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We report the emergence of two-dimensional itinerant half-metallicity in a two-atomic-layer thick iron-
palladium alloy. Against the common belief that spin-orbit coupling is adverse to half-metallicity, the
complex interplay between exchange and spin-orbit coupling counterintuitively enables it via electronic
band hybridization. The 2D ferromagnet is engineered directly via controlled alloying and is verified
experimentally via spin-resolved band structure analyses. First-principles calculations corroborate its
tunability by providing a systematic bottom-up approach through stepwise ground-state construction. The
appearance of hybridization points at specific k£ points, via interplay between exchange and spin-orbit
interactions, is responsible for the emergence of half-metallicity.
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The significance of the exchange interaction and spin-
orbit coupling in solid-state physics, particularly for spin-
related phenomena, is underscored by their foundational
roles, serving as the cornerstone for the emergence of novel
properties within materials. The exchange interaction,
rooted in the Pauli exclusion principle, dictates the behavior
of electron spins within a solid. The alignment of electron
spins, driven by exchange interactions, gives rise to various
magnetic states such as ferromagnetism and antiferromag-
netism by breaking the time-reversal symmetry.
Meanwhile, spin-orbit coupling, arising from relativistic
effects on moving electrons in a potential, introduces a
coupling between spin and orbital angular momenta,
causing degeneracy lifting of electronic states. The com-
bined influence of exchange interaction and spin-orbit
coupling is a prime ingredient for the engineering of
emergent electronic properties. A subclass among ferro-
magnets, the half metals are generally described as a spin
current medium with a conducting majority spin channel
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and an insulating minority spin channel. For this reason,
half-metals are often hailed as the lynchpin in spintronics
for their roles as spin filters and pure spin injection devices
essential for spintronics applications such as spin transfer
torque and spin-orbit torque devices.

Although substantial progress has been made on the
theoretical front, where a plethora of half-metals are
predicted, experimental evidence remains scarce. All
known half-metals are of cryogenic temperature phases,
making them impractical in technological applications [1].
Historically, the most well-known examples of half-metals
are Heusler alloys and complex oxides. In reality, potential
perturbations due to structural imperfections [2,3], surface,
and interface effects [4,5] often lead to the breakdown of
half-metallicity. For instance, the experiments on the
prototypical half-metallic Heusler alloy NiMnSb [6,7]
and magnetite Fe;O, [8,9] demonstrated large discrepan-
cies in net spin-polarization due to the surface and bulk
structural difference. Consequently, typical ferromagnets
lose their high spin polarization and half-metallicity at their
surface or when reduced to sub-nm thickness. Apart from
recent theoretical predictions [10,11], there is no exper-
imental evidence of a two-dimensional half-metal in
existence. In addition to structural factors, the ubiquitous
relativistic effect of spin-orbit coupling [12] and thermal
depolarization mechanisms such as magnon and phonon
excitations [13,14] are detrimental to the half-metallicity at
finite temperatures. On the experimental front, a verifica-
tion of half-metallicity is often limited because of chal-
lenges in spin resolutions of the electronic states [15,16].

Published by the American Physical Society
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This Letter presents a bottom-up optimization pathway for
realizing a two-dimensional half-metallic film via direct band
structure engineering. At the core of this endeavor lies the
ambition to attain a fully polarized Fermi surface that is
unattainable solely through exchange interaction. To circum-
vent this challenge, we leverage spin-orbit coupling to lift the
band degeneracy at local k points, whereby a spin channel
gap is leveled at the Fermi energy. In this pursuit, we employ
two elemental ingredients: iron (Fe) and palladium (Pd). Fe,
renowned for its large exchange, lays the foundation for
robust magnetic interactions within the system. On the other
hand, Pd is characterized by its susceptibility to polarization
via the proximity effect and possesses significant spin-orbit
coupling. Through systematic alloying and stoichiometry
manipulation, we achieve a leveling of band hybridization
points proximate to the Fermi energy, opening up a gap in one
of the spin channels and, consequently, realizing a two-
dimensional half-metallic film.

Depicted in Fig. 1(a), a well-established fabrication of
ultrathin monolayers (ML) of the disordered FePd alloy on
a Pd(001) single crystal was performed [17,18] using
molecular beam epitaxy from a high-purity Fe rod, fol-
lowed by mild annealing. The crystallinity and purity of the
film and substrate were verified using low-energy electron
diffraction and Auger electron spectroscopy [19]. In addi-
tion, the Fe to Pd composition of the film was tuned by
controlling the nominal sub-ML Fe epitaxy in the depo-
sition of the Fe thin films. In line with existing literature
conventions [17,18], we utilized a mild annealing process
on the Fe sub-MLs deposited on Pd(001) to induce alloying
between interfacial layers, resulting in a two-monolayer
thick FePd/Pd(001) structure, as illustrated in Fig. 1(a).
Details of the fabrication of the ultrathin monolayers are
provided in Fig. S4 of the Supplemental Material [19].

Our study employs the state-of-the-art spin-resolved
momentum microscopy at the NanoESCA beamline [20]
of the Elettra synchrotron in Trieste, Italy, to directly probe
the spin-resolved electronic band structure of ultrathin
FePd alloy monolayers on Pd(001). Spin-resolved momen-
tum microscopy was carried out using a W(100) imaging
spin filter [21]. The k-space mapping of the complete
Brillouin zone with spin resolution permitted by momen-
tum microscopy [22,23] permits the efficient optimization
of the alloy composition crucial to the exchange engineer-
ing of the itinerant ferromagnetic film. All photoemission
measurements were performed while keeping the sample at
a temperature of 130 K, well below the Curie temperature
of 370 K [18] of the FePd systems. The magnetic systems
investigated in this study were remanently magnetized
in situ at 130 K in the field-free microscope chamber in
the —y direction before the measurements. In all measure-
ments, the final energy resolution of the momentum
microscope was set to < 50 meV.

Figure 1(b) shows the spin-integrated Fermi surface of
two-ML FePd/Pd(001) and bulk Pd(001). The stark
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FIG. 1. (a) An illustration of a two-monolayer thick FePd alloy
on Pd(001) showing the dimensionally confined half-metallic
film. (b) The measured Fermi surface of two-ML thick
FePd/Pd(001) (left half) and Pd(001) (right half). (c) The
reference spin-integrated (left half) and spin-resolved (right half)
Fermi surface of body-centered-cubic Fe represented in 12 ML Fe
on Pd(001). Dashed yellow lines denote the surface Brillouin
zone of a face-centered cubic lattice.

contrast between the Fermi surface of the disordered alloy
monolayers and that of Pd(001) bulk states, particularly
close to the Brillouin zone boundary, demonstrates a strong
hybridization of states. Serving as a reference, the Fermi
surface of a prototypical body-centered-cubic (bcc) Fe in
the form of 12 ML of Fe on Pd(001) was measured using
spin-resolved momentum microscopy along with its spin-
integrated counterpart as shown in Fig. 1(c). Both the
majority and minority spin channels of the ferromagnetic
Fe were shown as the spin-up and spin-down bands,
respectively, in line with the common textbook example
of bulk bec Fe states [24].

Spin-resolved momentum microscopy on two ML of
FePd/Pd(001), in Fig. 2(a), revealed the hallmark feature
of a half-metallic system with a fully spin-polarized Fermi
surface. A negative energy (holelike) exchange-split spin-
down band with a maximum at 175 meV below the Fermi
energy is shown in the spin-resolved momentum map in
Fig. 2(b). The spin-resolved experimental outcome dem-
onstrated no significant spin-down states above the maxi-
mum of this band up to the Fermi level.
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FIG. 2. Experimental spin-resolved (a) Fermi surface and
(b) momentum map at 0.2 eV below the Fermi level of two-ML
FePd/Pd(001). (c) Theoretical spin-resolved electronic structure
of the topmost two surface layers of FeyoPd; ;/Pd(001). Green
arrows denote the maximum of the holelike spin-down band
centered at M. The color scale in panel (c) represents the theoretical
spin-resolved spectral function, while the two-dimensional color
map corresponds to the experimentally measured spin polarization
and photoemission intensity.

In concert with our experiment, layer- and spin-resolved
calculations within the density functional theory are
employed to understand the underlying physics. The
calculations were performed using a Green function
method within the multiple scattering theory, specially
designed for semi-infinite systems such as surfaces and
interfaces [25,26]. We utilized a generalized gradient
approximation as the exchange-correlation functional
[27] and wused a coherent potential approximation
[28-30] to account for the alloy’s chemical and structural
compositions. First, we calculated bulk Pd in an fcc unit
cell with the experimental lattice constant. Then, the self-
consistently obtained potentials of Pd bulk were used to
calculate the Green function of the host and Pd films
deposited on the host. On top of the host, nine Pd and six
vacuum layers were assembled and treated self-consistently
within proper boundary conditions [31]. Figure 2(c) dis-
plays the theoretical spin-resolved Bloch spectral function
from the first two surface layers of two ML of FePd/
Pd(001) with 0.9 ML of nominal Fe [FeqoPd; ; /Pd(001)].
The theoretical calculations demonstrate good qualitative
agreement with our experimental data as shown in Fig. S2
of the Supplemental Material [19]. Only the first two
topmost layers of the thin film exhibit a near-ideal

half-metallic state. The spin-down band crosses the
Fermi level around the M point when the Bloch spectral
function beyond the top two layers is integrated, inherently
destroying its half-metallic property. Some discrepancies
between theory and experiment can be explained by
renormalization of the band structure due to electron-
magnon interaction, which might be substantial in FePd
alloys [18]. In addition, calculations of matrix elements
within a photoemission model may improve agreement
between theory and experiment. A juxtaposition of layer-
resolved Fermi surfaces of two-ML FePd/Pd(001) [19] is
shown in Fig. S1(a) of the Supplemental Material, while
Fig. S1(b) of the Supplemental Material shows the evolu-
tion of the band structure with the increasing volume
integration of the surface layers. Our theoretical calcula-
tions corroborated our surface-sensitive experiment, show-
ing the confinement of the half-metallic electronic wave
function to the top two layers of the system.

When the electronic interactions owing to the spin-orbit
matrix are considered, the initially free electronlike bands
depicted undergo band hybridization, ultimately resulting
in the formation of a fully polarized Fermi surface as shown
in Fig. 2(a) and in Fig. S1(a) of the Supplemental Material
[19]. This emergence of a half-metallic Fermi surface can
be understood as the electronic states of the same group
representation being prohibited from crossing due to level
repulsion in the Pauli exclusion principle. In contrast, the
absence of spin-orbit coupling precludes the interaction
between the spin-up majority and spin-down minority
electronic bands. Consequently, a half-metallic electronic
structure is not attainable, as shown in Fig. 3(a), as a
significant contribution of the spin-down minority band
crosses the Fermi level near the M high-symmetry point of
the surface Brillouin zone. Figure S2(a) of the
Supplemental Material [19] shows the calculated fully
relativistic ~ spin-integrated  electronic ~ structure  of
FeqoPd; ;/Pd(001). Remarkably, the spin channel gap
can be centered on the Fermi energy by precisely tuning
the alloy to a composition of Fe,oPd; ;/Pd(001).

At the heart of the half-metallicity lies the breaking of
time-reversal symmetry due to magnetic ordering. A direct
pathway for investigation is manipulating the nominal Fe
content in the thin film, which effectively modulates the
intralayer and interlayer exchange interactions [18]. A
reduction in 0.2 ML of nominal Fe content from
09 ML to 0.7 ML of Fe, as shown in Figs. 3(b)
and 3(c), culminated in a decrease in the exchange splitting
by ~0.2 eV. In addition to the exchange splitting control,
the dissolution of half-metallicity in two MLs of FePd with
nominal 0.7 MLs Fe (Fe(;Pd, ;/Pd(001)) in Figs. 3(b) and
3(c) demonstrates the strict parameter control on the
nominal Fe MLs within the FePd alloy to realize the
optimal condition for the half-metallic film. Meanwhile,
an increase in 0.6 ML of the nominal Fe content, from
0.9 ML to 1.5 ML nominal Fe, results in an increase in
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FIG. 3. (a) Experimental spin-integrated energy-momentum

dispersion along M-T-M high-symmetry points of two-ML
FePd/Pd(001) with an overlay of calculated band structure with
(left half) and without (right half) spin-orbit coupling. (b) Exper-
imental spin-integrated energy-momentum dispersion along
M-X-M of FeyoPd, /Pd(001) (left half) and Fey;Pd,;/
Pd(001) (right half) of 0.9 ML and 0.7 ML nominal Fe contents
respectively. Blue dashed lines indicate the holelike spin-down
bands. (c) Spin-resolved calculations along M-X-M for the dis-
persions shown in (b). The dashed lines in Figs. 2(a) and 2(b) denote
the momentum space from which the dispersions are extracted.

the exchange splitting at the M point by ~0.6 eV [19].
Figure S4 of the Supplemental Material [19] demonstrates
that the magnitude of exchange splitting scales

proportionally by comparing the alloy thin films of differ-
ent nominal Fe content. The spin-polarized electronic
structure can be effectively engineered by balancing the
exchange interaction and spin-orbit coupling. It is, how-
ever, important to note that due to the alloying nature of the
monolayer fabrication, a lower Fe content will inevitably
induce further inhomogeneity within the thin film; mean-
while, a higher Fe content is expected to induce structural
phase transition and further disorder into the bulk [17,32].

On the other hand, the significant hybridization of the
electronic states due to the proximity effect causes neigh-
boring Pd atoms in the atomic layers to become spin
polarized. As a result, the spin-up majority electronic state
of polarized Pd is shifted to lower energies [18]. Figure S3
of the Supplemental Material [19] shows a systematic
comparison of the theoretical electronic structures of a free-
standing monolayer Fe in vacuum, one monolayer of
pseudomorphic Fe on Pd(001), and Feg,Pd,;/Pd(001).
Furthermore, Fig. S1 of the Supplemental Material [19]
shows that the electronic bands of the topmost layer of the
Pd substrate, namely the third layer, are spin polarized.
Consequently, this results in an ultrathin half-metal with
negative polarization, making it unique even among mate-
rials with negative spin polarization [33-35]. In other
words, the spin current carried by the thin film is opposite
to the direction of magnetization. This is evident in the
comparison between the majority band (blue) of bcc Fe
magnetized in the —y direction in Fig. 1(c), and the half-
metallic Fermi surface of two ML FePd/Pd(001) in
Fig. 2(a).

This study has highlighted an intuitive pathway to design
a two-dimensional half-metallic system via the engineering
of exchange interaction and spin-orbit coupling. The over-
all interplay between the exchange and the spin-orbit
interaction can be tuned by varying the film’s total ratio
of Fe and Pd. We ultimately arrived at the optimal condition
for half-metallicity in a two-elemental system and corrobo-
rated our results with first-principles calculations. Future
studies may benefit from one-step photoemission calcu-
lations [36], which can account for matrix element effects
and provide deeper insight into the orbital character of the
bands [37] as well as the interplay between spin and orbital
degrees of freedom in the electronic structure. The elec-
tronic structure of FePd alloys can be significantly affected
by electron-magnon interaction [18,38], which can be
accounted for in future studies.

For spintronic applications, such a system could be
exploited readily as an ideal spin filter in thin films and
heterostructures. Incidentally, this configuration also rep-
resents a prototypical setup for a spin-orbit torque system in
which a ferromagnetic thin film is interfaced with a 4d
metal with significant spin-orbit coupling. An in-plane
unpolarized current in the bulk Pd crystal, as shown in
Fig. 1(a), can be used to magnetize or switch the spin
polarization of the half-metallic film remanently. In a
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nutshell, by employing state-of-the-art spin-resolved
experiments and theoretical methods, our study suggests
a reliable pathway for engineering electronic structures
using fundamental interactions in physics, such as
exchange and spin-orbit coupling. Our first-principles
calculations demonstrated that FeyoPd, ;/Pd(001) is an
optimal condition for realizing two-dimensional half-
metallicity.
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