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Quantum well states formed by d electrons in metallic thin films are responsible for many fundamental phe-
nomena that oscillate with layer thickness, such as magnetic anisotropy or magnetoresistance. Using momentum
microscopy and angle-resolved photoemission, we mapped in unprecedented detail the quantized electronic
states of Fe(001) in a broad photon energy range starting from soft x-ray (160 eV) down to vacuum ultraviolet
(8.4 eV). We show that it is possible to simulate the experimentally observed photoemission spectra with high
accuracy by using the ab initio electronic bulk band structure as the initial state, taking into account that free
electron final electronic states are intrinsically broadened along the wave vector direction perpendicular to the
sample surface. To simulate the thin-film case, we take into account a subset of the initial electronic states,
which results in the reproduction of the quantized electronic structure observed in the experiment. In addition,
we present results of the spin-sensitive measurements, which are confronted with the photoemission simulation
that takes into account the spin degree of freedom. We demonstrate electronic states that can be responsible
for the oscillations of the magnetic anisotropy in Fe(001) thin films with periods of about 5 and 9 monolayers.
We show that these quantum well states change position in reciprocal space depending on the magnetization
direction. Our photoemission simulation reproduces this effect, which highlights its origin in the relativistic
bulk electronic band structure of bcc Fe. We also observed magnetization-dependent spin-orbit gaps with the
symmetry lower than the bulk symmetry. We believe that the same method of simulating photoemission spectra
might facilitate interpretation of the photoemission intensities measured for other three-dimensional materials,
especially when the spin-polarized quantized electronic states are considered.

DOI: 10.1103/PhysRevB.103.035134

I. INTRODUCTION

Thin films can host quantum well states (QWS) as a result
of the electron confinement in the direction perpendicular to
the surface [1,2]. The confinement of the electronic states
within the layer is ascertained when the respective states can-
not couple to the electronic states outside. This is achieved
naturally at surfaces (no states available at the vacuum side)
and at interfaces with insulators and semiconductors. When
metal-metal interface comes into play, the confinement near
the Fermi level is possible when there are no states in the
interfaced metal for certain values of the in-plane wave vector
[3] or the available states differ in the symmetry of the wave
function so that coupling with them is hindered.
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Many collective properties of the thin-film layered systems
are observed to oscillate with thickness of the constituents.
This can be explained as a result of the QWS that cross the
Fermi level periodically when the film thickness increases.
The well-known examples include interlayer exchange cou-
pling [4], giant magnetoresistance [5], tunneling magnetore-
sistance [6–8], and magnetic anisotropy [9–11].

QWS formed by Fe d states in Fe(001)/Ag(001) were
shown to be responsible for magnetic anisotropy energy and
orbital moment anisotropy oscillating with Fe thickness with
a period of ∼ 5–6 monolayers (ML) [9–12]. In the experi-
mental works, different quantized bulk electronic states were
suggested to contribute to these oscillations [9–11]. However,
in the theoretical work of Sandratskii [12] it was claimed
that the oscillations cannot be explained based on the bulk
band structure as it does not adequately reflect the properties
of the 3d QWS in Fe. Instead, it was shown that the broad
k-space region away from the � point of the surface Brillouin
zone contributes the most to the anisotropy oscillations [12].
In the Fe/Au(001) multilayers, oscillations of the magnetic
anisotropy energy both in sign and in magnitude with a pe-
riod of about 8–10 ML were predicted by first-principles
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calculation [13]. It was speculated that such a substantial
change in the anisotropy is related with the quantized elec-
tronic states that split in the magnetization-dependent manner
[13].

Surprisingly, the experimental reports on the observations
of QWS in the occupied part of the band structure of Fe
are rather scarce. As notable examples we should mention a
report on the development of QWS of a single spin (majority)
character in Fe(110)/W(110) system [14] and demonstration
that the density of states near the Fermi level oscillates with
Fe thickness in Fe(001)/Ag(001) [10,11].

The Fe(001)/Au(001) system is a very good candidate to
host QWS, thanks to the very small lattice mismatch between
the two lattices as well as high flatness of Fe(001) films. What
is more, the band structures of Fe and Au differ substantially,
which allows the confinement of electronic states. The Fermi
surface of Au is a single sheet, in a first approximation shaped
as a sphere, made out of electronic states of sp character with
necks around the [111] direction. This allows development
of QWS of d character near the Fermi level within Fe films
interfaced with Au. In Ref. [15] it was shown by inverse
photoemission spectroscopy that unoccupied electronic states
of Fe(001)/Au(001) develop QWS.

The dependence of the electronic structure of a ferro-
magnet on the magnetization direction is a fundamentally
interesting issue, lying at the heart of many basic effects
in magnetism, such as the existence of magnetocrystalline
anisotropy [16]. First-principles electronic structure calcula-
tions show that a change of the magnetization direction can
trigger a topological phase transition in mixed Weyl semimet-
als [17] or even a direct-to-indirect band-gap transition in
a two-dimensional (2D) ferromagnet, CrI3 [18]. In thick Fe
films (100 ML) grown on Au(001), magnetization-dependent
opening/closing of the spin-orbit gaps observed using angle-
resolved photoemission spectroscopy was reported by some
of us [19]. Such modifications of the electronic structure of
Fe has been recently also recognized as a topological phase
transition [20,21]. Moreover, since Fe/Au(001) is an example
of a ferromagnet/heavy-metal system potentially interesting
for spin orbitronics [22], it is worth asking a question whether
the QWS formed within a thin Fe layer show asymmetric
and magnetization-dependent band dispersions brought by the
combined effect of the time-reversal and inversion symmetry
breaking, similar to the ones found for Co/W(110) [23].

To draw a complete picture of the electronic band struc-
ture related effects, next to the high-resolution experiment,
a suitable theoretical approach is needed. In the case of
k-resolved photoemission spectroscopy from materials that
exhibit a three-dimensional band structure, the most intriguing
is the problem of the correct treatment of the wave vector
perpendicular to the sample surface (k⊥), which is not strictly
conserved in the photoemission process. In case of the thin
films which host QWS, k⊥ is also quantized [1,24]. On top
of that, the photoemission spectra are intrinsically broadened
along k⊥ direction [25,26].

The most accurate way to deal with the k⊥ issue is to
perform the one-step model of photoemission calculations,
in which it is possible to model the surface barrier and con-
sider the matrix elements of the possible electronic transitions
[27]. A significant drawback of this method is, however, its

complexity and the computational time demand. Therefore
simplified approaches are often used. One of them would be
to compare the measured spectra to a single cut in k space, at
the well-defined k⊥ value, which can be found following the
approximation of a free-electron final-state model (FEFSM)
[19,28–33]. Another approach, used especially for the thin
films in which quantized states are present, would be to com-
pare the measured spectra to the result of the ab initio band
structure calculations in the slab geometry, which essentially
contains all of the possible k⊥ values [34–36].

In this article we demonstrate photoemission data which
reveal in unprecedented detail the spin-polarized quantized
occupied electronic band structure of Fe(001) with some of
the QWS that visibly shift when the magnetization direc-
tion is switched. We demonstrate that these states could be
responsible for the oscillations of the magnetic anisotropy
with periods of ∼ 5 and ∼ 9 ML of Fe(001). We prepared
Fe(001) thin films of nearly perfect quality by cold deposition
on a Au(001) single crystal. The experiments were performed
using a momentum microscope together with a synchrotron
light source as well as in a laboratory-based angle-resolved
photoelectron spectroscopy setup using a low-energy Xe exci-
tation source. We compare the experimentally measured spin-
and k-resolved photoemission intensities from Fe(001) with
the simulations of the photoemission spectra that take into
account intrinsic broadening along the k⊥ direction as well as
quantization of the bulk electronic states within the thin-film
geometry. Thanks to that approach we are able to identify
nearly all of the experimentally observed spectral intensities.
We show that the magnetization-dependent shifts of the QWS
are fully reproduced by our simulations, which highlights
their origin in the relativistic bulk electronic structure of Fe.
We also present the magnetization-dependent openings of the
spin-orbit gaps which reveal the symmetry breaking due to the
presence of the sample surface.

II. EXPERIMENTAL DETAILS AND PHOTOEMISSION
SIMULATIONS

The 40- and 20-ML Fe films (1 ML = 1.43 Å) were
grown in situ on Au(001) single crystal at low temperature
(T = 100 K) using molecular beam epitaxy and gently an-
nealed up to 570 K. This preparation procedure was found
previously to result in high-quality Fe(001) films with no Au
present on the Fe surface [19], in contrast to room-temperature
deposition [37]. This was also confirmed by x-ray photoelec-
tron spectroscopy measurements. Mapping of the electronic
dispersions within the full Brillouin zone with photon energies
of VUV up to the soft x-ray region (70–160 eV) was per-
formed using the momentum microscope at the NanoESCA
beamline in the Elettra synchrotron in Trieste (Italy) [38].
These measurements were performed using both s- and p-
polarized light. The momentum microscope is equipped with
a W(001)-based spin detector [39], which enables collecting
constant energy spin-resolved maps within the entire Bril-
louin zone of Fe(001). The analysis of the spin-resolved
data was performed following the procedure described in
Ref. [40]. In addition, high-resolution spectra were taken us-
ing a laboratory-based unpolarized light source of low photon
energy (8.4 eV). Before each measurement, the samples were
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FIG. 1. (a) Bulk Brillouin zone (BBZ) of bcc Fe and surface Brillouin zone (SBZ) of Fe(001) with superimposed k0
⊥(kx, ky) surface which

defines location of the initial electronic states that contribute to photoemission intensity according to free electron final-state model for photon
energy of 70 eV. The inset shows a sketch of the photoemission experiment as seen in real space. (b) Illustration that schematically shows a
range of the initial states involved in the photoemission simulation with respect to the size of the BBZ. (c) Relativistic GW bulk electronic
structure of bcc Fe along � line of BBZ. Blue (red) color indicates predominantly minority (majority) states. Labels identify orbital symmetry.
Negative (positive) kx values correspond to direction along (perpendicular) to magnetization.

remanently magnetized using an oriented permanent magnet
which was brought close to the sample surface.

Within an intuitive three-step model of photoemission [28],
an electron is photoexcited from a certain initial Bloch state
to a final state within the solid (step I). This transition is
governed by the matrix element between the two states (Mfi).
In the next step (step II) the excited electron travels a certain
distance [on average, inelastic mean free path (IMFP)] before
being emitted from a solid (step III).

In a photoemission experiment, schematically shown in
Fig. 1(a), the electrons emitted at a certain emission angle
(θ ) can be identified as originating from the Bloch state of
a strictly defined value of the in-plane wave vectors (kx and
ky), depending on the photoemitted electrons’ kinetic energy

(Ekin): kx(y) =
√

(2m/h̄2)Ekin sin θ . The out-of-plane momen-
tum of the Bloch state k⊥ is not directly measurable in the
photoemission experiment. The actual initial-state perpen-
dicular momentum k0

⊥ can, however, be approximated, e.g.,
assuming that the final electron state is a free electron as in
FEFSM. Then k0

⊥ can be found as (V0 stands for the value of
the inner potential)

k0
⊥ =

√
(2m/h̄2)(Ekin cos2 θ + V0). (1)

An exemplary k0
⊥(kx, ky) cut superimposed on the sketch

of the Brillouin zone of bcc Fe that corresponds to the photoe-
mission induced by light of an energy hν = 70 eV is shown in
Fig. 1(a). The k⊥ problem in photoemission is not limited to
finding k0

⊥. Another fundamental issue is the intrinsic broad-
ening of the photoemission spectra along the k⊥ direction
[25,26]. This intrinsic broadening is a final-state effect which,
within the three-step model of photoemission, can be related
to the escape depth of the photoexcited electron. When taken
more rigorously, as in the one-step formalism, the final state
should be treated as a so-called inverse-LEED state, corre-
sponding to the plane wave damped exponentially as a result
of the limited lifetime and multiscattering processes [28]. In

each case the final state should be imagined as being spatially
extended in the subsurface region. This spatial extension de-
fines the uncertainty of an electron’s location in the direction
perpendicular to the sample surface which, in turn, can be
translated to the uncertainty of the k⊥ vector (�k⊥) via the
Heisenberg uncertainty principle.

The distribution of the k⊥ vector is a Lorentzian centered
at k0

⊥ [25]:

L = �k⊥
2π

1

(k⊥ − k0
⊥)2 + (�k⊥/2)2

. (2)

The initial − state spectral function is characterized by the
Lorentzian distribution in energy centered at the band energy
[Ei(k0

⊥)] due to the finite hole lifetime (τh), where �E = h̄/τh

[25,26]:

Ai(E ) ∝ �E

[Ei − Ei(k0
⊥)]2 + (�E/2)2

. (3)

To obtain the photoemission intensity, the initial-state spec-
tral function must be integrated in k⊥ [25,26]:

I (E f , Ei ) ∝
∫ ∞

−∞
dk⊥ | T f |2| Mfi(k⊥) |2

× �k⊥
(k⊥ − k0

⊥)2 + (�k⊥/2)2

× �E

[Ei − Ei(k0
⊥)]2 + (�E/2)2

. (4)

In our simulations, we assume the final-state surface trans-
mission (T f ) and photoexcitation matrix elements (Mfi) to be
equal to unity. We will comment on the role of the matrix
elements when discussing comparison of the simulations to
the experimental results obtained using p- and s-polarized
light. Since we are dealing here with the relative thick films,
we do not take into account the k⊥ broadening of the initial
state related to the total film thickness [42], which equals
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∼0.05 Å−1 for a 40-ML-thick film. This is much smaller than
the final-state k⊥ broadening and therefore does not signifi-
cantly influence the simulation result. Ei(k0

⊥) is an input to
the simulation given by the result of the ab initio calculation
of bulk electronic structure. Here we use the GW approx-
imation of many-body perturbation theory that corrects the
results from the generalized gradient approximation (GGA)
functional of density functional theory.

To reconstruct the experimentally observed QWS, the pho-
toemission simulations must include quantization of k⊥. In
general, comparison of the theoretical calculations of the bulk
electronic band structures with the results of the slab calcu-
lations gives a picture of the direct correspondence of the
discrete electronic states of the slab to the points on the bulk
electronic dispersions [24]. Also, analysis of the photoemis-
sion from the QWS of thin films is a well-known method of
recovering the bulk dispersions [1,24,43]. Therefore, in our
photoemission simulation we quantized the electronic states
of the bulk crystal along the Fe[100] direction. For such a
quantization, one requires that a de Broglie wave associated
with the electron forms a standing wave within the potential
well of the width equal to the film thickness. We assume that
the phase shifts at substrate-film and film-vacuum interfaces
are equal to zero (or 2π ) [1]. Therefore we use discrete values
of k⊥, the number of which equals the number of layers in the
thin film.

In addition, to address the spin-resolved experimental
result, we also included the spin degree of freedom in our pho-
toemission simulations. To achieve that we first considered
separately all the initial electronic states of predominantly
minority (majority) character which contribute to the calcu-
lated photoemission intensity at each value of the parallel
wave vector (kx, ky) [Imin(Imaj), respectively]. Then we simply
calculated the spin polarization as

P = (Imin − Imaj)

(Imin + Imaj)
. (5)

A simplified sketch of the photoemission simulation that
we perform here is presented in Fig. 1(b), where k0

⊥ is indi-
cated by a green solid line, while a double arrow spans �k⊥. In
the following we will analyze the photoemission spectra from
the direct vicinity of the Fermi level, where the photohole
lifetimes are very long, with the resulting negligible initial-
state energy broadenings. Therefore we assume that all the
electronic states have the same energy broadening dominated
by the experimental energy resolution. Lifetime broadening
of the electronic band structure and correlation effects, signif-
icant below the Fermi level, have been described before for
the same sample system [32].

The GW calculation was performed within the all-electron
full-potential linearized augmented-plane-wave (FLAPW)
formalism as implemented in the FLEUR [44] and SPEX [45]
codes. The calculation was performed on a 10 × 10 × 10 k-
point mesh, which was enough to converge both eigenvalues
and theoretical Fermi energy. However, for the photoemis-
sion simulation, a much denser mesh of 200 × 200 × 200 k
points was essential for reproducing the experimental results.
Therefore we made use of the Wannier interpolation tech-
nique [46] to generate the data on the required k-point mesh.

The Wannier functions were obtained with the WANNIER90
library [47]. The GGA calculation providing the input wave
function and electronic quantities to the GW calculations was
performed with an angular momentum cutoff of lmax = 8 in
the muffin-tin spheres and a plane-wave cutoff of 5.0 bohr−1

in the interstitial region. The 3s and 3p orbitals were treated
as semicore by the use of local orbitals. The mixed product
basis [45] used in the GW calculation was constructed with an
angular momentum cutoff of 4 and a plane-wave cutoff of 3.0
bohr−1. We used 170 unoccupied bands and two local orbitals
per angular momentum up to l = 3 to describe high-lying
states accurately and to avoid linearization errors [48]. The
GW bulk bcc Fe electronic band structure along the � line is
shown in Fig. 1(c).

All the photoemission simulations shown in this work
were generated using a consistent set of parameters: the inner
potential V0 = 11 eV and the work function Wf = 4.5 eV.
The broadening along k⊥ direction (�k⊥) was used as a free
parameter, adjusted until the best agreement with the experi-
mental result was achieved. The values of �k⊥ = 0.33 Å−1,
�k⊥ = 0.25 Å−1, and �k⊥ = 0.1 Å−1 were found for Ehν =
70, 160, and 8.4 eV, respectively. Such k⊥ broadening con-
stitutes from 4% (Ehν = 8.4 eV) up to 15% (Ehν = 160 eV)
of the bulk Brillouin zone size. Such values of �k⊥ are in a
very good agreement with those reported earlier for Fe(110)
[49]. The values of �k⊥ can be translated to the correspond-
ing IMFP values via the Heisenberg uncertainty principle.
We find IMFP equal to 3, 4, and 10 Å for Ehν = 70, 160,
and 8.4 eV, respectively. These values follow the universal
curve reasonably well [50]. The energy broadenings of 50 and
10 meV were used to reconstruct the spectra measured using
the momentum microscope [Ehν = 70 eV and Ehν = 160 eV
presented in Figs. 4, 5, and 6] and laboratory-based Xe lamp
[Ehν = 8.4 eV, Figs. 7 and 8], respectively.

III. RESULTS AND DISCUSSION

We start from presenting the three-dimensional representa-
tion of the electronic states of bcc Fe as given by the result
of the GW calculation. The electronic states at binding en-
ergy of Eb(GW) = 0.095 eV (with respect to the theoretical
Fermi level) within the bulk Brillouin zone are presented
in Fig. 2. This binding energy corresponds to the binding
energy of Eb = 0.05 eV in the experimental result, which
will be presented and discussed below (Fig. 4). We use the
notation Hn, where n = 1–5, to highlight the inequivalence of
the bulk H points, which arises as a result of the spin-orbit
interaction in the presence of the magnetization vector that
breaks the symmetry due to a selection of a magnetization
direction [19] [Fig. 2(a)]. The H5 point is located behind the
image plane and therefore not visible in Fig. 2(a). The mag-
netization points along H5 − � − H3, which is indicated in
Fig. 2(a) by a blue arrow. The Eb(GW) = 0.095 eV constant
energy surface is composed of five bands (band 5 to band 9),
each depicted in superposition in Fig. 2(a) and individually
in Figs. 2(b)–2(f). Except for some details, the presented
constant energy sheets correspond to the Fermi surface of
bcc Fe. It is worth noting that the theoretical Fermi level is
crossed by one more band (band 10) that forms a Fermi sheet
surrounding the bulk � point (not shown). Except for that, the
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FIG. 2. Theoretical constant energy surfaces of bcc Fe at Eb(GW) = 0.095 eV with respect to the theoretical Fermi level: (a) superposition
of all the bands, (b–f) individual constant energy sheets of bands 5–9. Band 9 is depicted semitransparent. A blue arrow in (a) represents the
magnetization direction. The figures were prepared using XCRYSDEN software [41]

most pronounced difference between the energy of Eb(GW) =
0.095 eV and Eb(GW) = 0.0 eV (theoretical Fermi level) as
well as Eb(GW) = 0.045 eV (experimental Fermi level) is the
shape of the constant energy sheet of band 8. This is presented
in Fig. 3, where we used a different view point than in Fig. 2
to clearly visualize the central part of the Brillouin zone. This
sheet at Eb(GW) = 0.095 eV develops a diamondlike shape
that surrounds the bulk � point [Fig. 3(c)], which is not visible

FIG. 3. Constant energy sheets formed by band 8 at different
binding energies: (a) Eb = 0.0 eV (GW Fermi level), (b) Eb =
0.045 eV (experimental Fermi level), and (c) Eb = 0.095 eV (binding
energy of experimental constant energy maps presented in Fig. 4). A
blue arrow in (a) represents the magnetization direction. The figures
were prepared using XCRYSDEN software [41].

at the theoretical Fermi level [Fig. 3(a)]. The constant energy
sheet of band 8 is highly anisotropic at Eb(GW) = 0.095 eV
[Fig. 3(c)]. In the shape of the constant energy sheet formed
by band 8, the H5 − � − H3 direction is distinguished—along
that direction dropletlike shapes are visibly disconnected from
the central diamondlike shape [Fig. 3(c)]. Interestingly, we
performed measurements for different in-plane easy magneti-
zation directions of the sample, but we did not experimentally
observe this particular asymmetry. The experimental re-
sults obtained for a 40-ML-thick Fe(001) film using photon
energies of Ehν = 70 and 160 eV of p- and s-linear polariza-
tions are presented in Figs. 4(a), 4(b), 4(e), and 4(f). Judging
the photoemission intensity, constant energy maps collected
slightly below the Fermi level, i.e., at Eb = 0.05 eV, were
chosen for the presentation. These constant energy maps qual-
itatively represent the Fermi surface of bcc Fe. Before each
measurement the sample was magnetized; the magnetization
direction is indicated in Fig. 4(a) by a blue arrow.

In order to identify the experimentally observed intensities,
we start from comparing the experimental result to the GW
bulk electronic band structure of bcc Fe near the Fermi level
(Fig. 2), out of which we derive simple (kx, ky) cuts at well-
defined k⊥. According to the free-electron final-state model,
photons of Ehν = 70 and 160 eV induce photoemission from
the bcc Fe initial states located close to the � and H points
within the bulk Brillouin zone, respectively. Corresponding
cuts through the GW band structure are presented in Figs. 4(c)
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FIG. 4. Comparison of the photoemission intensities obtained using p- and s-polarized light of Ehν = 70 eV and Ehν = 160 eV for binding
energy of Eb = 0.05 eV for the 40-ML-thick sample with electronic states within a single cut through the k space as defined by FEFSM as well
as with the results of the photoemission simulations. (a, b) Experimental result for Ehν = 70 eV and p- and s-polarized light, respectively. A
blue arrow represents the magnetization direction, a wiggly arrow shows the photon incidence direction. (c) Corresponding single cut through
the k space, (d) corresponding result of the photoemission simulation. (e, f) Experimental result for Ehν = 160 eV and p- and s-polarized light,
respectively, (g) corresponding single cut through the k space, and (h) corresponding result of the photoemission simulation. Colored ellipsoids
mark the features of interest discussed in the text.

and 4(g). The width of the lines reflects the experimental
energy broadening.

We can easily identify most of the experimental photoe-
mission intensities for Ehν = 70 eV and p-polarized light
[Fig. 4(a)] as originating from the constant energy sheet of
band 8. We observe also high spectral intensity near the M
point that can be identified as belonging to band 9 [marked
by a blue ellipsoid in Fig. 4(a)]. The measurement performed
using s-polarized light [Fig. 4(b)] reveals a substantially
different picture, which highlights the role of the dipole tran-
sition matrix element. A characteristic diamondlike shape
around � as well as thin lines near X that belong to band 8
are observed. The shapes characteristic for band 7 are marked
by a blue ellipsoid. The intensities near the M points are
fully suppressed. The experimental result for Ehν = 160 eV
and s-polarized light [Fig. 4(f)] is dominated by the contribu-
tion of bands 8 and 9, which are marked by blue and black
ellipsoids, respectively. High spectral intensity in the center
of the image could be attributed to bands 5 and 6; however,
here the agreement between the theoretical prediction and the
result of the measurement is poorer. In the result for Ehν =
160 eV and p-polarized light [Fig. 4(e)], spectral intensity
from band 8 is visible, but only near the X points (marked
by a blue ellipsoid). A weak signal originating from band 7 is
also observed (black ellipsoid), as well as features that can be
identified as originating from bands 5 and 6 (around �).

Clearly, there is a good correspondence between the the-
oretical cuts through the electronic band structure and the
experimental result in terms of the general shape of the
constant energy sheets. However, there are some interesting
features in the experimental result which are not reproduced
in the simple cuts through the bulk electronic band structure.
Most importantly, the experimental result obtained for Ehν =
70 eV and p-polarized light [Fig. 4(a)] reveals concentric rings
of the shape of band 8, which we identify as QWS [marked by
a white circle in Fig. 4(a)]. To reproduce this experimental
result, photoemission simulation must be invoked [Figs. 4(d)
and 4(h)].

We see that most of the experimentally observed intensity
variations at the Fermi surface directly correspond to the
partial density of quantized initial states of the bulk crystal.
Especially striking is that the regions of reduced intensity
in the experimental map measured using p-polarized light
and Ehν = 70 eV [Fig. 5(a)] and also s-polarized light and
Ehν = 160 eV are fully explainable by the projected initial
band structure [Figs. 4(d) and 4(h), respectively]. Also, e.g.,
features that resemble vertically oriented eyeglasses at the
sides of the constant energy map in Fig. 4(b) (marked by a
black ellipsoid) are perfectly reproduced by the photoemis-
sion simulation. The simulation is much better in this case
than the single cut through k space [Fig. 4(c)] because the sin-
gle cut is a simple flat cut (the same k⊥ for each kx, ky), while
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FIG. 5. Quantum well states near the Fermi level (Eb = 0.05 eV).
Comparison of the photoemission intensities obtained using p-
polarized light of Ehν = 70 eV for 40-ML-thick sample (a) and
20-ML-thick sample (c). The magnetization direction and the photon
incidence direction are the same as in Fig. 4. (b, d) Corresponding
photoemission simulations. The numerals mark corresponding quan-
tum well states.

the photoemission simulation includes the actual curvature of
k0
⊥ as depicted in Fig. 1.

The biggest strength of our photoemission simulations is
revealed in the very good reproduction of the quantized states
of band 8, which are marked in Fig. 4(a) by a white circle.
We take a closer look at the quantized states in Fig. 5, where
we show the blowups of the k-space region where QWS are
present. For the film thickness of 40 ML we observe four
distinct QWS, which is depicted in Fig. 5(a). The number
of QWS depends on the thickness of the film—the thicker
the film, the more states fit into the potential well. (k⊥ be-
comes continuous in the bulk limit; compare, e.g., Ref. [51]
for an instructive demonstration of a band formation in a
periodic system.) To demonstrate the thickness dependence
of the QWS, we show the experimental result measured for a
thinner sample, of half the thickness, i.e., 20 ML [Fig. 5(c)].
As expected, a thinner film shows a smaller number of QWS,
in this case only two. We see that the number and separation
of the QWS is well-reconstructed in the simulation [Figs. 5(b)
and 5(d)]. In the experimental result of Ehν = 70 eV the
only visible QWS are those formed within band 8; the other
electronic states seem not to be quantized. Also, no QWS are
visible in the measurement of Ehν = 160 eV. The reason for
that might be the separation of the quantum wells, both in
energy and in momentum, below the experimental resolution.
It is interesting to note that even band 8 does not appear to be
quantized when measured using Ehν = 160 eV [Fig. 4(f)]. The
reason for this lies apparently in the quantities not captured
by our photoemission simulation, such as the photon-energy-
dependent cross section for photoemission [42].

In addition, we performed the magnetization-dependent
and spin-resolved experiments. We define the magnetization
direction UP, DOWN, RIGHT, and LEFT for the magneti-
zation vector pointing along Fe[100], Fe[100], Fe[010], and
Fe[010], respectively. In Fig. 6 we present the results ob-
tained for the sample magnetized DOWN [Fig. 6(a)] and UP
[Figs. 6(b) and 6(c)]. To represent the spin-resolved data we
use a two-dimensional color map, where the predominantly
minority (majority) states are marked in blue (red) for the
magnetization UP, while the color saturation represents the
photoemission intensity. Note that the black color represents a
fully spin-mixed state (spin polarization equal to zero). We see
that the QWS of band 8 has the majority character while the
central diamondlike shape has a minority character. The result
of the spin-resolved photoemission simulation is presented
in Fig. 6(d). It is encouraging to see a very good agreement
between the experimental result and the theoretical simulation
also in terms of the spin polarization of the respective sheets.
Note that the approach that we use to calculate spin polar-
ization reflects averaging of the spin information within the
probed range of the perpendicular wave vector. This means
that if accidentally the bands of the opposite spin happen to
be present at the same binding energy for the same values
of the parallel wave vector (kx, ky) within the �k⊥ range, the
resulting measured spin polarization is reduced. This can be
observed, e.g., within the region marked by a black circle
in Fig. 6(d), where a grayish color represents substantially
reduced spin polarization, which is in agreement with the
experimental result [Fig. 6(b)].

In the same sample system for sample thickness of 40 ML
we also observed QWS formed by bands 5 and 6 when we
performed laboratory-based experiments using Xe excitation
light source of Ehν = 8.4 eV. The result of this experiment is
presented in Figs. 7(a) and 7(b), where reconstructed constant
energy cuts (a) and electronic dispersions (b) close to the �̄

point are presented. Small photon energy limits the accessi-
ble fraction of the k space and at the same time results in
a high-wave-vector resolution. Here we also observe clear,
well-separated QWS. These experimental results can be very
well reconstructed by our photoemission simulation, the result
of which is shown in Figs. 7(c) and 7(d). We use colored
dots as a guide to the eye to help identify respective states.
It is not straightforward to disentangle the visible states into
QWS of bands 5 and 6, but we can achieve that thanks to the
comparison with the photoemission simulation and single cuts
through the k space (not shown). We mark the QWS of band 5
with a green dot, while a black dot marks the QWS of band 6.
White and red dots mark the places where bands 5 and 6 meet.
The observed states have prominent energy dispersion; note
that the total energy range displayed in the image equals only
50 meV, the value of the energy resolution of the experiment
performed using the momentum microscope [Figs. 4(a), 4(b)
4(e), 4(f)]. This experimental result allowed us to precisely
determine the experimental Fermi-level position with respect
to the result of the GW calculation EF(exp) = 0.045 eV. We
mark the experimental Fermi-level position by a horizontal
red solid line in Fig. 7(d).

Importantly, bands 5 and 6 that are shown here to be quan-
tized are present along the � line (H − � − H) of the bulk
Brillouin zone, which corresponds to the [001] direction in
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E. MŁYŃCZAK et al. PHYSICAL REVIEW B 103, 035134 (2021)

FIG. 6. Comparison of the spin-resolved photoemission intensities with the spin-resolved photoemission simulation. The experimental
results are the constant energy cuts (Eb = 0.1 eV) measured using light of Ehν = 70 eV for a 40-ML-thick sample and (a) p polarization when
the sample was magnetized DOWN, (b) p polarization when the sample was magnetized UP, and (c) s polarization when the sample was
magnetized UP. A wiggly arrow in (a) indicates the photon incidence direction. (d) Result of the spin-polarized photoemission simulation. The
two-dimensional color map shown in the insets is the same for all the figures. Blue and red color in (b–d) indicate predominantly minority and
majority spin states, respectively. Black and white ellipses indicate features of interest discussed in the text.

the real space and can therefore contribute to the oscillations
of the magnetic anisotropy energy in Fe(001) thin films. These
states correspond to majority states �5 and �′

2, respectively,
[compare Fig. 1(c)]. Out of GW calculation we find the Fermi
wave vectors of these states along the quantization direction
and at the experimental Fermi level equal to 1.76 and 1.95
Å−1.

The wave function of a quantum well state consists of
a fast oscillating Bloch function modulated by an envelope
function which assures that boundary conditions are met at
the interfaces [24]. The origin of the envelope function can
be understood as a result of the superposition of two charac-

FIG. 7. Comparison of the photoemission intensities obtained
using unpolarized light of Ehν = 8.4 eV for a 40-ML-thick sample
with the photoemission simulation. (a) Experimental constant energy
cut near the Fermi level (Eb = 0.005 eV). (b) Experimental disper-
sion. (c, d) Results of the photoemission simulation. Red horizontal
line in (d) indicates position of the experimental Fermi level. Colored
dots indicate corresponding quantum well states.

teristic wavelengths: one related to the Fermi wavelength and
the other to the lattice constant. The resulting beat frequency
determines the frequency of the oscillations of physical prop-
erties of a quantum well system [52]. The wave vector of the
envelope function can thus be found as kenv = kZB − kFermi,
where kZB is the wave vector at the zone boundary and kFermi

is the Fermi wave vector [24]. The envelope function defines
the oscillation period: p = π/kenv. QWS formed by bands 5
and 6 would then be responsible for the oscillations of the
macroscopic physical properties of the period equal to 5.1
and 9.1 ML, respectively. If we would assume the theoretical
Fermi level, the corresponding result would read 6.8 and 10.9
ML, respectively. As pointed out in the Introduction, in the
Fe(001)/Ag(001) system, magnetic anisotropy was found to
oscillate with film thickness with the period of approximately
5–6 ML [9–11], which suggest that the QWS formed by
band 5 of dominantly majority character and �5 symmetry
along the H − � − H direction might be the origin of the
oscillations, which is in accordance with the conclusion of
Ref. [11]. Also, first-principles calculations of the magnetic
anisotropy in Fe/Au(001) multilayers have shown oscillations
with roughly 8–10-ML period [13]. Such oscillations might
originate from the QWS of band 6, i.e., the majority �′

2
electronic state.

Note that both the experiment and the photoemission sim-
ulation revealed a substantial asymmetry within the constant
energy cut—the shape around � is elongated along the ky

direction [Figs. 7(a) and 7(c)]. To investigate the origin of this
asymmetry, we performed additional measurements, chang-
ing the magnetization direction of the sample. The obtained
dispersions are presented in Fig. 8. Red dashed lines in the
insets in Fig. 8 indicate k-space cuts with respect to the
magnetization direction (shown by an arrow). We use colored
dots as a guide to the eye to help identify the corresponding
states. In the experimental result we can distinguish two types
of spectra—results for magnetization UP and DOWN belong
to the first type, while RIGHT and LEFT to the second one.
We observe that in the second case, the QWS change position
with respect to the magnetization; the distance in the k-space
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FIG. 8. (a) Experimental result obtained using unpolarized light of Ehν = 8.4 eV for a 40-ML-thick sample remanently magnetized along
different in-plane directions. (b) Results of the corresponding photoemission simulations. Insets clarify the orientation of the cuts in k space
(red dotted line) with respect to the magnetization direction (arrow). Red horizontal lines in (b) indicate position of the experimental Fermi
level. Colored dots mark corresponding QWS.

between the dispersing states in the second case is visibly
larger (compare the distance between the green and red dots).
Upon the magnetization reversal, the QWS marked by a green
dot moved �k ∼ 0.03 Å−1, while the one marked by a red dot
moved �k ∼ 0.01 Å−1. The QWS marked by a white dot in
the DOWN and UP spectra is barely visible for magnetiza-
tions LEFT and RIGHT. The associated shifts in the binding
energy are of the order of 10 meV. These values are rather
minute in comparison to the magnetization-dependent shifts
observed before in thick Fe(001) films within the spin-orbit
gap between bands 8 and 9 that were as large as �k = 0.1 Å−1

and �E = 100 meV [19]. The shifts within the QWS of bands
5 and 6 that we report here are reproduced by our simulation,
also quantitatively [Fig. 8(b)]. This means that the observed
effect is of the bulk origin and happens within the initial
electronic band structure. In Ref. [13] it was suggested that
strong anisotropy oscillations with a period of 8–10 ML in
Fe/Au(001) multilayers might be related to electronic states
that are split by spin-orbit interaction in the magnetization-
dependent manner. Here we showed that these very states
indeed change their position in energy and momentum when
the magnetization direction is changed.

As the last point, we note that in the case of Fe we do
not observe surface-derived states, which makes the compar-
ison to the bulk calculation relatively straightforward. Still,
there are some interesting features in the experimental result
which are not explainable by our bulk-based simulation. For

example, the experiment shows asymmetry between negative
and positive kx direction [Figs. 4(a) and 4(b), and Fig. 6(a)
and 6(b)]. The most obvious source of this asymmetry is a
spin-orbit gap between the bands 8 and 9. In Fig. 4(a) the gap
is visible on the right-hand side of the image (within a black
ellipsoid), while no gap is observed on the left-hand side. The
gap changed location in k space when the magnetization direc-
tion was switched, keeping the same symmetry with respect
to magnetization [Figs. 6(a) and 6(b), the gap is marked by a
white ellipsoid]. The in-plane sample magnetization together
with the broken translational symmetry due to the sample
surface leads to the lowering of the rotational symmetry of
the bulk states, leaving a single mirror plane perpendicular
to the magnetization vector [19]. Consequently, this effect is
not visible in the photoemission simulation, which does not
include the surface-related effects [Fig. 6(d)]. We see that our
photoemission simulation gives a very good starting point to
analyze the deviations in the electronic dispersions close to
the sample surface from the expectations for the pure bulk.

IV. SUMMARY AND CONCLUSIONS

We performed a thorough experimental study of the quan-
tized electronic band structure of thin-film Fe(001)/Au(001)
near the Fermi level. To identify the experimentally observed
features, we performed photoemission simulations based on
GW electronic band structure that take into account intrinsic
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broadening along the k⊥ direction and the spin degree of
freedom. We obtained an extraordinary agreement between
the experimental results and simulation within a wide pho-
ton energy range, also in terms of the spin polarization. We
observed quantized states along the � direction, which could
be responsible for the oscillations of the magnetic anisotropy
with a period of ∼ 5 and ∼ 9 ML. We observed that these
quantum well states change position in k space and energy
depending on the magnetization direction. This effect is re-
produced by our photoemission simulation which highlights
its origin in the bulk initial electronic band structure of bcc
Fe. Our photoemission simulation gives a good base to an-
alyze the deviations of the surface electronic structure from
the expectations for the pure bulk. We observed experimen-
tally the magnetization-dependent spin-orbit gaps that reveal
the symmetry breaking by the presence of the sample sur-

face. We expect that the simulation method discussed in this
work, which is simple yet powerful, might be helpful in
understanding the photoemission intensities from other three-
dimensional materials, especially when the spin-polarized
quantized electronic states are considered.
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