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Using first-principles calculations, we demonstrate that the vacuum spin polarization of commonly used
Fe-coated scanning tunneling microscopy �STM� tips is positive at the Fermi energy—opposite to that of Fe
surfaces—and is often lower than expected from magnetic thin films. We consider single Fe atoms and
pyramids of five Fe atoms on Fe �001� and �110� surfaces as models of STM tips. While the spin polarization
of the local density of states �LDOS� at the apex atom of all considered tips is negative close to the Fermi
energy and dominated by minority d electrons, the spin polarization of the vacuum LDOS, crucial for the
tunneling current, is positive and controlled by majority states of sp character. These states derive from the
atomic 4s and 4p orbitals and provide a large spillout of charge density into the vacuum. If we replace the Fe
apex atom by a Cr, Mn, or Co atom, the vacuum spin polarization remains positive at the Fermi energy, and it
is much enhanced for Cr or Mn in the favorable antiferromagnetic spin alignment with respect to the Fe tip
body. At energies above the Fermi level, the spin polarization can change sign due to the contribution from
antibonding minority d states. Single Mn and Fe atoms on a nonmagnetic tip provided, for example, by a
Cu�001� surface display a similar vacuum LDOS with a small positive spin polarization in good agreement
with recent experimental findings. For Cr-coated tips, we observe that the spin polarization can display a
change in sign very close to the Fermi energy which can complicate the interpretation of the measured
asymmetry in spin-polarized tunneling spectroscopy.
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I. INTRODUCTION

The spin-polarized scanning tunneling microscope �SP-
STM� has become one of the key tools in nanomagnetism.1–3

Combining atomic-scale resolution with spin sensitivity, it
allows to study the intriguing local magnetic properties of
nanostructures on surfaces from ultrathin films3–7 down to
single atoms8,9 or molecules.10 Using the atom manipulation
capability of STM opens the route to investigate the mag-
netic properties of artificial nanostructures designed
atom-by-atom9,11 and by contacting single atoms or mol-
ecules on surfaces with the tip their conductance can be
measured.12 Very recently, inelastic tunneling spectroscopy
with a SP-STM has been applied to even control the spin
state of a single atom using the spin torque exerted by a
spin-polarized current.13 Crucial to the success of all these
experiments is a tip with high spin sensitivity. In most ex-
periments, this has been achieved by coating a nonmagnetic
STM tip made from W or Ir with a magnetic material such as
Fe or Cr.3 In addition, due to tip-sample interaction during
scanning or intentional tip preparation,13 single magnetic at-
oms or small clusters can be picked up from the sample.

Although today SP-STM is a well-established experimen-
tal technique, there has been a long debate on the origin of
the spin-polarized electrons from such tips, based on two
main arguments. �i� Intuitively, we would expect the d elec-
trons, which are responsible for the magnetization in
3d-transition metals, to dominate the spin polarization �SP�
at the apex atom of the tip, while s and p electrons should
display only a very small spin polarization. This scenario has
been proposed by Alvarado based on measurements of the
tunneling current between a Ni tip and a GaAs�110�
sample.14,15 The dominance of minority d states leading to a
negative spin polarization in scanning tunneling spectros-

copy �STS� measurements also holds for many ferromagnetic
ultrathin films and surfaces of 3d-transition metals, e.g.,
Fe/W�110�,3,16 CrFe surface alloys,17 the Fe�001�
surface,18,19 and Co films on Cu�111�,20,21 on Cu�001�,19 and
on Pt�111�.22

On the other hand �ii�, above the apex atom in the vacuum
region the local density of states �LDOS�, the key quantity
for the tunneling current, may be dominated by the more
delocalized s and p electrons. However, due to their small
exchange splitting and small DOS at the atom, we would not
expect a significant contribution to the spin polarization of
the tunneling current. Nevertheless, for states far above the
Fermi energy, evidence has been given that also s and p
states can give rise to a considerable spin polarization of the
tunneling current for single atoms on surfaces,23 which can
be regarded as a simple model of the tip apex structure. It has
been reported that 3d-transition-metal atoms on fcc-�111�
surfaces possessing a surface state can display a splitoff state
of s-orbital character with a large vacuum LDOS and posi-
tive spin polarization.24–26 Moreover, high spin-polarization
enhancement has been found upon H atom adsorption at the
apex of a Cr-coated tip.27 Recently, the spin-dependent or-
bital character of states from a single magnetic Co atom has
been imaged using SP-STM �Ref. 9� demonstrating the com-
petition of majority sp states and minority d states. Based on
these findings, a tunneling current dominated by sp states
might not be incompatible with high tip spin polarization.

Here, we use first-principles calculations based on
density-functional theory to shed light onto this key issue of
SP-STM and discuss ways to improve the choice of magnetic
tips to enhance the magnetic resolution. Especially if the
sample possesses only a small spin polarization, the quality
of the tip decides about the success of the experiment. Our
results also apply to single magnetic atoms on magnetic sur-
faces which have recently moved into the spotlight of re-
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search on nanostructures at surfaces. We present first-
principles calculations of Fe- and Cr-based STM tips
considering different tip structures, surface orientations, and
adsorbed 3d-transition-metal atoms. For comparison, we
have also performed calculations for single magnetic ada-
toms on nonmagnetic surfaces. We have evaluated the LDOS
and its spin polarization in the vacuum which are the essen-
tial quantities in the tunneling current within the Bardeen
approach to STM.28 We focus on the case of small bias volt-
ages, which is relevant for magnetic resolution at the atomic
scale and crucial for inelastic tunneling spectroscopy which
has recently received much attention11,29–34 and has also been
combined with spin sensitivity.13

Surprisingly, we find for Fe-based tips with a single pro-
truding apex atom that it is not the minority d electrons
which give rise to high spin polarization of the vacuum
LDOS but rather the majority electrons with sp character
resulting in a significant positive spin polarization in the vi-
cinity of the Fermi energy. This unexpected effect can be
understood on the basis of sd hybridization at the apex atom.
A comparison with the clean iron �100� and �110� surfaces is
in accordance with this interpretation and emphasizes the
role of the symmetry and the local environment at the tip
apex. Replacing the Fe apex atom by other 3d-transition met-
als such as Cr, Mn, Co, and Ni leads to a similar spin polar-
ization. Above the Fermi level, we observe a change in sign
of the spin polarization which can complicate the interpreta-
tion of the measured asymmetry in spin-polarized tunneling
spectra. This effect is particularly striking for Cr�001�-based
tips which display the change in sign at the Fermi energy.

This paper is organized as follows. In Sec. II we give the
computational details of the method used to calculate the
electronic structure of STM tips. In Sec. III, we first discuss
our analysis of the spin polarization of the electronic states
starting from the Fe�001� and Fe�110� surfaces as reference
cases which we compare with tips of single Fe atoms and
small Fe clusters on these surfaces. We then turn to single Cr,
Mn, Co, and Ni atoms on Fe�001�. In addition, we compare
our results with those for single Mn and Fe atoms on non-
magnetic Cu�001� surface, as it has recently been demon-
strated that individual Mn atoms on Cu tips show spin sen-
sitivity at low temperature upon stabilizing the magnetic
moment in an external magnetic field.13 In the last section,
we study a simple model for Cr-based tips. A summary and
conclusions finalize our paper.

II. METHOD

The electronic and magnetic structure of magnetic STM
tips has been studied from first-principles based on density-
functional theory calculations in the generalized gradient ap-
proximation �GGA�.35 We apply the full-potential linearized
augmented plane-wave method as implemented in the FLEUR

code.36 We used the film geometry that provides a highly
accurate description of the potential and wave functions in
the vacuum region up to 10 Å above the surface.37 The tips
have been modeled by a five layer film with a single atom or
a pyramid composed of a four-atom base and an apex atom
in the c�4�4� two-dimensional �2D� unit cell. Due to the

large employed 2D unit cell we can exclude interaction be-
tween periodic replica of the tips. The theoretical GGA lat-
tice constant of Fe �a=5.38 a.u.� has been used. Structural
relaxations have been performed for every system based on
force minimization �forces below 10−3 hartree /a.u.�. We
used 125 basis functions per atom and applied three �four�
special k points in the irreducible part of the 2D Brillouin
zone for the �100� ��110��-based tips. The muffin-tin radius
of the apex cluster atoms was 2.15 a.u. We have checked our
results with respect to slab thickness, exchange-correlation
potential, energy, and special k points cutoff and found no
qualitative influence on the results discussed here.

In order to relate the electronic structure of the STM tip
and the tunneling current we apply the Bardeen approach to
STM.28 The central quantity in this theory is the matrix ele-
ment between states �� of the sample and �� of the tip evalu-
ated at the separation surface between tip and sample. The
influence of the electronic structure of the tip on the tunnel-
ing current can thus be analyzed by calculating its spin-
dependent LDOS and spin polarization approximately 3 to
7 Å above the apex atom. On this basis we can compare
different magnetic STM tips and relate the spin polarization
of the LDOS to the electronic states at the apex atom of the
tip. We define the SP of the vacuum LDOS according to

P�z,�� =
n↑�z,�� − n↓�z,��
n↑�z,�� + n↓�z,��

, �1�

where n��z ,�� is the LDOS of the spin channel �� �↑ ,↓� at
a distance z from the apex atom and at an energy � with
respect to the Fermi level. In the spirit of the surface integral
for the Bardeen tunneling current, we integrate the LDOS in
the vacuum over the 2D unit cell.

III. RESULTS

A. Fe(001) surface

Prior to investigating the spin polarization of the STM tip,
it is instructive to recall the properties of a simple well-
known system that has been extensively studied both theo-
retically and experimentally, namely, the Fe�001� surface.
The LDOS of the surface atoms of Fe�001�, Fig. 1�a�, shows
the typical behavior of a ferromagnet with large spin splitting
of the majority and minority d bands. The majority band is
essentially full, with the Fermi level, EF, located at its tail
while the minority d band is nearly half occupied, i.e., EF is
at the center of the band. As a result, the LDOS around the
Fermi energy is dominated by minority electrons, in particu-
lar, by surface states and resonances, and the spin polariza-
tion is negative.

The different contributions of s, p, and d electrons to the
LDOS can be separated by plotting its orbital decomposition,
which is shown in Fig. 1�b� around the Fermi energy. The 4s
band shows a strong dispersion and provides an almost con-
stant contribution in the whole energy range. On the con-
trary, the more localized d states generate a narrow band with
large peaks overwhelming the contribution of the s electrons.
This is evident for the minority band in the considered en-
ergy range. In the majority channel, however, the d states lie
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at lower energies due to the exchange splitting, and the
LDOS from the d electrons is much reduced around EF,
while s and p states are of similar magnitude.

The spin-resolved LDOS in the vacuum at about 5.7 Å
above the surface, Fig. 1�c�, displays quite a different shape,
owing to the state-dependent decay in the vacuum barrier.
Nevertheless, the qualitative picture of the spin polarization
discussed for the surface layer holds. The minority channel
clearly dominates, with the largest contribution coming from
the peak at about +0.3 eV. This is the well-known dz2 sur-
face state, which represents the characteristic signature of the
Fe�001� surface in STS.18 From a comparison with the peak
energies in Fig. 1�b� we infer that the minority states in the
vacuum stem from d electrons. The Fe�001� surface clearly
illustrates the crucial importance of considering the LDOS in
the vacuum for the interpretation of STM measurements.

Due to the lack of majority d states near EF, the vacuum
LDOS shows the onset of the sp band.38 The vacuum spin
polarization is given by the imbalance of the spin-up and
spin-down LDOS as seen in Fig. 1�d�. The spin polarization
is strongly negative and nearly constant up to 0.75 eV above
EF. Below the Fermi energy, a change in sign is observed

due to the onset of the majority d band �cf. Fig. 1�a��, how-
ever, it remains rather small in the considered energy range.
This finding supports the idea that the large number of d
states at the surface atoms results in a LDOS in the vacuum
of d character albeit the localized character of d states. Re-
cently, the negative spin polarization of Fe�001� around EF
has also been confirmed by inelastic spin-polarized scanning
tunneling spectroscopy19,39 and a value of −61% has been
given in good agreement with the value of −69%, which we
extract from Fig. 1�d�.40

B. Fe atom on the Fe(001) surface

A simple model of a magnetic STM tip is given by a
single Fe atom adsorbed in the hollow site of an Fe�001�
surface. This idealized geometry already captures a key in-
gredient of any STM tip, namely, the local environment of
the apex atom, protruding out of the tip body. In the follow-
ing, we will show that considering more complex tip struc-
tures such as small pyramids does not affect our general
conclusions from this section.

An analysis of the LDOS similar to the one performed for
the Fe�001� surface in the previous section is displayed in
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FIG. 1. �Color online� LDOS of the Fe�001� surface. �a� LDOS
in the muffin-tin sphere of a surface atom and �b� its orbital decom-
position in the vicinity of the Fermi energy. Note that the scale for
sp and d states differs by a factor of 40. �c� LDOS in the vacuum
region calculated at 5.7 Å from the surface atoms and �d� its spin
polarization. The Fe�001� surface has been modeled with a 19-layer
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FIG. 2. �Color online� LDOS of the Fe adatom on the Fe�001�
surface. �a� LDOS in the muffin-tin sphere of the Fe adatom. �b�
Orbital decomposition of the LDOS in the vicinity of the Fermi
energy. Note that the scale for sp and d states differs by a factor of
40. �c� LDOS in the vacuum region evaluated at 5.9 Å from the
adatom and �d� its spin polarization.
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Fig. 2. The lower coordination number of the Fe adatom
results in narrower 3d bands, which split into bonding and
antibonding states, and the suppression of the dz2-surface
state. In the majority-spin channel, we observe an sp reso-
nance slightly above EF originating from the 4s state of the
free Fe atom �see Fig. 2�b��. Another sp resonance is located
at about 0.8 eV above EF. However, the LDOS in the vicinity
of EF is still dominated by minority d electrons due to their
much larger absolute value �note the different scale for sp
and d states in Fig. 2�b��. In this respect, the single Fe atom
is similar to the Fe�001� surface and the spin polarization of
the LDOS at the adatom is negative.

In the vacuum region, the situation is quite different. The
sp resonances in the majority channel contribute significantly
to the vacuum LDOS as a result of their larger delocaliza-
tion, as seen in Fig. 2�c�, and are of similar magnitude as the
minority d states. Therefore, the spin polarization is reversed
close to the Fermi energy and amounts to 56%. In the unoc-
cupied states, the sign of the spin polarization is first re-
versed owing to the antibonding minority d states and ap-
proaches zero at the second sp resonance. The sp resonance
in the majority channel is similar to the one reported by N.
Lang for a Mo adatom on a metallic surface described within
the jellium model.41 However, due to the spin-split density of
states of Fe and the sd hybridization, it is found only in the
majority-spin channel at EF and therefore plays an important
role for the tip spin polarization.

A real-space plot of the LDOS in the vicinity of the Fermi
level, Fig. 3, allows a direct visualization of the involved
electronic states. The different orbital character of majority
and minority states is revealed by a cross section of the
LDOS in a plane parallel to the surface shown in Fig. 3�b�.
The former exhibits a rotationally symmetric state with a
maximum at the adatom position, characteristic of the s, pz,
and dz2 states, while the latter has the typical fourfold sym-
metry of a dx2−y2 state with a node at the center. This picture
is confirmed by the cross sections of the LDOS parallel to
the tip axis displayed in Fig. 3�c�. It is evident that the dif-
ferent orbital character of majority and minority states plays
a crucial role in the sign of the spin polarization. The major-
ity sp state propagates along the z direction while the minor-
ity dx2−y2 state spreads parallel to the surface. A different
orbital symmetry of states in the two spin channels shown
here has recently also been observed experimentally by spin-
polarized STM for single Co adatoms adsorbed on a Mn
monolayer on the W�110� surface.9 A similar shape of the
charge density as in Fig. 3 was reported based on first-
principles calculations for 3d-transition-metal adatoms on
W�001�.42,43

From Fig. 3�c� we also deduce a different bonding char-
acter of the states in the two spin channels. The majority
states exhibit charge depletion in the region between the tip
apex atom and the neighboring atoms, with a large amount of
electron-density spilling out into the vacuum. This is consis-
tent with the location of the Fermi level at the high-energy
tail of the d band, corresponding to antibonding states �cf.
Fig. 2�a��. On the contrary, the position of the Fermi level
below the pseudogap of the minority band suggests a bond-
ing character, which is confirmed by the charge accumulation
in the region between the apex atom and the surface atoms

underneath, with only little contribution to the vacuum. For
comparison, the LDOS at the Fermi energy is displayed for
the Fe�001� surface in Fig. 3�d�. In this case, majority and
minority states are also of sp and d characters, respectively,
but decay similarly into the vacuum. Due to the larger mi-
nority LDOS at the surface atoms the vacuum spin polariza-
tion is negative.

Because the rotationally symmetric spin-up state for the
Fe atom on the Fe�001� surface dominates in the vacuum, the
spin-averaged as well as the spin-polarized LDOS exhibits a
circular shape, as shown in Figs. 4�a� and 4�b�. From the
cross-sectional plot of the spin-averaged LDOS �Fig. 4�c��
we see that at the tip apex atom the dx2−y2 state prevails.

Therefore, the spin-polarized LDOS possesses a spatial
dependence and must show a crossover as we move from the
Fe adatom into the vacuum �Fig. 4�d��. The reversal of the
spin polarization occurs at only 1 Å from the apex atom as
seen from Fig. 5. In the vacuum region beyond about 3 Å
from the apex atom the spin polarization remains nearly con-
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FIG. 3. �Color online� Spin-dependent LDOS for states in the
energy range between EF and EF+100 meV for an Fe adatom on
Fe�001� and the Fe�001� surface. �a� 2D unit cell of the Fe adatom
on Fe�001� in a top �left� and side view �right�. �b� Cross section of
the vacuum LDOS in the majority �left� and the minority channel
�right� in a plane parallel to the surface at a distance of 5.9 Å from
the adatom. �c� Cross section of the LDOS in a plane perpendicular
to the surface along the dotted line given in �a�. �d� Perpendicular
cross section of the LDOS for the Fe�001� surface. a0 is the Bohr
radius.
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stant. The spin-polarized LDOS also exhibits a spatial depen-
dence in the lateral direction, cf. inset of Fig. 5. We have
analyzed this dependence quantitatively by varying the ex-
tent of the 2D integration parallel to the surface for the
vacuum spin polarization at EF as shown in Fig. 5. We ob-
serve a qualitatively similar trend for all curves. However,
the absolute value of the spin polarization can change by a
factor of almost 2 if we compare the two extreme cases.
Although in the Bardeen model of the tunneling current the
integral over tip and sample states is performed on a separa-

tion surface in the vacuum region, using the vacuum LDOS
for both sides is a simplification. Nevertheless, the curves for
the distance-dependent spin polarization of the vacuum
LDOS are very similar to the conductance obtained in the
tunneling regime based on a tight-binding calculation be-
tween two Fe�001�-based atomic-size contacts.44 A competi-
tion between slowly decaying 4s orbitals in the majority and
fast decaying 3d states in the minority channel at the Fermi
energy has also been found in that study.

In conclusion, we find a more complicated behavior of the
vacuum spin polarization for the Fe adatom than for the
Fe�001� surface which originates from the competition of
majority sp states and minority d states. The positive spin
polarization around EF occurs due to the different orbital
symmetry and bonding character of majority and minority
states resulting in a faster decay of the minority states into
the vacuum.

C. Fe clusters on Fe(001) and Fe(110)

In order to understand in how far the conclusions we ob-
tained in the previous section apply more generally to Fe
tips, we have extended our study to other geometrical con-
formations at the tip apex. These calculations also provide
valuable information about how the tip properties are influ-
enced upon structural modifications at the apex induced, e.g.,
by pulsing the tip or due to interaction with the sample.

In Fig. 6 we present a summary of the spin polarization of
the vacuum LDOS for the different tip structures we consid-
ered. Panels �a� and �b� display the spin polarization for the
Fe�001� surface and the Fe adatom on Fe�001�, respectively,
which were already given in Figs. 1 and 2. The reversal of
the spin polarization at the Fermi energy which we discussed
in the previous section is evident from these two plots. If we
now consider an Fe pyramid with a four-atom base on the
Fe�001� surface, Fig. 6�c�, we obtain a spin polarization
qualitatively similar to the case of the single Fe atom, cf.
panel �b�, i.e., a positive spin polarization around EF and a
strong reduction for the occupied states. Analyzing the
LDOS at the Fe apex atom of the pyramid confirms that the
positive spin-polarization stems from a similar sp state as for
the single Fe atom but shifted here to about 0.3 eV above EF.

We can demonstrate the crucial impact of the single pro-
truding Fe atom for the positive spin polarization by remov-
ing it from the Fe pyramid as shown in Fig. 6�d�. This ge-
ometry is an intermediate case between the single atom and
the bare Fe�001� surface and the spin polarization is close to
zero in an energy range of about 0.5 eV around EF. The
atomic-like sp state is absent and the spin polarization is
small due to the competition of minority d states and major-
ity sp and d states. The breaking of the surface symmetry
induced by a single atomic protrusion induces a change in
the orbital character of the majority electrons that prevail in
the vacuum region. Our interpretation is substantiated by the
calculation for the Fe pyramid on Fe�001� showing a similar
spin-dependent orbital character of the states at EF, namely, a
rotationally symmetric sp-like state in the spin-up channel
and a dxz,yz character in the spin-down channel �not shown�.

For a bcc crystal such as Fe the most densely packed
surface is given by the �110� orientation which is therefore
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also a probable local tip structure. Our results for such �110�-
based tips confirm the scenario concluded from the �001�
orientation: while the bare Fe�110� surface displays a nega-
tive spin polarization at the Fermi energy �Fig. 6�e�� stem-
ming from minority d states, the presence of an apex atom
such as a single adatom or a five-atom pyramid �Figs. 6�f�
and 6�g�, respectively� reverses the spin polarization to a
positive value in the vicinity of EF. Here, the sp resonances
are broader in energy than for the �001� based tips due to a
stronger hybridization on the �110� surface resulting in a
wider regime of positive spin polarization. The shape of the
spin polarization of the single adatom and the five-atom
pyramid is also quite similar indicating the central impor-
tance of the local environment of the apex atom. Therefore,
considering larger pyramids to model the tip geometry would
not modify our conclusions on the character of the states and
the positive spin polarization in the vacuum. Further support
for this notion comes from recent tight-binding calculations
for the conductance of ferromagnetic atomic-size contacts.44

A plot of the LDOS at the Fermi energy analogous to Fig. 3
reveals the same spin dependence of the orbital character
observed above, i.e., an sp state of antibonding character in
the majority and a d state in the minority-spin channel.

D. 3d-transition-metal adatoms on Fe(001)

In SP-STM experiments the tip composition can change
due to interaction with the sample, e.g., in soft tip crashes,
when pulsing the tip, or in atom manipulation experiments.
Thereby, material from the sample, which typically differs
from the tip, can be adsorbed at the tip apex or tip material
can be lost. Naturally, the question arises whether such a
change in the atomic species of the foremost atom induces
substantial modifications of the tip properties, e.g., of the tip
spin polarization. In order to address this issue, we investi-
gated Fe-based tips in which the tip apex atom has been
substituted by another 3d-transition-metal atom, ranging
from Cr to Ni. Based on the conclusions from the previous
section, i.e., that the simple model of an adatom captures the
main features of the spin polarization for a magnetic tip, we
focus on single 3d-transition-metal atoms on Fe�001� and did
not consider more complex geometries.

In Figs. 7�a�–7�e� we present the vacuum spin polariza-
tion for single Cr, Mn, Fe, Co, and Ni atoms on Fe�001�,
respectively. We consider first a ferromagnetic alignment of
the magnetic moments of the adatom and the Fe�001� sur-
face, which is the ground state for Fe, Co, and Ni adatoms.
With the exception of Ni, all the curves show a very similar
overall behavior, with a large positive polarization around
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the Fermi level and a spin-polarization reversal between
+0.25 and +0.35 eV with respect to EF. The positive spin
polarization around the Fermi energy stems from an sp reso-
nance in all the systems. We further observe a monotonic
shift of the sign reversal at positive energies as we move
across the 3d series, which originates from the increasing
3d-band filling. Therefore, the picture of a competition be-
tween majority sp states and minority d states which controls
the spin polarization in the vicinity of EF holds quite gener-
ally.

Only for a Ni apex atom a small negative spin polariza-
tion at EF is found, which is a consequence of the almost
filled minority d band that shifts the antibonding d states to
the Fermi energy. Note that this result is consistent with the
conclusion reached from the experimental finding reported
by Alvarado for Ni bulk tips.14,15

For Cr and Mn adatoms on Fe�001�, an antiferromagnetic
�AFM� coupling to the Fe�001� surface is actually the ener-
getically preferred state. We observe a considerable modifi-
cation of the vacuum spin polarization due to this magnetic
ordering as displayed in Figs. 7�f� and 7�g�. The spin polar-
ization remains positive and interestingly approaches the
fully spin-polarized limit and is almost constant in a wide
energy range. Therefore, such tips seem very favorable from
an experimental point of view.

We can understand this result from an analysis of the
LDOS presented for the Mn atom on Fe�001� in Fig. 8. The
LDOS of the Mn adatom in the AFM coupling can be ex-
plained based on the model of covalent magnetism,45,46

which leads to a larger DOS of the bonding d states in the
majority channel and a much smaller one in the minority-
spin channel and vice versa for the antibonding d states. The
antibonding majority-spin states are mostly occupied and
overlap with the 3d bands of the Fe surface, Fig. 8�a�. For
the minority electrons, the Fermi energy lies in between the
small DOS of bonding and huge DOS of antibonding states
which do not overlap with the Fe bands. Therefore, the Mn
majority 3d states extend above the Fermi energy. This is
reflected also in the orbital decomposition of states close to
the Fermi energy given in Fig. 8�b�. In the majority channel,
there appears a distinct pz-dz2 hybrid state below EF and a
broad DOS from dxz,yz orbitals in the unoccupied states. In
the minority channel, we find much larger contributions from
the unoccupied states, in particular, a s-dz2 state slightly
above EF. From this observation we would expect the minor-
ity states to display a large contribution to the vacuum, how-
ever, we find that the majority-spin channel is dominant, cf.
Fig. 8�c�. One can identify a peak from the pz-dz2 hybrid state
as well as the density of states due to the dxz,yz-type orbitals.
In contrast, the minority states display only small peaks in
the vacuum LDOS for sd-hybrid states. The spin polarization
is thus large and positive, and it is decreased only slightly at
the positions of the minority LDOS peaks.

Concerning the states involved, this finding is similar to
our discussion for the Fe adatom on Fe�001�. In particular,
the sp states which hybridize with d states at the upper edge
of the 3d band provide a large contribution to the vacuum
LDOS while the states at the lower edge extend only little
into the vacuum. We can relate this to the bonding and anti-
bonding characters of states in the lower and upper parts of

the d band, respectively. For the Mn atom in the AFM state,
the dz2 character of the majority hybrid states is much more
pronounced as it stems from the antibonding part of the d
band that stretches across EF. The dz2-orbital symmetry of
these states should also affect the resolution obtained with
such STM tips as pointed out by Chen.47,48 This different
orbital character could explain the unexpected enhanced res-
olution found in spin-polarized STM experiments performed
on ultrathin Mn films on W�110� �Ref. 49� and W�001� �Ref.
50� if we assume that Mn atoms from the sample have un-
intentionally been adsorbed at the apex of the Fe-coated W
tips. Due to the large spin polarization and the dz2-type states,
magnetic tips with AFM coupling apex atoms such as Cr or
Mn seem very favorable for SP-STM measurements with
high spin sensitivity and high lateral resolution.

E. Magnetic apex atom on nonmagnetic tip body

Recently, it has been demonstrated that a single magnetic
atom, e.g., Mn, adsorbed on a nonmagnetic tip made from
Cu can also be used for SP-STM measurements at very low
temperature �T�0.5 K� if an external magnetic field is used
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to stabilize the magnetization.13 Therefore, we have per-
formed a calculation for a single Mn atom on a Cu�001�
surface to simulate this geometry and to compare this case to
adatoms on Fe�001�. As expected a large exchange splitting
of majority and minority bands occurs for Mn leading to a
large magnetic moment of 4.06 �B, cf. Fig. 9�a�. Due to the
hybridization with the filled 3d bands of the Cu substrate, the
majority band of Mn lies well below the Fermi energy, and
the majority LDOS at the Fermi energy is dominated by s
and p states, Fig. 9�b�. The minority d band is almost empty
and only its tail extends to EF resulting in a small negative
spin polarization at the Mn atom. In the vacuum the spin-
polarized LDOS in the vicinity of the Fermi energy stems
from the competition between the slowly decaying sp states
in the majority- and minority-spin channels while the minor-
ity d states are more localized and of bonding character.
Therefore, the spin polarization is positive in the entire en-
ergy range considered in Fig. 9 but varies in size owing to
the variation in the s states in the minority channel. For ex-
ample, at the Fermi energy the spin polarization amounts to
only 24%, which could explain the positive value between
20% and 30% obtained in the experiment of Loth et al.13

For single Fe atoms on Cu�001�, we have found a similar
trend of the spin polarization of the vacuum LDOS �not
shown� with a value of about 64% at EF. However, due to the
smaller magnetic moment and earlier onset of the minority d
band, the spin polarization changes sign at about 0.5 eV
above the Fermi energy. Previously, Lounis et al.24 have
used first-principles calculations to study single
3d-transition-metal atoms on Cu�111� and found a splitoff
state from the surface state of Cu�111�. This effect also leads
to a small positive spin polarization in the vacuum but the
appearance of a surface state is restricted to an atomically flat
surface and does not occur for a real STM tip. Nevertheless,
we expect a similar competition of majority sp and minority
d states for a Mn apex atom on a small Cu pyramid on a
Cu�111� surface, similarly to Fig. 9.

F. Chromium-based tips

Finally, we will briefly discuss electronic structure effects
for magnetic tips made from antiferromagnets such as
chromium,51,52 which are also popular due to the absence of
magnetic stray fields that can influence the magnetic proper-
ties of the sample. Modeling such tips is much more chal-
lenging as a noncollinear magnetic structure can emerge ow-
ing to the possibility of frustration of antiferromagnetic
exchange interactions in systems of reduced dimension and
symmetry which inevitably occur at the apex of an STM tip.
Here, we restrict ourselves to collinear magnetic configura-
tions of chromium tips, which can be directly compared to
our previous calculations for iron-based tips.

The simplest approximation of a tip is given by a single
Cr atom adsorbed on the Cr�001� surface in the layerwise
antiferromagnetic state. The Cr atom develops a large mag-
netic moment of 2.4 �B and couples antiferromagnetically
with respect to the Cr surface atoms as seen in Fig. 10. The
antiferromagnetic interaction with the Cr surface leads to a
similar LDOS as for the Mn atom on Fe�001�, i.e., a splitting
into bonding and antibonding d bands in the majority and
minority channels which overlap with the Cr surface bands.
As expected from the model of covalent magnetism the
bonding d band displays a very large DOS in the majority
spin while it is very small for minority-spin electrons. The
antibonding bands show the opposite effect. As the Fermi
energy lies in between the bonding and antibonding parts of
the d bands the vacuum LDOS above EF is dominated by
majority hybrid states of s, p, and d characters and the posi-
tive spin polarization reaches nearly 100%. The hybrid state
of s, pz, and dz2 orbitals at 0.2 eV above EF is similar to the
one found below EF for a Mn atom on Fe�001�, cf. Fig. 8�b�.
The shift is a result of the larger band filling for Mn. The
occupied minority d states do not display such sharp reso-
nance features but lead to a sign reversal of the spin polar-
ization below the Fermi energy. Due to the sharp transition
from large negative to large positive values, the spin polar-
ization is rather small at EF. The sign change in the spin
polarization at the Fermi energy may also complicate the
extraction of the sample spin polarization from spin-
polarized tunneling spectroscopy measurements. Note that
the exact position of the sign reversal depends on the Cr
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magnetic moment, which is notoriously difficult to describe
within the local-density approximation or generalized gradi-
ent approximation.18,53

For comparison, we have also considered a single Cr atom
on the Cr�110� surface with a c�2�2� antiferromagnetic
structure. The adsorbed Cr atoms then couples antiferromag-
netically with respect to the nearest-neighbor Cr surface at-
oms. Interestingly, the calculated spin polarization of the
vacuum LDOS is positive and amounts to about 47% at EF.
Its variation with energy is quite small in the range between
−0.6 and 0.4 eV around the Fermi energy and is similar to
that observed for a single Fe atom on Fe�110�, cf. Fig. 6.

IV. SUMMARY AND CONCLUSIONS

In summary, we have performed a first-principles study of
single magnetic atoms and small clusters on magnetic and
nonmagnetic surfaces as a model of the structure at the apex
of magnetic STM tips used for spin-polarized measurements.
We have focused on iron-based tips considering two different
surface orientations, i.e., Fe�001� and Fe�110�, varied the lo-
cal structure at the apex from single atoms to five-atom pyra-

mids, and compared different 3d-transition-metal atoms at
the tip apex. We showed that the local environment of the
apex atom is essential for its electronic structure and ob-
served no qualitative difference between single adatoms and
the five-atom pyramids. Based on our calculations, we found
for ferromagnetic tips that the spin polarization of the local
density of states in the vacuum, crucial for the spin-polarized
current, is positive in the vicinity of the Fermi energy and
dominated by majority states of s- and pz-orbital characters.
These states derive from atomic-like 4s states and due to sd
hybridization occur close to the Fermi energy only in the
majority states. In contrast, the LDOS at the apex atom is
negative, as a consequence of the partly filled minority d
band. However, these states are more localized at the apex
atom and toward the surface as a result of their bonding
character and decay quickly in the vacuum. Owing to the
DOS characteristic of itinerant antiferromagnetism, the states
close to the Fermi energy are dominated by antibonding ma-
jority d states for Cr and Mn adatoms. This leads to high
positive spin polarization, which often stems from dz2 states
that may dramatically enhance the resolution of such tips
according to Chen.47,48

Depending on the chemical species of the apex atom and
the tip geometry, the magnitude of the positive spin polariza-
tion in the vacuum varies in a large interval ranging from
20% to 80% for the ferromagnetic tips and can reach values
close to the fully polarized case for antiferromagnetic tips.
Above the Fermi energy, the spin polarization eventually
changes sign due to the onset of the antibonding minority d
states. Depending on the particular tip, this sign reversal oc-
curs at energies of 0.2–0.5 eV above EF which will influence
the spin asymmetry measured in tunneling spectroscopy in
the occupied states of the sample. For chromium-based tips,
this reversal is even observed at the Fermi energy which
would lead to a change in measured spin asymmetry for oc-
cupied and unoccupied sample states.

For the tip materials we investigated, the structural tip
configuration and apex atom species do not influence the
sign of the spin polarization close to EF, which was always
positive. This should facilitate manipulation experiments
with magnetic tips in which the tip configuration might
change frequently. However, the atom apex species can dra-
matically modify the value of the spin polarization allowing
to improve the magnetic sensitivity and resolution. For in-
stance, a nearly constant and very high spin polarization over
a wide energy range was found for tips with an antiferromag-
netic apex atom such as Cr or Mn which may allow for
quantitative analysis, i.e., using inelastic tunneling spectros-
copy.
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