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ABSTRACT: Probing absolute values of spin polarization at the
nanoscale offers insight into the fundamental mechanisms of spin-
dependent transport. Employing the Zeeman splitting in super-
conducting tips (Meservey−Tedrow−Fulde effect), we introduce
a novel spin-polarized scanning tunneling microscopy that
combines the probing capability of the absolute values of spin
polarization with precise control at the atomic scale. We utilize our
novel approach to measure the locally resolved spin polarization of
magnetic Co nanoislands on Cu(111). We find that the spin
polarization is enhanced by 65% when increasing the width of the
tunnel barrier by only 2.3 Å due to the different decay of the
electron orbitals into vacuum.
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Many modern technological advances such as magnetic
hard drives utilize spin-polarized tunnel currents.1,2

Detecting the spin polarization of tunneling electrons does not
only offer insight into the underlying mechanisms of spin-
dependent transport but is also essential for novel concepts in
spintronics, which employ spin-dependent tunneling on the
molecular or even on the atomic scale.3−7 Here, spin-polarized
scanning tunneling microscopy (SP-STM) represents a versatile
tool that provides detailed information on the spin properties as
well as on the surface topology. In SP-STM, the spin-sensitive
signal results from the tunnel magnetoresistance, which in the
most simple description is proportional to the product of the
local spin polarization of the sample and the tip.8,9 While SP-
STM with (anti)ferromagnetic tips provides information on the
relative spin orientation in the sample, direct conclusions
concerning the absolute values of spin polarization are difficult
due to the unknown electronic structure of the STM tip.
However, absolute values are desirable, for example, when
comparing the efficiency of multiple spin-dependent transport
channels or spin-filter systems at the atomic scale.
For mesoscopic systems such as planar thin film tunnel

junctions, the probing capability for absolute spin polarization
is provided by the Meservey−Tedrow−Fulde (MTF) effect.10

In this approach, the detector is a superconductor exposed to
magnetic fields. The resulting Zeeman splitting lifts the
degeneracy of the quasi-particle density of states (DOS) in
the superconductor and opens well-defined spin-up and spin-
down channels in the close vicinity of the Fermi level. It is

essential that the Zeeman splitting exceeds broadening effects
(e.g., thermal broadening) to make the splitting observable
(Supporting Information). Therefore, the superconductor is
geometrically confined (typically in thin films) to obtain higher
critical fields.10,11 We assume spin conservation during
tunneling and a constant DOS in the ferromagnet within the
superconducting gap (∼1 meV around the Fermi level).12 The
spin polarization can then be determined on an absolute scale
from the observed asymmetry in the differential conductance
(dI/dV) spectra10 because the density of states in the
superconductor is known. A major drawback in thin film
tunnel junctions is that no local resolution is possible as the
measured signal is averaged over the whole area of the tunnel
junction. Spin transport is, however, influenced by variations on
the atomic scale, and thus, it is desirable to combine the
absolute probing capabilities of the MTF effect with the local
resolution capabilities of the STM. In addition, as the tunnel
barrier of the STM is vacuum, the most ideal barrier, the
magnetic structures can be measured directly. This avoids a
potential influence of the insulating barrier material on the spin
transport through a matching of the electronic structure at the
interface or the spin polarizing properties of the barrier material
itself.
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Here, using superconducting vanadium tips, we transfer the
MTF effect to scanning tunneling microscopy (STM) (in the
following referred to as MTF-STM) combining the probing
capability for absolute spin polarization with precise control at
the atomic scale and the well-defined vacuum tunnel barrier of
the STM. Since the geometry of an STM tip considerably
differs from the well-established thin film superconductors in
planar tunnel junctions, it is not a priori clear that tips show the
same MTF effect. Nevertheless, we show that the geometrical
confinement of a vanadium tip at the apex is well suited to
observe the Zeeman splitting for fields up to 4.2 T, which is
about an order of magnitude higher than the bulk critical field.
To demonstrate the capability of the novel approach, we
determine the local spin polarization of bilayer Co nanoislands
on Cu(111). We can locally resolve the spin structure of the Co
nanoisland with absolute values for the spin polarization. We
further find that the spin polarization varies by 65% when
changing the tip-to-sample distance by only 2.3 Å, which can be
related to a different decay of the spin-up and spin-down wave
functions into vacuum.
In Figure 1a, differential conductance (dI/dV) spectra

measured with a superconducting V tip on a V(100) single

crystal (see Supporting Information for preparation details) are
presented for increasing out-of-plane magnetic fields. Since the
critical field for bulk V is smaller than 0.5 T, the sample is
normal conducting for all measurements shown. At our
measuring temperature of 15 mK,13 all spectra feature
superconducting quasi-particle DOS for magnetic fields up to
4.2 T, proving that the tip apex remains superconducting. The
enhanced critical field results from the confined geometry
naturally provided by the tip. The lines in Figure 1a represent
fits to the data using a modified Maki equation (Supporting
Information).14,15 The characteristic four-peak-structure of the
superconducting coherence peaks is caused by the lifted spin
degeneracy of the quasi-particle DOS. The splitting increases
with magnetic field B (see arrows in Figure 1a) and follows
previous experimental results.16 This experiment greatly
benefits from the choice of V as tip material. Because of its
rather low spin−orbit coupling, the spin mixing in a magnetic
field is small. Therefore, the resulting spectral features are
better separable than in materials with higher spin−orbit
coupling. The superconducting gap becomes smaller and closes

at the critical field (∼4.5 T). Repeating these experiments for
several V tips, we observe the same Zeeman splitting in
magnetic fields significantly higher than the bulk critical field.
The critical fields as well as the superconducting gaps vary for
each tip indicating an influence of the tip geometry. To obtain a
better understanding of this geometrical influence, we solve a
one-dimensional Usadel equation17 including an external
magnetic field and modeling the superconducting tip as a
cone with opening angle α. At high magnetic fields, only a small
region at the apex of the tip is superconducting. The spectral
broadening increases with α (Figure 1b), constituting an
intrinsic broadening mechanism particular to the conical shape
of the tip. Nevertheless, the Zeeman splitting is still clearly
observable.
To demonstrate the capabilities of MTF-STM, we determine

the local spin polarization of the well-studied system of bilayer
Co nanoislands on Cu(111).18−23 They are known to be out-
of-plane magnetized, i.e., the quantization axis is along the
direction of the magnetic field.19 In Figure 2a, dI/dV spectra

measured on a Co island and on the Cu surface are shown. On
Co, a clear asymmetry in the dI/dV spectra is observed due to
the imbalance between the tunneling spin-up and spin-down
electrons. We use Maki’s theory to fit our spectra because it
includes a spin−orbit related mixing of the spin channels in
magnetic fields.14,15 Although the spin−orbit interaction is still
rather small, this term needs to be included to minimize the
error bar on the extracted spin-polarization (Supporting
Information). We use a value b = 0.14 in agreement with
literature values for V.24 For the spectra in Figure 2a, we find a
high spin polarization of 54 ± 4%. This ability to probe the
absolute spin polarization with MTF-STM goes beyond
conventional spin-polarized scanning tunneling microscopy
(SP-STM), relying on the tunnel magnetoresistance effect
between two magnetic electrodes.9 For the particular super-
conducting tip shown in Figure 2a, the critical field is lower
than in the previous case (∼3 T) and the spectral features
appear broader, which we attribute to a larger α of the tip apex
(Figure 1b). Nevertheless, this does not hamper a detailed
analysis of the spin polarization, except for slightly enhanced
error bars (Supporting Information).
In order to gain insight into the local variation of spin

polarization, we acquire more than 1000 dI/dV spectra on a Co
island and extract the map of the absolute spin polarization
shown in Figure 2b. Negligible spin polarization (0% < P < 2%)

Figure 1. Zeeman splitting in a superconducting STM tip. (a) The dI/
dV spectra are measured with a superconducting V tip on normal
conducting V(100) at 15 mK. With increasing external magnetic field
the Zeeman splitting (indicated by the horizontal arrows) is enhanced
and the superconducting gap decreases. The lines are fits based on
Maki’s theory, red (green) triangles mark the coherence peak of the
spin-down (spin-up) channel. (b) Quasi-particle DOS are calculated
by Usadel’s equation. Larger opening angles α result in spectra with
broader features.

Figure 2. Measurement of spin polarization by MTF-STM. (a) dI/dV
spectra are measured on the Cu surface and the Co island with a
superconducting STM tip. The spin-up and the spin-down
contributions are extracted from the Maki fit of the tunnel spectra
acquired on Co. (b) The absolute spin polarization is locally resolved
on a Co island.
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is obtained on the bare Cu surface meaning that the substrate
electrons are not polarized within our error estimation. The
inner region of the Co island is governed by the surface state of
the majority sp-electrons and shows positive spin polarization.
The rim state at the outer region of the Co island is formed by
the minority 3d-electrons exhibiting negative spin polar-
ization.22 These findings, as well as the observed variations
within the rim state at the Fermi level, are in good agreement
with previous investigations.19−23 Employing the quantitative
scale of MTF-STM, we find negative spin polarization down to
−56 ± 5% at the outer region and up to +65 ± 5% around the
center position of the Co island. The measured spin
polarization is about a factor of 2 higher than the spin
polarization above the Co island calculated from density
functional theory (DFT).21,22 This underlines the influence of
the tunnel barrier, which we discuss by varying the tip-to-
sample distance in the next paragraph.
We find that the spin polarization of the tunneling electrons

strongly varies with tip-to-sample distances. dI/dV spectra are
acquired on a fixed position in the center of a Co island and on
the bare Cu surface for decreasing tip-to-sample distances. The
extracted spin polarization is shown in Figure 3a. On Co, the

analysis yields an increase of the spin polarization from 34 ±
3% to 56 ± 5% when the tip-to-sample distance is increased by
only 2.3 Å. This corresponds to an increase in spin polarization
of 65%. At the same time the conductance decreases from
0.14G0 to 0.0007G0 where G0 = 2e2/h is the conductance
quantum. For this measurement range, we emphasize the high
sensitivity of the spin-filtering on the barrier width (dP/dz ≈
10%/Å), which clearly outperforms the benchmark material
MgO in its standard range of application.25

The strong distance dependence of the spin polarization can
be attributed to the specific electronic structure of the Co island
because the tip is spin neutral in the sense that the decay of the
wave function is independent of the spin. The majority states
are mostly formed by the delocalized sp-orbitals of a surface
state, while the minority states are governed by localized d-
orbitals as shown schematically in Figure 3b.21,22 The different

decay constants of these states into vacuum result in the
distance-dependent spin polarization of the tunneling electrons.
For a more quantitative analysis, we utilize a simple one-
dimensional model to describe the electronic states contribu-
ting to the tunnel current I. In our model, the spin polarization
is defined as P = (I↑ − I↓)/(I↑ + I↓) with the spin-up (↑) and
spin-down (↓) contributions of the tunnel current I↑↓ ∝
|⟨ψ↑↓|ψtip⟩|

2. Thus, the spin polarization only depends on the
overlap of the majority (minority) Co wave function ψ↑ (ψ↓)
with ψtip, the wave function of the tip. The exponential decay of
the majority surface state into vacuum is modeled by using the
vacuum wave vector k0 = (2m0Φ/ℏ2)1/2 with the free electron
mass m0 and the work function Φ for Co.26 We also
approximate the minority state by an exponential decay;
however, we choose the decay constant in such a way as to
reproduce the spin polarizations known from DFT calculations
(Supporting Information).21,22 The solid line in Figure 3a
represents a fit of this model to the measured distance
dependence of the spin polarization of the tunneling electrons.
When increasing the tip-to-sample distance the overlap with the
localized minority state decreases more quickly than the overlap
with the delocalized majority state; hence, the spin polarization
of the tunneling electrons increases in very good agreement
with the experimental observations. Competing effects such as
the change of the tunnel barrier height or trapping states27−30

are negligible in our measurement setup (Supporting
Information).
Transferring the MTF technique to STM, we present a novel

approach for probing absolute values of spin polarization at the
nanoscale. Because of their confined geometry at the apex, the
critical fields of the superconducting V tips are strongly
enhanced making the Zeeman splitting of the superconducting
quasi-particle DOS observable. Locally resolving the spin
polarization of a Co nanoisland shows good agreement with
previous studies and adds an absolute scale. The ability to
extract the distance dependence in the spin polarization of the
tunneling electrons demonstrates the advantages of this new
approach. The observed effect can be explained by the
difference in the decay length of the spin polarized wave
functions of the Co island. This illustrates that access to the
absolute spin polarization allows a more fundamental study of
the underlying physical mechanism involved in the spin-
dependent tunneling process and, therefore, is ideal for
comparison with theoretical models. MTF-STM represents an
excellent technique to disentangle the contributions of the
electrode and barrier material to the spin-polarized tunnel
currents. Besides fundamental aspects, our approach offers
direct access to a wide variety of systems mimicking
components of real devices. For example, the role of metal
oxide barriers in spin filters can be investigated on the atomic
scale allowing additional information on structural influences,
participating electronic wave functions, or the formation of
localized states.30 In novel spintronic devices, our approach
provides direct insight into the detailed spin properties on the
nanoscale.
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Figure 3. (a) Distance dependence of the spin polarization of
tunneling electrons. The spin polarization is measured on a single
position of the Co island and the Cu surface for increasing
conductance (stabilizing bias voltage Vs = 9.5 mV). The fit shows
the spin polarization calculated from a simple 1D model. (b)
Schematic illustrations of the orbital wave functions on the spin
polarization of tunneling electrons. The specific decay of atomic
orbitals is directly correlated with the tunneling probability for the
electrons. If the spin states occupy different orbitals, the tunnel current
is spin-polarized. Since these electronic orbitals decay differently into
vacuum, the spin-polarization of the tunnel current varies with
distance.
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