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We consider the details of the near-surface electronic band structure of a prototypical ferromagnet,
Fe(001). Using high-resolution angle-resolved photoemission spectroscopy, we demonstrate openings of
the spin-orbit-induced electronic band gaps near the Fermi level. The band gaps, and thus the Fermi
surface, can be manipulated by changing the remanent magnetization direction. The effect is of the order of

ΔE ¼ 100 meV and Δk ¼ 0.1 Å−1. We show that the observed dispersions are dominated by the bulk
band structure. First-principles calculations and one-step photoemission calculations suggest that the effect
is related to changes in the electronic ground state and not caused by the photoemission process itself. The
symmetry of the effect indicates that the observed electronic bulk states are influenced by the presence of
the surface, which might be understood as related to a Rashba-type effect. By pinpointing the regions in the
electronic band structure where the switchable band gaps occur, we demonstrate the significance of spin-
orbit interaction even for elements as light as 3d ferromagnets. These results set a new paradigm for the
investigations of spin-orbit effects in the spintronic materials. The same methodology could be used in the
bottom-up design of the devices based on the switching of spin-orbit gaps such as electric-field control of
magnetic anisotropy or tunneling anisotropic magnetoresistance.
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I. INTRODUCTION

The electronic band structure near the Fermi level
determines numerous vital properties of metallic materials,
being responsible for their thermal, magnetic, and elec-
tronic transport behavior. In the case of metallic ferromag-
nets, the electronic band structure is split into the minority
and majority spin states, as a result of the exchange
interaction which rules the relative arrangement of the
spins. What binds the spin direction to the orbital degrees of
freedom is a relatively weak coupling, the spin-orbit
interaction (SOI). The influence of the SOI on the elec-
tronic band structure of a ferromagnet is very subtle. It
causes the mixing of the spin character and a magnetiza-
tion-dependent opening of minute energy gaps (about

100 meV) but only at specific points in the reciprocal space.
The consequences of these delicate modifications are,
however, tremendous. The spin-orbit gaps (SOG) located
at the Fermi level, referred to as magnetic monopoles in
momentum space [1], are responsible for the magnitude of
the intrinsic anomalous Hall effect [1,2], anisotropic mag-
netoresistance [3], and occurrence of the magnetocrystalline
anisotropy (MCA) [4]. Recently, an exciting functionality of
the electric-field control of the MCA in itinerant thin-film
ferromagnets has been demonstrated [5,6], which paves the
way to the novel memory devices with ultralow power
consumption. Nakamura et al. [7] explained this effect by
showing how an external electric field causes openings of the
energy gaps near the Fermi level for the bands that are
degenerate when no field is applied.
The SOI-related modifications of the electronic

structure near the Fermi level are also the basis for a
new generation of magnetic tunnel junctions. In 2002, it
was experimentally shown by scanning tunneling
microscopy that tunneling current depends on the direction
of sample magnetization, even when measured with a
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nonmagnetic tip [8]. This effect, which occurs because of
the opening or closing of the SOG for different magneti-
zation directions of the electrode, was later termed tunnel-
ing anisotropic magnetoresistance (TAMR) [9]. It was
demonstrated, first for the ferromagnetic (FM) semicon-
ductor [9] and later for the conventional ferromagnet (Fe)
[10], that thanks to TAMR it is possible to realize a spin-
valve function using only one FM electrode. This effect
seems to be especially promising for the antiferromagnetic
spintronics, where TAMR values of 160% at low temper-
atures have been reported [11]. A similar phenomenon,
called ballistic anisotropic magnetoresistance (BAMR),
was observed in structures where ballistic conductance
takes place, such as in nanowires [12]. BAMR occurs
because the conductance is directly related to the number of
open conducting channels, which might be different along
and perpendicular to the nanowire [12].
Moreover, the widely used experimental technique of

the x-ray magnetic linear dichroism provides information
about the magnetic moment direction because of the
dependence of the unoccupied electronic band structure
on the magnetization direction [13].
From the point of view of spin dynamics, SOG constitute

so-called “spin-flip hot spots,” which are crucial for the
spin-relaxation processes that govern ultrafast demagneti-
zation [14,15], as well as transmission of the spin currents
through the nonmagnetic metals [16,17].
Here, we report on the direct experimental observation of

the magnetization-dependent opening of the SOG near the
Fermi level. As a subject of this study, we chose Fe(001)
thin films grown epitaxially on an Au(001) single crystal,
which can be considered as a prototypical magnetic system.
Fe grown on Au(001) is characterized by a very low lattice
mismatch (0.6%), which results in minute strain experi-
enced by the Fe film. Various magnetic and electronic
phenomena such as ferromagnetism in the monolayer (ML)
regime [18], the existence of quantum well states [19], or
the thickness-driven spin-reorientation transition [20] have
been studied in this system in the past. We analyzed the
electronic structure of the Fe(001)/Au(001) system using
angle-resolved photoemission spectroscopy (ARPES) for
four different remanent in-plane magnetization directions
of the FM film, thus exploring the electronic origins of
the SOI-related effects. Our experiments revealed distinct
changes in the position of electronic bands near the X̄ point
of the surface Brillouin zone (SBZ) in response to the
change of the magnetization direction. To interpret the
experimental results in terms of the bulk electronic struc-
ture, we performed calculations using Green’s function
formalism within the GW scheme. For the discussion of the
electronic structure of the Fe(001) surface, we employed
slab calculations based on the generalized gradient approxi-
mation (GGA). A theoretical treatment of the entire
photoemission process was addressed using state-of-the-
art, one-step model photoemission calculations.

II. EXPERIMENT AND CALCULATION

A. Experiment

The 100-ML Fe films (1 ML ¼ 1.43 Å) investigated in
this study were deposited by molecular beam epitaxy onto
the Au(001) single-crystal surface. The Au(001) template
was prepared by repeated cycles of Ar sputtering and
subsequent annealing at 500 °C for 10 min, until the well-
known surface reconstruction [21] was clearly visible using
low-energy electron diffraction (LEED). Fe deposition was
performed at a temperature of T ¼ 50 K. After deposition,
the Fe films were briefly heated up to 300 °C. To address
the problem of the possible diffusion of the Au atoms
towards the Fe surface in our system, we performed a
supplementary study combining ultraviolet photoemission
spectroscopy (UPS) using a He I emission line (hν ¼
21.2 eV) and x-ray photoelectron spectroscopy (XPS)
(Appendix A). The results obtained show that the Fe
surface was free from the Au adatoms, within the sensitivity
limit of our spectroscopic determination, which we can
safely assume to be of the order of 0.1 ML Au.
Before each ARPES measurement, the samples were

remanently magnetized. The external magnetic field was
applied to the thin-film sample by an oriented permanent
magnet (about 20 mT), which was brought close to the
sample surface (as close as 2–3 cm) in an air well set on a
linear feedthrough. The procedure of the magnetization was
similar to the one used in Ref. [22]. Stray fields caused by
the remanent magnetization of the Fe(001) film do not
distort the trajectories of emitted photoelectrons due to the
very small Fe volume. For the Fe thickness range used in
this study, the easy magnetization directions of Fe(001) are
in plane [20], and because of the low coercivity of Fe film
(HC ¼ 1–2 mT), a remanent magnetization is easily real-
ized. ARPES measurements were performed for samples
magnetized along [100], ½1̄00�, [010], and ½01̄0�, which
will be referred to as UP, DOWN, RIGHT, and LEFT,
respectively. Figure 1 shows a sketch of the experimental
geometry. The ARPES experiments were performed with a
laboratory-based hemispherical electron energy analyzer
(MB Scientific A-1) using unpolarized nonmonochromat-
ized neon emission from a SPECS UVS-300 discharge
lamp with a focusing capillary. During ARPES measure-
ments, the Au(001) substrate was kept at a temperature
of T ¼ 50 K, which prevented condensation of the neon
atoms on the sample surface. All the ARPES spectra
discussed in this study were collected in the energy region
close to the Fermi level (within a binding energy range of
200 meV), utilizing the higher-energy neon emission line
of hν ¼ 16.85 eV. The analyzer was set to an energy
resolution of 10 meV for all the presented spectra. When
electrons are detected along the sample normal (Θ ¼ 0°),
the light impinges under a grazing angle of ϕ ¼ 15° with
respect to the sample surface, which lies in the xy plane
of the laboratory reference frame. To measure the Fermi
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surface, the sample was rotated around the x axis, as the
change in angle Θ corresponds to a change in k∥y,

according to k∥y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2m=ℏ2ÞEkin

p

sinΘ, where Ekin rep-
resents the kinetic energy of photoemitted electrons.
Therefore, the light incidence angle (ϕ ¼ 15°þ Θ)
changed during scanning of the angle Θ, reaching 53° at
the X̄ point, in the vicinity of which the key measurements
were performed. The magnetization-dependent band-
structure features observed in ARPES were perfectly
reproducible for multiple remagnetization cycles.

B. Calculation

In order to obtain the theoretical bulk band structure of
body-centered cubic (bcc) Fe, many-body calculations in
the framework of the GW approximation were carried out
within the all-electron full-potential linearized augmented-
plane-wave (FLAPW) formalism as implemented in the
SPEX code [23]. For simulating the surfaces, we employed
density functional theory (DFT) in the GGA in the form of
Perdew et al. [24]. We used 27 layers of Fe(001) and
relaxed the outermost four layers using the film version of
the FLEUR code [25]. Spin-orbit coupling was included self-
consistently in the calculations. For the assessment of the
Fermi surfaces, a 39 × 39 k-point grid was used.
To theoretically analyze the photoemission process, one-

step model photoemission calculations were performed.
These calculations can be subdivided into two main parts.
In the first part, one has to determine the electronic
structure of the system. Therefore, we set up a semi-infinite
system that simulates the Fe(001) surface. For the calcu-
lation of the ground-state properties, we used a fully
relativistic multiple scattering method in the framework
of density functional theory (Korringa-Kohn-Rostoker,
KKR) [26]. In the second part, the fully relativistic

one-step model of photoemission was applied. The approach
goes back to the developments worked out by Pendry and
coworkers [27–29]. At this stage, we calculated the elastic
part of the photocurrent and neglected the interaction of the
outgoing photoelectron with the rest of the electronic system
(sudden approximation). For the calculation of the matrix
elements that define the transition probability of the photo-
electron, one has to consider the initial- and final-state wave
functions. The final state has been constructed using the
theory of spin-polarized low-energy electron diffraction
(SPLEED). In this framework, the final state is represented
by a so-called time-reversed SPLEED state [30,31]. Using a
parametrized and energy-dependent inner potential, we
addressed the many-body interactions. We therefore cor-
rected the elastic part of the photocurrent for inelastic
interactions phenomenologically. For the escape of the
photoelectron into vacuum, one has to consider a surface
barrier for which we used the parametrization of Rundgren
and Malmström [32]. The barrier can be treated straightfor-
wardly as an additional surface layer, and it accounts for
surface contributions to the photocurrent. Furthermore, we
can investigate the various possible transitions separately
by the suppression of predetermined initial states, which
offers the possibility to analyze the main contribution to the
transitions according to the dipole selection rules. Because
the light source used in the experiment is unpolarized, we
consider a 50% mixture of the results obtained for the
calculations for p- and s-polarized light.

III. RESULTS AND DISCUSSION

A. Spin-orbit coupling signatures in the bulk
electronic band structure of bcc Fe

Figure 2(a) shows the sketch of the bcc bulk Brillouin
zone (BBZ) and the (001) surface Brillouin zone (SBZ),
which we will refer to frequently when discussing elec-
tronic band dispersions. An arrow indicates the magneti-
zation direction. Note that the X̄ point is the projection
along k∥ ¼ 0.5jΓ-Hj. Band dispersions found for the Γ-H
(Δ) line of the bulk Brillouin zone using theGWmethod are
presented in Fig. 2(b). Two directions are distinguished:

parallel and perpendicular to the magnetization ( ~M) (plot-
ted for positive and negative k values, respectively). The
color code refers to the spin character of each band; blue
(red) marks minority (majority) spin states. Because of the
introduction of spin-orbit interaction, electronic states of
opposite spin become significantly mixed in the vicinity
of the points where the bands would cross if no spin-orbit
interaction was present. As a result, not only purely
minority and majority states exist but also states with
mixed spin character. The bands are marked according to
the single group representation, which is frequently used in
the literature, especially in the discussions of the tunneling
effect in the Fe/MgO/Fe magnetic tunnel junctions [33].
The small Greek letters (α, β, γ, δ) correspond to the

FIG. 1. Schematic representation of the experimental ARPES
geometry. Light incidence and electron emission planes are
indicated by a red (horizontal) and a blue (vertical) plane,
respectively. Black arrows represent magnetization directions
referred to as UP, DOWN, LEFT, and RIGHT.
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labeling of the Fermi sheets used later in this article to
identify the experimentally observed spectral signatures.
We observe considerable differences between the band

structures for the direction along the magnetization ~M and
perpendicular to the magnetization [Fig. 2(b)]. For exam-
ple, the crossing of the minority spinΔ2 andΔ2

0 bands right
above the Fermi level develops a gap for the direction
parallel to the magnetization [marked with circles in
Fig. 2(b)]. Such an avoided crossing is also observed for
the minority Δ2 and majority Δ2

0 bands that cross near
EB ¼ 1 eV for the k vectors along the magnetization but
show a gap opening for the perpendicular direction. As
expected, crossing points for which hybridization of the
bands occurs and the spin-orbit energy gaps open depend
not only on the spatial part of the respective wave functions

but also on the direction of the spin within each band. The
size of the spin-orbit gaps reaches ΔESO ∼ 120 meV.
The electronic band structure near the Fermi level is of

particular interest because of its influence on magneto-
crystalline anisotropy and electronic transport. Therefore,
we identified the places of interest in the bulk Brillouin
zone along the Δ line that showed magnetization-
dependent openings of spin-orbit gaps. These regions are
marked by green rectangles in Fig. 2(b) and shown in detail
in Fig. 2(c). For the determination of the orbital sym-

metries, we define magnetization ~M as being parallel
to the z axis. The predominant orbital characters of each
band, which govern the occurrence of the SOI-induced
hybridization gaps, are listed as follows: On the left-hand
side of Fig. 2(c), we plot the dispersion of the Δ1 band
(predominantly dz2 orbital symmetry) and the doubly
degenerated Δ5 band (dyz þ dzx orbital symmetry) calcu-
lated without spin-orbit interaction. In the relativistic case,
i.e., when the spin-orbit interaction is included in the
calculation [Fig. 2(c), middle and right panels], the Δ5

band splits and hybridizes with the Δ1 band, as
hΨðdz2↑ÞjHSOjΨðdyzðzxÞ↓Þi ≠ 0. For the k vectors parallel

to ~M, the bands of dz2 and dyz (dzx) symmetry can still cross
[Fig. 2(c), middle panel]. However, for the k vectors

perpendicular to ~M, all three bands avoid crossing each
other [Fig. 2(c), right panel]. Therefore, we expect an
experimentally observable difference between these two
directions in k space in the vicinity of the
k∥ ¼ 1.0–1.2 Å−1, i.e., near the X̄ point of the SBZ.

B. Band structure of Fe/Au(001):
Experiment and theory

ARPES spectra were recorded for a series of polar
angles Θ spanning the range of the SBZ that contain the
Γ̄ðky ¼ 0 Å−1Þ and X̄ points (ky ∼ 1.1 Å−1) [see Fig. 1 and
Fig. 2(a) for the sketch of the SBZ]. The obtained data set
measured for the sample magnetized RIGHT is shown in
Fig. 3 as a band map along the Γ̄-X̄ line (a) and the
corresponding constant energy cut at the Fermi level
[EFðkx; kyÞ, later referred to as the Fermi surface] (b).
The arrows mark the magnetization direction. The calcu-
lated dispersions presented in Fig. 3(a) show GW bulk
electronic structure of bcc Fe, along the magnetization
direction, for k⊥ ∼ 2.2 Å−1, i.e., near the H point (the k⊥
value was determined based on the free-electron final-state
model; see Appendix B for details). The dispersions are
therefore the same as shown in Fig. 2(b) (positive k values)
and Fig. 2(c) (middle panel). The binding energy of
EB ¼ −0.1 eV in the theoretical result was aligned
with the experimental Fermi level. The theoretical cut
through the Fermi surface [Figs. 3(c) and 3(f)] was
constructed from the calculated dispersions, taking into
account the energy range defined by the Gaussian function

(a)

(c)

(b)

FIG. 2. (a) Bulk and (001) surface Brillouin zones of bcc Fe.
High symmetry points X̄1 to X̄4 are defined with respect to the
magnetization direction depicted by an arrow. (b) Relativistic
bulk band structure of bcc Fe, calculated along the H-Γ (positive
k) and H-Γ0 (negative k) using theGWmethod. Circles mark band
crossings or SOG mentioned in the text. Green rectangles mark
regions enlarged in (c). (c) Place of interest near k ¼ 0.5jΓ-Hj,
close to the Fermi level [shown by green rectangles in (b)], where
three bands cross in a magnetization-dependent manner. The left
panel shows the nonrelativistic situation (no SOI), in the center

panel the k vectors are parallel to ~M, and the right plot shows k

vectors perpendicular to ~M. Blue (red) lines indicate predomi-

nantly minority (majority) spin. The magnetization ( ~M) is parallel
to the z axis. The horizontal dashed line marks the position of the
experimental Fermi level.
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of σ ¼ 8 meV. This cut presents a plane within which the
magnetization vector lies (the magnetization direction is
indicated by an arrow), which allows the difference to
be captured between the k-space directions, along the
magnetization (horizontal) and perpendicular to the mag-
netization (vertical). The regions of interest, where the
magnetization-dependent opening of the SOG is expected,
are indicated by red rectangles [these regions are enlarged
in Fig. 3(f)]. The blue dashed rectangle marks the k-space
region that corresponds to the experimental result depicted
in (b).
The observed electronic bands [Fig. 3(a)] are sharpest

near the Fermi level but become diffuse for larger binding
energies of the order of 100 meV, possibly due to the

influence of the electron correlation effects in the system
[34]. For binding energies larger than EB ¼ 180 meV, a
spectral intensity from the second neon emission line
(hν ¼ 16.67 eV) is visible. Figures 3(a)–3(c) show that
the experimentally observed electronic bands were found to
match the result of the bulk GW calculations reasonably
well. The Fermi surface sheets and the corresponding
bands are marked with small Greek letters. Comparing
the experimental Fermi surface [Fig. 3(b)] to the theoretical
prediction [Fig. 3(c)], we can identify characteristic shapes
of the α and γ sheets [although the α sheet cannot be traced
along the Γ̄-X̄ line in Fig. 3(a), it is very clearly observed
for nonzero kx]. The experimental α sheet is apparently
nonsymmetric with respect to the kx ¼ 0 Å−1; compare α

(a)

(d) (e) (f)

(b) (c)

FIG. 3. (a) ARPES spectra obtained for the binding energies close to the Fermi level, along the Γ̄-X̄ direction for the magnetization
RIGHT. Black lines are superimposed results of the GW calculations of the bulk electronic structure of Fe for k⊥ ∼ 2.2 Å−1, which,
according to the free-electron final-state model, corresponds to the excitations induced by hν ¼ 16.8 eV. Calculated dispersions are the
same as the ones depicted in Fig. 2(b) (H-Γ direction). (b) Fermi surface in the vicinity of the Γ̄-X̄ direction measured for the
magnetization RIGHT. The red rectangle on the right marks the region where detailed spectra for other magnetization directions were
obtained [(d), (e) and Fig. 5(a)]. Dashed circles in (a) and (b) indicate the observed SOG. (c) GW calculations of the bulk electronic
structure of Fe for k⊥ ∼ 2.2 Å−1. The blue dashed rectangle marks the k -space region shown in (b); red rectangles mark the k space
where the detailed spectra for all the magnetization directions were obtained [(d), (e), and Fig. 5(a)]. (d) Zoom of the Fermi surface
measured in the region of the red rectangle marked in (b) (90° rotated) together with the dispersions for jkxj ¼ 0.1 Å−1 (along two
dashed red lines) marked as A and B. (e) The same as (d), measured for the magnetization DOWN. (f) Zooms within the area of the two
red rectangles marked in (c) together with the theoretical dispersions along the red dashed lines marked as A and B. Dashed lines in the
bottom right panel are the bands calculated without the introduction of SOI: Blue (red) indicates minority (majority) spin. Arrows
indicate magnetization direction.
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sheets αþ and α− (branches found for positive and negative
kx values, respectively). The observed asymmetry will be
analyzed in detail in the discussion of Figs. 4 and 5.
The experimental γ sheet reaches the kx ¼ 0 Å−1 line at
ky ∼ 0.5 Å−1 (with vanishing intensity for kx ¼ 0), which
is further from the Γ̄ point than theoretically predicted.
Another prominent feature that we find close to the X̄
point is the β sheet, which, in three dimensions (kx, ky, kz),
exhibits a cubelike shape. In the ARPES spectra, we also
observe a significant spectral contribution near kxðyÞ ∼
0.2 Å−1, which can be attributed to the Fermi sheet δ even
though the spin-orbit splitting of this state cannot be
resolved. In Fig. 5, we show that the experimental spectral
intensity in this region of k space is well reproduced by
one-step model photoemission calculations. The three
bands visible in the experiment close to the ky ∼ 1.1 Å−1

[Fig. 3(a)] correspond to the Δ1 band and the spin-orbit
split Δ5 band [compare with Fig. 2(c), left and middle
panels]. Therefore, our experiment directly shows the spin-
orbit gap expected to occur for k vectors along the
magnetization direction. We observe the SOG both as a
function of binding energy [Fig. 3(a)] and momentum
[Fig. 3(b)] (marked by a red dashed circle). Based on the
bulk GW calculations [Figs. 2(b), 2(c), and 3(c)], we expect
the closing of the SOG near the X̄ point for k vectors
perpendicular to the magnetization direction.
The k-space region measured in the experiment for the

magnetization RIGHT near the X̄ point is reproduced in
Fig. 3(d). The Fermi surface within the same region of
the k space measured after magnetizing the sample in the
direction DOWN is shown in Fig. 3(e). The arrows in
Figs. 3(d) and 3(e) indicate the remanent magnetization
direction of the sample during these two measurements. In

addition, band dispersions for wave vectors with jkxj ¼
0.1 Å−1 are shown in the lower left and right panels, A and
B (cuts along the lines A and Bmarked in the upper panels).
Clearly, the experimental intensity distribution depends

on the magnetization direction. For the magnetization
RIGHT [Fig. 3(d)], we experimentally observe two bands
located closer to each other (cut A) or clearly separated
from each other (cut B). For magnetization DOWN
[Fig. 3(e)] along both A and B cuts, bands located close
to each other are observed. These experimental dispersions
can be compared to the dispersions predicted by bulk GW
calculations. Figure 3(f) presents the zooms within the
areas of interest [marked by red rectangles in Fig. 3(c)] and,
additionally, dispersions along the lines marked as A and B
[to be compared with Figs. 3(d) and 3(e)]. In both cases

(~k∥ ~M and ~k⊥ ~M), dispersions along A and B are identical.

The two bands show an avoided crossing for both ~k∥ ~M and
~k⊥ ~M. This can be seen by comparison with the dispersions
calculated without the spin-orbit interaction (shown in the

AðBÞ∥ ~M panel as blue and red dashed lines that correspond
to the minority and majority spin, respectively). The sizes
of the resulting gaps are, however, very different for both

directions: larger for ~k∥ ~M and smaller for ~k⊥ ~M.
By comparing Figs. 3(d)–3(f), we deduce that the

experimentally observed difference in the dispersions and
positions of the Fermi sheets between the magnetizations
RIGHTand DOWN clearly resemble the difference expected

in the bulk electronic structure between the directions ~k∥ ~M
and ~k⊥ ~M. [Fig. 3(f)]. Therefore, we have shown that the
experimentally observed effect is of the same character and
within the same order of magnitude as expected for the
SOI-related shifts of the bulk electronic bands linked to the

(a) (b) (c)

FIG. 4. Results of the relativistic GGA slab calculations that reveal the surface electronic structure of Fe(001). (a) Magnetization in
plane. The dashed vertical line marks the mirror plane. (b) Magnetization out of plane. The red rectangles show the fraction of the k
space measured in the experiment [Fig. 3(b)]. (c) Dispersions along the Γ̄-X̄ direction. The size of the symbol corresponds to the
localization above the surface layer. Magnetization lies in plane, along the ky axis. Blue (red) symbols correspond to the predominantly
minority (majority) states.
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change of the remanent magnetization direction. However,
the exact shape of the experimental Fermi sheet found for
~k∥ ~M (magnetization RIGHT) [Figs. 3(b) and 3(d)], i.e., lack
of symmetry with respect to the Γ̄-X̄ line, cannot be
explained by the bulk electronic structure.
In order to shed more light on this issue, we need to

address the role that the surface plays in our photoemission
experiment. Figure 4 shows the result of the slab calcu-
lations, which reveal the surface electronic structure of
Fe(001) for the magnetization lying in plane [Fig. 4(a)] and
out of plane [Fig. 4(b)]. Figure 4(c) presents the band
dispersions calculated along Γ̄-X̄ [kx direction, along
dashed vertical line in Fig. 4(a)] for the in-plane magneti-
zation lying along the ky axis. Blue (red) symbols corre-
spond to the predominantly minority (majority) states.
The calculations reveal a surface state (SS) of predomi-

nantly minority spin character that forms a four-petal-like
shape at the Fermi surface. This characteristic state appears
in earlier first-principles calculations of the Fe(001) surface

[35–37]. Our experiment does not show any indications of
the surface state, along normal or off-normal emission.
Experimentally, diverse electronic states interpreted as
surface related were observed for Fe(001) in the past
[35,37–43]. Even restricting the discussion only to the
states along sample normal already shows the complexity
of the problem: The SS was reported to be occupied
(EB ¼ 0.3 eV) of majority character [40,43], but indica-
tions of the minority state at the same binding energy were
also reported [43]. Some reports show the surface state
along normal to be unoccupied [35,41] of the minority
character [41]. Some other works present proof of the
absence of the surface state along normal emission, both
below the Fermi level [37] and above the Fermi level [42].
It seems that the possible appearance of the surface-related
features in the electronic band structure of Fe(001) criti-
cally depends on the Fe surface preparation conditions.
Even though the surface states predicted by the calcu-

lation are not revealed in our experiment, the results

(a)

(e)

(g) (h) (i) (j)

(f) (k)

(b) (c) (d)

FIG. 5. (a)–(d) Electronic structure of Fe(001) close to the X̄ point of the SBZ for four different in-plane easy magnetization directions
measured at hν ¼ 16.8 eV. (e) Fermi surfaces derived from (a)–(d) arranged with respect to the fixed magnetization direction (arrow);
this approximation is applicable when the role of the light incidence direction is neglected. The gray line depicts the electronic band
structure of the bulk k⊥ ¼ 2.2 Å−1 calculated using the GW method. The dashed vertical line marks the mirror plane. (f) Result of the
one-step model photoemission calculation that shows spectral intensities within the entire SBZ. The arrow marks the magnetization
direction. (g)–(j) Results of the one-step model photoemission calculation shown for the fractions of the k space that correspond to
experimental Fermi surfaces presented in (a)–(d). (k) Result of the one-step model photoemission calculations performed without the
d-f transitions. All the one-step model photoemission calculation results shown are obtained with intentionally quenched surface
contribution and the light incidence direction along the magnetization.
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presented in Figs. 4(a) and 4(b) reflect the influence of the
magnetization direction on the symmetry of the electronic
states when the translational symmetry of the system is
broken by the presence of the surface. In the ferromagnetic
state, the symmetry of the bulk electronic structure is lower
than the full octahedral symmetry of the atomic structure of
the Fe bulk crystal. Due to the fact that magnetization is an
axial vector, only a single mirror plane can be identified for
the bulk electronic structure of Fe, i.e., a plane being
perpendicular to magnetization. It is marked in Fig. 3(c)
with a dashed vertical line. Additionally, in the bulk, a
fourfold rotation axis along the magnetization vector exists,
leading to the symmetry groupD4h [44]. When we consider
a case of the in-plane magnetized Fe(001) surface, the
rotational symmetry of the bulk is lifted, and only the
mirror plane perpendicular to the magnetization is retained
[Cs symmetry, vertical dashed line in Fig. 4(a)]. When the
Fe(001) surface is magnetized out of plane, its symmetry is
C4 (90° rotation axis) [Fig. 4(b)]. In a situation of symmetry
breaking by the surface and in-plane magnetization
[Fig. 4(a)], electronic bands observed for two opposite k
vectors that are perpendicular to the magnetization direc-
tion (namely, þkx and −kx) are not equivalent. This effect
can be seen within the area marked by the red rectangle in
Figs. 4(a) and 4(c). The very same type of asymmetry was
found in our experiment for the magnetization RIGHT
[Figs. 3(b) and 3(d)]. In addition, the symmetry observed
for the measurement performed when the sample was
magnetized DOWN [Fig. 3(e)] is consistent with the
existence of the mirror plane that is perpendicular to the
magnetization direction.
In order to confirm that the symmetry of the states

measured with ARPES agrees with the symmetry expected
for the surface states, we measured ARPES spectra around
the same X̄ point with respect to the experimental reference
frame for the other remanent magnetization directions, i.e.,
LEFTand UP. The obtained Fermi surfaces are summarized
in Figs. 5(a)–5(d). Figures 5(a) and 5(d) present the results
of the measurement for the magnetization RIGHT and
DOWN, which were already shown in Figs. 3(d) and 3(e).
Now we can compare these to the spectral weights
observed for other magnetization directions.
We see that the SOG found for the magnetization RIGHT

[Fig. 5(a)] is also visible when the magnetization is
pointing LEFT. For the magnetization RIGHT, the SOG
was observed for the αþ sheet, while for the magnetization
LEFT, it is visible for the α− sheet [Fig. 5(b)]. The size of
the observed spin-orbit gap is of the order of 0.1 Å−1.
However, when the magnetization direction points UP or
DOWN [Figs. 5(c) and 5(d), respectively], both αþ and α−

are rather symmetric with respect to the Γ̄-X̄ (kx ¼ 0 Å−1)
line, and no clear gap is visible. However, the difference
observed between these two magnetization directions is
the shift of the spectral weight towards higher ky values for
the magnetization DOWN, as compared to UP.

The illustration presented in Fig. 5(e) shows how the
measured spectra can be arranged with respect to the
magnetization direction when the role of the light incidence
direction is neglected, which allows the identification of
the symmetries characteristic of the observed bands. The
superimposed gray solid line in the illustration shows the
theoretical (bulk GW) cut through the Fermi surface of bcc
Fe at k⊥ ∼ 2.2 Å−1. The experimental result reveals only
the single mirror plane (vertical dashed line), perpendicular
to the magnetization direction, i.e., the symmetry point
group Cs, which is identical to the one found for the
electronic structure of the surface [Fig. 4(a)]. Therefore, we
confirmed that the experimentally observed electronic
bands show the symmetry expected for the surface elec-
tronic structure. Next, we verify if this experimental
observation is reproduced in the one-step model calcula-
tions of the photoemission process.
The result of the one-step model calculations of photo-

emission induced by light of hν ¼ 16.8 eV from Fe(001) in
the geometry of our experiment is presented in Fig. 5(f).
Figures 5(g)–5(j) show magnified regions of the one-step
model calculation results in the fractions of the k space that
correspond to the measurements shown in Figs. 5(a)–5(d).
The projection of the light incidence direction on the
sample surface lies along the magnetization direction
[indicated by an arrow in Fig. 5(f)]. In the calculation,
the spectral intensity originating from the surface states was
intentionally quenched (see Appendix C for the computa-
tional details), according to the good correspondence of our
experiment and the bulk electronic structure of bcc Fe. In
this way, we can theoretically examine how the bulk states
located close to the sample surface are affected by the
broken translational symmetry.
One can recognize the close resemblance of the results of

the one-step model calculations, the results of the experi-
ment, and the theoretical bulk electronic structure cut at
k⊥ ∼ 2.2 Å−1 [Figs. 5(e) and 5(f)]. Very good agreement
concerning the intensity of the photoemission features
between experiment and one-step model calculations is
revealed, especially for the γ Fermi sheet [Figs. 5(e)
and 5(f)]. The k-space region near the X̄ points is also
relatively well reproduced by the calculations. The com-
parison of Figs. 5(a)–5(d) and 5(g)–5(j) shows that even
though the exact shifts of the α sheet observed in experi-
ment are not visible in the calculations, the overall
symmetry reflects the experimental one. The k-space
regions in the vicinity of the points X̄1 [Fig. 5(g)] and
X̄3 [Fig. 5(h)] [which correspond to the measurements
performed with the magnetization pointing RIGHT,
Fig. 5(a), and LEFT, Fig. 5(b), respectively] are not
symmetric with respect to the kx ¼ 0 line. The sheets αþ

are less (more) intense than α− for the point X̄1 (X̄3), which
resembles the experimentally found shift of the α sheet.
Both α branches are less intense near the X̄2 point [Fig. 5(i)]
than near the point X̄4 [Fig. 5(j)], which corresponds to the
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bigger distance between the α and β Fermi sheets observed
in the experiment for the magnetization UP [Fig. 5(c)].
In addition, to access the information on the final states

involved in the observed transitions, we performed one-step
model photoemission calculations neglecting the excita-
tions from d to f states. The result is presented in Fig. 5(k).
We see that the remaining spectral intensity is relatively
weak, and the spectral features that we could compare to
the experimental result vanish. Therefore, we show that the
electronic transitions seen in our ARPES experiment are
mainly from the initial states of d character to the final
states of f character.
Based on the extensive analysis of the experimental

results and the theoretical calculations, we can conclude
that we experimentally observed the spin-orbit interaction-
related and magnetization-dependent band gaps within the
bulk states of bcc Fe. The asymmetry of the bulk electronic
bands found in our experiment is consistent with the one
expected for a system where both exchange coupling and
spin-orbit interaction coexist, when the existence of the
sample surface is taken into account.
Even though Fe belongs to the model ferromagnets and

the electronic structure of Fe has been intensively studied
by experiments and theory in the last decades [35–43,
45–47], to the best of our knowledge, the only spectro-
scopic proof of a modification of the electronic band
structure as a response to a change of the magnetization
direction was provided for Fe(110) thin films in the
scanning tunneling spectroscopy study of Bode et al.
[8]. Up to now, k-resolved experimental observations of
the magnetization-related changes of the electronic band
structure of a ferromagnetic film were reported only for
surface- or interface-related electronic states such as the
surface state of oxidized Gd(0001) [48] or quantum well
states in Co/W(110) [49]. In these works, the observed
effect was interpreted in relation to the so-called Rashba
term [50,51] in the total Hamiltonian of the system. In a
theoretical study of the TAMR effect in Fe(001) [36], the
resonant surface bands (not observed in our experiment)
were shown to depend on the magnetization direction,
which was also attributed to the Rashba effect.
Rashba interaction occurs when an electron moves in a

system that lacks structural inversion symmetry (all surfaces
and interfaces), in the presence of an electric field and spin-
orbit interaction [51]. Because in the reference frame of the
electron an electric field is seen as an effective magnetic
field, a shift of the electron energies occurs. Rashba

interaction of the electron with spin and momentum ℏ~k in
the electric field directed along the z axis ( ~ez) is expected,

according to ΔE ¼ αRð ~ez × ~kÞ, where αR represents the
Rashba parameter, which depends on the strength of the
electric field and spin-orbit interaction [51]. In the case of
ferromagnetic materials, for the magnetization along ky, the
Rashba interaction shifts the electronic bands along the kx
axis in opposite directions for minority and majority bands

[48]. Therefore, from the symmetry point of view, it
resembles the situation discussed for the surface electronic
structure of Fe(001) (Fig. 4) and observed in our experiment.
In principle, the Rashba interaction affects electronic

states that are localized near surfaces or interfaces; typical
examples are (i) two-dimensional electron gas and (ii) sur-
face states of the high-Z crystalline materials. In our
experiment, we observed that the magnetization direction
modifies the bulk electronic states of Fe(001). Because of
the surface sensitivity of ARPES (equal to few mono-
layers), the bulk electronic bands visible in our experiment
were probed in the near-surface region. Rashba-type effects
for bulk bands were observed before for the occupied
bulk bands of Bi(111) [52] and unoccupied bulk bands of
Au(111) [53], and they were explained as a result of the
reflection of the Bloch states from the surface [54].
Therefore, we speculate that the experimentally observed
surfacelike symmetry is related to the Rashba-type effect
acting on the near-surface part of the bulk electronic states.

IV. SUMMARY AND CONCLUSIONS

The manipulation of the Fermi surface using an external
magnetic field was demonstrated for a prototypical ferro-
magnet, Fe(001). We have shown comprehensive ARPES
data with clear modifications of the bulk electronic bands
of Fe(001) in response to the remanent change of the
magnetization direction.
The experimental electronic band structure of Fe(001)

was found to match the results of the GW first-principles
theoretical calculations well for bulk bcc Fe combined
with the assumptions of the free-electron final-state model,
which allowed the identification of the experimentally
observed electronic bands. Results of the one-step model
photoemission calculations reproduced symmetries
observed in the experiment for different magnetization
directions, which indicates that the observed bulk elec-
tronic bands are modified by the proximity of the surface.
The observed symmetries reveal the interplay between
exchange coupling and spin-orbit coupling in the exper-
imental configuration where surface and in-plane remanent
magnetization contribute to the symmetry breaking. The
observed symmetries agree with the ones expected for
the Rashba-type effect. ARPES spectra were found to bear
fingerprints of the distinct magnetization direction, which
means that a new way of determining the in-plane mag-
netization direction based on the photoemission spectra has
been identified.
We interpret the observed effect as a result of the opening

of spin-orbit interaction- and magnetization-related band
gaps, the existence of which is essential for the emergence
of fundamental magnetic phenomena such as magneto-
crystalline anisotropy, anisotropic magnetoresistance, the
anomalous Hall effect, and x-ray magnetic linear dichro-
ism. What is more, the detected electronic band gaps might
play a substantial role in the spin dynamics. Our finding
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shows that, contrary to common belief, spin-orbit coupling
cannot be neglected in the analysis of electronic properties,
even for elements as light as 3d ferromagnets.
The results presented here set a new paradigm for the

investigations of the spin-orbit effects in the spintronic
materials. The same methodology could be used to test
different materials and material combinations to judge their
potential for TAMR or electric-field magnetization switch-
ing, allowing the insightful, bottom-up design of future
spintronic devices.
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APPENDIX A: CHEMICAL COMPOSITION
OF THE SURFACE

To address the problem of the possible diffusion of the
Au atoms towards the Fe surface in our system, we
performed a supplementary study combining ultraviolet
photoemission spectroscopy (UPS) using He I emission
line (hν ¼ 21.2 eV) and x-ray photoelectron spectroscopy
(XPS) [Figs. 6(a) and 6(b), respectively]. The 100-ML
Fe film, deposited on Au(001) according to the recipe used
in our study, was subsequently annealed, reaching the
annealing temperature of 450 °C after a few annealing
steps. After each preparation step, both XPS and UPS
spectra were collected.
UPS spectra show characteristic features of the Au

valence band (Au 5d states at EB ¼ 3–4 eV), which can
be easily identified in the spectrum collected for the clean
Au(001) surface [top spectrum in Fig. 6(a)], as well as the
strong spectral intensity at the Fermi level, originating from
the Fe 3d states [easily recognizable for all the spectra
obtained after Fe deposition, Fig. 6(a)]. The XPS spectra
were collected in the binding energy region, including
Au 4f [EBðAu 4f7=2Þ ¼ 84.4 eV] as well as Fe 3p
(EB ¼ 53.4 eV) core-level states. The Fe 3s state
(EB ¼ 91.2 eV) partially overlaps with the Au 4f line.
On the freshly deposited Fe film, we see no spectral
signatures characteristic of Au, in the UPS or XPS
measurements. Mild annealing does not introduce any
noticeable changes in this respect (spectrum measured
after annealing to 100 °C). After annealing to 350 °C,
UPS spectra reveal the appearance of the spectral intensity
below EB ¼ 3 eV, with the accompanying occurrence of

the Au 4f state in the XPS measurement [both marked with
green circles in Fig. 6(a) and 6(b)]. Annealing to higher
temperatures (450 °C) results in the increase of the Au
amount detected near the sample surface.
The comparison of the relative intensities of the Au 4f

and Fe 3p lines indicates that the amount of Au detected
after annealing to 350 °C, and 450 °C corresponds to
approximately 0.1 ML and 1 ML, respectively. This
estimate was made using the Au 4f=Fe 3p intensity ratio
for the bulk signals equal to 4.3 (value calculated according
to Ref. [55]) and the inelastic mean-free paths equal to
13.80 Å for kinetic energy of the Au 4f core-level electrons
in Au, 18.80 Å for kinetic energy of the Fe 3p electrons in
Fe, and 14.06 Å for the kinetic energy of Fe 3p electrons in
Au (found using the TPP2M formula [56,57]).
As the UPS spectra collected during experiments and

discussed in the main text do not contain any signs of the
Au 5d states [red line at the bottom of Fig. 6(a)], we
conclude that the Fe surface was free from the Au adatoms,
within the sensitivity limit of our spectroscopic determi-
nation, which we can safely assume to be of the order of
0.1 ML Au.

APPENDIX B: DETAILS OF THE
FREE-ELECTRON FINAL-STATE MODEL

According to the free-electron final-state model, excita-
tion with a fixed photon energy leads to photoemission
from well-defined regions of the BBZ. Following the
formula that relates the perpendicular component of the
electron wave vector (k⊥) with the kinetic energy of

(a) (b)

FIG. 6. Results of the chemical characterization of the Fe
surface. A 100-ML Fe film was deposited at 50 K and annealed in
steps to the indicated temperatures. (a) UPS spectra measured
along normal emission using He emission line (hν ¼ 21.2 eV).
The red spectrum (bottom of the figure) was collected during the
measurements described in the main part of the article. The dotted
spectrum at the top represents clean Au(001) surface. (b) Simul-
taneously collected XPS spectra.
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the photoemitted electrons (Ekin), the emission angle (Θ),
and the so-called inner potential V0 (adjusted to be equal
to 7 eV), k⊥ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2m=ℏ2Ekincos2ðΘÞ þ V0Þ
p

, we estimate
that the result of the experiment performed using hν ¼
16.8 eV corresponds to a cut of the BBZ zone at k⊥ ∼
2.2 Å−1 when Θ ¼ 0°. The calculated GW dispersions and
the derived cuts through the Fermi surface [Figs. 3(a),
3(c), 3(f), and 5(e)] are shown for constant k⊥ ∼ 2.2 Å−1,
i.e., not including the k⊥ðΘÞ dependence. We found
that such derived bands and constant energy cuts result
in the best agreement with the experimentally observed
dispersions.

APPENDIX C: DETAILS OF ONE-STEP
MODEL CALCULATIONS

For the calculation of the ground-state properties, we
used a fully relativistic multiple scattering method in the
framework of density functional theory (KKR) [26]. We
used the tight-binding (TB) approximation for an effective
calculation of the surface properties. This method provides
a fast convergence of the calculation of the so-called TB
structure constants [58]. The calculations of the self-
consistent potentials have been carried out in the atomic
sphere approximation. For the exchange-correlation func-
tional, we used the parametrization of Vosko, Wilk, and
Nusair [59].
Using this method, we were able to investigate the

influence of the surface contribution to the resulting
ARPES spectra. This is done by tuning the multiple
scattering between surface barrier and 2D semi-infinite
system as follows. The bulk potentials are well ordered
according to the two-dimensional crystal structure of the
given surface. This means that the spin-orbit interaction
determined from the single ion core potentials, which
contain no information about k⊥, is transformed into a
k∥ splitting of the surface state through multiple scattering.
This scattering procedure is realized by the bulk reflection
matrix B, which is developed into the two-dimensional
reciprocal lattice vectors of the corresponding surface. This
matrix represents the complete electronic structure infor-
mation of the semi-infinite bulk. The scattering is, in first
order, proportional to B. When the off-diagonal elements of
B are reduced, the transfer of spin-orbit interaction from the
bulk to the surface layer is diminished. For more details, the
reader is referred to Ref. [60].

APPENDIX D: DETAILS OF
GW CALCULATIONS

For the starting point ofGW, we used the LDA exchange-
correlation functional [61] and the code FLEUR [25]. For
this, we used an angular-momentum cutoff of lmax ¼ 8 in
the atomic spheres and a plane-wave cutoff of 5.0 bohr−1 in
the interstitial region. We used the experimental lattice
parameter 2.87 Å from Ref. [62], and the semicore 3s and

3p states of Fe were treated as valence orbitals by the
use of local orbitals. The mixed product basis [23,63]
used in the GW calculation was constructed with an
angular momentum cutoff of lmax ¼ 4 and a plane-wave
cutoff of 3.0 bohr−1. We used 170 unoccupied bands and
a 10 × 10 × 10 k-point sampling of the Brillouin
zone. This leads to energy differences and a Fermi energy
converged up to 10 meV. Two additional local orbitals per
angular momentum up to l ¼ 3 were included to describe
high-lying states accurately and to avoid linearization
errors [64,65].
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