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Pb dimers on a ferromagnetic surface are shown to exhibit large tunneling anisotropic magnetoresistance
(TAMR) due to molecular r orbitals. Dimers oriented differently with respect to the magnetization directions of
a ferromagnetic Fe double layer on W(110) were made with a scanning tunneling microscope. Depending on the
dimer orientations, TAMR is absent or as large as 20% at the Fermi level. General arguments and first-principles
calculations show that mixing of molecular orbitals due to spin-orbit coupling, which leads to TAMR, is maximal
when the magnetization is oriented parallel to the dimer axis.

DOLI: 10.1103/PhysRevB.97.041114

Spin-orbit coupling (SOC) links spin and momentum de-
grees of freedom by the Hamiltonian Hsoc = £LS where &
is the SOC constant and L and S are the orbital momentum
and spin operators, respectively. It is the origin of phenomena,
such as magnetocrystalline anisotropy and anisotropic magne-
toresistance which are of fundamental interest and important
for applications. Studies of the magnetocrystalline anisotropy
at the single atom level have highlighted the effect of the
environment of an atom on SOC [1-5]. For example, the spin
lifetime is significantly longer in FeCu dimers on Cu,;N than
in single Fe atoms [3]. Similarly, spin excitations are affected
by the adsorption site and nearby atoms [6—8]. Anisotropic
magnetoresistance (AMR), the relative change in resistivity as
a function of magnetic-field orientation, is a rather small effect
in elemental bulk ferromagnets [9] but can be enhanced in bulk
alloys [10] or in tunneling devices [11-15] to values of some
10%. Atomic scale investigations of AMR with a scanning
tunneling microscope (STM) have so far only been reported
for isolated Co and Ir adatoms [14,16].

To tune SOC at a single atom, the high rotational symmetry
of the atom should be reduced. Here, this is achieved by
constructing dimers from single Pb atoms on an Fe double layer
substrate that exhibits in-plane and out-of plane magnetizations
in magnetic domains and domain walls, respectively [17]. Pb
exhibits a strong spin-orbit interaction due to its large atomic
number Z. Assuming the bare Coulomb potential and atomic
wave functions the strength of SOC scales with the principal
and orbital quantum numbers n and [ as & o< Z*n 3172
Accordingly, the 6p states of Pb should have a larger SOC
constant than all 3d or 5d states studied so far [14,16,18].
This is supported by first-principles calculations for FePt alloys
[19] which reported values of £, = 2.217 and €5 = 0.571 eV
for the 6p and 5d Pt states, respectively. Experimentally, we
indeed find a tunneling anisotropic magnetoresistance ratio
(TAMR) exceeding 20% in suitably oriented Pb dimers.

The idea motivating our experiment may be understood by
considering a Pb dimer which interacts only weakly with the
surface. The dimer axis (assumed to be y) defines the orienta-
tion of the molecular orbitals (MOs). The tunneling current is
dominated by the 7r, molecular orbitals as they extend farthest
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into the vacuum. If the magnetization direction is along the
dimer axis the 7, and 7, molecular orbitals can mix via SOC,
which reduces the vacuum local-density of states (LDOS). For
a spin-quantization axis perpendicular to the dimer axis, SOC
would mix 7 and antibonding o * molecular orbitals which are
further separated in energy than 7, and =, orbitals, resulting
in a smaller SOC-induced modification of the LDOS. These
variations of the LDOS under rotation of the spin-quantization
axis lead to the TAMR [17]. Consequently, spin-quantization
axes parallel and perpendicular to the y direction will show
maximal and minimal SOC-induced mixings, respectively,
which lead to maximal TAMR.

To experimentally test this concept, we performed scanning
tunneling spectroscopy in ultrahigh vacuum at 4.4 K. W(110)
surfaces were cleaned by repeated heating in an O, atmosphere
and brief annealing at 2200 K. Fe double layers were grown by
sublimation from an Fe-covered filament onto the W crystal
held at 500 K. Pb atoms were evaporated on the cold surface
from a Pb-coated W filament. These atoms were moved at a
resistance of 25 k2 (100 mV, 4 ©A) to build dimers with dif-
ferent orientations [Figs. 1(a) and 1(b)]. Atomically resolved
constant-current topographs [Fig. 1(c)] provide information
on the adsorption geometries of the dimers. Assuming that
Pb atoms adsorb at hollow sites of the Fe surface the dimers
are oriented along the [001] and [111] directions, respectively
[Figs. 1(d) and I(e)]. We were unable to construct [110]-
oriented dimers, whose axes would be perpendicular to the
magnetizations of both domains and domain walls. However,
[111] dimers are rotated by 55° with respect to the in-plane
magnetization on domain walls, whereas the magnetization is
collinear with the [001] dimer. On domains, the magnetization
is perpendicular to the surface and both dimer types.

Figures 2(a) and 2(b) display six dimers adsorbed on a
domain or a domain wall. d1/dV spectra were acquired with
a W tip [20]. The apparent heights of the dimers are identical
on domains and domain walls at a sample voltage of V ~ 1 V,
which was therefore used to adjust the tip-sample distance prior
to spectroscopy. At positive V the spectra are hardly affected
by the magnetization direction with all dimers showing an
unoccupied state at 600 mV. The [001] dimer exhibits an

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.041114&domain=pdf&date_stamp=2018-01-22
https://doi.org/10.1103/PhysRevB.97.041114

JOHANNES SCHONEBERG et al.

PHYSICAL REVIEW B 97, 041114(R) (2018)

high

low
high

low

[171]

FIG. 1. (a) Constant-current topograph of six single Pb atoms
(protrusions) on double-layer Fe on W(110) (6.6 x 9 nm?, 100 mV).
Depressions are due to defects. Pb atoms were manipulated with
the STM tip at a resistance of 25 k2 (100 mV, 4 A) as indicated
by the arrows. (b) Dimers with two orientations were obtained
(7 x 9 nm?, 1 V). (c) Atomically resolved topograph of the substrate
lattice (4.7 x 1.9 nm?, 70 mV, 5 A). (d) Substrate lattice super-
imposed onto dimers assuming adsorption to hollow sites (3.8 x
4 nm?, 1 V). (e) Resulting geometries of dimers oriented along the
[001] and ([111]) directions.

additional occupied state at —50 mV which is absent on [111]
dimers as illustrated by the dI/dV data in Fig. 2(e). This
peak is significantly affected by the magnetization direction,
whereas the d1/dV spectra of the [111] dimer remain essen-
tially unchanged. At first glance this is in agreement with the
conclusion of the simplified model: Only for the [001] dimer
the magnetization vector is collinear with the coordination
direction.

The influence of the magnetization direction on the peak
at —50 mV becomes clearer in Fig. 3(a) displaying d1/dV
spectra measured on [001] dimers over a narrower energy
interval around the Fermi energy Ep. Their difference is
quantified by the TAMR = (d1,/dV —d1;/dV)/(dI./dV),
where 1, (I)) denotes the current for a Pb dimer on a domain
(domain wall). As shown in Fig. 3(b) the TAMR reaches its
maximal value of —(23 £3)% at V = —14 mV [21]. At Ep,
the TAMR is —(21 & 5)%, which is twice as large as values
reported of single Co adatoms [14]. In addition, the d1/dV
peak shifts by 21 mV with the magnetization direction and
exhibits a TAMR of ~—14% [the gray areas in Figs. 3(a)
and 3(b)].

The relationship between the dimer states and those of the
Fe substrate is further characterized by spin-polarized d1/dV
spectra. For recording these data, the tip was covered with Fe
and further modified until a spin contrast between domains
was achieved, thus ensuring an out-of-plane sensitivity of the
tip [22]. Figure 3(c) shows data from [001] dimers on Fe
domains with opposite magnetizations. The resulting conduc-
tance asymmetries [Fig. 3(d)] are positive at the peak positions.
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FIG. 2. (a) Topograph and (b) simultaneously recorded dI/dV
map of six dimers (13 x 19 nm?, 70 mV). The upper (lower) three
dimers are adsorbed on a domain (domain wall) with an out-of-plane
(in-plane) magnetization. (c) This leads to four angular configurations
of spin quantization and coordination axes. (d) Averaged dI/dV
spectra of [111] dimers on a domain (the dotted curves) and a domain
wall (the solid curves) (feedback opened at 1 V, 500 pA) are similar.
(e) Spectra of [001] dimers show significant differences at V < 0 V.
The spread between curves with the same style indicates uncertainties
(standard deviation of the averaged data). Different tips were used in
(d) and (e). A [111]-dimer spectrum (the orange curve) is shown for
comparison. Modification of the tip affects the spectra. However, the
characteristics discussed here were present in all spectra.

Consequently, the dimer state at —50 mV has the same spin
character as the minority d,» Fe state [17] albeit with lower
spin polarization. The similar energies of the Fe and the dimer
states, their similar shifts with the magnetization direction, and
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FIG. 3. (a)Detailed [001]-dimer spectra. (b) TAMR of the spectra
in (a). The dashed curves represent uncertainty margins. The gray
areas mark the peak positions of the d 1 /d'V spectra. (c) Spin-polarized
dl/dV spectra of [001] dimers and Fe domains. The dashed and
solid curves correspond to oppositely polarized domains and dimers
adsorbed on them. (d) Asymmetry of the spectra in (c) defined by
dly,/dV —dlg/dV)/(dI,/dV + dlg/dV)wherea and B denote the
spectra of oppositely polarized domains.
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FIG. 4. (a) Total and spin-resolved vacuum LDOS 6.8 A above
a [111] dimer on Fe/W(110) for out-of-plane (the dashed curve) and
in-plane (the solid curve) magnetizations. (b) TAMR obtained from
the LDOS. (c¢) and (d) LDOS and TAMR for the [001] dimer as in
(a) and (b). (e) and (f) Orbital decomposition of the LDOS of the
[001] dimer for majority and minority channels. The blue, green, and
gold colors indicate p,, p,, and p, orbitals at the Pb atoms. The solid
and dashed curves denote in-plane and out-of-plane magnetizations,
respectively.

their identical spin characters strongly suggest that they are
related.

We performed first-principles calculations based on density
functional theory for a model system comprising a symmetric
film of five W(110) layers, two Fe(110) layers, and two Pb
atoms on each side of the film. A c(4 x 6) surface unit cell with
12 W atoms per layer was used. The in-plane lattice constant
of W(110) was fixed to the experimental value of 316.5 pm.
The structure was relaxed using the projected augmented-wave
method [23,24] in the generalized gradient approximation
(Perdew-Burke-Ernzerhof functional [25]) employing four k
points in the irreducible part of the two-dimensional Brillouin
zone until the forces were below 0.015 eV/ A. To analyze the

[001]  (A)

FIG. 5. Spin-resolved charge-density maps of the [001] dimer.
The upper panels show a cross-sectional plot through the Pb dimers
parallel to the surface, whereas the lower panels show a cross
section through the dimers perpendicular to the film. The top Fe
layer defines zero on the z axis. The Pb dimer atoms are located
~2 A above the Fe layer. (a) Majority density in the energy interval
[Er +0.85,EF +0.95 eV]. (b) Minority density in the range of
[Er —0.2,Er — 0.1 eV]. Majority and minority refer to the spin
directions of the Fe film.

electronic structure we applied the full-potential linearized
augmented plane-wave method in the local-density approxi-
mation [26] as implemented in the FLEUR code [27]. Spin-
orbit coupling was included self-consistently as described in
Ref. [28]. A plane-wave cutoff of 3.9 a.u.~! and 196 k; points
were used to calculate the LDOS.

Structural relaxation leads to a Pb distance of 3.3 A in
both dimers, a value of &~10% larger than for free Pb dimers
[29]. The axis of the [111] dimer deviates by 58.7° from the
[001] direction, which is slightly larger than in the unrelaxed
geometry (Pb atoms at hollow sites). In both dimers the Pb
atoms carry a small induced spin moment of ~0.09ug. The
orbital moment changes with the magnetization direction. For
an out-of-plane magnetization (dimers on the domains), the
orbital moment is similar for both dimers (mll ~ 0.008 ).
For an in-plane magnetization along the [001] direction,
however, we find a much larger orbital moment for the [001]
dimer than for the [111] dimer (m!®" ~ 0.0095 vs 0.005.15)
in line with the general symmetry arguments.

To compare with the experimental dI/dV spectra we
calculated the LDOS in vacuum for both dimers. The LDOS of
both dimers exhibits a pronounced peak between 0.9 and 1 eV
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above Er, which has a majority spin character with respect
to the Fe substrate [Figs. 4(a) and 4(c)]. At the Pb atoms it
has p, symmetry [Fig. 4(e)] and forms a molecular 7, state
[Fig. 5(a)] [30]. This state hybridizes only weakly with the Fe
states because the majority d states are fully occupied leading
to nearly perfect p, lobes [Fig. 5(a)]. Therefore, the state is
rather independent of the dimer orientation. We attribute the
peak at 0.6 V in the experimental spectra of both dimers to
this unoccupied state.

In agreement with the experiments, only the [001] dimer
exhibits a minority-spin-related peak just below E ¢ [Fig. 4(c)].
Ithas p, symmetry at the Pb atoms [Fig. 4(f)] and, as suggested
by the experimental data, it hybridizes strongly with the d,»
states of the Fe layer. The axis of the p, orbitals at the Pb
atoms are tilted towards the Fe atoms underneath due to the
overlap with the tilted d,> states [Fig. 5(b)]. This leads to a
canting of the upward pointing p, lobes towards the center
of the dimer [Fig. 5(b)]. The downward pointing lobes of the
p. orbitals, on the other hand, are not discernible due to the
strong hybridization with the Fe d. states. This hybridization
is suppressed for the [111] dimer due to its misalignment with
the lattice of the underlying Fe layer.

Whereas the LDOS of the [001] dimer shows clear differ-
ences between in-plane and out-of-plane magnetizations, the
difference is small for the [111] dimer. This is reflected by
the TAMR, which reaches ~20% in the former case and is
virtually absent in the latter case [Figs. 4(b) and 4(d)]. For the
[001] dimer, the TAMR below Er matches the experimental
results in sign and order of magnitude. Itis caused by a shift and
reduced height of the peak at &~ —0.12 eV [arrow in Fig. 4(c)],

similar to the observation in d1/dV spectra [cf. Fig. 3(a)]. The
different LDOS for in-plane magnetization results from SOC,
which mixes p, and p, orbitals with the same spins [Figs. 4(e)
and 4(f)]. As seen in Fig. 5(b) these hybrid Pb-Fe interface
states are of 7, and 7, molecular-orbital character at the dimer.
In contrast, the p, states lead to o-type MOs, which do not
change much between domains and domain walls. In the [1 11]
dimer the magnetization is rotated with respect to the dimer
axis, and the spin-orbit matrix element is reduced, leading to
small mixing and TAMR, in agreement with the experiments.
More precisely, (r,, | |Hsoc|my, {) & cos ¢ sin 8, where |,
is the minority-spin direction and ¢ and 6 are the angles
between the magnetization and the dimer axis y and the surface
normal z, respectively. This mixing of the orbitals results in a
change in the LDOS which scales as the square of the matrix
element [17,31] and amounts to a reduction of the TAMR for
the [111] dimer by a factor of about 4 with respect to the [001]
dimer [cf. Figs. 4(b) and 4(d)].

In conclusion, Pb dimers on a ferromagnetic substrate
exhibit TAMR as large as 20% close to the Fermi level. It is
due to spin-orbit-induced mixing of molecular & orbitals and
crucially depends on the orientation of the magnetization with
respect to the dimer axis. First-principles calculations show
that its origin is a 7, orbital of the Pb dimer which strongly
hybridizes with the underlying Fe layers.
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