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Distance- and spin-resolved spectroscopy of iridium atoms on an iron bilayer

Johannes Schöneberg,1,* Nuala Mai Caffrey,2,3 Paolo Ferriani,2 Stefan Heinze,2 and Richard Berndt1
1Institut für Experimentelle und Angewandte Physik, Christian-Albrechts-Universität zu Kiel, D-24098 Kiel, Germany

2Institut für Theoretische Physik und Astrophysik, Christian-Albrechts-Universität zu Kiel, D-24098 Kiel, Germany
3Department of Physics, Chemistry and Biology (IFM), Linköping University, SE-581 83 Linköping, Sweden

(Received 21 June 2016; published 13 September 2016)

The induced spin polarization of Ir atoms on a ferromagnetic Fe double layer on W(110) has been investigated
with spin-polarized scanning tunneling microscopy. An unoccupied state is observed with a spin polarization
exceeding 60 % that is inverted with respect to the Fe layer. This inversion is due to the tunneling gap acting as an
orbital and spin filter. Distance dependent measurements show that the spin polarization remains approximately
constant over the entire experimentally accessible range, from far in the tunneling regime to 1 Å from the point of
contact formation. This is corroborated by density functional theory calculations which show that the inversion
of spin polarization occurs within 0.5 Å of the adatom.
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I. INTRODUCTION

The tunneling magnetoresistance (TMR) effect in magnetic
multilayer junctions relies on the relative magnetization align-
ment of two ferromagnetic layers separated by an insulating
barrier and is used in magnetic field sensors. It originates from
the spin-polarized density of states (DOS) of the electrodes
and depends on the applied bias voltage and the electronic
structure of the insulator, as well as its thickness [1–4]. The
symmetry of the majority and minority states was shown to
determine their decay lengths within the barrier [5] and thus
the spin-polarized tunneling current and the TMR.

The detailed dependence of the TMR effect on the width of
the barrier can be difficult to assess using a typical multilayered
device. This can be overcome by utilizing the spin-polarized tip
of a scanning tunneling microscope (STM) as one electrode
and the vacuum gap between it and the second electrode as
the tunneling barrier. In doing so, the energy and distance
dependence of the spin polarization can be studied.

A distance dependence of the spin polarization was previ-
ously shown to occur above Ni tips [6] and above clean ferro-
magnetic substrates [7,8]. The energy dependence of the spin-
polarized current was investigated for clean ferromagnetic
surfaces [9–11] as well as for molecules [12–14] and single
atoms [15–19] adsorbed on such surfaces. In some cases it was
reported that the sign of the spin polarization above adatoms
was inverted with respect to the underlying surface [19,20].
Analogous to the mechanism in layered TMR devices, an
orbital filtering effect of the vacuum tunneling barrier was
suggested to be the source of this behavior [17,19–21]. These
studies found that, for 3d magnetic adatoms, minority d states
tend to dominate at the adatom, with a much smaller contribu-
tion from majority s states. However, the d states decay much
faster in the vacuum than the s states, with the result that the
majority s states contribute primarily to the conductance in
the vacuum. From this, it is evident that the sign of the spin
polarization will be inverted at a certain tip-adatom separation.
However, the distance dependence of the spin polarization
above single adatoms has not been experimentally explored to
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date and several open questions remain. For example, Alvarado
predicted that for bulk Ni tips on GaAs the largest change of the
spin polarization will occur at large electrode separations [6],
whereas other studies reported a rather constant rate of change
of spin polarization with distance in this range [8,18,22].

Here, we experimentally investigate the energy and distance
dependence of the spin polarization to determine at which
electrode separation the transition to noninverted spin polar-
ization occurs. We find the sign of the spin polarization remains
constant over a wide range of experimentally accessible
tip-sample distances. This would suggest that the high density
of minority d states, known to be present at the adatom
in an energy range around the Fermi level, is not detected.
Density functional theory (DFT) calculations are then used to
determine which orbitals contribute to the tunneling current
and to verify the proposed model of spin-dependent spatial
decay of the orbitals [17,20,21]. We find that the d states
have decayed sufficiently at distances so close to the atom
that they do not directly contribute to the tunneling current
through the junction. Moreover, the transition to noninverted
spin polarization is critically dependent on the electron energy.

Previous experiments mainly involved 3d elements, due
to their high magnetic moments. Stable magnetic moments,
however, may be expected for all atoms with partially filled
shells. We used the 5d element Ir, in which a magnetic moment
is induced by coupling to a ferromagnetic Fe bilayer on a
W(110) surface. This surface is well studied and exhibits
out-of-plane polarized magnetic domains [23]. As such, it
is ideally suited to spin-polarization measurements. Ir was
chosen as it is the 5d counterpart to Co, which was previously
studied on the same surface [19], while its high atomic
number may induce effects related to an increased magnetic
anisotropy [24].

II. EXPERIMENTAL AND THEORETICAL METHODS

Experiments were performed with a STM operating at 4.6 K
in a vacuum of 10−9 Pa. W(110) was cleaned by cycles of
heating to 1500 K in an oxygen atmosphere of 10−4 Pa and
subsequent flashing to temperatures exceeding 2200 K. Fe
films were grown at a substrate temperature of 400 K to enable
step-flow growth of the second layer. The Fe layer exhibits
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FIG. 1. (a) Topograph (700 mV, 32 × 35 nm2) of Ir atoms ad-
sorbed on magnetic Fe domains measured with a spin-polarized tip.
Single Ir atoms are readily distinguishable as protrusions, which is
further illustrated by the inset (1 V) where the color scale has been
adjusted. Defects of the Fe layer appear as depressions. (b) dI/dV

map recorded simultaneously with the topograph. At the applied
sample voltage of 700 mV the observed large scale contrast stems
from differently polarized magnetic domains. Since the magnetic
domains are polarized out of plane, this contrast directly reflects
out-of-plane spin sensitivity of the tip. For further evaluation we refer
to domains with lower (higher) dI/dV signal at 700 mV by using α

(β) as index. Atoms are indexed according to the domain they are
adsorbed on. The positions of two Ir atoms adsorbed on differently
polarized Fe domains are indicated by circles in (a) and (b).

out-of-plane polarized domains separated by domain walls of
Néel type [25,26]. These domains are used to control the spin
polarization of the adsorbed Ir adatoms, which were deposited
onto the crystal at ≈10 K and appear as protrusions in constant
current topographs [Fig. 1(a) and inset]. Information on the
spin polarization is gained by spectroscopy of the differential
conductance (dI/dV ) using spin-polarized tips, which were
fabricated by covering paramagnetic W or stainless steel with
Fe in situ. The existence of an out-of-plane spin polarization
was verified by analyzing the contrast between the magnetic
Fe domains in dI/dV maps at 700 mV [Fig. 1(b)].

DFT calculations are performed using the VASP

code [27,28]. Structural relaxations are performed using
the revised Perdew-Burke-Ernzerhof [29] parametrization of
the generalized gradient approximation while the electronic
structure was determined within the local spin-density ap-
proximation using the Perdew-Zunger [30] parametrization of
the Ceperley-Alder data [31]. The projector-augmented wave
(PAW) method [32] is used with the standard PAW potentials
supplied with the VASP distribution. The plane-wave basis set is
converged using a 450-eV energy cutoff. Structural relaxations
are carried out using a 17 × 24 × 1 k-point Monkhorst-Pack
mesh [33] to sample the three-dimensional Brillouin zone.
The vacuum DOS was determined by positioning an empty
sphere at the required height directly above the adatom onto
which the DOS was projected. The system is modeled using
a symmetric slab consisting of five atomic layers of W with
two monolayers of Fe on each side. The experimental lattice
constant of W was used (a0 = 3.165 Å). The adatom was added
on each Fe surface in the hollow-site position. The minimum
distance between the adatoms in adjacent unit cells is 6.33 Å
so that any interaction between them will be negligibly small.
Additionally, a thick vacuum layer of approximately 21 Å is

included in the direction normal to the surface to ensure no
spurious interactions between repeating slabs. The positions
of the Fe atoms as well as the adatom are optimized until all
residual forces are less than 0.01 eV/Å.

The spin polarization P is defined as

P = nmaj − nmin

nmaj + nmin
(1)

with nmaj(nmin) as the majority (minority) local DOS (LDOS).
It is not possible to experimentally measure directly the LDOS,
as it is coupled with the DOS of the tip, and instead we refer
to the conductance asymmetry, A, which is defined as [34]

A = (dI/dV )β − (dI/dV )α
(dI/dV )β + (dI/dV )α

(2)

where (dI/dV )α,β refer to dI/dV spectra taken on structures
(Fe domains or Ir atoms) with opposite magnetizations [see
Fig. 1]. In a first approximation the spin polarization of the
Fe domains or the Ir atoms, PFe,Ir, can be directly determined
from the asymmetry via [9]

AFe,Ir = PFe,IrPT. (3)

In order to extract PFe,Ir from the experimental data, dI/dV

spectra must be measured at the same tip-substrate separation
on the α and β domains [35]. However, the apparent heights
of domains and adatoms on different domains are usually
different. To refer to the same absolute height we corrected for
these differences [19,35]. The largest challenge in interpreting
the Ir spectra is the unknown spin polarization PT of the tip,
which is usually energy dependent and may be affected by tip
modifications [21,36]. We therefore use established results
from Fe domains [19,37], to deduce properties of the tip
through a comparison of experiment and theory.

III. RESULTS AND DISCUSSION

Figure 2(a) shows dI/dV spectra measured above oppo-
sitely magnetized Fe domains. Two prominent peaks at −60
and 720 mV due to dz2 minority states [19,37] are present
on both domains. They are also reproduced by the calculated
vacuum LDOS, nmaj and nmin, shown in Fig. 2(b). As the
peaks are observed in the dI/dV signals from both domains,
this implies that the tip is only partially spin polarized.
Consequently, (dI/dV )α,β should not directly be compared
to nmaj,min. However, information about the PT can be deduced
from the vanishing of the asymmetry of the Fe domains at
V = −140 and 630 mV [Fig. 2(c)]. According to Eq. (3) this
can only occur if PT = 0 or PFe = 0. Since our calculations and
previous results show that PFe < 0 [Fig. 2(f)], PT has to vanish
at these voltages. Therefore the following tip properties may
be deduced: The tip is more sensitive for minority electrons
for voltages below −140 mV (region I) and voltages exceeding
630 mV (region III). Between these two voltages (region II)
majority electrons prevail. Using this information, we can
interpret the Ir data, presented in Fig. 2(d), as follows: States
appear on β atoms at 410 and 640 mV, whereas α atoms
show a resonance at 710 mV on a monotonously increasing
background. The absence of other signatures shows that the
state observed at β atoms at 410 mV is largely dominated by
one spin channel. Because the tip is more sensitive to majority
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FIG. 2. (a, d) Spin-polarized dI/dV spectra of Fe domains and Ir atoms, respectively. (b, e) Majority (nmaj) and minority (nmin) vacuum
densities of states 8.6 Å above the hollow site of the Fe surface and 5 Å above the Ir atom, respectively. (c) Experimental asymmetries of Fe
domains and Ir atoms on Fe calculated via Eq. (2) from the data in (a) and (d), respectively. (f) Corresponding calculated spin polarizations [via
Eq. (1) from the data in (b) and (e)]. Comparison of (c) and (f) in combination with Eq. (3) suggests that the spin polarization of the tip changes
sign between regions I, II, and III. In regions I and III the tip is more sensitive to minority states while for region II majority electrons prevail.
A one-to-one correspondence between the dI/dV curves and nmaj or nmin may not be expected as the tip is only partially spin polarized.

electrons at this energy, we identify this peak as being the
state in the majority channel at 400 meV in the spin-polarized
vacuum LDOS [Fig. 2(e)], which is predominantly of spz

character [cf. Fig. 3(b)]. This state is not present in the minority
channel, apart from a small shoulder, in agreement with the
experimental observations.

Due to the vanishing spin polarization of the tip, AIr

vanishes at similar voltages as AFe. Surprisingly, the signs of
both asymmetries are different over almost the whole voltage
range of −0.5 to 1 V, suggesting that Ir is polarized oppositely
to the Fe surface. This interpretation is supported by the spin
polarizations calculated via the vacuum LDOS [Fig. 2(f)].
For energies between −500 and 500 meV, Ir predominantly
exhibits majority states while Fe displays minority states.
The vacuum spin polarization reverses sign at an energy of
500 meV as a result of the large increase in the minority pz

states. The agreement between experimental and theoretical
results is less favorable for voltages exceeding 500 meV. We
attribute the deviation to limitations of Eq. (3), which is derived
assuming a vanishing bias voltage.

Close to the experimentally observed state at 410 mV the
conductance asymmetry of Ir reaches an extremal value of
25 % at 370 mV. To determine the corresponding value of
PIr the spin polarization of the tip is extracted from the Fe
data [Figs. 2(c) and 2(f)] using Eq. (3) via PT = AFe/PFe =
40 %. This value is similar to the previously used value of
44 % [9,10], which is based on the spin polarization of Fe in
planar junctions [38]. Consequently, the Ir spin polarization,
given by PIr = AIr/PT, is 63 %. This is of the same order
of magnitude as reported for Co atoms [19] and agrees
well with the theoretical value [see Fig. 2(f)]. The induced
magnetic moment of the Ir adatom is approximately 1 μB

(μB : Bohr magneton) smaller than for Co (see Ref. [19]).
Indeed, the calculations reveal that the hybridization between
the ferromagnetic Fe surface and the Ir atom results in

a spin polarization of the latter and an induced magnetic
moment of 0.85 μB . This hybridization is evident in Fig. 3(a),
which shows the spin-resolved total DOS of the Ir atom as
well as the average total DOS of the four nearest-neighbor
Fe atoms.

The filtering of the tunneling gap may be deduced by the
DOS at the Ir adatom projected onto the spz, dxz+dyz, and dz2

states shown in Fig. 3(b). The majority states are dominated
by the dxz+dyz state. In particular, there is a large peak in
the dxz+dyz DOS at −300 meV. However, this peak is not
visible in the vacuum DOS [Fig. 2(e)], with the implication
that this state decays quickly in the vacuum. In fact, the three
peaks visible in the vacuum DOS at 50, 400, and 750 meV
correspond to majority spz states at the adatom. This suggests
that these states, despite their smaller DOS at the adatom,
decay slowly and eventually dominate in the vacuum over the
faster decaying dxz+dyz state.

The minority DOS at the adatom, on the other hand, is
dominated by dz2 states in a wide energy region around the
Fermi level, with a small peak just below the Fermi level and
a larger broad peak at 700 meV. The magnitude of the spz

states in the same energy region is considerably smaller. From
this, we can conclude that minority dz2 states will provide
the largest contribution to the tunneling current at distances
very close to the adatom, while majority spz states will prevail
with increasing tip height. The asymmetry and calculated spin
polarization in the vacuum 5 Å above the adatom both show
a positive spin polarization above the Fermi level [Figs. 2(c)
and 2(f)]. Therefore, at some height smaller than 5 Å, the sign
of the spin polarization must be inverted.

We note first that the inversion of spin polarization with tip
height will also be strongly energy dependent. Consider, for
instance, the energy region between −250 and −350 meV: the
DOS at the atom is now dominated by the majority dxz+dyz

state while the positive spin polarization in the vacuum is
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FIG. 3. (a) Total DOS of an adsorbed Ir atom and average total DOS of four nearest-neighbor Fe atoms calculated with VASP. Majority
(minority) states are represented as positive (negative) values with solid (dashed) lines. (b) Orbital decomposition of the Ir DOS in (a) over
a narrower energy region around the Fermi level. The spz state was multiplied by 4. (c) Asymmetries of single Ir atoms measured with a
spin-polarized tip at conductances from 0.4 nS to 4 μS, which correspond to distances �z of 5.4 to 1 Å from the formation of the single-atom
contact at ≈35 μS. (d) Spin polarization of single Ir atoms at different distances �s into the vacuum calculated via DFT using VASP. �s = 0 Å
is at the Ir atom.

due to the majority spz state. Therefore, the sign inversion
with respect to the negatively spin-polarized surface occurs
directly at the adatom and so will not be observable. In
contrast, for energies above the Fermi level, the sign inversion
is predicted to occur at heights above the adatom due to the
preponderance of negative dz2 states at the adatom. This may
be expected for the state observed experimentally at 410 mV in
particular.

To further characterize the distance dependence of the
filtering effect, and to determine whether an inversion of the
spin polarization can be observed at any energy, we measured
the asymmetry for several different tip-adatom separations.
Figure 3(c) shows AIr measured using the same tip at distances
�z of 5.4 to 1 Å prior to formation of the single-atom contact.
�z = 0 Å is defined as the point of contact. Measurements in
contact were not feasible due to junction instabilities at the
elevated voltages required for recording dI/dV curves. The
asymmetry changes sign at similar voltages as before due to
the varying spin polarization of the tip. Additionally, the
distance dependence of PT will also influence the magnitude of
the asymmetry at different tip-adatom separations. Nonethe-
less, the shape of the asymmetry and thus the dominance
of the majority-spin states remain stable over the entire
range of 4.4 Å. This is in agreement with the calculated spin
polarizations of Ir at different distances �s from the atom.
The magnitude of the PIr saturates at 4 Å [39] [Fig. 3(d)]. It is
also consistent with previous calculations of an approximately
constant spin polarization for Co and Ni atomic contacts in
this range [22].

The calculated spin polarization shows that the length
scales involved in such inversions are indeed very small.

The spin polarization at heights of 0, 0.5, and 2 Å above the
adatom are also shown in Fig. 3(d). At the atom (0 Å) PIr

is negative between 250 and 470 meV. By a height of 0.5 Å
above the atom, this is already inverted, due to the majority spz

state at 400 meV [Fig. 3(b)]. The decreasing influence of the
dxz+dyz state with increasing height is particularly evident at
−300 meV. Here, it is clear that the large peak in the majority
dxz+dyz state [Fig. 3(b)] influences the spin polarization at
distances very close to the adatom; a large spin polarization of
+60 % is found for distances less than 1 Å from the atom. By

FIG. 4. Distance dependence of the spin polarization of the Ir
adatom (upper panels) and the bare second Fe layer on W(110) (lower
panels) integrated over the energy intervals [−50 meV,50 meV]
(a, c) and [300 meV,400 meV] (b, d).
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2 Å from the adatom, however, the effect of this majority state
is negligible. This is in agreement with previous results from
single adatoms [18,24], which showed that additional orbitals
contribute to the conductance at contact.

Finally, Figs. 4(a) and 4(b) show slices of the spin
polarization above an adsorbed Ir atom, where the spatial
distribution can be seen more clearly. As a comparison, we
also show the evolution of the spin polarization above a clean
Fe surface in Figs. 4(c) and 4(d). For the clean surface, the spin
polarization is a constant negative value over a wide range of
energy and distance. In contrast, directly above the adatom the
spin polarization changes sign rapidly. At the Fermi energy
[Fig. 4(a)] the negative spin polarization of the clean surface is
inverted directly at the Ir adatom, due to the majority dxz+dyz

state. Far from the adatom, the spin polarization remains
positive, but is now carried by states with spz symmetry. In
contrast, at energies between 300 and 400 meV [Fig. 4(b)], and
very close to the adatom, the spin polarization is negative due to
the influence of a minority dz2 state. However, with increasing
height, the influence of this state wanes and the positive spin
polarization associated with the spz state begin to dominate
with a concomitant inversion of sign. This inversion occurs
at distances less than 0.5 Å from the adatom, and so is not
accessible with transport measurements.

IV. CONCLUSION

In conclusion, Ir, which is paramagnetic as a bulk material,
exhibits a spin polarization of similar magnitude as the
well-studied 3d elements, when adsorbed on an Fe surface.
The tunneling current to unoccupied states exhibits a large spin
polarization of more than 60 %, which is inverted with respect
to the underlying Fe layer. Distance dependent measurements
along with DFT calculations show that the spin polarization re-
mains stable over a wide range of tip-adatom separations. The
calculations relate this behavior to an efficient orbital filtering
of the tunneling gap between tip and adatom. This filtering
happens over a distance of less than 4 Å from the atomic core.
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3.7 Å.
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