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A B S T R A C T

Fermi surfaces of transition metals, which describe all thermodynamical and transport quantities of solids, often
fail to be modeled by one-electron mean-field theory due to strong correlations among the valence electrons.
In addition, relativistic spin–orbit coupling pronounced in heavier elements lifts the degeneracy of the energy
bands and further modifies the Fermi surface. Palladium and rhodium, two 4d metals attributed to show
significant spin–orbit coupling and electron correlations, are ideal for a systematic and fundamental study of the
two fundamental physical phenomena and their interplay in the electronic structure. In this study, we explored
the Fermi surface of the 4d noble metals palladium and rhodium obtained via high-resolution constant initial
state momentum microscopy. The complete 3D-Fermi surfaces of palladium and rhodium were tomographically
mapped using soft X-ray photon energies from 34 eV up to 660 eV. To fully capture the orbital angular
momentum of states across the Fermi surface, the Fermi surface tomography was performed using p- and s-
polarized light. Applicability and limitations of the nearly-free electron final state model in photoemission
are discussed using a complex band structure model supported by experimental evidence. The significance of
spin–orbit coupling and electron correlations across the Fermi surfaces will be discussed within the context of
the photoemission results. State-of-the-art fully relativistic Korringa–Kohn–Rostoker (KKR) calculations within
the one-step model of photoemission are used to support the experimental results.
1. Introduction

The introduction of geometry into the modern electron theory of
metals has revolutionized the description of the electronic structure of
metals from the idea of a degenerate Fermi gas into Fermi surfaces.
The Fermi surface topology of a solid describes all of its transport
properties as the Fermi surface corresponds to the momentum-resolved
boundary between the occupied and unoccupied states. By the early
1970s, the Fermi surfaces of metallic systems were studied intensively
using density functional theory. Experimental confirmations of the
Fermi surface topology were primarily performed using De Haas–van
Alphen oscillations [1–3]. Fermi surfaces allow us to understand the
electronic interactions such as Ruderman–Kittel–Kasuya–Yosida inter-
action and inter-layer exchange coupling in thin films, which sub-
sequently led to the discovery and fundamental description of giant
magnetoresistance [4,5]. However, Fermi surfaces of solids with higher
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valency and strong correlations may deviate significantly from the
free electron-like electronic structure. Describing fine structures in an
intricate Fermi surface topology has proven to be challenging from both
experimental and theoretical points of view. Recent developments in
electron spectroscopy have proven momentum-resolved photoelectron
spectroscopy to be the preferred technique to investigate electronic
structures and Fermi surface topology owing to its unprecedented en-
ergy and momentum resolution [6,7]. In this study, we will explore the
three-dimensional high-resolution Fermi surface tomography of single-
crystal elemental 4d transition metals palladium (Pd) and rhodium (Rh)
via state-of-the-art electron spectroscopy in the form of momentum
microscopy.

Photoelectron spectroscopy, despite being a staple probe for elec-
tronic structures, is inherently an indirect technique in which the
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Fig. 1. a Relativistic Fermi surface of Pd calculated using FPLAPW with LDA+U formalism. b Projection of the Fermi surface contours of the LDA+U ground state in 𝑘𝑧 dimension.
The surface Brillouin zone convention is used for consistency where the dashed line denotes the surface Brillouin zone boundary. c Comparison between the ground state calculations
with and without consideration of spin–orbit coupling. The insets (2.5× magnification) highlight the significance of the relativistic effect on the Fermi surface of Pd.
experimental observable, the photoelectron spectral function is a con-
volution of the initial ground state and final excited state of the crystal
with respect to a defined electromagnetic field. Pioneering theoretical
efforts [7–11] have established the fundamental framework for the
photoemission process and interpretations of the experimental obser-
vation. However, due to a multitude of experimental parameters and
the setup limitation, the photoemission models are mostly used as a
qualitative link between the experimental observation and the theo-
retical description of the physical interactions. Although conventional
photoelectron spectroscopic techniques, such as angle-resolved photoe-
mission spectroscopy (ARPES) allow access to the electronic structure
with high energy and momentum resolutions, it is fundamentally lim-
ited by geometrical confinements of its photoelectron acceptance angle
and momentum resolution [6]. The two-dimensional mapping of the
electronic structure using a photoelectron emission microscope was
first demonstrated two decades ago [12], and further developed by
combining the microscopy with a hemispherical deflection analyzer
for unprecedented momentum and energy resolutions also known as
momentum microscopy [6,13–17]. By using momentum microscopy
with an energy-variable light source, we are able to eliminate the
physical constraints and the redundant parameters in conventional
photoemission experiments. Our findings have allowed us to explore
the fine structures in photoemission spectra, for instance, the complete
highly resolved Fermi surface and the anomalies observed at lower
photon energies.

In this study, the complete three-dimensional Fermi surfaces of
palladium (Pd) and rhodium (Rh) are resolved experimentally and the-
oretically. Complementary to our experimental results, fully relativistic
Korringa–Kohn–Rostoker (KKR) calculations within the one-step model
of photoemission were employed for discussion of the experimental
spectral features [10,18]. Furthermore, the momentum-resolved pho-
toemission process is revisited using fundamental textbook examples of
wave functions in a periodic lattice potential [19] and the application
of a one-step photoemission process.

Elemental Pd is commonly treated as the model case study for
ferromagnetic instability in an itinerant electronic system. As a 4d-
elements with electron configuration [Kr] 4d10, Pd is iso-electronic
to the ferromagnetic element nickel (Ni). In its ground state, despite
possessing a high density of states at the Fermi energy, elemental Pd
narrowly fails to fulfill the Stoner criterion for ferromagnetic order.
Hence, it is conventionally classified as a nearly-ferromagnetic metal.
The (para) magnetic susceptibility of Pd is a result of the system being
on the verge of ferromagnetic transition [20]. The strong magnetic
fluctuation and the anomalous temperature variation of the enhanced
paramagnetic susceptibility of Pd were studied intensively via a spin
fluctuation model [21]. Over the past decades, various studies have
2

shown that ferromagnetism in Pd can be achieved via dimensionality
reduction or quantum well state formation in ultrathin Pd films. More-
over, a neighboring 3d-ferromagnet in epitaxially strained Pd film or
multilayer configurations can easily spin-polarize a near-ferromagnet
like Pd. Elemental Pd is also predicted to have a magnetic onset upon
lattice expansion of less than 5% [22].

Neighboring Pd in the periodic table, Rh has one less valency with
electron configuration [Kr] 5s1 4d8. The electronic structure of rhodium
has not been studied extensively [23]. However, the recent discovery
of topological chiral charges in RhSi [24] and the coexistence of spin
and charge ordering on monolayer Fe on Rh(001) [25] have motivated
further understanding of its electronic structure. In addition, both Pd
and Rh are staples in compounds engineered to host non-collinear
spin textures. A complete description of the electronic structure of
elemental Pd and Rh is crucial to provide a convincing ansatz to their
physical properties and their potential application in future technology.
Here, we provide some insights into the roles of strong spin–orbit
coupling and correlations played in the electron structure of Rh and
Pd, especially across their Fermi surface.

2. Fermi surface of palladium

In order to establish a fundamental framework, the ground state
of face-centered cubic Pd, shown in Fig. 1 is calculated using an
all-electron full-potential linearized augmented-plane wave (FPLAPW)
code [26] (𝑈 = 1.0 eV, 𝐽 = 0.3 eV) with spin–orbit coupling included
in second variation [27]. 𝑘-point mesh sizes of 15 × 15 × 15 was used
and the Fermi surface was plotted onto a 100 × 100 × 100 grid. A total
of 70 empty states are used to ensure convergence for the unoccupied
bands.

The Fermi surface of Pd in Fig. 1a can be classified into three
separate Fermi sheets or bands. Sheet I (yellow) primarily exhibits a
free electron-like character and manifests as a deformed sphere in the
zone center at 𝛤 -point with spikes pointing towards 𝐿- and 𝑋- high-
symmetry points in the zone boundary; Sheet II (green) contributes
the most to the density of states in the vicinity of Fermi energy. It
manifests as interconnected hollow tubes between the X points of the
Brillouin zone, commonly called ‘‘jungle gym’’, with horn-like features
pointing away from 𝑋-point towards the 𝐿-point. With the inclusion of
spin–orbit coupling in the theoretical calculations, as shown in Fig. 1c,
a small hole pocket at the 𝐿-point is realized; Sheet III (blue) exists
as elliptical hole pockets around 𝑋 points. The radius of the hole
pocket is also strongly modified following the inclusion of spin–orbit
coupling. The Fermi level was set by direct comparison of the radii
of Sheet II contours between theoretical and experimental data in the
latter sections. Despite consistent with previous literature [27–29], the
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Fig. 2. a Comparison between empty lattice-free electron dispersion and nearly-free electron dispersion with periodic lattice potential. b The energy diagram of free electron final
state of photoelectron for the satisfaction of wave matching condition. c Illustration of the wave-matching conditions in real space for excitation into a damped final state and an
available unoccupied final state. Note the mismatch in the out-of-plane component 𝑘⟂ of an evanescent wave with the free electron wavefunction.
Fermi energy of both 𝑋 and 𝐿 hole pockets is evidently overestimated
in FPLAPW when compared to the experimental data. Consequently,
the radii of hole pockets appear significantly smaller than expected.
Fig. 1b shows the Fermi surface contours in 𝑘𝑥 and 𝑘𝑦 with respect to
defined 𝑘𝑧 values. These contours are composed of 100 equally divided
cross-sections of a complete Brillouin zone of Pd.

3. Experimental methods

The momentum microscopy experiments were carried out at the
NanoESCA beamline of the Elettra synchrotron in Trieste, Italy, us-
ing photons in the energy range between 35 eV and 660 eV with
variable polarization. Photoelectrons emitted into a complete half-
sphere of 2𝜋 𝑠𝑟 solid angle above the crystal surface were collected
by an electrostatic immersion lens and mapped onto a valence band
spectral intensity distribution of lateral momenta (𝑘𝑥, 𝑘𝑦) of the crystal.
Meanwhile, the perpendicular momentum 𝑘⟂ is not conserved due
to the breaking of translational symmetry at the sample surface. The
sample remained stationary throughout the experiments. Hence the
three primary variables are photon energy, photon polarization, and
the selected photoelectron energy. In all measurements, the lateral
momentum resolution 𝛥𝑘∥ of the momentum microscope is better than
0.02 Å−1. The overall energy resolutions 𝛥𝐸 are better than 50 meV
and 100 meV for photon energy below and above 200 eV, respectively.
All experimental results, unless otherwise mentioned, are raw photo-
electron intensity maps without any additional image processing or
symmetrization, except for the mandatory flat field correction of the
multichannel plate detector.

Photoemission processes in the low energy regime represent a com-
plex issue and the photoemission final state plays an important role
3

in the overall spectral function, as can be seen in Refs. [30,31]. Our
study can be classified into two separate energy regimes based on
photon energies applied, low energy (34 eV–200 eV) and high energy
regime (>200 eV). Here, in the high-energy limit, we adopted the
interpretation of the free electron final state model where convergence
to the free-electron final state is ensured. Fig. 2a shows the textbook
example of a free electron dispersion and a more realistic dispersion
with a periodic potential. In this model, the ground state wave function
within the crystal (initial state) is excited into a free electron-like final
state which is perfectly matched to a free electron dispersion in the
vacuum, as shown in the solid line in Fig. 2b. In a particle across a
step well picture in Fig. 2c, the wave-matching condition between blue-
colored and red-colored wave functions across the surface (step) has
to be satisfied. The simplicity of the free electron model permits the
extraction of the out-of-plane wave vector, 𝑘⟂ under the assumption
of constant crystal inner potential. The kinetic energy of the measured
photoelectrons is selected in conjunction to the varied photon energy,
hence keeping the probed initial state constant. The final states are
represented by plane wave approximation as a free electron-like iso-
energy sphere in momentum space cutting across the Brillouin zone. Its
radius is given by |𝐤| =

√

2𝑚
ℏ

√

𝐸kinetic + 𝑈i, where the inner potential,
𝑈i, can be generalized as a material-dependent quantity.

In our microscopy results, the lateral wave vectors (𝑘𝑥, 𝑘𝑥) are kept
constant along with the momentum resolution. Therefore, the sample
size of photoelectrons decreases as a function of the reduced solid angle
of emission in real space while cutting across the iso-energy spherical
surface of constant solid angle in momentum space at higher energies,
resulting in lower photoelectron transmission. For instance, in the case
of Pd, the acquisition time of the Fermi surface at a photon energy of
55 eV was 30 seconds, whereas a similar experiment at a photon energy
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of 620 eV took 1200 seconds or 20 minutes. In addition, the beamline
photon flux also follows a downward trend with increasing photon
energy [32], resulting in overall reduced photoelectron statistics in the
high energy regime.

The angle of incidence of photons, as measured from the sample
surface, was fixed at 25◦ as shown in Fig. 3a together with the 𝐸⃗
field vector we defined for p-polarization. The orthogonal linear po-
larization, s-polarization, is then defined by the condition in which
the 𝐸⃗ field vector is in the plane with the 𝑥-axis (𝑘𝑥) of Fig. 3a.
Linear polarization is useful not only to determine the symmetry of
observed states but also to simplify observable electronic bands by
sorting out the orbital symmetry of the initial states based on the
dipole selection rule [7]. Under the dipole approximation, the initial
state can be categorized as even or odd with respect to the reflection
in the mirror plane spanned by the Poynting vector of the incident
photon and the direction of photoemission. The observable final state
of photoemission must always be even as an odd parity will result in
a node in the electron wave function. Therefore, the even-symmetry
initial states are only observable in p-polarization, whereas the odd-
symmetry initial states are only observable in s-polarization [33]. As
a side note, we would like to mention that a prior study on the Fermi
surface of Pd [34] using linear polarizations failed to address some of
the key features in its theoretical Fermi surface, such as Sheet III and
the hole pocket of Sheet II.

The elemental single-crystals of Pd(001) and Rh(001) were cleaned
in situ by repeated cycles of Ar-ion sputtering and annealing at 850 K in
an ultra-high vacuum consistently below 1×10−9 mbar for 10mins. The
sample surface is re-prepared every four hours to ensure a pristine sur-
face. All measurements were performed with the sample temperature
at 130 K.

4. Fermi surface tomography

For the Pd(001) and Rh(001) single-crystals, we determined values
of 𝑈i = 19.25 eV and 16.50 eV respectively, by comparing a series
of constant initial state momentum maps with that of the calculated
ground states as shown in Fig. 1. Supplementary materials 1 and 2
show the respective videos of the constant-initial state momentum mi-
croscopy scan at Fermi energy overlaid with the zone boundary under
the free-electron final state model with the determined 𝑈i. Figs. 3b and

show the spherical cuts with the X-point of the Brillouin zone at the
rigin while Figs. 3d and e feature that of 𝛤 - high symmetry points. The
eneral consistency between the Fermi surface topology of the third
one and the fourth zone is remarkable. All the theoretical features are
ell reproduced in the experimental results with small deviations from

he FPLAPW results, as mentioned in the previous subsection.
However, the limitations of the free electron final state model can

lready be seen in the momentum map obtained at 246 eV photon
nergy in Fig. 3b. As pointed out by the two small arrows with dark
lue outlines, signatures of the horn-like feature of Sheet II in the
icinity of the projected 𝑋̄-point could be seen at around (𝑘𝑥, 𝑘𝑦) =
0,±1.15) and (±1.15, 0). In order to make a case for discussions on such
n anomaly of the photoemission spectral response at lower photon
nergies, we employed constant initial state momentum microscopy
omographically by scanning across photon energies in fine intervals
o access a larger energy–momentum phase space.

Owing to the aforementioned increase in photoelectron sampling
ize in the low energy regime, constant initial state momentum maps
ere obtained with energy intervals of 2 eV in photon energy. Detailed

hree-dimensional spectral responses in the momentum space of 𝑘𝑥 and
𝑦 as a function of photon energies are obtained. Fig. 4a presents the
tarting point for a curious case of spectral intensity modulations along
he ‘‘jungle-gym’’ bands at 148 eV excitation energy which might be
isinterpreted as part of the ground state of Pd. Adopting a similar

onvention in Figs. 3, 4b,c and d are overlaid with the respective zone
oundary of Brillouin zone across different initial states. An apparent
4

educed spectral intensity can be directly correlated with the zone
oundary in the final state.

In order to visualize the trend across the tomography, we present an
xtracted cut of the spectra along the 𝑘𝑥-axis in Fig. 4a as a function of

photon energy. Then, we overlaid the bulk zone boundary (red) across
the photon energy cuts across the measurements at Fermi energy in
Fig. 5a. This observation can be traced back to the forbidden band gaps
in nearly-free electronic bands due to the presence of a periodic lattice
potential shown in Fig. 2a. In our findings, the lack of spectral intensity
in our results can be associated with the band gap in the photoelectron
final state.

The breakdown of the free electron final state model close to the
zone boundary can be understood as the unavailability of a final
state, and therefore the final state is strongly damped. Here, we can
clearly see the breakdown of the free electron final state model in the
measurements taken in the low energy regime. Although the Sheet III
hole pocket is expected around the 𝑋-point of the bulk zone boundary
etween the photon energy of 70 eV and 90 eV, we did not observe a
trong contribution from Sheet III. Surprisingly, strong photoemission
pectral intensity with Sheet III signature was observed off 𝑋 high
ymmetry point. We associated this observation as a final state damping
ue to surface barrier potential and adopted the convention of the
omplex band structure in photoemission to capture these anomalies.

. Complex band structure

Thus far, we have explored the electronic structure of Pd based on
n infinite crystalline solid which can be understood as stationary Bloch
aves made up of an ensemble of real energy eigenvalues. However, in

he presence of a surface barrier potential, a complex-valued wave vec-
or is adopted and the amplitude of the corresponding wave functions
xpands or decays exponentially along the out-of-plane (⟂) direction,
esulting in the formation of evanescent states [35] as shown in Fig. 2c.
s a consequence, the 𝑘⟂ of the photoelectron becomes ill-defined by

he free electron-like dispersion or even the bulk real states. Instead,
ne can interpret such states as final state self-energy or inelastic
cattering of the photoelectron, which is known to limit the probing
epth of photoemission. Hence, the momentum-resolved photoelectron
pectral function has to satisfy the wave-matching condition for both
he Bloch wave extending across the lattice and the evanescent states
nto an incoming plane wave in vacuum, as shown in Fig. 2c [36,37].
uilding upon a prior study on self-energy in an itinerant magnet [38],
e demonstrated the evidence of final state self-energy in detail using

onstant-initial states momentum microscopy. Antithetically, in this
tudy, the lifetime broadening due to the correlations of the initial
tate or the valence bands is strongly suppressed as the initial state is
onstrained to the Fermi level.

As evident in Fig. 5a, the free electron model deviates the most
hen the final state is situated close to the zone boundary. In order

o describe our experimental observations in Fig. 5a, a calculation of
he complex band structure based on the optical potential is performed,
s shown in Fig. 5b. The transmission probability of photoelectrons
r photocurrent in the normal emission photoemission geometry is
lotted against the out-of-plane wave vector (𝑘⟂). A clear deviation
f the observable real part of the complex band structure in blue and
he bulk states in red can be seen at lower photon energies while
lowly converging with increasing excitation or photoelectron energy.
n particular, close to the zone boundary of 𝑋 and 𝛤 (back-folded),
e can see dispersionless waterfall-like features, denoted as orange
rrows in Fig. 5b, with respect to photo energy, suggesting heavy final
tate spatial damping. Drawing an analogue from Ref. [38], this can be
nderstood as imaginary valued wave vectors driven by the complex
inal state self-energy particularly prominent close to the forbidden gap
long the zone boundary.

The signature of the aforementioned Sheet III hole pocket visualized
n the theoretical Fermi surface and our results obtained at higher
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Fig. 3. a Experimental geometry and equi-energy free-electron final state spherical cuts in 3D momentum space corresponding to the experimental momentum maps. b, c, d,
e show the experimental momentum maps at Fermi energy obtained at soft-X-ray energies of 246 eV, 470 eV, 342 eV, and 620 eV, respectively. Red overlay illustrates the
intersections between the corresponding momentum disc and the first Brillouin zone boundary in the nearly-free electron final state model whereas the theoretical Fermi contour
of palladium from local density approximation are overlaid on the left half of b, c, d, e.
Fig. 4. a Momentum map taken with s-polarized photon of 148 eV. b, c, d Magnified
constant momentum maps at Fermi energy, 50 meV and 100 meV below Fermi energy,
respectively, in the region enclosed by a dashed yellow rectangle in a. Close to the
zone boundary described by the free electron-like final state model, the photoelectron
intensity is significantly reduced despite the change in the initial state.

energy regime in Fig. 3 is used as a pointer for comparison due to
its defined feature and its position along normal emission (𝛤 - X). As
mentioned in the previous section, the Sheet III hole pocket is displaced
from its expected wave vector around the X-point of the bulk zone
boundary in the vicinity of 75 eV photon energy. The strong signature
of the Sheet III hole pocket in the experiment at around 105 eV can
be associated with the eventual crossings at 𝑋 in the calculation at the
same energy. In addition, ghosting of the Sheet III hole pocket could
5

be seen at several energies where the real part of the complex band
structure grazes/crosses the 𝑋-point.

Remarkably, we can also observe the momentum dependence of
final state damping by tracing the regions with reduced photocurrent
as we did with the bulk zone boundary. Due to the aforementioned
complex surface barrier potential, the trace of the ghost zone bound-
aries adopts rather deformed dispersions, reflecting the waterfall-like
dispersion in the real part of the normal emission complex band struc-
ture. We overlaid one of such dispersion of the zone boundary in a
yellow solid line in Fig. 5a. The information on this effect is crucial as
it may result in misinterpretation of ground state electronic structure
in photoemission experiments. One such interesting observation is the
appearance of kinks in bands of the constant initial state photoemission.
Because of its strong photoelectron intensity and conspicuous feature,
we selected the region marked by blue arrows in Fig. 5a, which is
part of the relatively flat Sheet I. Fig. 6 shows the momentum map
in the vicinity of the marked kinks. Experimentally we see the marked
‘‘ghost’’ duplicate of the zone boundary crossing the bands at around
84 eV photon energy where the kinks are observed. An abrupt and clear
displacement orthogonal to the zone boundary of the Fermi Sheet I
feature can be clearly seen in the spectra between Figs. 6c and d. An
enlarged region of interest in dashed green squares is also shown in
Fig. 6g and h where the wave vector is shifted in +𝑘𝑥 direction. Away
from the zone boundary, other spectral features evolve smoothly across
different photon energies. One should not confuse the observation of
such final state quasi-particles with those of the ground state as this
phenomenon is primarily a consequence of the momentum-conserved
photoemission process.

To provide a holistic picture, the momentum-resolved photoelec-
tron spectral response of Palladium is evaluated theoretically using a
one-step photoemission formalism. Local spin density approximation
(LSDA) and atomic-spheres approximation (ASA) were used in the one-
step model of photoemission calculations implemented in the SPR-KKR
band structure software package [10]. A lattice constant of 7.3507 a.u.
was used in the calculation.
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Fig. 5. a Cross-sections along the kx axis (arrow in Fig. 4a) of the normalized constant initial state momentum maps at Fermi energy, taken with the s-polarized photon. The
zone boundary of the free electron final state model is plotted in a red solid line on the right half. The yellow line highlights one of the doubles of the zone boundary marked
by a significant lack of photoelectron intensity. The semi-transparent box in green highlights the energy range covered in b while the blue arrows denote the kink-like features in
the dispersion. b The real part of the out-of-plane wave vector component of the complex photoemission band structure (in blue) and the real bulk ground states (in red) in the
normal ((kx , ky) = (0, 0)) photoemission geometry with respect to the photon energies. The transmission probability (photocurrent) of the real part complex states is plotted as a
function of line thickness in a logarithmic scale. Orange arrows positioned across the complex states highlight the waterfall-like dispersion close to high symmetry points.
Fig. 7 shows the direct comparisons of the momentum distribution
of photoemission spectral intensities at selected photon energies, of
which the nearly-free electron final state sphere cuts across the 𝐿-, 𝑋-,
and 𝛤 - high symmetry points of Pd crystal at photon 55 eV, 75 eV,
and 155 eV respectively. Each set of momentum maps at the selected
photon energies, obtained in both p- and s- polarized photons, conforms
well to its respective one-step photoemission calculation.

Strong suppression of the photoelectron intensity in the vicinity of
zone boundary around (𝑘𝑥, 𝑘𝑦) = (±0.5,±0.5) in Figs. 7c, d due to the
heavy final state damping, were reproduced in both experiments and
theory. At 55eV photon energy, the 𝐿-hole pocket is clearly resolved in
Fig. 7a but vanishes in Fig. 7b. Here, we are able to clearly resolve the
hitherto unconfirmed small 𝐿-point hole pocket of Sheet II in Fig. 7a.
We associate the polarization-dependent observation with the even-
and odd symmetry of the orbital angular momentum of the states.
Furthermore, we can also see the orbital selective photoemission of
Sheet I along the 𝛤 −𝐾 high symmetry line in Fig. 7e and f. The yellow
pointer in the figure shows a vanishing photoemission intensity along
the 𝛤 − 𝐾 direction only when s-polarized photons are used. Specifi-
cally, this band features a strong 𝑑𝑥2−𝑦2 character (even-symmetry) of
which the photo-excitation is forbidden in s-polarization.

In Fig. 7a-d, two concentric, hallowed but orthogonal ellipses (blue
arrow) of Sheet III hole pocket centered at 𝑋- points of Brillouin
zone (see Fig. 1b). Supplementary material 1 shows the Fermi surface
tomography of Pd in the low energy regime where the two ellipses
appear almost dispersionless across photon energies below 150 eV.
It also emphasizes the vicinity of the ellipses with respect to the
zone boundary. Similarly, this can be associated with the bulk zone
boundary at (𝑘 , 𝑘 ) = (±1.15,±1.15) or the 𝑀̄-point of surface Brillouin
6

𝑥 𝑦
zone. At this specific momentum, the final state is always located in
the vicinity of a zone boundary (see the overlay in supplementary
material 1). As a result, the final state self-energy dominates resulting
in a near two-dimensional-like state, mirroring an extreme case of the
elongated pocket of the same Fermi sheet in Fig. 5a. This is, however,
as we understand now a consequence of the final state self-energy of
photoemission and should not be taken as a piece of direct information
from the bulk band structure nor a surface state.

On the other hand, along with this knowledge, we are able to
qualitatively resolve parts of the orbital texture of the Sheet III hole
pocket around the X-point. In Fig. 7e and f, the blue arrows denote
the position of the Sheet III hole pocket taken at 155 eV excitation
energy. Here we can already observe the top/bottom part in 𝑘𝑧 of the
hole pocket as smaller dark-filled ellipses using p-polarized photons,
signifying an even orbital. Meanwhile, the s-polarized photons exclu-
sively photoexcite the upper (blue arrow in Fig. 7f) and lower portion
of the hallowed edge of the ellipse. However, a further theoretical
study of the orbital-resolved band structure is required for a detailed
study. In a nutshell, we demonstrated the use of polarization-dependent
momentum microscopy and the consequences of final state self-energy
in bulk band mapping.

6. Fermi surface of rhodium

Neighboring Pd in the periodic table, the electronic structure of Rh
is complementary to that of Pd as it has one less valence electron while
featuring a face-centered cubic lattice with a slightly smaller lattice
constant. Parameters similar to that of Pd are used in the FPLAPW
code [26] for the relativistic band structure. The Fermi surface of Rh, as
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Fig. 6. Constant initial state momentum maps in the vicinity of zone boundary double formed in the existence of evanescent final state highlighted in a semi-transparent blue
rectangular box in Fig. 5a. Translucent red and blue overlays are eye guides for the zone boundary and the anchor of kx for visualization of the kink-like feature across the gap
in the final state, respectively. g,h are the magnified momentum maps where the ‘‘kink’’-like momentum displacement is most significant for 82 eV and 84 eV photon energies
respectively, while the other bulk states evolve gradually.
shown in Figs. 8a and b, lacks the ‘‘jungle gym’’ Fermi surface topology
of Pd. By comparing the respective band diagrams of Pd and Rh in
Fig. 1c and Fig. 8c, we can see the similarity of two electronic structures
with a shift in Fermi level due to the valence number. For the same
reason, Rh has an extra Fermi sheet compared to Pd as an additional
band crosses the Fermi energy. Such difference can be clearly seen with
the band extrema of Pd situated below Fermi energy at 𝐿 and 𝑋 high
symmetry point in Fig. 1c.

The Fermi surface of Rh can be categorized into four different Fermi
sheets, as shown in Figs. 8a and b. Sheet A (orange) primarily exhibits a
free electron-like character and manifests as a deformed sphere in the
zone center at 𝛤 -point with spikes pointing towards 𝐿- and 𝑋- high-
symmetry points in the zone boundary. It is fully enclosed by Sheet B;
Sheet B (green) manifests as a large Fermi sheet just short of electrons
to form the ‘‘jungle gym’’ structure. It also protrudes towards the 𝐾
high symmetry point and tucks closely between Sheet A and Sheet C.
Sheet C (teal) exists as large deformed elliptical hole pockets around
𝑋-points with petal-like protrusion towards 𝐾-point. The radius of the
hole pocket is also strongly modified following the inclusion of spin–
orbit coupling. Similar to Pd, with the inclusion of spin–orbit coupling
in the theoretical calculations, a small hole pocket at the 𝐿-point is
realized; Sheet D (blue) appears as elliptical hole pockets around 𝑋-
point enclosed by Sheet C. Consistent with Pd, the Fermi energy in
theory was tuned to match with the d-like Sheet B in the experiment.

Based on our study on Pd, similar experimental pipelines were car-
ried out to investigate the Fermi surface of Rh. A set of measurements
between photon energies of 34 eV and 100 eV was carried out in
2 eV intervals and another set between photon energies of 500 eV and
7

652 eV was carried out. The aforementioned 𝑈i of Rh is used in the
free electron final state model. Fig. 9a shows the free electron final
state cuts across the Brillouin zones for the selected momentum maps
in Fig. 9b-e. Our interpretation on the complex final state model in
the lower photon energy regime allowed us to understand the lack of
spectral weight for the sheet C and sheet D hole pockets in Fig. 9c.
Likewise, the deviation from the free electron final state model is
significant in both Figs. 9b and c at photon energies of 60 eV and 79 eV,
respectively. Remarkably, the 𝑘𝑧-projected Fermi surface contours in
Fig. 8b provided clear evidence of the complex final state, such as the
overlapping hole pockets of the sheet C and sheet D hole pockets at 𝑋-
point in Fig. 9b. Moreover, the spectral weight in Figs. 9c from Fermi
sheet B, manifests as a four-fold background-like projection around the
origin in the 𝑋 – 𝛤 direction of the zone boundary overlay. Albeit the
𝐿-point hole pocket of Fermi sheet C of Rh is slightly larger than that
of theory, our experimental results are in general agreement with the
FPLAPW calculations. By ensuring the convergence to the free electron
final state model at higher photon energies, Figs. 9d and e illustrate the
selected experimental results obtained at 𝛤 and 𝑋-point at 508 eV and
652 eV photon energies, respectively.

7. Conclusions

In this study, we utilized a comprehensive pipeline to experimen-
tally determine high-resolution Fermi surfaces using momentum mi-
croscopy for Pd(001) and Rh(001). Our investigation began by thor-
oughly assessing the viability and limitations of the free electron final
state model across a wide range of photon energies. We found that



Ultramicroscopy 253 (2023) 113820X.L. Tan et al.
Fig. 7. Experimental photoelectron momentum maps of Fermi surface (left half) and its
fully relativistic one-step-model counterpart (right half) for ℎ𝜈 = 55 eV (a-b), 75 eV (c-
d) and 155 eV (e-f) respectively. Momentum maps (a, c, e) correspond to photoemission
geometry of p-polarization whereas momentum maps (b, d, f) correspond to that of
s-polarization. The colors of the point of interest (arrows) correspond to the respective
color scheme used in Fig. 1a and b.

the free electron final state model can effectively model the out-of-
plane momentum when the free electron wave functions match the final
states in the bulk. However, at the boundaries of the bulk Brillouin
zone, local band gaps emerge, preventing the penetration of the free
electron state into the bulk and leading to the formation of evanescent
states.

The presence of evanescent states has two key consequences. Firstly,
it results in suppressed intensity at the boundary of the Brillouin zone.
The evanescent states prohibit the extension of free electron wave
functions into the bulk, thereby reducing the photoemission intensity at
these points. Secondly, the evanescent states exhibit a limited lifetime,
contributing to a complex-valued self-energy of the final states. This
complex self-energy gives rise to the emergence of waterfall-like struc-
tures in the photoemission intensities, particularly in the out-of-plane
wave vector.

Furthermore, our results emphasize the significance of considering
photoemission final-state effects, as we provide a quantitative expla-
nation for satellite structures and ghost states previously attributed to
photoemission artifacts. These features can be accurately accounted for
8

within our theoretical framework by incorporating the complex-valued
self-energy of the final states.

We also thoroughly investigated the crossover limits and breakdown
of the free electron final state model in both Pd(001) and Rh(001) sys-
tems. We discovered that the free electron final state model assumption
generally falls apart in a low-energy regime characterized by strong
modulation of out-of-plane components, primarily due to the presence
of evanescent states. When studying systems of interest, it becomes
imperative to consider additional variables such as structural factors,
physical interactions, and the information depth, typically represented
by the inelastic mean-free-path of photoelectrons.

For instance, in the case of single-crystalline cobalt [38], the con-
vergence towards a free electron-like final state occurs at significantly
lower energies. This behavior in cobalt arises from strong electron
correlations, which lead to significant band broadening away from the
Fermi level. Consequently, even when utilizing a low-energy excitation
source, the assumption of a free electron final state model can still be
invoked. Thus, the breakdown of the free electron final state model in
the low-energy regime highlights the importance of considering system-
specific factors, such as electron correlations, to accurately describe
the final states in photoemission experiments. These considerations ex-
pand our understanding of the limitations and applicability of the free
electron final state model in different materials and energy regimes.

Moreover, this experimental study represents a significant advance-
ment as we report the high-resolution Fermi surfaces of Pd and Rh.
Specifically, we successfully resolve the long-standing question regard-
ing the existence of an L-hole pocket in the Pd Fermi surface. Our
experimentally resolved Fermi surface findings bridge the gap between
state-of-the-art theoretical results and experimental observations.

Additionally, the higher valency of Pd leads to a notable shift of the
Fermi level towards the band extrema, resulting in the formation of a
‘‘jungle gym’’ like topology characterized by a high density of states.
This unique topology suggests the potential for nesting effects across
the Pd Fermi surface, as previously discussed [27,39]. These findings
provide valuable insights into the intricate relationship between the
electronic structure and valency in Pd. However, it is important to
acknowledge the limitations of the theoretical models employed in this
study. Despite focusing on the Fermi energy, we observe several notice-
able discrepancies, such as the size of hole pockets. These deviations
underscore the need for more intensive investigations into local and
non-local electron correlations in both Pd and Rh systems. By delving
deeper into these correlations, we can achieve a more comprehensive
understanding of the observed Fermi surface features.

Furthermore, we demonstrate the application of a tomographic
technique utilizing an energy-variable light source, enabling the com-
plete resolution of the Fermi surfaces of Pd and Rh. By cross-referencing
the calculated Fermi surface features with experimental observations,
we establish a robust connection between theory and experiment. This
approach provides a powerful tool for studying and characterizing the
Fermi surfaces of complex materials.

In summary, our study not only enhances our understanding of the
limitations of the free electron final state model and the formation of
evanescent states at the boundaries of the 3D Brillouin zone but also
provides a quantitative explanation for satellite structures and ghost
states. By considering these factors, we improve our understanding of
high-resolution Fermi surface tomography and advance the interpre-
tation of photoemission intensities. Additionally, the experimentally
resolved high-resolution Fermi surfaces of Pd and Rh underscore the
need for further investigations into electron correlations and the limi-
tations of theoretical models. This showcases the potential for bridging
theory and experiment in the study of Fermi surfaces, paving the
way for future advancements in our understanding of the electronic
properties of materials.
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Fig. 8. a Relativistic Fermi surface of Rh calculated using FPLAPW with LDA+U formalism. Inset shows the free electron like Fermi sheet by removing the d-like sheet (green).
b Projection of the Fermi surface contours of the LDA+U ground state in 𝑘𝑧 dimension. c Comparison between the ground state calculations with and without consideration of
spin–orbit coupling.
Fig. 9. a Experimental geometry and equi-energy free-electron final state spherical cuts in 3D momentum space corresponding to the experimental momentum maps. b, c, d, e
show the experimental momentum maps obtained at soft-X-ray energies of 60 eV, 79 eV, 500 eV, and 652 eV, respectively. Red overlay illustrates the intersections between the
corresponding momentum disc and the first Brillouin zone boundary in a nearly-free electron final state model whereas the theoretical Fermi contour of palladium from local
density approximation is overlaid on the left half of c, d, e.
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