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Abstract
Scanning tunnelling spectroscopy (STS) of thin Fe films on W(110) shows that
the electronic structures of magnetic domains and domain walls are different.
This experimental result is explained on the basis of first-principles calculations.
A detailed analysis reveals that the spin–orbit induced mixing between minority
dxy+xz and minority dz2 spin states depends on the magnetization direction
and changes the local density of states in the vacuum detectable by STS.
The effect scales in second or fourth order with the magnetization angle
relative to the easy axis. Our finding implies that nanometre-scale magnetic
structure information can be obtained even by using non-magnetic probe tips.
Magnetization dependent measurements show that the canting of adjacent spins
has no major influence on the electronic structure of the sample.

1. Introduction

As already proposed in the 1930s [1–3] magnetocrystalline anisotropy is mainly caused by the
relativistic interaction between the electron spin and the electron’s orbital angular momentum,
better known as spin–orbit coupling (SOC). As a consequence the total energy of a magnetic
sample depends on its magnetization direction. By convention the ‘easy (hard) axis’ is
determined by the magnetization direction at which the total energy is minimized (maximized).
In the past the band structure of thin ferromagnetic films has been analysed theoretically by
several groups in order to identify the electronic origin of the magnetic anisotropy [4–8]. It
was found that the electronic structure of ferromagnetic transition metals depends on whether
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the sample is magnetized along its easy or hard axis because of 3d-band degeneracies which
are lifted by SOC for one magnetization direction but not for the other [8].

However, the dependence of the electronic structure on the magnetization direction has
never been confirmed experimentally by, e.g., angular resolved photoelectron spectroscopy,
mainly due to the incompatibility of the experimental setup with the strong external magnetic
field which is necessary to force the magnetization of the entire sample into the hard directions.
We have chosen a different approach: by combining the high spatial resolution of scanning
tunnelling microscopy with spectroscopic techniques we are able to detect the electronic
structure of the sample locally. Since the tunnelling current of a scanning tunnelling microscope
(STM), I (êM (r‖), r‖, U), depends on the electronic structure of the sample we immediately
expect that I depends on the magnetization direction êM(r‖) of the sample. According to the
model of scanning tunnelling spectroscopy (STS) by Tersoff and Hamann [9] the differential
conductivity,

G(r‖, U) = d I

dU

∣∣∣∣(r‖, U) ∝ n(r‖, z, ε = EF + eU), (1)

is proportional to the local density of states (LDOS) n of the sample at the lateral, r‖, and
vertical, z, position of the tip at the energy of the bias voltage U , measured from the Fermi
energy EF. In the case of a magnetic sample the wavefunction of the sample is described by
a spinor which is diagonalized by a majority ψ↑|↑〉 and a minority ψ↓|↓〉 spinor if the spin
coordinate axis is parallel to the magnetization axis êM and the SOC is omitted. Including the
SOC in first-order perturbation theory, the change in the wavefunction ψk‖ν of state |k‖ν〉 is
proportional to the expectation value 〈HSO〉〈σ,k‖ν|ls|σ ′k‖ν ′〉 of the spin–orbit Hamiltonian.
The orbital part of the matrix element 〈ls〉 depends on the magnetization direction and can
mix now majority and minority states as well as orbitals of the same spin channel, but of
representations which had been orthogonal without SOC. The different representations can
contribute quite differently to the tunnelling current. For example a slowly dispersing dz2

state has a large tunnelling cross section, while an in-plane xy state has a small one. Thus
we can divide the LDOS into a term n0 independent of and a term �n(êM) dependent on
the magnetization direction: n(êM) = n0 + �n(êM). For a system with uniaxial anisotropy
�n(êM) ∝ sin2 ϕ, where ϕ is the angle between the magnetization direction and the easy axis.

Due to the high spatial resolution of STM we can make use of the intrinsic magnetic
domain and domain wall structure of a sample in the remanent state, which immediately
supplies regions oriented along the easy and hard anisotropy axes, respectively. We have
chosen the Fe double layer (DL) on W(110) as a model system since its structural, electronic
and magnetic properties are well known from prior spatial averaging [10–14] and local probe
measurements [15–24] as well as from theoretical investigations [25, 26]. For example, it was
recently found [23, 24] that smooth 1.5–2 monolayer (ML) thick Fe films grown on a low
miscut W(110) substrate exhibit a distinct perpendicular magnetic stripe domain phase with
a lateral periodicity of about 45 nm. Indeed, we found experimentally that the differential
conductivity of the Fe DL on W(110) changes by of the order of 6% depending on whether
the magnetization is directed along an easy or hard axis. This observation is corroborated
by means of first-principles calculations. From a detailed analysis of the electronic structure
we deduce how the signature of the magnetization direction is imprinted via the spin–orbit
interaction. Our analysis reveals that the SOC of otherwise orthogonal bands leads to the
formation of a small hybridization gap. This mixing of minority dz2 and minority dxy+xz states
enhances the vacuum LDOS for one direction of the magnetization.

As an important implication of this effect the magnetic nanostructure of surfaces can be
investigated with a conventional non-magnetic tip. An alternative but experimentally very
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demanding method to obtain magnetic contrast which to our knowledge has not yet been
implemented has been proposed by Bruno et al [27, 28] who suggested a two-terminal tip
design to measure the spin asymmetry in the tunnelling conductance due to the spin–orbit
scattering in the tip. The use of a nonmagnetic tip has the advantages that

(i) there is definitely no magnetic interaction between tip and sample which can conflict with
the original magnetic state of the sample and

(ii) the preparation of a magnetic tip is omitted.

2. Experimental setup and calculational details

The experiments were performed in a five-chamber ultra-high vacuum (UHV) system with
separate chambers for sample and tip distribution, substrate preparation, thin film deposition,
conventional surface analysis (low energy electron diffraction, Auger electron spectroscopy
etc) and low temperature STM using a home built instrument [29]. During the STM
measurements the tip and the sample are held at a temperature T = 14 ± 1 K. A
superconducting magnet supplied a magnetic field normal to the surface plane. Tips were
prepared by electrochemically etching a polycrystalline W wire. Upon introduction of the tip
into the UHV system via a load lock the tip is briefly heated at a temperature T � 2200 K
to remove tungsten oxides. For spin-sensitive experiments the tips were coated by a thin film
of ferromagnetic material. The substrate is cleaned by cycles of oxidation at T = 1500 K
and subsequent high temperature flashing (T � 2200 K) [30]. Fe films are grown by thermal
evaporation from an Fe wire at a pressure p � 2 × 10−10 mbar onto the substrate held at
T ≈ 500 K. All topographic STM data were recorded in the constant current mode. The
tunnelling spectra presented here were acquired by scanning the sample and measuring one
d I/dU spectrum at every pixel. After switching off the feedback loop an ac component
(Umod � 10 mV, ν ≈ 2 kHz) is added to the gap voltage U which is ramped linearly, and 150
values of the lock-in signal are acquired. At the end of the ramp the modulation is switched
off and the feedback is reactivated. In contrast, maps of the differential conductivity d I/dU
at a particular voltage U are measured with an active feedback circuit.

To interpret the experiments we have performed first-principles calculations based on the
density functional theory. Using our FLEUR code which is an implementation of the full-
potential linearized augmented plane wave (FLAPW) method in the film geometry [31, 32]
including the SOC second variational procedure we have calculated the electronic structure
of 2 ML Fe/W(110) as a function of the magnetization direction. The films consisted of five
layers of W and two layers of Fe on each side of the film. For the structural model we used the
experimental W lattice constant (a0 = 3.167 Å) and relaxed the Fe layers by force calculations
applying the generalized gradient approximation (GGA) [33]. Electronic structure calculations
including spin–orbit interactions were carried out using the local density approximation (LDA)
in the parametrization of Moruzzi et al [34]. Recently, this model provided a detailed
understanding of the unusual magnetic reorientation transition of this system as a function
of the film thickness. The structural optimization to determine the equilibrium interlayer
distances was carried out neglecting the spin–orbit interaction. 33 special k‖ points in the
irreducible wedge of the two-dimensional Brillouin zone (I-2D-BZ) (one-quarter of the BZ)
of the chemical unit cell were used. The spin–orbit dependent contribution to the tunnelling
current was described with a much larger set of k‖ points (mentioned in the text individually)
in the magnetic I-2D-BZ (one-half of the BZ).
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Figure 1. Averaged tunnelling dI/dU spectra of the Fe DL on W(110) as measured with (a) a
clean W tip, (b) an out-of-plane sensitive Gd coated tip and (c) an in-plane sensitive Fe coated tip.
With magnetic tips a significant variation of the spectral intensity is found at different locations of
the sample. These differences are responsible for the contrast in SP-STM images and are caused
by SP tunnelling between the magnetic tip and the magnetic sample.

3. Results and discussion

The most widely used theory of STM has been developed by Tersoff and Hamann [9]. In
the framework of this theory the STM is sensitive to the local density of electronic states
(LDOS) which evanesce from a conducting surface out to the position of the atom at the
tip apex. Constant current topographs simply represent the contour of a constant energy
integrated LDOS. By means of spectroscopic techniques it is possible to get access to the
differential conductivity d I/dU which—at sufficiently low sample bias U—is proportional
to the energy resolved LDOS [9]. Since conventional non-magnetic tip materials6, e.g., W
and PtIr, exhibit no spin polarization at the Fermi level both spin channels contribute equally
to the total tunnelling current and the measured differential conductivity represents the spin
averaged LDOS. As already mentioned above this paper will focus on 2 ML Fe/W(110), the
so-called Fe DL, the structural, electronic and magnetic properties of which we know very
well. Figure 1(a) shows an average of several hundred Fe DL spectra as measured with a clean
W tip. The spectrum exhibits two main features: a relatively weak peak at a U = −0.08 V
and a much stronger peak at U = 0.7 V. As will be discussed in more detail below comparison
with theory reveals that these peaks are caused by two dz2 states.

6 In this context the term ‘non-magnetic’ denotes dia-or paramagnetic materials which, in contrast to ferromagnets,
exhibit no spin polarization at the Fermi level.
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Figure 2. Rendered perspective representation of SP-STM data showing the topography (height)
and the magnetic dI/dU signal (grey scale) of 2.0 ± 0.05 ML Fe/W(110) as measured with
different tips resulting in (a) out-of-plane and (b) in-plane contrast. Top view images of the dI/dU
signal are also presented as insets. Stripe domains with a perpendicular magnetization run along
the [11̄0] direction. They are separated by domain walls of alternating magnetization direction.
The line sections (bottom panel) reveal a periodicity of about 45 nm. The measurement parameters
were (a) I = 0.3 nA, U = −0.45 V and (b) I = 0.3 nA, U = +0.70 V.

The experiment becomes spin sensitive if a magnetic tip material is used. Then, the
differential conductivity can be written as [35]

d I

dU
(r‖, U)SP = G(1 + PT PS cos ϕ), (2)

where G = d I/dU(r‖, U)SA is the spin averaged differential conductance, PT = PT(EF) is the
spin polarization of the tip at the Fermi energy and PS = PS(EF +eU) is the spin polarization of
the sample at the energy EF + eU . The spin polarizations of the tip and the sample are defined
as PS,T(E) ≡ (n↑

S,T(E) − n↓
S,T(E))/(n↑

S,T(E) + n↓
S,T(E)) with n↑

S,T(E) and n↓
S,T(E) being the

density of states of majority and minority electrons,respectively. The angle ϕ = ϕ( 
MT, 
MS(
r))

is enclosed by the tip magnetization 
MT and the local sample magnetization 
MS(
r) below the
tip apex. On an electronically homogeneous surface, G(r‖) and PS are independent of the
location r‖. Therefore, any lateral variation of the d I/dU signal is caused by the cos ϕ term,
which—at a fixed tip magnetization direction—is directly connected to the local orientation
of the sample magnetization 
MS(r‖). Figures 1(b) and (c) show d I/dU spectra of the Fe DL
on W(110) which have been measured with an out-of-plane sensitive Gd tip and an in-plane
sensitive Fe tip, respectively, on different locations of the Fe DL which gave a high asymmetry
in the spectra. Since the Fe DL on W(110) exhibits a perpendicular anisotropy a non-zero
cos ϕ term in equation (2) must originate from domains if a Gd coated tip is used and from
domain walls for an Fe coated tip. As indicated in equation (2) the strength of the measured
asymmetry scales with the product of the spin polarization of tip and sample and therefore
varies for different tips [19].

Figure 2 shows spin polarized (SP) STM data revealing the structural and magnetic
properties of the Fe DL as epitaxially grown on a W(110) substrate with an average terrace
width of 25 nm. After preparation the sample exhibits a macroscopically demagnetized state
by periodically changing the magnetization direction between up and down. Figure 2(a),
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which has been measured with a perpendicularly sensitive tip, shows that this is accomplished
by the formation of stripe domains running along the [11̄0] direction. As best visible in the
line section of figure 2(a) (bottom panel) the measured magnetic periodicity amounts to about
45 nm. The orientation of the domain walls can be studied with an in-plane sensitive tip
(figure 2(b)). Obviously, the magnetization direction alternates between opposite directions
for adjacent domain walls. Since, however, we do not know the azimuthal orientation of
the tip magnetization in our experimental setup we cannot determine experimentally whether
the magnetization in the centre of the wall points in the [001] or in the [11̄0] direction, i.e.,
whether the domain walls are Néel or Bloch walls. For domain walls in ultra-thin out-of-plane
magnetized films it is energetically favourable to rotate the magnetization vector parallel to the
wall plane (Bloch type) thereby avoiding magnetic charges. In this particular case a Bloch-type
wall is also supported by the anisotropy of the Fe DL at higher temperature (T � 160 K) where
the easy axis switches into the [11̄0] direction, too [13]. The lower panel of figures 2(a) and (b)
shows line profiles which have been measured across three domain walls. As indicated by the
arrows the measured line profiles can be fitted by three winding 180◦ Bloch walls [21] using a
standard wall profile sin(ϕ(x)) = tanh((x − x0)/(w/2)) [36] with a wall width of w = 7 nm
and a distance between wall centres of 23 nm.

Surprisingly, the magnetic structure of the sample can be imaged with a non-magnetic
tip, too, which is not expected on the basis of equation (2). Figures 3(a) and (b) show the
topography and the d I/dU map at U = +50 mV of 1.75 ± 0.1 ML Fe/W(110). In other
words, 75% of the W(110) substrate are covered with an Fe DL while 25% are covered with an
ML of Fe. Since the ML exhibits a lower (spin averaged) differential conductivity (lower G in
equation (2)) than the DL at this particular bias voltage, the former appears dark in figure 3(b).
Two dislocation lines running along the [001] direction appear on the DL approximately in the
centre of the image. While they are only weakly visible in the topography as 0.1–0.2 Å high
elevations, intensive dark lines can be recognized in the d I/dU map of figure 3(b), representing
a change of the local electronic properties caused by local relaxation [17]. In the context of this
article the most important feature is the periodically arranged dark lines in figure 3(b) which
run along the [11̄0] direction and which immediately remind us of the domain wall structure
as imaged by means of SP-STS with an Fe coated tip (figure 2(b)). However, in contrast to
the results of figure 2(b), the periodicity now amounts to 20–25 nm, i.e., half the periodicity
measured with a magnetic tip, and all domain walls exhibit the same contrast. In order to
get some insight into the origin of this contrast we have performed tunnelling spectroscopy
in the sample bias range −0.6 V � U � 1.0 V. As revealed by the local tunnelling spectra
(figure 3(c)) this contrast is caused by a tiny difference which is energetically located just above
the Fermi level (see inset): while the d I/dU spectrum measured with the tip positioned above
the domain exhibits a weak peak at U = 0.07 V, this peak is almost absent in the domain wall
spectra. This is further illustrated by the plot of the normalized difference

A(r‖, U) = G(r‖, U) − G(r̄‖, U)

G(r‖, U) + G(r̄‖, U)
, (3)

where r‖ (r̄‖) is the position of a domain (domain wall). The result is plotted in the lower
panel of figure 3(c). However, if the normalized difference is calculated on the original data
(as measured), a pronounced oscillation can be found just below the Fermi level, i.e. at small
negative sample bias. As we will understand later by comparison with theoretical data this
oscillation is not caused by any additional or missing spectroscopic features in the domain
wall d I/dU spectrum with respect to the spectrum measured at domains but by an overall
energetical shift �E = 11 meV. The physical origin is different work functions in domains
and domain walls as already proposed in [4–6]. It can be corrected by shifting the domain
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Figure 3. (a) Topography and (b) simultaneously measured dI/dU map at U = +50 mV of
1.75 ± 0.1 ML Fe/W(110). Periodically arranged dark lines running along the [11̄0] direction
are visible. The measured periodicity is half the magnetic periodicity as determined in figure 2
indicating that the contrast is caused by different (spin averaged) electronic properties of domains
and domain walls. (c) Comparison of tunnelling spectra measured above domains and domain walls
reveals that the contrast in (b) is caused by a small peak at U = +70 mV which is absent above
the domain walls. The domain wall spectrum is shifted by + 11 mV with respect to the domain
spectrum. The voltage bias dependent normalized difference between both spectra is plotted in the
lower panel. A strong oscillation occurs around the Fermi level.

wall spectrum by −�E . After this procedure the oscillation below EF has almost perfectly
disappeared.

In order to understand the reason for the changes in the ST spectra we have performed
first-principles calculations of the electronic structure of 2ML Fe/W(110). From the model of
Tersoff and Hamann we know that the vacuum LDOS should compare directly to the measured
differential conductivity as stated before. Figure 4 shows the calculated vacuum LDOS, n(E),
at a tip–sample distance of about 14 Å for two different magnetization directions of Fe: out
of plane, representing the magnetization state (full curve) in the domain, and in plane along
the [11̄0] direction (dashed curve) as a model of the magnetization in the domain wall. There
is a nice agreement of this plot with the experimental data of figure 3. We find two dz2 states
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Figure 4. Calculated LDOS at about z = 14 Å above the surface of the Fe DL on W(110). The
solid (dashed) curve in the upper panel shows the LDOS with the magnetization perpendicular
to the film surface (in the film surface along the [11̄0] direction). The lower panel displays the
normalized difference. For the calculation 3600 k‖ points have been used in a square centred at �

with an area covering 25% of the BZ (see figure 6).

from the Fe DL leading to pronounced peaks at −0.18 and +0.85 eV. These states are located
at the � point of the 2D-BZ and therefore they are easily detectable by STS [37]. In fact,
they can be identified with the peaks at −0.08 and +0.7 V which have been found in the
experimental spectra shown in figure 1(a). The distinct shoulder at +0.35 eV in the calculated
vacuum LDOS falls off much more rapidly with increasing distance from the surface than
the dz2 states which is probably the reason why it is absent in the experimental data. A spin
analysis reveals that the peaks are caused by electronic states of minority character (neglecting
the small spin mixing due to the spin–orbit interaction). A closer look (cf inset in figure 4)
reveals a significant enhancement of the LDOS for the out-of-plane magnetized film within the
energy range −50 meV � E � +150 meV. The lower panel of figure 4 shows the normalized
difference. Three peaks centred at about −300, +60 and +350 meV can be recognized. The
most pronounced peak at +60 meV in the normalized difference is in very nice agreement
with the experimental observation (cf figure 3(c)). Even the smaller peak at −300 meV is
in accordance with the experimental findings. The peak at +350 meV, on the other hand, is
related to the calculated LDOS shoulder and thus absent in the experimental data.

One can find the origin of the changes in the LDOS by analysing the different contributions
in k‖ space for the two directions of the film magnetization. The upper panels of figure 5 show
plots of the k‖-resolved contributions over the 2D-BZ of the minority projected part of the
LDOS for the out-of-plane direction while the lower panels display the difference between
out-of-plane and in-plane magnetization directions. Five different energies in the interval
−50 meV � E � +150 meV have been selected7. For the LDOS at large distances from the
surface only states in the vicinity of the � point give a considerable contribution. Thus we can
concentrate on a small circle around the � point. We can see that with increasing energy of the
plots a bright spot at the � point indicating a large LDOS contribution first appears and then
disappears again. The other major contribution to the LDOS is related to two stretched spots

7 All states have been smeared by a Gaussian function with half width at half maximum of 50 meV. This broadening
does not reflect thermal effects—as we described above the spectroscopic measurements have been performed at low
temperature (T = 14 ± 1 K)—but smoothens the results to compensate for the use of a finite k‖ mesh.
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Figure 5. Calculated LDOS above the perpendicularly magnetized Fe DL on W(110) (top panel)
and difference between the LDOS for out-of-plane and in-plane magnetization directions (bottom
panel) plotted for five different energies −50 meV � E � +150 meV. As can be recognized in
the top left view of the surface Brillouin zone the point ‘P’ lies at about 1/3 �H. Red (yellow)
represents an enhancement (reduction) of the density of states. 6000 k‖ points have been used to
sample the disc.

(This figure is in colour only in the electronic version)

at the inner circle in the �P direction. They shift a little outwards with increasing energy. As
we will show below in figure 6 this is due to the dispersion of the responsible band. If we now
focus on the difference plots, i.e. the lower panels of figure 5, we observe that at the Fermi
energy E = EF and 50 meV above it the higher (2D BZ integrated) out-of-plane LDOS can
be related to (red) spots at the inner circle in the �P direction8. At the other energies there is
only a negligible 2D BZ integrated difference between the two magnetization directions as we
have also concluded from figure 4.

With the additional information from the k‖ space resolved LDOS that the origin of the
LDOS change comes from an effect in the �P direction we can clarify the electronic origin
from a band structure plot along that direction presented in figure 6. A vertical line in the plots
indicates the position of the inner circle of figure 5 for comparison. In figure 6(a) the spin–orbit
interaction is turned off, and majority and minority states diagonalize the Hamiltonian. We
find that in the k‖ region of interest, i.e. at the inner circle, three minority state bands cross

8 The differences at the centre circle in the direction perpendicular to �P are due to bands shifted a little in k‖ space.
Thus the positive and negative contributions compensate after integration over the 2D-BZ.
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Figure 6. Comparison of the band structure of the Fe DL on W(110) along the line �P (cf figure 5)
(a) without and (b) with spin–orbit interaction. In (a) the full (dot–dashed) curve represents the
minority (majority) bands. The region of interest is shown at higher resolution in the inset. The
vertical lines at about 1/3 �P indicate the radius of the inner circle of figure 5. 400 k‖ points along
�P have been used to plot the band structure.

at the Fermi energy. One is rising while two nearly degenerate ones are falling. While the
rising band is of dz2 character, the two others consist of states which are linear combinations
of dxy and dxz orbitals. Note that states with dxy and dxz orbital character contribute only by
a negligible amount to the vacuum LDOS, and dz2 states often dominate the vacuum LDOS.
Since the dz2 band in figure 6(a) (without SOC) is rather steep it contributes only little to the
LDOS above the sample surface. However, depending on the magnetization direction the SOC
can mix the three crossing bands. As one can see in the inset of figure 6(b) the mixing occurs
in the case of out-of-plane magnetization direction leading to a hybridization gap between one
of the dxy+xz bands and the dz2 band. The introduction of this gap changes the dispersion of
the dz2 state (making it even flat at the hybridization gap) upon changing the magnetization
direction which explains the detected enhancement of the LDOS in the STS.

Figures 7(a) and (b) show the topography and the d I/dU map at U = +50 mV of
1.8 ± 0.1 ML Fe/W(110), respectively. It becomes apparent from the line section (figure 7(c))
which has been drawn along the line in figure 7(b) that the wall profile is significantly narrower
than in the SP measurements (figure 2(c)). This finding is easily comprehensible if we bring
to mind that the magnetocrystalline energy density and therefore �n(êM), which both have
their origin in the SOC, of a uniaxial magnetic material scale with sin ϕ2, while—according
to equation (2)—the projection of the magnetization as measured with a magnetic tip scales
with sin ϕ, where ϕ is the angle between the magnetization 
MS(
r) and the film normal. We
have tried to fit the domain wall profile of the wall which is marked by an arrow in figure 7(c)



Spin–orbit induced local band structure variations revealed by STS S689

Figure 7. (a) Topography and (b) dI/dU map at U = +50 mV of 1.8 ± 0.1 ML Fe/W(110).
(c) Line section of the dI/dU signal drawn across five domain walls along the line in (b). (d) The
domain wall marked by an arrow in (c) has been fitted with (sin ϕ)n , n = 1, 2 and 4. We have
assumed a domain wall width w = 7 ± 1 nm. A reasonable agreement is achieved for n = 2 and 4.

and which is plotted on an expanded lateral scale in figures 7(d) by the function

y(x) = y0 + ysp

∣∣∣∣sin

{
arcsin

[
tanh

(
x − x0

w/2

)]
+ π/2

}∣∣∣∣
n

, (4)

where y(x) is the d I/dU signal measured at position x , x0 is the position of the domain wall,
w is the wall width and y0 and ysp are the spin averaged and SP d I/dU signal. For n = 1 the fit
function reduces to the standard domain wall profile as measured with a magnetic tip [24] and
described by continuum micromagnetic theory [36]. Obviously, using a domain wall width
w = 7 ± 1 nm the data cannot be fitted satisfactorily for n = 1: as expected the resulting
theoretical profile is much wider than the experimental data. Surprisingly, even for n = 2 the
fit is still slightly wider than the measured profile. Therefore, we have also included a fit for
n = 4. Now, the fit is slightly narrower than the measured profile which may be caused by
a non-vanishing lateral decay length of the involved electronic states. We have to conclude
this part by the statement that on the basis of the experimental data available we are currently
not able to determine the exponent n precisely. It may have any value between n = 2 and 4.
We have, however, performed further calculations in order to control how sensitive the spin–
orbit induced effects on the electronic structure are to the tilt angle of the magnetization with
respect to the out-of-plane direction. We have taken three intermediate steps: ϕ = 22.5◦,
45◦ and 67.5◦. While the reduction in the LDOS above the Fermi energy is below the limits
of uncertainty for ϕ = 22.5◦, it was significant for ϕ = 45◦ and 67.5◦ which explains—
compared to the result obtained with an Fe coated tip—the apparently reduced domain wall
width as measured with the W tip (cf figures 2(b) and 3(b)). We have also calculated the
electronic structure of the Fe DL on W(110) when the magnetization is oriented in plane along
the [001] direction. The result is not consistent with the experimental result of figure 3(c)
thereby confirming the above statement that the domain walls in the Fe DL are Bloch walls.
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Figure 8. (a) Topography and dI/dU map at U = +50 mV of 1.7 ± 0.1 ML Fe/W(110) at
(b) µ0 Hext = 0 mT, (c) 600 mT and (d) 1000 mT. At µ0 Hext = 600 mT the domains oriented
parallel to the external field have expanded at the expense of the antiparallel domains leading to a
continuous spin rotation. A field of 1000 mT is sufficient to saturate the sample completely.

There is another interpretation of the effect found experimentally which has not yet been
discussed: beside spin–orbit effects the electronic properties might as well be changed by
the canting of adjacent (atomic) spins which certainly exists within the domain wall where
the magnetization rotates gradually. In order to exclude this possibility we have performed
measurements at increasing external magnetic fields. Figure 8 shows the topography and
maps of the d I/dU signal at U = +50 mV of 1.7 ± 0.1 ML Fe/W(110). Again, a periodic
pattern of almost parallel dark lines along the [11̄0] direction can be recognized in the Fe
DL at zero field. As discussed above the lines represent domain walls of alternating in-plane
magnetization (see figure 2(b)). Between the domain walls the Fe DL is perpendicularly
magnetized. The orientation of these domains also alternates thereby forming a magnetization
spiral along a particular DL nanowire [23]. Upon application of a perpendicular external field
the domain oriented parallel with respect to the field grows at the expense of the domain oriented
antiparallel. This implies a movement of the domain walls: the pairs of domain walls confining
a domain antiparallel to the external magnetic field merge while the pairs confining a parallel
domain move away from each other. At µ0 Hext = 600 mT (figure 8(c)) the antiparallel domain
is so strongly compressed between the surrounding walls that the magnetization basically
performs a continuous 360◦ wall rotation [21]. If the canting of adjacent spins were responsible
for the observed decrease of the dI/dU signal at U = +50 mV the whole 360◦ wall should
appear dark in figure 8(c). This is in contrast to the data which show two distinct domain walls
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about 7 nm apart from each other. Consequently, we can exclude that the canting of adjacent
spins causes the domain wall contrast when using non-magnetic tips.

4. Summary and outlook

In summary, we have shown by STS that the local electronic structure of 2 ML Fe/W(110)
depends on whether the magnetization points along a hard or easy axis. Ab initio calculations
reveal that the observed difference is caused by SOC which leads to the mixing between
minority dxy+xz and minority dz2 spin states, the latter of which giving a higher contribution
to the tunnelling current. This allows an imaging of magnetic nanostructures by means of
conventional, i.e., non-spin-polarized STS. The effect has been observed on 2 ML Fe/W(110)
using many different tip materials, namely W, Mn, Cr, Fe and Gd tips. Since the magnetization
dependent term of the LDOS �n(êM) ∝ sin2 ϕ it is believed that the effect is even visible
on samples with rather broad domain walls. Furthermore, our theoretical results indicate that
similar effects can also be found on Fe films on Mo(110), a system which exhibits a much
smaller SOC. Therefore, we expect that the effect should be quite general and applicable to a
large variety of systems.
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[8] Lessard A, Moos T H and Hübner W 1997 Phys. Rev. B 56 2594
[9] Tersoff J and Hamann D R 1985 Phys. Rev. B 31 805

[10] Elmers H J and Gradmann U 1990 Appl. Phys. A 51 255
[11] Elmers H J, Hauschild J, Fritzsche H, Liu G, Gradmann U and Köhler U 1995 Phys. Rev. Lett. 75 2031
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