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Electronic and magnetic properties of 3d transition-metal adatoms on Mn/W(110)

Mara Gutzeit, Soumyajyoti Haldar ,* and Stefan Heinze
Institute of Theoretical Physics and Astrophysics, University of Kiel, Leibnizstrasse 15, 24098 Kiel, Germany

(Received 24 January 2020; revised manuscript received 20 March 2020; accepted 23 March 2020;
published 10 April 2020)

Using density functional theory, we investigate the electronic and magnetic properties of 3d transition-metal
adatoms adsorbed on a monolayer of Mn on W(110). Mn/W(110) has a noncollinear cycloidal spin-spiral ground
state with an angle of about 173◦ between magnetic moments of adjacent Mn rows. It allows one to rotate the
spin orientation of an adsorbed magnetic adatom quasi-continuously. Therefore, this surface is ideally suited
for manipulating the spin direction of individual atoms and exploring their magnetic properties using scanning
tunneling microscopy (STM). The adsorbed V and Cr transition-metal adatoms couple antiferromagnetically
to the nearest-neighbor Mn atom of Mn monolayer while Mn, Fe, Co, and Ni couple ferromagnetically. The
magnetic moments of the 3d adatoms are large and show a Hund’s rule type of trend with a peak in the middle
of the series. We find large spin splitting of the 3d transition-metal adatoms, large spin polarization of the local
vacuum density of states up to 73% at the Fermi energy, and significant tunneling anisotropic magnetoresistance
enhancement up to 27%. We conclude that such large values stem from the strong hybridization between the
adatoms and the Mn atoms of the monolayer. Furthermore, identification of spin orientations of the adatom
using spin-polarized STM is possible at small bias voltages only for Co and V adatoms.

DOI: 10.1103/PhysRevB.101.134411

I. INTRODUCTION

In the field of spintronics, noncollinear magnetic struc-
tures, such as chiral domain walls [1–3], skyrmions [4–8], and
spin spirals [9,10] are being investigated extensively by many
research groups due to their fascinating dynamical and trans-
port properties [11,12]. A monolayer Mn grown on W(110)
[Mn/W(110)] is a very prominent example for a cycloidal
spin-spiral ground state which is driven by the Dzyaloshinskii-
Moriya interaction [13]. Another exciting research direction
is single magnetic adatoms and nanostructures on such non-
collinear surfaces [14–16]. For example, using the surface of
Mn/W(110) with a noncollinear magnetic structure, the spin
orientation of an adsorbed adatom can be controlled due to
local exchange coupling without the presence of an external
magnetic field. Thereby, the transport properties of magnetic
adatoms as a function of spin direction can be probed us-
ing spin-polarized scanning tunneling microscopy (SP-STM)
[17–19]. Recently, even a simultaneous measurement of the
spin-polarized tunneling current and of the local exchange
force between a magnetic tip and a surface with a noncollinear
spin structure has been obtained [20,21].

Using SP-STM, Serrate et al. have imaged the spin di-
rection of individual Co adatoms adsorbed on Mn/W(110)
[22,23]. These experiments show that by means of SP-STM,
the spin direction of the Co adatom can be controlled while
maintaining the magnetic sensitivity by laterally moving the
adatom along the Mn/W(110) surface. In a recent theoretical
investigation [24], the authors explained the shape asymme-
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try observed in the SP-STM by Serrate et al. [22,23] and
showed that the noncollinear spin states of the Mn layers
of Mn/W(110) are also reflected in the orbitals of the ad-
sorbed Co adatom due to strong hybridization between the
3d orbitals of the Co adatom and Mn atoms of the surface.
It is an interesting question whether the characteristic features
observed for Co adatoms adsorbed on Mn/W(110) can also
be seen for other 3d transition-metal (TM) adatoms. However,
such investigations, both theoretically and experimentally, are
missing.

One aspect of such studies will be to compare the struc-
tural, magnetic, and electronic properties of various 3d TM
adatoms adsorbed on Mn/W(110). It will be interesting to
understand the origin of spin-polarized electrons observed
near the Fermi energy (EF ) in SP-STM experiments for other
3d TM adatoms. The origin of spin-polarized electrons are
based on two main arguments [25]: (1) one would expect d
electrons of the 3d TM adatoms to dominate at the apex atom
of the tip. (2) Another argument is that in the vacuum region
the local density of states (LDOS), the prominent quantity for
the tunneling current, can be dominated by more delocalized
s or p electrons. The spin orientation of Co adatoms on
Mn/W(110) can be identified in SP-STM experiments due
to the presence of majority and minority states of different
orbital symmetry near EF [22,24–26]. Whether similar obser-
vations can be made for other 3d TM adatoms adsorption are
subject of investigations.

The other aspect of the experiment of Co adatoms on
Mn/W(110) is the indirect evidence of tunneling anisotropic
magnetoresistance (TAMR), which has been observed in the
STM line profiles [22,23]. The TAMR is very appealing for
spintronic applications as it can be observed with only one
ferromagnetic electrode, and it does not need any coherent
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spin-dependent transport [27,28]. TAMR has been observed
in various systems, such as planar ferromagnetic surfaces
[29,30], tunnel junctions [31–34], mechanically controlled
break junctions [35,36]. TAMR values of ∼10% have been
observed in these cases.

Since TAMR is driven by spin-orbit coupling (SOC), re-
searchers have been trying to increase the TAMR by using
elements having significant SOC. Néel et al. have recently
achieved ≈12% TAMR by adsorbing Co adatom on a bilayer
Fe film grown on a W(110) substrate [37]. A TAMR of up
to 30% mediated by surface states has been reported recently
for Co films on Ru(0001) [38]. TAMR values of ≈20% have
also been achieved using suitably oriented Pb dimers on the Fe
double layer on W(110) [39]. Recently we have predicted up
to 60% TAMR for Pb and Bi adatom and dimers adsorbed on
Mn/W(110) [40]. In an earlier theoretical study, Caffrey et al.
have compared the electronic structure, magnetic properties,
and TAMR for Co, Rh, and Ir adsorbed on Mn/W(110) and
predicted ≈50% TAMR values for the Ir adatom adsorption
[41]. However, there is no systematic study of TAMR for other
3d TM adatoms on Mn/W(110) available in the literature.

Here we explore the adsorption of various 3d TM adatoms
on Mn/W(110) and compare their structural, magnetic, and
electronic properties, spin polarization of the vacuum LDOS,
and the TAMR effect using first-principles density functional
theory (DFT) calculations. Our results for Co adatoms on
Mn/W(110) match well with previously published results
[22,24,41]. We have locally approximated the spin structure
of Mn/W(110) as a two-dimensional antiferromagnet [42].
Using the local exchange interaction, the magnetization di-
rection can be tuned quasicontinuously on this substrate with
noncollinear magnetic ordering [41]. However, for simplicity,
we have considered two limiting cases of spin direction: (1)
out-of-plane where the magnetization direction is perpendic-
ular to the surface and (2) in-plane where the magnetization
direction is pointing along the [110] direction. Our calcula-
tions show that V and Cr transition-metal adatoms couple
antiferromagnetically to the nearest-neighbor Mn atom of Mn
monolayer while Mn, Fe, Co, and Ni couple ferromagneti-
cally. The magnetic moments of the 3d adatoms are large and
show a Hund’s rule type of trend with a peak in the middle
of the series. Large values of the spin polarization of the
vacuum LDOS up to 73% at EF and significant enhancement
of TAMR values ranging from ≈17% up to ≈27% due to local
enhancement of SOC are found due to strong hybridization.
Furthermore, as for Co adatoms on Mn/W(110), our results
show that the spin orientation of the respective adatom can
only be distinguished in SP-STM experiments for V adatom.

This paper is organized as follows. First, we briefly discuss
the computational methods for our calculations in Sec. II.
Then we present the relaxed geometries and give a detailed
analysis of the electronic structure and magnetic moments of
the 3d TM adatoms on Mn/W(110) in Sec. III A. Here we par-
ticularly focus on the spin polarization in the vacuum LDOS
which is amenable to experiments and hybridization effects
with the substrate. Furthermore results for the TAMR of the
adatoms will be presented as well as explained by means
of a simplified model of two localized atomic surface states
interacting via SOC (Sec. III C 3). Finally, we summarize our
main conclusions in Sec. IV.

[110] (y)

[0
01

] (
x)

NN

NNN

(a) (b)

W

Mn

3d TM

FIG. 1. (a) Top view and (b) perspective view of the supercell
used for the adatom on Mn/W(110) calculations. Gray spheres rep-
resent the W substrate while, the Mn atoms are depicted as red (blue)
spheres with arrows showing the approximated antiferromagnetic
order with respect to the adatom (purple sphere). “NN” and “NNN”
refer to the nearest-neighbor and next-nearest-neighbor Mn atoms of
the adatom, whereas x and y refer to the labeling of the d orbitals.

II. COMPUTATIONAL DETAILS

In this work density functional theory (DFT) calculations
have been performed within the projector augmented wave
method (PAW) [43,44] as implemented in the VASP code
[45,46]. Exchange-correlation effects are taken into account
within the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) [47,48]. An energy cutoff of
450 eV has been used to converge the plane wave basis
set. Structural relaxations for the positions of the adatoms
and the Mn atoms of the monolayer have been carried out
using a 6 × 6 × 1 k-point Monkhorst-Pack mesh [49] and
with a force tolerance of 10−2 eV /Å. The effect of SOC
has been included within the noncollinear mode of VASP as
implemented by Hobbs et al. [50]. Here 400 k‖-points in the
full two-dimensional Brillouin zone are used for computing
the LDOS directly at the adatom as well as in the vacuum.
The density of states in the vacuum was calculated by placing
an empty sphere at a specific height above the adatom onto
which the density of states was projected.

The DFT calculations for the Mn/W(110) system have
been carried out using a symmetric slab consisting of five
atomic layers of W with a pseudomorphic Mn layer—as
experimentally observed [51]—on each side. We have used
the GGA lattice constant of W (3.17 Å) for our calculations
as it agrees well with the experimental value of 3.165 Å. We
have approximately considered the local magnetic order of
the system collinear due to the long periodicity of the spin
spiral ground state of the Mn/W(110) substrate. Therefore, we
approximate the local magnetic order as a two-dimensional
antiferromagnet (AFM) using a c(4 × 4) AFM surface unit
cell, as shown in Figs. 1(a) and 1(b). The respective adatom
is centered in the hollow-site position within the unit cell
on both sides of the slab. The minimum distance between
the periodic images of the adatom is 6.34 Å, which is large
enough to keep the interactions between the periodic adatoms
negligible. In the case of V and Cr adatoms, we have used
a larger c(6 × 6) AFM surface unit cell as the d orbitals of
these elements have a larger radial extent due to the smaller
attractive Coulomb potential of the nucleus. The minimum
distance between the periodic images of the adatoms amounts
to 9.51 Å in these cases. Calculations of the adsorption of a
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TABLE I. Binding energy per adatom [Eb] (in eV), distance
(in Å) of 3d transition-metal adatoms from nearest-neighbor (NN)
[dNN], next-nearest-neighbor (NNN) [dNNN] Mn atoms of the Mn
monolayer on W(110) and from the Mn monolayer [dZ]. �x, �y, and
�z specify the displacement with respect to the clean surface of the
NN and NNN Mn atoms after adsorption of the respective adatom.
Positive (negative) values imply that the Mn atoms move towards
(away from) the adatom. The calculated distances for the Co adatom
match well with the previously published result of Caffrey et al. [41].

V Cr Mn Fe Co Ni

Eb 4.25 2.69 2.80 3.71 4.10 4.31
dNN 2.09 2.36 2.50 2.33 2.26 2.30
dNNN 2.77 2.89 2.69 2.62 2.61 2.63
dZ 1.56 1.80 1.84 1.68 1.60 1.64
�zNN −0.03 −0.03 −0.14 −0.12 −0.08 −0.06
�zNNN +0.01 +0.01 +0.05 +0.04 +0.07 +0.09
�xNN +0.21 +0.08 −0.10 +0.01 +0.02 −0.02
�yNNN −0.06 −0.04 +0.12 +0.11 +0.09 +0.09

Mn atom have shown that this element represents a limiting
case in which the smaller c(4 × 4) AFM surface unit cell is
still sufficient to keep interactions between periodic adatoms
negligible. In addition, a thick, approximately 25 Å, vacuum
layer is included in the z direction normal to the surface to
remove interactions between periodic slabs.

The binding energy Eb of a 3d adatom adsorbed on
Mn/W(110) is defined as

Eb = [N × E (3d ) + E (Mn/W(110))

− E (3d@Mn/W(110))]/N, (1)

where E (3d@Mn/W(110)) and E (Mn/W(110)) are the total
energies of the optimized Mn/W(110) surface with and with-
out 3d adatom adsorption, respectively. E (3d ) is the energy
of an isolated 3d adatom placed in a cubic cell of 30 Å (only
the � point of the Brillouin zone was sampled in this case). N
is the number of adatoms in the supercell. Here N = 2, as we
have used a symmetric slab.

III. RESULTS AND DISCUSSION

A. Structural and magnetic properties

We start our discussion with the modification of structural
and magnetic properties of the Mn/W(110) surface due to the
adsorption of individual adatoms from the 3d TM series (see
Table I).

A noticeable buckling of the Mn monolayer in the vicinity
of the adsorption site can be observed due to structural relax-
ations. After the adsorption of 3d TM adatoms, the nearest-
neighbor (NN) Mn atoms move away from the adsorbate.
These movements are relatively larger for the adatoms from
the middle of the 3d series (Mn and Fe) as compared to the
elements either beginning or end of the 3d series (V and Ni).
In contrast, the displacements of the next-nearest-neighbor
(NNN) Mn atoms, which move slightly towards the respective
3d TM adatoms, are small. However, we found no general
trend concerning the displacements of the atomic positions in
the Mn monolayer along the 3d series. In addition it can be

TABLE II. Spin magnetic moments (in μB) of the adsorbed 3d
transition-metal adatoms (μspin) as well as the nearest-neighbor (NN)
and next-nearest-neighbor (NNN) Mn atoms of the Mn monolayer
on W(110). For comparison, the spin magnetic moment of the Mn
atoms from the clean Mn/W(110) surface is also tabulated. The
calculated spin moment values for the Co adatom match well with
the previously published result of Caffrey et al. [41]. The orbital
moments μorb (in μB) of the adsorbed 3d adatoms are also tabulated
for completeness.

V Cr Mn Fe Co Ni

μspin −1.54 −3.69 +3.86 +2.79 +1.61 +0.39
MnNN +1.82 +2.84 +2.33 +2.28 +2.59 +2.93
MnNNN −3.19 −3.28 −3.36 −3.25 −3.33 −3.43
Mnclean ±3.41 ±3.41 ±3.41 ±3.41 ±3.41 ±3.41
μorb 0.03 0.02 0.01 0.10 0.12 0.04

seen that both the distances between the adatom and the NN
Mn atoms as well as their distance from the surface become
maximal in the middle of the series (for the Mn adatom)
and decrease again for the other adatoms. This effect can be
explained by means of the covalent radius which is largest for
the Mn adatom and by means of the binding energy with the
underlying surface. As can be seen from Table I, the binding
energy becomes minimal for the Cr and Mn adatom which
is the consequence of a weak metallic bond with the Mn
monolayer due to nearly half-filling of the 3d band and large
exchange splitting.

The magnetic moments of the 3d transition-metal adatoms,
the NN Mn atoms, and the NNN Mn atoms after the ad-
sorption of the 3d TM adatoms on Mn/W(110) are given in
Table II. The magnetic moments of Mn atoms of the clean
Mn/W(110) surface are ±3.41 μB. The magnetic moments of
the 3d adatoms display a Hund’s rule-like trend of an increase
towards the middle of the series and a decrease towards the
end as observed for such adatoms on other surfaces. The
moment of the Mn monolayer is reduced after the adsorption
of the adatoms due to the hybridization between NN Mn
atoms and the respective adatom. In all cases a significant
reduction of the magnetic moment can be observed for the NN
Mn atoms, in particular for the V adsorbate where it is reduced
by 1.6 μB. The V adatom itself, due to the hybridization with
underlying Mn layer, carries a magnetic moment of −1.54
μB thereby coupling antiferromagnetically (AFM) with the
NN Mn atoms and ferromagnetically (FM) with the NNN Mn
atoms (see Table II). The same holds true for the Cr adatom,
whereas for the rest of the 3d TM series a FM coupling
between the respective adatom and the NN Mn atoms of
the Mn monolayer is favored by the exchange interaction.
It is worth mentioning that an AFM alignment with the NN
Mn atoms could also be stabilized in the case of Fe and
Co adsorption. While our calculations reveal a very small
energetic difference of 6 meV between FM and AFM state
for the Fe adatom, this difference is significantly larger for the
Co adatom with 108 meV. This large value matches well with
previous reports of the Co adatom on Mn/W(110) [22,41].
A possible FM coupling between the Cr adsorbate and the
NN Mn atoms can also be stabilized. However, this state
is energetically unfavorable by 197 meV per Cr adatom as
compared to the case of an AFM alignment.
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FIG. 2. Comparison of the scalar relativistic calculated local density of states (LDOS) of all studied 3d transition-metal adatoms on
Mn/W(110). The majority states which are defined with respect to the nearest-neighbor Mn atoms in the Mn monolayer are depicted in blue,
the minority states in red, respectively. The magnetic moments of each 3d TM adatom are noted additionally to relate them to the exchange
splitting of the spin channels.

The reduction of magnetic moment can also be seen for
the NNN Mn atoms, albeit the effect of hybridization is less
pronounced in these cases. The largest drop for the magnetic
moment occurs for V adatom adsorption where the magnetic
moments of the NNN Mn atoms are reduced by 0.22 μB. It
matches with the trends observed in relaxations, where large
hybridization due to larger extent of 3d orbitals occurs at the
beginning (V, Cr) of 3d series and become smaller at the end
(Ni).

Figure 2 shows a comparison of the LDOS of the 3d or-
bitals of the adatoms. The calculations show a good agreement
of the exchange splitting of the majority and minority bands
and the corresponding magnetic moments of the adatoms. For
V and Ni we observe only a minor spin splitting, whereas
a larger separation between the 3d bands can be observed
for Cr, Mn, Fe, and Co. Especially for the Mn adatom an
asymmetric occupation of the majority and minority channel
becomes noticeable with the former being almost completely
occupied and sharply localized between 2 and 3 eV below EF

and the latter being located in the unoccupied region above
EF . In addition, one sees the rising electronic occupation of
the 3d shell from V to Mn by means of a shift of the majority
bands (minority bands in the case of Cr and V due to the AFM
alignment) towards lower energies. Since the majority states
are fully occupied at the middle of the series in the case of the
Mn adatom, one can see an analogous shift of minority bands
as one goes from Fe to Ni. This effect is also known to appear
for free 3d atoms.

B. Electronic structure and spin polarization

In this section we analyze the electronic structure in detail
for each 3d TM adatom on the Mn/W(110) surface within
a small energy range (±1 eV) around EF , which is typically

accessible to STM. In this connection we first recall the most
important aspects of the already investigated properties of the
Co adatom [22,41] near the Fermi level before proceeding
with the other adatoms from the 3d TM series. Here we begin
our discussions with the Fe adatom focusing on the local
density of states (LDOS) and its experimentally accessible
spin polarization in the vacuum. Special attention will also
be turned to the hybridization between the adatom 3d orbitals
and the underlying Mn monolayer. We chose Fe as a starting
point since the neighboring Co adatom in the periodic table
on Mn/W(110) serves as a reference system for comparison
concerning the electronic properties.

1. Co adatom on Mn/W(110)

The orbital decomposition of the spin-resolved LDOS of
the Co adatom on Mn/W(110) is plotted in Figs. 3(b)–3(d).
In accordance with previous findings, EF is dominated by
minority states of dxy and dyz character whose double-lobed
structure can be observed in SP-STM experiments [22,41].
The majority states on the other hand are almost completely
occupied and therefore quite flat in the vicinity of the EF .
One aspect that has not been investigated yet is the spin
polarization in the vacuum which is defined as

P(z, ε) = n↑(z, ε) − n↓(z, ε)

n↑(z, ε) + n↓(z, ε)
× 100% (2)

with n↑ (n↓) denoting the majority (minority) states with
respect to the NN Mn atoms of the Mn monolayer on W(110).
These quantities are shown in Fig. 3(a) along with the corre-
sponding spin-resolved vacuum LDOS [52]. While it exhibits
an already large value of +58% directly at the Fermi level,
the largest value of +88% can be found at approximately
−0.75 eV. Smaller values of this quantity with up to +45% are
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FIG. 3. (a) Spin-resolved LDOS in the vacuum calculated 6 Å
above the Co adatom on Mn/W(110) for an out-of-plane magneti-
zation direction, i. e., including SOC. The spin polarization of the
vacuum LDOS according to Eq. (2) is depicted in red. (b) Spin-
resolved LDOS of the s and pz states of the Co adatom. (c) and
(d) Orbital decomposition of the LDOS of the Co adatom in terms
of the majority (up) and minority (down) states as well as the orbital
symmetry of the d states. The orange up and down arrows indicate
majority- and minority-spin channels, respectively.

found in the unoccupied region at +0.5 eV; here also negative
values of up to −29% can be observed. A closer look at the
orbitally resolved LDOS of the adatom reveals that due to the
large spin splitting of the 3d states most of the high values in
the spin polarization are caused by the much less split pz and
s states of both spin channels of the adatom [see Fig. 3(b)].
Apart from a hybrid s-pz-dz2 state at −0.75 eV generating the
largest positive value of +88% it is mainly their peak structure
which is visible in the vacuum LDOS.

2. Fe adatom on Mn/W(110)

Figure 4(a) shows the spin-resolved LDOS calculated in
the vacuum at a height of 6 Å above the Fe adatom. While the
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FIG. 4. (a) Spin-resolved LDOS in the vacuum calculated 6 Å
above the Fe adatom on Mn/W(110) for an out-of-plane magneti-
zation direction, i. e., including SOC. The spin polarization of the
vacuum LDOS according to Eq. (2) is depicted in red. (b) Spin-
resolved LDOS of the s and pz states of the Fe adatom. (c) and
(d) Orbital decomposition of the LDOS of the Fe adatom in terms
of the majority (up) and minority (down) states as well as the orbital
symmetry of the d states. The orange up and down arrows indicate
majority- and minority-spin channels, respectively.

minority states are quite flat in the presented energy window
and do not exhibit any features, the majority states are charac-
terized by a few clearly discernible local maxima. One of the
local maxima can be observed at 0.77 eV below EF , whereas a
double-peak structure becomes visible between 0.5 and 0.7 eV
above EF . A closer look at the orbitally decomposed LDOS
of the adatom [Figs. 4(b)–4(d)] reveals that the prominent
feature in the vacuum below EF stems from the majority
hybrid s-pz-dz2 state which could already be observed for the
Co adatom (cf. Fig. 3). However, the double-peak structure
above EF arises due to the presence of majority s and pz

states. Orbitals of this symmetry were expected to contribute
in large part to the LDOS in the vacuum due to their strong
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delocalization. In contrast, dominant localized minority peaks
with dx2−y2 and dxy character which are also present above EF

[Fig. 4(d)] are not visible in the vacuum since their lobes lie
in-plane.

The above mentioned striking features of the vacuum
LDOS give rise to large positive values of the spin polarization
as well which is shown on a second axis in Fig. 4(a). At the
respective positions of the local maxima, the spin polarization
takes on values ranging from 74% up to 84%, while the effect
is slightly smaller at EF with a value of 55%. However, this
value is still nearly three times higher than the one of 20%
which has recently been reported for the clean Mn/W(110)
surface [21]. As already shown in Table II, a Mn atom in
the monolayer on the W(110) substrate exhibits a large spin
moment of 3.41 μB thereby causing a large exchange splitting
of the 3d bands which are shifted away from EF . Instead the
less spin-polarized pz orbitals dominate at EF [21]. In the case
of a deposited Fe adatom the much higher spin polarization
can be explained by the pz and additionally s states at EF

as well, especially the ones with majority character [see
Fig. 4(b)].

Comparing further the electronic structure of the Co
adatom on Mn/W(110) [22,24,41] with the one of a Fe
adatom, one sees that the LDOS of the latter is dominated by
minority states with dz2 and dx2−y2 states at EF . The minority
states with dyz and dxy character which were found at EF for
the Co adatom are shifted towards higher energies of 0.5 to
0.7 eV above EF for the Fe adatom. This is due to the larger
spin splitting and consequently different magnetic moment on
the one hand and due to one missing electron in the 3d orbitals
on the other hand [see Fig. 4(c)]. In contrast to the minority
states, the majority 3d as well as p bands of the Fe adatom are
not affected by this energetic shift (see Fig. 2).

In the next step we take a closer look at the hybridization
between the Fe adatom and the substrate. This is firstly exem-
plified by comparing the spin-resolved LDOS of the adsorbate
and its neighboring Mn atoms shown in Figs. 5(a) and 5(b).
As already indicated, hybridization between different states
can be recognized by peaks in the LDOS being located at the
same energy position, e.g., at −0.75 eV between the dominant
majority dz2 state of the Fe adatom and the majority 3d states
of the NN Mn atoms on the surface (the same behavior is
observed for the respective minority states at this energetic
position). Further evidence of such interaction can be found
just below EF for both minority Fe and NN Mn states and
at −3 eV in the majority spin channel of the adatom and the
substrate. The large spin splitting of the Fe adatom becomes
clearly visible resulting in a magnetic moment of +2.79 μB.
As mentioned earlier, the majority bands are nearly occupied,
whereas the minority states predominating at EF are only half
full.

This aspect can also be seen in the spin polarization calcu-
lated directly at the Fe adatom [Fig. 5(c)]. Consistent with the
LDOS, this quantity changes sign at −1 eV dropping from
maximum values of +96% at −3 eV to a local minimum
of −93% directly at EF . Since these energetic positions are
matching quite well with the ones mentioned above with re-
spect to the hybridization between the adatom and the surface,
one can conclude that the high spin polarization of the Fe
adatom is due to spin splitting of d bands. It should also be
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FIG. 5. (a) Spin-resolved LDOS of the nearest-neighbor (NN)
and next-nearest-neighbor (NNN) Mn atoms of the Fe adatom in the
Mn monolayer on the W(110) surface. (b) Spin-resolved LDOS of
the Fe adatom (sum of 3d orbitals). (c) Spin polarization of the Fe
adatom as in Eq. (2) using the spin-resolved LDOS at the Fe atom.
The orange up and down arrows indicate majority- and minority-spin
channels, respectively.

pointed out here that the large negative spin polarization in the
vicinity of the EF of the Fe adatom is a result of its minority
d states covering the contributions of s and p orbitals (not
shown). However, as pointed out earlier [25], the delocalized
majority pz states generate large positive values of up to 55%
in the vacuum close to the EF instead [cf. Fig. 4(a)].

To visualize the hybridization between the Fe adatom and
the Mn atoms of the Mn monolayer on W(110) more clearly
we calculated the spin-resolved partial charge density in a
small energy range below EF where dominant peaks in the
LDOS can be observed. This is the case for the minority
dx2−y2 and dz2 orbitals of the Fe adatom at approximately EF −
0.05 eV [see Figs. 4(c) and 4(d)]. Figure 6 shows both the top
view at a height of 3 Å above the Fe adatom in the vacuum
as well as the side view parallel to the [001] direction of the
unit cell at the aforementioned energy. For both spin channels
one can identify rotationally symmetric orbitals from the top
which are elongated along the [001] direction for the case of
the majority states and squeezed for the case of the minority
states, respectively [Figs. 6(a) and 6(b)]. The corresponding
cross-sectional plots reveal that the majority spin channel of
the Fe adatom exhibits a state composed of dxz, pz, and s
orbitals at this energy [Fig. 6(c)]. However, the double-lobed
structure of the low-intensity dxz state is completely covered
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FIG. 6. (a) and (b) Spin-resolved partial charge density calcu-
lated at a height of 3 Å above the Fe adatom on Mn/W(110) in the
energy interval [EF − 0.064, EF − 0.044 eV]. (c) and (d) Side view
of the respective partial charge densities shown above represented
as cross-sectional plots through the Fe adatom parallel to the [001]
direction. Both majority and minority spin channels are plotted
on the same color scale to ensure comparability of the two spin
channels.

by the rotationally symmetric s orbitals and pz orbitals in
the vacuum. The minority spin channel [Fig. 6(d)] shows a
mixed state consisting of the above-mentioned dz2 and dx2−y2

orbitals at this energy which strongly hybridizes with the dz2

states of the NN Mn atoms. Their orbitals are not aligned
parallel to the surface normal anymore, but tilted towards the
adatom orbitals instead [Fig. 6(d)]. Besides, one can observe
an accumulation of the charge density at the interface be-
tween the substrate and the adatom [see green shaded area in
Fig. 6(d)].

In comparison for the Co adatom on Mn/W(110)
[22,24,41], it has been shown that the majority spin channel
is characterized by a composite state of rotationally sym-
metric s, pz and dz2 orbitals, whereas the minority channel
is dominated by a double-lobed dyz orbital in the vicin-
ity of EF . Therefore, using SP-STM it is possible to dis-
play both spin channels independently and hence read out
the spin orientation of the Co adatom by a magnetic tip
[22,23]. However, our calculations reveal that the same cannot
be realized for the Fe adatom adjacent in the 3d row, at
least by imaging at typically small bias voltages, due to
the rotational symmetry of the orbitals which are visible in
the vacuum.
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FIG. 7. (a) Spin-resolved LDOS in the vacuum calculated 6 Å
above the Ni adatom on Mn/W(110) for an out-of-plane magneti-
zation direction, i. e., including SOC. The spin polarization of the
vacuum LDOS according to Eq. (2) is depicted in red. (b) Spin-
resolved LDOS of the s and pz states of the Ni adatom. (c) and
(d) Orbital decomposition of the LDOS of the Ni adatom in terms
of the majority (up) and minority (down) states as well as the orbital
symmetry of the d states. The orange up and down arrows indicate
majority- and minority-spin channels, respectively.

3. Ni adatom on Mn/W(110)

Next we consider the electronic structure of a single mag-
netic Ni adatom on the Mn/W(110) surface and compare
it with the previously presented density of states of the Co
adatom on the Mn monolayer on W(110). Ni possesses one
more electron in its 3d shell than Co and carries a much
smaller magnetic moment of +0.39 μB upon adsorption on
the Mn monolayer. This leads to a reduced spin splitting of
the states compared to the adsorbed Co adatom, which has
a magnetic moment of +1.61 μB. These differences with
respect to the occupation and magnetic moment can be clearly
seen in the LDOS of the Ni s, p, and d states in Figs. 7(b)–
7(d).
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The minority states are shifted towards lower energies
which can partly be explained by the above mentioned in-
creasing occupation of electrons and partly by the small spin-
splitting. As a result both majority and minority d states are
almost entirely occupied, and EF is dominated by pz and
s states. For instance, the minority state with dyz symmetry
which was found at EF of Co is shifted towards lower energies
by 0.3 eV in the case of Ni [Fig. 7(c)]. The same holds true for
a peak of minority dx2−y2 orbitals at 0.21 eV, which is located
at a higher energy for Co. The majority states below EF on
the other hand are likewise dominated by the large peak of the
hybrid s-pz-dz2 state around −0.71 eV which experiences a
splitting into two local maxima in the case of the Ni adatom.

The above mentioned two peaks also represent the most
noticeable feature of the vacuum LDOS in the occupied region
causing a maximum value in the spin polarization of +59% as
it can be seen in Fig. 7(a). Directly at EF the spin polarization
is in the same order of magnitude and can be attributed to pz

and s states only similar to the case of Co and Fe. As for the Co
and Fe adatom, the unoccupied energy range in the vacuum
is dominated by states of s and pz symmetry which leads
to positive and negative values in the spin polarization. For
example, this can be observed at approximately 0.26 eV where
a large component of minority bands exceeds the majority
curve thereby generating a spin polarization of up to −31%
according to Eq. (2). Further it should be noted that between
0.4 eV and 0.6 eV above EF the same two majority pz peaks
can be observed which are also present in the case of the Co
adatom on Mn/W(110).

4. Mn adatom on Mn/W(110)

Here we investigate the local density of states of a single
magnetic Mn adatom adsorbed on the Mn monolayer on
W(110). In comparison with the neighboring Fe and the
reference Co adatom, the 3d states of the Mn adatom are
characterized by an even larger spin splitting on the one hand
and less electronic occupation of the d shell on the other hand.

Figure 8(a) shows the spin-resolved vacuum LDOS calcu-
lated at 6 Å above the Mn adatom. As for the Fe adatom, it is
mainly dominated by peaks of majority states while the minor-
ity LDOS is flat and does not exhibit any special features. The
orbitally decomposed LDOS of Mn [Figs. 8(b)–8(d)] shows
that apart from the majority hybrid s-pz-dz2 state which is also
present at −0.92 eV for this adatom the vacuum LDOS is
mainly composed of states with s and pz character again. It
is also clear that the energetic positions of the unoccupied
majority s and pz bands are independent of the chosen 3d
TM adatom since there are no d states available for this spin
character in that energy range. Similar as for Fe adatom on
Mn/W(110), the spin polarization of the Mn adatom takes
large positive values caused by s and pz states and ranging
from 87% at −0.92 eV due to the presence of the majority
hybrid s-pz-dz2 state to 63% close to EF .

In addition, it is apparent by means of the orbitally decom-
posed LDOS of the Mn adatom that the majority 3d states
are almost entirely occupied. As discussed in Sec. III A, these
states are sharply localized in the energy interval between
−3 eV and −2 eV (see Fig. 2). In contrast to the Fe adatom,
here EF is predominated by minority states with dxz character.
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FIG. 8. (a) Spin-resolved LDOS in the vacuum calculated 6 Å
above the Mn adatom on Mn/W(110) for an out-of-plane magneti-
zation direction, i. e., including SOC. The spin polarization of the
vacuum LDOS according to Eq. (2) is depicted in red. (b) Spin-
resolved LDOS of the s and pz states of the Mn adatom. (c) and
(d) Orbital decomposition of the LDOS of the Mn adatom in terms
of the majority (up) and minority (down) states as well as the orbital
symmetry of the d states. The orange up and down arrows indicate
majority- and minority-spin channels, respectively.

The shift of the bands due to the different magnetic moment
and occupation is also clearly visible in this case. The peaks
with minority dz2 and dx2−y2 states, which are observed below
EF for the Fe adatom, are now moved by 0.6 eV towards the
unoccupied region. The same applies to the minority dyz state
dominating the EF of the reference adatom Co; it is located at
0.9 eV above EF in the case of Mn [see Fig. 8(c)].

5. Cr adatom on Mn/W(110)

Now we consider the electronic structure of a Cr adatom
on Mn/W(110). In contrast to the reference Co adatom, Cr
carries a much larger magnetic moment of −3.69 μB thereby
realizing an AFM alignment with its NN Mn atoms of the
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FIG. 9. (a) Spin-resolved LDOS in the vacuum calculated 6 Å
above the Cr adatom on Mn/W(110) for an out-of-plane magneti-
zation direction, i. e., including SOC. The spin polarization of the
vacuum LDOS according to Eq. (2) is depicted in red. Note that
majority and minority spin channels are defined with respect to the
NN Mn atoms to which Cr couples antiferromagnetically (cf. Fig. 2).
(b) Spin-resolved LDOS of the s and pz states of the Cr adatom.
(c) and (d) Orbital decomposition of the LDOS of the Cr adatom in
terms of the majority (up) and minority (down) states as well as the
orbital symmetry of the d states. The orange up and down arrows
indicate majority- and minority-spin channels, respectively.

Mn monolayer. The higher magnetic moment is accompanied
by an increased spin splitting of the 3d states, i.e., they are
expected to move further apart. As in the case of Mn, both the
larger spin splitting of the states and the reduced occupation
of the majority bands compared to the Co adatom become
evident in the LDOS of the Cr adatom shown in Figs. 9(c)
and 9(d). The minority bands are densely populated by states
of dx2−y2 , dz2 and a prominent peak of dyz symmetry for
the presented energy range in the case of the Cr adatom.
This behavior is different from the neighboring Mn adatom,
for which the similar majority states (since it is coupled

ferromagnetically with the NN Mn atoms) are already shifted
further below EF due to the increased electronic occupation.
The minority dxz bands dominating the Fermi level of Mn
[cf. Figs. 8(d)] can be found at higher energies between 0.2
and 0.5 eV in the majority channel in the case of Cr now. In
exactly the same way as for the previous investigated 3d TM
adatoms on Mn/W(110), the structure of the pz and s states
emerges in the vacuum LDOS at a height of 6 Å above the
Cr adatom leading to large negative values of −73% (due to
the AFM coupling) for the spin polarization in the vicinity
of EF [Fig. 9(a)]. The most prominent feature of the vacuum
density of states of the previous investigated adatoms—the
dominant majority hybrid s-pz-dz2 state—is missing in the
minority spin channel for the Cr adatom as it can be seen
from Figs. 9(a)–9(c). Though there is still a small peak of dz2

character at ≈ 0.1 eV above EF , it does not interact with the
pz states anymore, but rather with a minority dx2−y2 state at the
same energy.

6. V adatom on Mn/W(110)

The last adatom of the 3d series that we have investigated is
V. In bulk it is nonmagnetic but, as we have seen in Sec. III A,
it develops a magnetic moment of −1.54 μB upon adsorption
on the Mn/W(110) surface. Hence a spin splitting between
its 3d states can be observed due to hybridization with the
substrate. The spin resolved LDOS calculated in the vacuum
for this adatom is plotted in Fig. 10(a). It is mainly dominated
by pz and s states just below and above EF as evident from a
comparison with Fig. 10(b). Here contributions of both spin
channels become visible resulting in numerous oscillations in
the curve of the spin polarization. While this quantity is very
small directly at EF with values up to −38%, it also exhibits
a large positive value of 62% at 0.45 eV above the Fermi
level and large negative values of up to −66% in the occupied
regions.

In contrast to the neighboring Cr adatom, the Fermi level
of the V adatom is dominated by a prominent peak of minority
dyz states [see Fig. 10(c)], which can be found outside of the
presented energy region at ≈1 eV in the case of Cr. Since this
state decays quickly in the vacuum, it is not visible at a height
of 6 Å in the vacuum above the V adatom. The striking dyz

minority peak dominating the LDOS of Cr at −0.5 eV [see
Fig. 9(c)] is shifted to a higher energetic position of 0.8 eV
in the case of V, which can be attributed to both smaller spin
splitting and less electronic occupation.

Now we turn our focus again to the question whether both
spin channels of a single adsorbed 3d TM adatom on the
Mn/W(110) substrate can be identified independently in a SP-
STM experiment. Our calculations of the respective charge
densities close to EF have shown that just like for the Fe
adatom this is not possible for Ni, Mn, and Cr either. Even
though double-lobed dxz orbitals dominate the spin channels
of the Mn and the Cr adatom near EF [see Figs. 8(d) and
9(d)], they remain hidden in the vacuum due to overlap with
the s and the dz2 states. This aspect is exemplified for the Mn
adatom in Figs. 11(a) and 11(b) in which the top view at a
height of 3 Å in the vacuum shows spherical orbitals for both
spin channels.

However, for the V adatom [Figs. 11(c) and 11(d)] one
can observe the spherical and double-lobed structure found
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FIG. 10. (a) Spin-resolved LDOS in the vacuum calculated 6 Å
above the V adatom on Mn/W(110) for an out-of-plane magneti-
zation direction, i. e., including SOC. The spin polarization of the
vacuum LDOS according to Eq. (2) is depicted in red. Note that
majority and minority spin channels are defined with respect to the
NN Mn atoms to which V couples antiferromagnetically (cf. Fig. 2)
(b) Spin-resolved LDOS of the s and pz states of the V adatom.
(c) and (d) Orbital decomposition of the LDOS of the V adatom in
terms of the majority (up) and minority (down) states as well as the
orbital symmetry of the d states. The orange up and down arrows
indicate majority- and minority-spin channels, respectively.

in the SP-STM at small bias voltages for the majority and
the minority spin channel, respectively, seen in the case of
a Co adatom on Mn/W(110) [22,24,41]. As already shown
by means of the orbitally decomposed LDOS in Fig. 10(c),
the minority states of this adatom are characterized by a
prominent peak of dyz orbitals just below EF . A slice of the
charge density at its respective energetic position at a height
of 3 Å above the unit cell illustrates the characteristic double-
lobed structure along the [110] direction in the minority
spin channel, while a rotationally symmetric orbital becomes
visible for the majority states [see Figs. 11(c) and 11(d)].
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FIG. 11. (a) and (b) Spin-resolved partial charge density calcu-
lated at a height of 3 Å above the Mn adatom on Mn/W(110) in the
energy interval [EF , EF + 0.1 eV]. (c) and (d) Spin-resolved partial
charge density calculated at a height of 3 Å above the V adatom on
Mn/W(110) in the energy interval [EF − 0.15, EF − 0.05 eV]. Both
majority and minority spin channels are plotted on the same color
scale to ensure comparability of the two spin channels.

Hence, in SP-STM experiments with a magnetic STM tip the
spin orientation of the V adatom could likely be similarly
explicitly determined by means of the orbital shape.

C. TAMR of 3d TM adatoms on Mn/W(110)

In this section we discuss the TAMR effect driven by the
adsorption of 3d TM adatoms on Mn/W(110). As mentioned
previously in Sec. III B, we discuss the TAMR effect within
a small energy range (±1 eV) around EF which is typically
accessible to STM. We have chosen the single magnetic Fe
adatom and Mn adatom with significant magnetic moments to
demonstrate this effect in detail.

The experimentally observed TAMR is defined as
[(dI/dV )⊥ − (dI/dV )‖]/(dI/dV )⊥, where (dI/dV ) is the
differential conductance and ⊥ indicates a magnetization di-
rection perpendicular to the surface and ‖ indicates a magneti-
zation direction parallel to the surface. Within the framework
of the Tersoff-Hamann model [53,54], using the spectroscopic
mode of an STM, the differential conductance (dI/dV ) is
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directly proportional to the LDOS at the tip position in the
vacuum above the surface [55]. By measuring the LDOS at a
specific height z in the vacuum above an adatom with two dif-
ferent magnetization directions—perpendicular to the surface
[n⊥(z, ε)] and in-plane along the [110] direction [n‖(z, ε)]—
the value of the TAMR is calculated as

TAMR = n⊥(z, ε) − n‖(z, ε)

n⊥(z, ε)
× 100%. (3)

1. TAMR of Fe adatom on Mn/W(110)

Figure 12(a) shows the spin-averaged LDOS calculated
in the vacuum at a height of z = 6 Å above the Fe adatom
with two different magnetization directions: out-of-plane [per-
pendicular to the surface, n⊥(z, ε)] and in-plane [along the
[110] direction, n‖(z, ε)] [56]. Although both curves look very
similar, a closer inspection reveals several differences. The
most prominent difference can be observed around −0.75 eV.
Here the in-plane magnetization component is dominant over
the out-of-plane component leading to a negative value of
the TAMR of −20% [see Fig. 12(b)] according to Eq. (3).
More differences are observed in the energy range between
−0.41 eV and −0.33 eV leading to oscillatory TAMR values
ranging from −18% up to +14%. Around +0.1 eV, the
anisotropy of the vacuum LDOS exhibits a local minimum
of −20% again.

As already pointed out in Sec. III B the largest contribution
to the LDOS in the vacuum comes from dz2 orbitals besides
s and pz states due to their double-lobed structure along
the surface normal. Hence, the largest part of the TAMR is
created due to a modification of those states from the Fe
adatom, in particular from the 3d orbitals due to the nature
of the element, but also from a modification of the 4p states
as we will show below. In order to determine these orbital
contributions, the orbitally decomposed LDOS of the Fe 4p
and 3d states is shown in Figs. 12(c)–12(e) for both magne-
tization orientations. It is evident that the large peak of the
vacuum LDOS at −0.75 eV which is linked to a negative value
of the TAMR corresponds to the already discussed majority
dz2 state. At the same energy position a minority dxz state
with discernible changes between n⊥ and n‖ is also found
[Fig. 12(e)]. This observation hints at a spin-orbit-induced
hybridization between the two states generating the TAMR.
From Fig. 12(c) it becomes also clear that the local maximum
of the majority pz orbitals at −0.75 eV, which was already
found to hybridize with the majority dz2 state is likewise
affected by the rotation of magnetization at this energy. There
are also changes in the px states in this energy range as seen
in the shaded area of Fig. 12(c). We will show below that
the TAMR in the pz states can be explained by SOC-induced
mixing with the minority px states. Close to EF , the anisotropy
of the LDOS is created by the majority pz and dz2 states
as well whereas at higher energies above +0.4 eV only pz

states exhibiting a negligible TAMR dominate the vacuum
LDOS. The TAMR value becomes large around +1 eV which
is beyond the focus of the current investigation.

2. TAMR of Mn adatom on Mn/W(110)

Next we investigate the effect of SOC on the local
density of states of a single magnetic Mn atom adsorbed
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FIG. 12. (a) LDOS in the vacuum calculated 6 Å above the Fe
adatom on Mn/W(110) for out-of-plane (solid red line) and in-plane
(parallel to the [110] direction) magnetization directions (dashed
blue line). (b) TAMR effect obtained from the data presented in
(a) according to Eq. (3). (c), (d), and (e) Orbital decomposition
of the LDOS of the Fe adatom in terms of the majority (up) and
minority (down) states as well as the orbital symmetry of the p and d
states. Solid (dashed) lines correspond to the magnetization direction
perpendicular (parallel) to the surface plane. The orange up and down
arrows indicate majority- and minority-spin channels, respectively.
Prominent peaks of the LDOS which will be investigated by means of
a simple SOC model in Sec. III C 3 are highlighted by shaded areas.

on the Mn monolayer on W(110). In Fig. 13(a) the spin-
averaged vacuum LDOS calculated at 6 Å above the Mn
adatom is plotted for its two different magnetization direc-
tions. Again both curves almost coincide apart from a few
barely noticeable differences occurring between −0.9 eV
and −0.8 eV, −0.35 eV as well as −0.26 eV. These
changes correspond to a moderate TAMR with maximum
values ranging from −26% up to +18% below EF which is
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FIG. 13. (a) LDOS in the vacuum calculated 6 Å above the Mn
adatom on Mn/W(110) for out-of-plane (solid red line) and in-plane
(parallel to the [110] direction) magnetization directions (dashed
blue line). (b) TAMR effect obtained from the data presented in
(a) according to Eq. (3). (c), (d), and (e) Orbital decomposition
of the LDOS of the Mn adatom in terms of the majority (up) and
minority (down) states as well as the orbital symmetry of the p and d
states. Solid (dashed) lines correspond to the magnetization direction
perpendicular (parallel) to the surface plane. The orange up and down
arrows indicate majority- and minority-spin channels, respectively.
Prominent peaks of the LDOS which will be investigated by means of
a simple SOC model in Sec. III C 3 are highlighted by shaded areas.

slightly higher than for the Fe adatom due to the larger spin
splitting.

A closer look at the orbital decomposition of the LDOS
of the Mn adatom [see Figs. 13(c), 13(d), and 13(e)] re-
veals that the first peak in the TAMR at −0.9 eV origi-
nates from a shift of the dominant majority dz2 state to-
wards higher energies upon rotation of the magnetization
from out-of-plane to in-plane along the [110] direction. The

same behavior can be observed for the majority pz state
again at the same energetic position. The TAMR at the
above mentioned other energies is due to interactions between
dz2 and dxz states of both spin channels but also due to
magnetization-direction-dependent differences in the pz states
[Fig. 13(c)]. The anisotropy of the LDOS above EF taking
values from −18% to +20% at +0.11 eV and +0.37 eV,
respectively, can similarly be attributed to changes in the
dz2 states of both spin directions. Above +0.4 eV contribu-
tions from the pz states come into play again as for the Fe
adatom.

We have also investigated the TAMR for the other 3d
TM adatoms adsorbed on Mn/W(110) similar to the above
mentioned cases (not shown). Our calculations reveal that the
TAMR exhibits modest values for Ni ranging from −24% up
to +15%. Although Ni might have an increased SOC strength
compared to Fe and Co, the spin splitting between the orbitals
that can interact via SOC is significantly smaller due to the
small moment of 0.39 μB. Analyzing the electronic structure
influenced by SOC of a Cr and V adatom adsorbed on
Mn/W(110) we found moderate values for the anisotropy of
the LDOS as well. While the TAMR ranges from −27% up to
+16% in the case of Cr, it shows values of −17% up to +18%
for V. Thereby the V adatom exhibits the lowest anisotropy of
its LDOS in comparison with all the other 3d elements studied
in this paper which is in good agreement with its smallest SOC
constant.

3. Modelling the TAMR of 3d adatoms

The TAMR of 3d transition-metal adatoms on Mn/W(110)
can be explained using an analytically solvable tight-binding
model [37]. This model is described by the localized surface
atomic states interacting via SOC:

(E · 11 − H − �)G(E ) = 11. (4)

The diagonal elements of the Hamiltonian matrix, H , can be
written as follows:

H =
(

ε1 −t
−t ε2

)
, (5)

where ε1 and ε2 are the energies of the two states and t
is the hopping term between them depending on the spin-
quantization axis due to SOC. The non-Hermitian self-energy
matrix, �, in Eq. (4) can be described as follows:

� =
(

iγ1 0
0 iγ2

)
. (6)

The diagonal elements of the above matrix describe the
broadening of the peaks arising due to the hybridization of
the atomic states with the substrate. The diagonal elements
of the Green’s function matrix, G11 and G22, provide the
LDOS, n1(E ) and n2(E ), of the two above mentioned states,
respectively, and are given by

ni(E ) = − 1

π
Im(Gii(E )). (7)

We use the Fe and the Mn adatom on Mn/W(110) as
an example to illustrate the above mentioned model. Here
we consider two prominent peaks of states with different
orbital symmetry and spin orientation from the LDOS of
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TABLE III. Parameters (in eV) extracted from the DFT calcu-
lations for modeling the TAMR of an Fe and a Mn adatom on
Mn/W(110) within the tight-binding model. γ1 and γ2 describe the
broadening of the two adatom states under study, whereas ε1 and
ε2 are their respective energies. For the Fe d (p) states ε1 gives the
energy of the majority dz2 (pz) state and ε2 the minority dxz (px) state.
For the Mn p states ε1 denotes the majority px and ε2 the majority pz

state. t‖ and t⊥ represent the hopping term between them due to SOC
for a magnetization direction in-plane (‖) or out-of-plane (⊥).

γ1 γ2 ε1 ε2 t‖/t⊥

Fe d states 0.066 0.070 −0.754 −0.763 0/0.035
Fe p states 0.070 0.090 −0.754 −0.793 0/0.040
Mn p states 0.060 0.107 −0.343 −0.362 0.040/0

the DFT calculation, respectively. If both states are located
nearly at the same energy and their curves show similar
magnetization direction-dependent changes, they are likely
to hybridize by means of SOC if the HSOC matrix element
allows.

For the case of the Fe adatom, we examine the changes
induced in the LDOS of the dominant majority dz2 and mi-
nority dxz state at approximately −0.75 eV upon rotation of
the magnetization direction [see Figs. 12(d) and 12(e)]. Their
respective broadening and energetic positions are extracted
from the data of the DFT calculation and listed in Table III.
The dependence of the hopping term t on the magnetization
direction given by spherical coordinates (θ, φ), i.e., the mixing
of states with the above mentioned symmetry, is given by the

SOC matrix element [57]:

∣∣〈↑, d2
z

∣∣HSOC|dxz,↓〉∣∣ = ξ
1

2

√
3(cos2 φ + cos2 θ sin2 φ) (8)

with HSOC = ξL · S denoting the Hamiltonian of SOC, ξ is
the strength of this interaction. L and S are the operators of
the angular momentum and the spin, respectively. It vanishes
for an in-plane magnetization along the [110] direction (φ =
90◦, θ = 90◦) and becomes maximal for the out-of-plane
component (φ = 0◦, θ = 0◦). The strength of SOC for the 3d
transition metals studied in this paper is in the order of 20
to 70 meV [58], which is why the hopping term t is taken
as t‖ = 0 meV for the in-plane and t⊥ = 35 meV for the
out-of-plane magnetization direction.

The result of this simplified model for the Fe adatom on
Mn/W(110) is shown in Fig. 14(a). It is evident that the model
reproduces the LDOS of the two involved states calculated
by means of DFT [cf. shaded areas in Figs. 12(d) and 12(e)]
very well. The peaks of the modelled dz2 and dxz states are
enhanced for the in-plane magnetization direction compared
to the out-of-plane magnetization direction in agreement with
the symmetry of the mixing parameter t leading to a negative
TAMR of −26%.

In this model the anisotropy of the LDOS is evaluated
by taking only the majority dz2 state into account due to
its greater extent in the vacuum compared to the dxz state.
Nonetheless the sign of the TAMR matches the results of DFT
from the vacuum in an energy window between −0.82 eV
and −0.65 eV which is highlighted by the red dashed line.
Outside this small energy range the LDOS curve from the
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DFT calculation is much more complicated since it covers
interactions from more than two states which cannot be de-
scribed accordingly by this simplified model. As the model
TAMR also neglects the influence of the minority dz2 states (as
well as the pz orbitals) at this position, its magnitude exceeds
the maximum value of −20% from the DFT calculation
which is lower due to canceling effects between the two spin
channels. At this point we emphasize that the present system
thereby shows not only a spin-orbit-induced mixing of states
with different orbital symmetry but additionally a spin mixing
between majority and minority channel.

A similar model calculation can be applied to the majority
pz state of the Fe adatom exhibiting the same magnetization-
direction-dependent changes of the LDOS at the same energy
position [see shaded area in Fig. 12(c)]. The SOC matrix
element describing an orbital and spin mixing between p
states with different symmetry takes the form [40]

|〈↑, pz|HSOC|px,↓〉| = ξ

√
cos2 φ + cos2 θ sin2 φ. (9)

As in the case of the matrix element for the 3d states, it
vanishes for an in-plane magnetization direction and yields
a nonzero value for the out-of-plane magnetization along
the surface normal. Note that a mixing between py and pz

orbitals is not possible on the Mn/W(110) surface for the
two considered magnetization directions under study due to
the form of the matrix elements. The model calculation for
the Fe p states shown in Fig. 14(b), using values of t‖ = 0
meV and t⊥ = 40 meV, is again in good agreement with
the DFT calculation from Fig. 12(c). The peaks for both
majority pz and minority px states are enhanced for the in-
plane magnetization compared to the out-of-plane component
causing a negative TAMR that matches with the DFT result
not only in sign and order of magnitude but also in energetic
position [see Fig. 14(e)]. This observation supports the idea of
a hybrid pz-d2

z state. Under the influence of SOC it then also
hybridizes with p and d states of different symmetry and as a
consequence both types of orbitals contribute to the TAMR.

Similar to the case of an Fe adatom and consistent with
previous observations in Sec. III B 4 concerning the spin po-
larization, the TAMR of a Mn adatom on the Mn/W(110) sur-
face can be explained by magnetization-direction-dependent
mixing of p orbitals of the adatom dominating at energetic
positions closer to EF . Proceeding in the same way as before,
we consider two peaks of majority px and pz states at approx-
imately −0.35 eV this time [see shaded areas in Figs. 13(c)].
Their broadening and energies calculated from the DFT are
listed in Table III and the matrix element describing only
orbital mixing via spin-orbit interaction between states of the
mentioned orbitals is now given by [40]

|〈↑, pz|HSOC|px,↑〉| = ξ sin θ sin φ. (10)

It vanishes for the out-of-plane magnetization direction
(φ = 0◦, θ = 0◦) and becomes maximal for the in-plane mag-
netization direction aligned to the [110] direction (φ = 90◦,
θ = 90◦). The strength of SOC is in the same order as for
the Fe adatom. Therefore, the mixing parameter, t , is taken
as t⊥ = 0 meV for the out-of-plane magnetization direction
and t‖ = 40 meV for the in-plane magnetization direction,
respectively. The resulting model is illustrated in Fig. 14(c).

Again the LDOS of the two states is in good agreement
with the results of the DFT calculation [cf. Figs. 13(c)]
with the peaks for the out-of-plane magnetization direction
being enhanced and slightly shifted in energy compared to
the in-plane magnetization direction in accordance with the
values of the mixing parameter t . This behavior leads to a
positive TAMR of +20% at −0.35 eV for the pz state thereby
slightly exceeding the maximum value of +18% at −0.36 eV
calculated by DFT.

Consequently the simplified model of two localized atomic
surface states demonstrates that the TAMR for Fe and Mn
adatoms on Mn/W(110) is generated by a spin-orbit-induced
hybridization between 3d and 4p states of different orbital
character and different spin for the case of an Fe adatom and
4p states with different orbital, but same spin character for the
case of a Mn adatom.

IV. CONCLUSION

In summary, we have presented a systematic investigation
of the electronic structure, magnetic properties, and spin
polarization in the vacuum for the adsorption of single 3d
TM adatoms on a Mn monolayer on W(110) by means of
first-principles density functional theory calculations. Apart
from that, we also studied the TAMR for the 3d TM adatoms
adsorbed on Mn/W(110). The natural noncollinear magnetic
ground state of the Mn/W(110) surface which takes the form
of a cycloidal 173◦ spin spiral has been approximated locally
as a collinear antiferromagnet to examine its interaction with
the adsorbed adatoms. The calculation of the TAMR has been
restricted to two limiting cases of the magnetization direction
of the respective adatom: (1) perpendicular to the surface
(out-of-plane) and (2) parallel to the [110] (in-plane) direction
which presents the propagation direction of the spin spiral.
To benchmark our results, we have considered the adsorption
of Co adatom on Mn/W(110). Our calculated results match
well with the previously published results of Co adatom on
Mn/W(110) [41].

Our analysis of the calculated electronic structure and
magnetic properties indicates that the ferromagnetic coupling
between the adsorbed 3d TM adatoms and the NN Mn atoms
is energetically favorable in case of Mn, Fe, Co, and Ni,
whereas for V and Cr the antiferromagnetic alignment has
lower energy. Additionally it becomes clear that the magnetic
moments of the 3d TM adatoms follow the trend of Hund’s
first rule with Mn in the middle of the series exhibiting the
largest moment. We also observe strong hybridization be-
tween the 3d TM adatoms and the Mn atoms of Mn/W(110)
surface. Large values of the spin polarization of the LDOS at
the surface as well as in the vacuum have also been observed
due to the strong hybridization. While the 3d states of the
adatom mainly contribute to this quantity further away from
EF owing to their large spin splitting, pz and s states dominate
at EF in the vacuum causing high positive values of spin po-
larization up to 63% for Mn, Fe, Co, and Ni. Due to the AFM
coupling with the NN Mn atoms, states of the same symmetry
lead to large negative values in the spin polarization of up to
−73% in the case of Cr and V. Furthermore, differences with
respect to the orbital occupation and spin splitting are clearly
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discernible by means of prominent peaks being shifted in the
LDOS of the respective adatom.

Due to their small atomic number all adatoms exhibit
only a slight anisotropy of the LDOS leading to only modest
values of the TAMR. In case of the Fe adatom, TAMR rises
up to 20% at 0.75 eV below EF , whereas for V adatom
even smaller maximum values of 18% were detected owing
to the smallest atomic number of all studied adatoms. The
largest TAMR value of 27% was obtained for the Cr adatom
in accordance with its large magnetic moment. In all cases
the largest contribution to the TAMR can be attributed to a
magnetization-direction-dependent modification of dz2 and pz

orbitals since states of this symmetry mainly preponderate in
the vacuum.

The origin of the TAMR effect occurring for the 3d el-
ements can be explained on the basis of a simplified model
considering two localized atomic surface states of different
orbital symmetry that interact via SOC. Especially for an Fe
and a Mn adatom adsorbed on the Mn/W(110) surface it
can be ascribed to a spin-orbit-induced hybridization between

majority dz2 and minority dxz states and majority pz and
minority px states in the former case and to a hybridization
mediated by SOC only between majority px and pz states for
the latter. In contrast to previous work on the TAMR of 3d
transition-metal adatoms [37,41] we find both SOC induced
mixing of opposite spin channels and a significant effect of p
states to the TAMR.

Furthermore, our analysis of the 3d transition-metal
adatom partial charge densities in the vicinity of the Fermi
energy have shown that the spin orientation of the respective
adatom can be distinguished in SP-STM experiments at low
bias voltages for the case of the V and Co adatom only.
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