SEMPA imaging in a
new situation where the entire spin polarimeter J (Fig. 1c) has been
mechanically rotated by 90° around its axis. This rotation should
transfer the ﬁnite hysteresis loop to the L1 − L3 pairs of detectors
(which measure, after the rotation, Px) and the vanishing hysteresis
loop to the L0 − L2 pair of detectors (which measure, after the rotation,
Pz). The outcome of the spin detection in the rotated geometry is shown
in Fig. 4, using the JEOL electron gun column as a source of primary
electrons. The sample used was an in-plane magnetized 15 monolayer
thick Fe ﬁlm on W(1 1 0). Matching our expectations, the hysteresis

Fig. 4. Px, Pz-selectivity. (a) −Px(B) taken in the L1 − L3 channels after 90°
rotation of the spin detector. The hysteresis loop has been transferred to the
L1 − L3 channels. The spin polarization achieved at the largest magnetic ﬁelds
available is again about 20%, in line with the results of Ref. [9]. As in Ref. [9],
the absolute value of the spin polarization is reduced with respect to the conventional energy selected SEMPA experiment, but it is still substantial despite
the electrons conveyed into the linear electron-optical column. The blue (red)
trace is taken while the magnetic ﬁeld is changed from negative (positive) to
positive (negative). (b) −Pz(B) taken by in the L0 − L2 channels after 90° rotation of the spin detector. (Almost) no hysteresis loop is visible in the L0 − L2
channels after 90° rotation of the spin detector. The blue (red) trace is taken
while the magnetic ﬁeld is changed from negative (positive) to positive (negative). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

curve appears in the L1 − L3 channel (Fig. 4a), while the L0 − L2 polarization (Fig. 4b) is nearly vanishing. The Px, Pz selectivity reported in
this paper is an a-posteriori further proof of the SFEMPA results reported in Ref. [9]. We point out that the relative orientation of the tiptarget directions and those of the spin detector is only possible with
some uncertainty – we estimate ± 10° – so that we might have some
cross-talk between the two “apparently” orthogonal channels L1 − L3
and L0 − L2.
The Q-problem in imaging. We now turn to a further task of SEMPA
and SFEMPA technology, magnetic imaging. The procedure of determining Q described above is designed and produces reliable results
in a mode where the primary beam is constantly pointing on the same
location as the magnetic ﬁeld is varied to cover a hysteresis loop. In the
imaging mode, the primary beam is translated over a certain range of
the xy-plane and one is confronted with an instrumental asymmetry
which, in principle, depends on the (x, y) coordinates: Q = Q(x, y). The
xy-dependence arises e.g. because when the primary beam is moved
onto topographically or chemically inequivalent sites, the secondary
electron yield might change substantially – independently on the
magnetic state of the sites. The response of the various detectors (L in
Fig. 1c) to a change of counts is, in general, not the same and a spatially
dependent asymmetry inﬁltrates the data. There is a further source of
asymmetry with non-magnetic origin. When the origin of the electrons
is moved, the parameters along the scattering channels comprising
“primary electrons”→“target”→“secondary electrons”→“K-target”
change and spin-orbit coupling might also act to produce an asymmetry. As we do not perform angular selection, this second source of
“spurious” asymmetry should be negligible, but it cannot be excluded.
Through these asymmetries with no magnetic origin one often observes
details of the topography in the polarization image – the topographic
cross-talk into the magnetic image that spoiled the detection of spin
polarization in an early attempt at SFEMPA [14]. The determining of Q
6

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146865

G. Bertolini, et al.

Fig. 5. Cross-talk of topography into SEMPA images. The gray
scale used to encode the spin polarization is given in the horizontal bar. The energy of the primary beam is 10 keV. The size of
each image is 675 μm × 338 μm. (a) −Px-image of 15 atomic
layers Fe deposited on W(1 1 0) in the shape of two wedges (dark
in the image). Q determined by setting the average −Px on a region residing completely within the Fe-uncovered sector is 1.01.
(b) Same sample, −Pz image, Q = 0.82. The instrumental asymmetry is substantial. (c) −Px image after application of a magnetic
ﬁeld pulse in +x-direction, Q = 1.00. (d) −Pz-image after application of a magnetic ﬁeld pulse in +x-direction, Q = 0.79. (e) As
in (c), Q = 0.99. (f) As in (d), after adjusting the discriminator
levels of one of the −Pz counters to reduce Q: Q = 1.04. (g) −Pximage after application of a magnetic ﬁeld pulse in −x-direction.
(h) −Pz-image after application of a magnetic ﬁeld pulse in −xdirection.

polarization of the entire images – nota bene including the Fe-deposits – is
then tentatively rendered using the Q-values determined on the Wsector. This procedure produces a ﬁnite Px at the site of the Fe-deposit
(Fig. 5a, darker regions). However, contrary to expectation, it also
produces a ﬁnite spin polarization in the Pz channel (Fig. 5b). We
suspect that a ﬁnite Pz is that type of cross-talk of the topography into a
spin polarization image that complicates the assignment of a spin polarization to a genuine magnetic eﬀect. In order to conﬁrm or reject this
conjecture we apply a magnetic ﬁeld pulse along the +x-in-plane direction and record again the −Px and −Pz images (Fig. 5c and d). −Px
(Fig. 5c) changes sign and therefore has a magnetic origin. −Pz, instead, remains unchanged, indicating that its origin must be an instrumental artifact. In fact, after adjusting the discriminator levels of
the two Pz-counters – i.e. after rendering the response of the two Pzcounters similar – we retake the −Px-image (Fig. 5e) and −Pz-image
(Fig. 5f) and ﬁnd out that (1) the Q-factor in the Pz-channel assumes a
value close to one, i.e. the instrumental asymmetry has been considerably reduced. (2) the contrast between Fe-covered and Fe-uncovered sectors of the −Pz-image is considerably reduced, indicating
that the Pz has almost vanished. When the magnetic state is switched
again, the −Px-component changes sign (Fig. 5g), while the −Pz-contrast remains weak (Fig. 5h). We point out, however, that there is still
some contrast visible in the −Pz-image and that the spin polarization
on the in-plane channel is not exactly symmetric upon switching. This
indicates that some instrumental asymmetry remains: the average Qvalue, determined on top of the Fe-uncovered sector, does not exactly
match the putative Q-value that would describe the instrumental
asymmetry on top of the Fe.
SFEMPA imaging. We apply now the Q-algorithm developed in the
previous experiment, based on averaging over a state with P̂ = 0 , to the
example of a SFEMPA experiment using an Fe-deposit with nanoscale
lateral size. The SFEMPA data were published as Fig. 4d–4f of Ref. [9].
Here we provide the details of the entire process that led to the

at any location of the image by taking a complete hysteresis loop is not
a practicable way of eliminating this cross-talk, if one takes into account the fact that the acquisition of a hysteresis loop can irreversibly
change the magnetic state one would like to image, so that at the end of
the hysteresis loop the magnetic state is lost. In imaging, one must ﬁnd
a way of eliminating instrumental asymmetries without acquiring a
complete hysteresis loop.
We illustrate the Q-problem on the concrete example of a 15 ML
thick Fe-ﬁlm deposited on W(1 1 0) by shadow mask deposition. In
shadow mask deposition apertures are excavated into a thin foil by a
focussed ion beam, the aperture geometry and size being predeﬁned at
will. The mask is then placed almost in contact with the W(1 1 0)-surface and only those areas of the surface residing underneath the apertures are actually exposed to the atomic Fe-beam. Fig. 5 reports SEMPA
images of the −Px (left) respectively −Pz (right) spin polarization of a
mask deposited Fe ﬁlm. The total counts image L0 + L1 + L2 + L3 indicates the presence of wedges that have a diﬀerent secondary electron
yield and are identiﬁed with the Fe-deposit. The surrounding is the Feuncovered W-surface. The spin polarization is encoded using the gray
scale given in the horizontal bar. The Q-value used for encoding the
spin polarization was determined by averaging Li over an area residing
within the Fe-uncovered sector of the surface. If we assume that this
area is non-magnetic, we have found a state of vanishing average spin
polarization (P̂ = 0 ) that can be used to ﬁnd Q according to

Q=

〈L(−φ) 〉 ∣Pˆ = 0
〈L(+φ) 〉 ∣Pˆ = 0

, the averaging 〈〉 being now on a certain number of

pixels of a state with P̂ = 0 and not over the magnetic ﬁeld B. The
assumption of W being non-magnetic is a physically plausible one but
we cannot exclude that some spin polarization arising from spin-orbit
coupling inﬁltrates the electrons originating from the W sector of the
surface. By choosing a Q-value that renders the spin polarization vanishing on W we eliminate not only any instrumental asymmetry but also
the spin polarization arising from spin-orbit coupling. The spin
7
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Fig. 6. SEMPA and STM imaging of Fe dots on W(1 1 0). The size of the SEMPA images is 3000 nm × 1000 nm. Primary energy: 10 keV. (a) Secondary electron
images showing the topography of a surface area with Fe deposits (dark) of diﬀerent size (thickness: nominally ∼5 nm). Step bunching (darker lines) running almost
vertically are also visible. (b) −Pz SEMPA-image. The contrast between Fe deposit and surrounding W is weak, suggesting that the magnetization is in the ﬁlm plane.
(c) −Px SEMPA-images. The ﬁrst element on the left-hand side consists of a central region with vanishing −Px surrounded by a frame with domains of opposite −Pxpolarization. In going to smaller elements the spin polarization is either along +x (bright) or −x (dark). The sixth element on the right-hand side appears not to be
spin polarized. We suspect that it is too small to show a stable magnetization [28]. (d) STM topography (shown is the derivative of the corrugation along z) of the ﬁrst
element on the left-hand side. The ﬁne structure shows the monolayer thick corrugation of the Fe-deposit. Tunneling current: 0.1 nA. Tunneling voltage: 0.2 V. The
element appears as a rectangle because the scan range of this image is beyond the range of linearity of the piezo-crystals used for xy-movement. (e) Height of the Feelement as a function of the lateral position, obtained from (d), showing a central plateau. (f) STM topography (shown is the derivative of the corrugation along z) of
the fourth and ﬁfth Fe-elements (the ﬁfth one being crossed by surface steps, appearing as darker lines running almost vertically). Tunneling current: 0.1 nA.
Tunneling voltage: 0.2 V. (g) Height of the fourth and ﬁfth Fe-elements as a function of the lateral position, obtained from (f).

in-plane Px-component. Accordingly, we have transported the sample
with the six elements into the SFEMPA instrument and picked up the
4th one to demonstrate the imaging potential of SFEMPA.
Notice that in both Fig. 6d and f an ensemble of small, one-AL thick
clusters surrounds the main elements. Their lateral density decreases
with their distance from the main elements. These small clusters appear
to be an unavoidable by-product of the mask-technology we use to grow
magnetic elements. Such small clusters are probably weakly magnetic
but we cannot exclude that their presence might aﬀect the determination of the Q-factor in imaging.
The results of SFEMPA imaging are given in Fig. 7. The starting
point for SFEMPA imaging are the raw count rates in the two Pxchannels L0 and L2. The data were acquired after the sought-for Feelement was pinpointed by STM and the tip retracted to about 25 nm.
Fig. 7a reports the raw L0 count rates recorded while the tip is scanned
from left to right. The image is taken after a magnetic ﬁeld pulse in −x
direction was applied. The color code used to encode the count rate is
given in the vertical bar. The L0 raw data are characterized by sudden
jumps of the ﬁeld emitted current and, correspondingly, of the secondary electron yield. Entire sectors of the image contain consecutive
scan lines with the same average color followed by sudden change of
the color. The ﬁrst step we have undertaken is therefore the attempt to
drag all scan lines on the same plane in order to avoid useless color
contrasts between lines that could prevent one from seeing any more
relevant feature. In STM [15], this is commonly done by subtracting a
mean plane. We therefore process the count rate images by dividing
every line by the mean value of the line itself (Fig. 7c). This process
allows one to eliminate most noise from the data. As we need to extract
the spin polarization, we exclude, for the building of the line average,
the Fe-element by encapsulating it within a circular area that contains it
completely (blue in Fig. 7b). The line average over the surroundings of

recording and the rendering of SFEMPA-images Ref. [27,9].
The complete sample (not shown in Ref. [9]) consists of a maskdeposited set of Fe-nano-elements with about 5 nm thickness on W
(1 1 0). The topography of the Fe-deposits has been imaged as a ﬁrst
step using a “conventional” SEMPA instrument in the total counting
mode (Fig. 6a) (“conventional” means that the low energy electrons are
selected). This conventional SEMPA is attached to the SFEMPA instrument described here and samples can be exchanged between them
under persistent Ultra High Vacuum conditions). From left to right we
count 6 Fe-elements with decreasing lateral size, numbered in the
ﬁgure. Notice also some step bunching appearing along the vertical
direction, indicated by an arrow. The magnetic states of the elements is
imaged in the −Pz-(Fig. 6b) and −Px-(Fig. 6c) channels. The Pz-channel
shows a faint contrast in-line with the vanishing of the perpendicular
magnetization. The behaviour of the Px-component is more complex.
The frame of the ﬁrst element on the left-hand side displays two domains of opposite x-magnetization, indicated by the dark-bright contrast. The in-plane magnetization of the central part of elements 1 and 2
vanishes. This behaviour is due to the fact that the thickness of those
elements, in the central region, is above the critical thickness at which
the in-plane magnetization is known [28] to switch by 90°, i.e. to align
along y. Py, however, is not accessible to our instrument and, accordingly, the Px channel registers a vanishing spin polarization. The
smaller elements (3–5) are entirely magnetized along x. Their thickness
is, in fact, only nominally above the critical thickness. We can prove
this by performing STM imaging of the elements. The largest one, for
instance, given in Fig. 6d and proﬁled in Fig. 6e, consists of a central
plateau that decays linearly at the border. The 4th and 5th elements
(Fig. 6f and g) instead, have a triangular proﬁle: the thickness reaches a
maximum in the middle of the element and decreases linearly from
there. Our SEMPA imaging ﬁnds for these elements (Fig. 6c) a uniform
8

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146865

G. Bertolini, et al.

Fig. 7. Proof of principle for SFEMPA imaging. Tip-target distance: 25 nm, tip voltage: −42 V, absorbed current: approximately 140 nA. (a) Raw counts registered by
the L0-counter during scan from left to right. The image is taken starting from the left top corner. It consists of 128 × 128 pixels. The color bar encodes the count rate.
The counting time per pixel is 15.6 · 10−3 s, so that each pixel contains about 3000 electrons. (b) A window (blue) is placed onto the presumed location of the Feelement. The pixels residing under the window are excluded from the line averaging. (c) The counts per pixels are divided by the line average. The color bar encodes
L0−
. The same procedure is performed with the image containing the counts taken during scan
〈L0−〉 ∣Pˆ = 0
L0−
L−
L+
are merged in one single image. (e) The merged − 2 . (f) − Px−-image. (g) + 0
after
〈L2 〉 ∣Pˆ = 0
〈L0−〉 ∣Pˆ = 0
〈L0 〉 ∣Pˆ = 0

the normalized count rate, which we call
L−
left-to-right − 0
and right-to-left
〈L0 〉 ∣Pˆ = 0
L2+
pulse. (h) +
. (i) − Px+-image. (j) −
〈L2 〉 ∣Pˆ = 0

Pz− -image.

(k) −

Pz+ -image.

from right to left. (d) The
a positive magnetic ﬁeld

(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web

version of this article.)

the “blue” area provides two items: (1) a suitable way of dividing out
the noise (compare Fig. 7a and c) and (2) the experimental parameters
〈L(±φ) 〉∣Pˆ = 0 that can be used for determining Q. This image processing is
therefore tantamount to deﬁning a Q-factor for each one of the 128
horizontal scan lines. This process is repeated for the counter L2 and for
the images taken from right to left, which are then superposed onto the
left-to-right images. The result is given in Fig. 7d, which plots
L0− ·(〈L0−〉∣Pˆ = 0 )−1 and Fig. 7e (L2− ·(〈L2−〉∣Pˆ = 0 )−1) (the upper − stands for a
magnetic pulse in −x-direction). In Fig. 7d and e the surrounding of the
Fe-element has, in both channels, the average of “1” and Px− is computed for each pixel using
L−

0
−
1 〈L0−〉 ∣Pˆ = 0
· L−
0
S
+
〈L −〉 ∣
0

Pˆ = 0

Nordheim STM with spin polarization analysis.
First, in a conventional spin polarized STM experiment the magnetic
information is obtained by recording the asymmetry of the tunneling
current when the tip is moved from one site to the other. In SFEMPA
the tip can be held on one site and the spin polarization generated by
electron scattering provides the entire magnetic information. In other
words: in SFEMPA the spin information can be obtained by addressing
the magnetic state of the target only once.
Second, the source of the primary beam is strictly non-magnetic. In
particular, it is not aﬀected by the external magnetic ﬁelds; thus, one
can arbitrarily change the magnetic state of the target without aﬀecting
the detection process.
→
Third, in SFEMPA P is measured (in our version only two components, in principle the instrument can be expanded to measure all three
components), so that one can access the local magnetization vector.
This oﬀers some practical advantages, like using the shape of the hysteresis curve in a given direction to extract information about the
magnetic material properties, such as the strength of the local magnetic
anisotropies or the coercivity of bistable nanostructures and their
evolution with temperature. Thus, we expect this spin-polarised technology to ﬁnd its main application in the imaging and characterization
of non-collinear spin textures, such as spin helices, skyrmions and domain walls.
Fourth, the actual state-of-the-art spatial resolution is set by Fig. 7.
We observe that the size of the Fe dot in Fig. 6f (STM imaging) and
Fig. 7f (spin-polarised Fowler-Nordheim imaging) are comparable.

L2−
〈L2−〉 ∣Pˆ = 0
L2−
〈L2−〉 ∣Pˆ = 0

(2)

(see also Fig. 4f in Ref. [9]). The process is repeated after applying a
magnetic ﬁeld pulse in +x direction: in Fig. 7g and h the count rates
L0+ ·(〈L0+〉∣Pˆ = 0 )−1, respectively L2+ ·(〈L2+〉∣Pˆ = 0 )−1 are plotted and Fig. 7i
(see also Fig. 7e in Ref. [9]) gives the − Px+-image. Fig. 7j and k, ﬁnally,
provide the − Pz± -images recorded simultaneously with the
− Px± -images. There, almost no contrast is visible between the Fe-element and the surroundings.
4. Summary and outlook
We conclude by discussing the practical signiﬁcance of a Fowler9
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9860.1 PFNM-NM) for ﬁnancing this work.

Because of the low eﬃciency of a spin polarimeter, however, spin-polarised images are limited to fewer pixels than STM images. The spatial
resolution is therefore set by the distance between the pixels, which is
5 nm in Fig. 7f. We anticipate that improving the eﬃciency of the spin
polarimeter and optimizing the electron optical parameters will substantially (by at least a factor of 10, see Ref. [29]) increase the number
of pixels comprising a spin-polarised image and push the spatial resolution towards the 1 nm limit observed recently in non-spin-polarised
Fowler-Nordheim imaging [10].
Fifth, the appearance of a Px-component in the electron system of
backscattered electrons, given a non-spin-polarised primary beam, must
be compensated in steady-state operation of the junction by an opposite
component appearing in the transmitted electron spin system and/or
inside that region of the magnetic layer involved in the scattering
process. The very narrow channel deﬁned in the magnetic layer by the
size of the primary beam (in Ref. [10], as small as 1 nm × 1 nm) sustains current densities that exceed the lower limit required for the onset
of a magnetic instability [30] so that the deviation from the equilibrium
magnetization within this channel should become observable in steadystate operation.
Sixth, provided a suitable source of spin polarized electrons can be
developed to suit the SFEMPA environment, a complete spin-in–spinout experiment along the lines of Ref. [31] but spatially localized, involving a source of spin-polarised electrons, detection of current
asymmetries and detection of the spin polarization of the backscattered
electrons is now conceivable.
Finally, some open problems. The results shown in this article are
primarily a demonstration of a novel spin polarized technology, and
most of the processes discussed are not really understood. For instance,
it is not clear how and which electrons actually escape the junction: we
do not have a clear idea of e.g. their trajectory and their energy distribution. This information is however crucial for relating the measured
spin polarization to an absolute state of magnetization. A further issue
speciﬁc to this technology is the actual number of electrons escaping
the junction and whether their original spin polarization is conserved.
These questions entail modelling the transport of the excited electrons i.
emerging within a nm-size spot, ii. crossing a region of intense (approximately 4 V/nm) and spatially inhomogeneous electric ﬁelds and
iii. traveling over macroscopic distances (notably, mm) to reach the
spin polarimeter. This research eﬀort involves a multiscale approach
that is currently under consideration.
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