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Strong spin-orbit coupling (SOC) in combination with a lack of inversion symmetry and exchange magnetic
interaction proves to be a sophisticated instrument allowing efficient control of the spin orientation, energy
and trajectories of two-dimensional (2D) electrons and holes trapped at surfaces or interfaces. Exploiting
Kondo-related phenomena and crystal-electric-field effects at reduced dimensionalities opens new opportunities
to handle their spin-dependent properties offering novel functionalities. We consider here a 2D Kondo lattice
represented by a Si-Ir-Si-Yb (SISY) surface block of the heavy-fermion material YbIr2Si2. We show that
the Kondo interaction with 4f moments allows finely tuning the group velocities of the strongly spin-
polarized carriers in 2D itinerant states of this noncentrosymmetric system. To unveil the peculiarities of this
interaction, we used angle-resolved photoemission measurements complemented by first-principles calculations.
We established that the strong SOC of the Ir atoms induces spin polarization of the 2D states in SISY block,
while the 2D lattice of Yb 4f moments acts as a source for coherent f -d interplay. The strong SOC and lack of
inversion symmetry turn out to lead not only to the anticipated Rashba-like splitting of the 2D states, but also to
spin splitting of the 4f Kramers doublets. They couple temperature-dependently to the spin-polarized 2D states
and thereby guide the properties of the latter.

DOI: 10.1103/PhysRevB.98.115157

I. INTRODUCTION

The realization of multiple different functionalities in a
single material is a rapidly developing field of research, which
is driven both by scientific curiosity and the prospect of
novel applications. Great attention is paid to the capability to
create highly spin-polarized two-dimensional electron states
(2DESs) at surfaces or interfaces of functional materials and
the manipulation of their properties [1–4]. Spin-orbit coupling
(SOC), which pairs the spin degree of freedom with the orbital
movement of electrons, is at the core of this research field and
provides a rich source for novel physics and the design of new
materials [5,6].

*Corresponding author: denis.vyalikh@dipc.org

As is known, lack of inversion symmetry gives rise to
the SOC-based Dresselhaus [7] and Rashba [8,9] phenom-
ena, which manifest the momentum-dependent spin splitting
of electronic bands. These effects open a path to imple-
mentation in spintronic applications [5,10,11]. In contrast to
the material-specific Dresselhaus effect, the ability to tune
the strength of the Rashba effect by an external gate volt-
age [10,12] or magnetic field [13] is considered to be an
inevitable ingredient to control the spin-polarized transport
properties. Combination of SOC with ferroelectricity gives
rise to a new class of recently discovered materials called fer-
roelectric Rashba semiconductors [14–16]. For these, the spin
texture arises from the Rashba effect and can be controlled
and switched via an external magnetic field [17].

At low dimensionalities, SOC drives many exotic phenom-
ena like chiral spin textures in topological insulators [18], the
appearance of strongly spin-polarized surface and interface
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states and quantum Hall phenomena [5]. On the other hand,
combination of low dimensionality and strongly correlated
electrons is known to result in unconventional electronic
properties, which notably deviate from those characteristic of
bulk materials [19–21]. For instance, dimensional tuning of
quantum criticality in heavy-fermion systems can be achieved
by suppressing the magnetic order and enhancing the effective
electron mass in 2D heavy-fermion materials as compared
to their 3D analogues [22]. Thus low-dimensional materials
combining strong electron correlations with strong SOC are
rather promising candidates for revealing new properties that
can potentially provide novel [23] functionalities for techno-
logical applications, for example, in spintronic devices based
on the spin-Hall effect in Kondo materials [24–27] or in
noncentrosymmetric superconductors [28,29].

As part of the development of SOC implementations,
mechanisms allowing fine-grained control over the properties
of spin-polarized electrons must be investigated. Therefore the
class of rare-earth (RE) ternary compounds RET2Si2 (RE and
T are rare-earth and transition metal atoms, correspondingly)
of the ThCr2Si2 type structure [30] attracts considerable atten-
tion. Besides their unique bulk properties evolving from a del-
icate interplay of 4f and spd electrons, these materials serve
as toy models for studying exotic surface physics within the
Si-T-Si-RE four layer of the Si-terminated surface [31–35].

In these systems, the SOC can be tuned by choice of
suitable transition metal atoms. It gradually increases by ex-
changing Co for Rh [32,36] and further for Ir. The SOC-based
phenomena will be rather weak for Co 3d electrons, while
they will be greatly enhanced for Ir 5d orbitals [37]. As a
competing ingredient, exchange magnetic interaction may be
exploited by inserting elementary 4f magnets like Gd as the
RE component [33]. Because the orbital moment of the Gd 4f

shell vanishes (L = 0) [38], the pure and large spin moment of
Gd will be a strong and robust source of magnetic phenomena.
Then, the Si-terminated surface of GdIr2Si2 seems a nice
platform for studying the tunability of the spin-dependent
properties of 2DESs in the presence and competition of the
Rashba effect and exchange magnetic fields.

A rotation of the 4f moments to a certain angle relative
to the surface normal [34] may be achieved by coupling to a
crystal electric field (CEF) [39–41]. To make use of notable
CEF effects, a nonvanishing orbital moment L is needed,
like for instance in Ho [34] or Dy [42]. Then, this option
allows to implement an exchange magnetic field with different
strength and orientation at the surface, which competes with
the Rashba field and creates additional possibilities to manip-
ulate the properties of the 2DESs [34].

Moreover, RET2Si2 materials offer the opportunity to ex-
plore how the effective masses and group velocities of highly
spin-polarized 2DESs can be adjusted in the presence of
strong electron correlations. For this purpose, we propose to
exploit the interplay of the 2DESs with 4f moments within a
2D Kondo lattice in the presence of strong spin-orbit coupling
and a noncentrosymmetric environment. Such a scenario is
realized at the Si surface within a Si-Ir-Si-Yb (SISY) four-
layer block of the heavy-fermion material YbIr2Si2 [43–46],
which is the actual object of our presented study.

The beauty of this block, which possesses the required non-
centrosymmetric geometry, lies in the emergence of 2DESs

that experience the combined influence of strong SOC and
Kondo interaction due to the admixture of the 5d states of
Ir and the 4f moments of Yb. One of the striking results
is the disclosure of momentum-dependent splitting of the
4f states from the Yb subsurface layer due to the missing
inversion symmetry. The interplay of these 4f states with the
itinerant spin-polarized 2DESs can be used as an instrument
to finely manipulate the effective mass and group velocity of
the latter. We propose and demonstrate that in general such
a Si-T-Si-RE system may serve as a beautiful playground for
studying the fundamental properties of 2D electrons. These
systems can be nicely used as a veritable construction kit
with spin-orbit, Kondo, crystal-electric field, and exchange
magnetic interactions as building blocks. Combining them
with one another gives the opportunity to design systems for
different scenarios and to study the physics of 2DESs in the
presence of these competing interactions.

II. EXPERIMENT AND CALCULATION DETAILS

A. Experimental details

The temperature-dependent ARPES experiments from
100 K down to 8 K were performed at the I05 beamline of
the Diamond Light Source (DLS) [47], while the 1 K mea-
surements were carried out at the “1-cubed ARPES” setup of
the BESSY-II facility (HZB Berlin) [48]. High quality single-
crystalline samples of YbIr2Si2 with body-centred structure
of I-type [Fig. 1(a)] were grown using a high-temperature
indium-flux method [46]. The silicon-terminated surface
[Fig. 1(c)] has been identified by the presence of a pronounced
surface state at the M point [31–35], labeled as α band, as well
as by a surface core-level shift in the Yb 4f emission [49].

B. Theoretical modelling

Ab initio calculations were performed with the projector
augmented-wave method [50] (VASP code [51,52]) and gen-
eralized gradient approximation to the exchange-correlation
potential [53]. The Hamiltonian contained scalar-relativistic
corrections and spin-orbit coupling was taken into account by
a second-variation procedure [54]. We set the energy cutoff for
the plane-wave expansion of wave functions to 253 eV and
sampled the two-dimensional (three-dimensional) Brillouin
zone with a 18 × 18 × 1 (18 × 18 × 7) k-point grid.

Experimental lattice constants were used in the calcula-
tions, which for our YbIr2Si2 samples were measured to be
a = 4.0345 Å and c = 9.8282 Å [46]. The Si-terminated
(001) surface was simulated by a symmetric slab with 19
atomic layers of P 4/nmm symmetry (space group 129). Our
analysis performed for slabs of different symmetry (99, 123,
or 129 space group) and thickness (up to 32 layers) allowed to
conclude that this choice is optimal: 19 layers turned out to be
both necessary and sufficient to describe the essential features
of the Si-terminated YbIr2Si2 surface electronic structure.
Due to the inversion symmetry of the 19-layer slab, the so-
called hidden spin polarization [55] was calculated as in-plane
spin projection onto the upper half of the slab. The four utmost
atomic layers comprising a surface SISY block were allowed
to relax until the forces acting on atoms were less than 0.01
eV/Å, while the rest of the atoms were fixed at their relaxed
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FIG. 1. Tetragonal crystal structure of YbIr2Si2. (a) Bulk unit
cell. The Yb atomic layers are separated from each other by the
tightly bonded Si-Ir-Si trilayer blocks thus the cleavage plane will
be between Si and Yb layers. (b) Evolution of the Brillouin zone
from bulk to surface symmetry. The black zone corresponds to
I4/mmm, grey to P 4/mmm, and red to P 4mm and P 4/nmm. (c)
Si-terminated surface of YbIr2Si2. The surface related Si-Ir-Si-Yb
(SISY) block is surrounded by a dotted line.

bulk positions. During site relaxation the Yb 4f electrons
were placed in the core to speed up the process. Our test
calculations performed for the bulk revealed that the effect
of the 4f electrons on the atomic relaxations is marginal.
For the relaxed slab, the electronic structure calculations were
performed with the Yb 4f electrons in the valence band.

III. RESULTS AND DISCUSSION

In Fig. 2(a), we present a low-temperature ARPES
overview spectrum taken from a Si-terminated surface of
a YbIr2Si2 crystal along the M-X direction of the surface
Brillouin zone (SBZ), see Figs. 1(b) and 1(c). Exploring
this image, we can clearly observe a few strongly dispersing
bands stemming from itinerant electrons along with a fine,
well-defined, and nearly dispersionless spectral pattern close
to the Fermi level (EF ). The latter originates from the 2F7/2

manifold of the Yb 4f states. It shows a narrow structure of
finely split states caused by the CEF [39,40,56]. The resulting
Yb 4f Kramers doublets seen as individual flat bands running
throughout the presented k-space region are tightly packed
within a narrow binding energy (BE) range of the order of
70 meV.

FIG. 2. Spectral pattern reflecting itinerant and 4f electron
bands. (a) ARPES data taken from a Si-terminated YbIr2Si2 crystal at
a temperature of 1 K along the M-X direction and superimposed with
itinerant bands calculated by DFT. The spin polarization of the cal-
culated bands is highlighted in red (in-plane positive σx component)
and blue (in-plane negative σx component). The observable regions
of the interplay between f and spd states at EF are highlighted with
red and blue patches. (b) Electron density distribution (integrated
over the ab plane) of the 2DESs residing in the surface SISY block
as calculated near the M point (at the k points ≈1/4th of the M-X
distance for the α and β states and 1/16th of M-X for the δ states,
respectively).

In spite of their strong localization at the Yb sites, the
4f states must obey the same symmetry rules imposed by
the crystal as the broad itinerant bands. The reason they are
resolved so clearly and are pinned to the Fermi level EF can
be readily explained by the mixed valency of the considered
Kondo material. In such a system the 4f n and 4f n−1 electron
configurations are mixed in the ground state. When an f

electron is photoexcited, the 4f n−1 component of the initial
state is reproduced by the 4f n−1 component of the final state
due to the excitation of the 4f n configuration [57]. Both initial
and final state configurations lie very close in energy to each
other and therefore appear at EF in the ARPES experiment.
The long lifetime of these CEF-split 4f states results in
spectral features that are extremely narrow. This allows to
scrutinize their k-dependent properties and the peculiarities
of interplay with the widely dispersing itinerant bands [39].
When these two electronic subsystems meet each other, the
mutual interaction is reflected in characteristic splittings and
gaps, which are the subject of our attention. These regions of
k space at EF are highlighted in red- and blue-colored patches
in Fig. 2(a).

Let us turn first to the itinerant bands, which are marked
as α, β, γ , δ, and η. Looking closely, we can see that, for
example, the bands α and β reveal a pronounced splitting.
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Note that YbIr2Si2 at the considered temperature of 1 K is
in the paramagnetic Kondo regime [43,46]. Therefore these
splittings cannot be explained by exchange magnetic phenom-
ena. To shed further light on this issue, we have performed
band structure calculations, where the system was modeled
as a slab of 19 atomic layers terminated with a SISY block
on both sides (see the Experiment and Calculation details
section). The 4f orbitals were treated as frozen core states,
allowing to model the itinerant bands dispersion in absence
of f -d interaction. The theoretically derived bands are su-
perimposed on the ARPES data in Fig. 2(a). Both calculated
and experimental bands are in very good agreement. All the
dispersive bands (i.e., apart from the 4f states, which were
excluded from the variational basis set) and their splittings,
which were found to be due to the Rashba effect, were nicely
reproduced. The calculations demonstrate that the α, β, and
δ states seen in the ARPES experiment are surface states,
while the bands γ and η (not shown) are surface-projected
bulk states. It is worth noting that the f -d hybrids clearly seen
in the ARPES pattern at EF , which also includes the γ and η

bands, constitute the well-known jungle gym and doughnut
Fermi surface (FS) sheets [58,59], respectively, which will be
discussed later.

From an analysis of the orbital contributions within the
individual atomic layers of the slab, our calculations suggest
that the α, β, and δ bands belong exclusively to the SISY
block. As clearly seen from the density profiles |�|2 for the
discussed states at k in the vicinity of M , see Fig. 2(b), the
bands α and β are located within a full SISY block overlap-
ping simultaneously with the Ir and Yb layers. The band δ

on the other hand is localized mainly within the outermost
Si-Ir double layer, implying its coupling with the 4f states
of the Yb layer will be weak. Thus, the bands α and β seem
to be the most interesting candidates for 2DESs, where firstly
strong spin polarization apparently occurs, and secondly in
particular band α crosses and couples with the 4f bands at
the EF . Note that the ARPES measurements were performed
up to 100 K and revealed that the discussed SOC splittings
remain unchanged up to the highest applied temperature. The
surface states show the Rashba-like spin splitting almost over
the whole k-interval considered, with the exception of the
close vicinity of the M point for the α and β bands [see
Fig. 2(a)]. Approaching the corner of the SBZ, these bands
start to interact and acquire a spin structure with an almost
compensated spin, although still perpendicularly locked to
momentum in the X-M direction as expected for the Rashba
effect [5].

To gain further insight into the peculiarities of interaction
between Yb 4f CEF states and surface-electron states, we
consider a high-resolution close-up ARPES map taken at 1 K
and shown in Fig. 3(a). The normalized ARPES data reveal a
bunch of closely packed 4f bands. These flat bands exhibit
a rather complex dispersion in particular when they pass
through the α band and when they approach the X point. We
can distinguish that one 4f state appears right below the EF

bending upwards and crossing it making a “neck” around the
X point, marked by blue arrows in Fig. 3(a). It is also seen
that another 4f band, lying slightly deeper in BE, shows a
similar holelike shape of its dispersion near the X point. Its
top is about 20 meV below EF . The similar dispersion implies

FIG. 3. Close-up ARPES maps disclosing the interplay of spin-
polarized 2D and 4f states. Normalized raw data in (a) obtained at
T = 1 K and hν = 45 eV along the X-M direction in the SBZ. Blue
arrows indicate the “neck” of doughnut FS. (b) Second derivative
applied along the energy distribution curves (EDC) of the map in (a).
This allows to disclose the fine spectral details revealing a “looplike”
splitting of a 4f CEF Kramers doublet marked by the red circle.
It helps also to better visualize the hybridization (avoided-crossing)
gaps as the one marked by a red arrow.

similar symmetry properties of these bands, which will be
discussed later. It is worth noting that the “neck” feature is
a signature of the fundamental doughnut Fermi surface of
YbT2Si2 systems (T = Co, Rh, Ir) [32,58,59]. It can be seen
in ARPES experiments as a signature of the hybridization of
4f states of the subsurface Yb atoms (the fourth layer of the
SISY block) with the projected bulk states. Further below,
this interplay will be discussed in more detail by considering
temperature-dependent APRES data.

Let us now precisely look at the crossing region of the 4f s
with the spin-polarized α band. The signature of interaction
is also seen there, however, a bit less pronounced but the
avoided crossing gaps due to mutual interplay can be still
distinguished. The visibility of these gaps can be enhanced by
the second derivative applied to the energy distribution curves
as shown in Fig. 3(b). Obviously, the mentioned gapped
feature reflecting hybridization of the 4f s with the α band
can be better seen now as is marked by a red arrow.

We consider now the symmetry of the 4f CEF states. The
ground state of the 4f 13 configuration of Yb3+ is a 2F7/2

multiplet with J = 7/2. In the tetragonal crystal field at the
Yb site of the bulk material (I4/mmm, space group 139) this
eightfold degenerate state splits into four Kramers doublets
corresponding to the irreducible representations �−

6 and �−
7

[56] at the BZ center. The missing inversion symmetry at the
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FIG. 4. Temperature-dependent properties of the f -d interaction. ARPES-derived spectral pattern reflecting the topology of the hybrid
f -d states obtained at 8 (a) and 100 K (b). The MDC-normalized data magnified within the dashed green rectangle in the left panels in (a)
and (b) are depicted in the middle panels together with the applied curvature procedure in the right panels. The derived dispersion for the α

bands near EF (marked by green triangles) experiencing renormalization due to spin-dependent interplay with the 4f s is shown in (c) for 8 K
and 100 K on both sides of the X point. (d) MDC curves at EF extracted for 8 and 100 K demonstrating the narrowing of the “neck” of the
4f -derived doughnut FS at higher temperature.

surface (P 4mm, space group 99) and electronic dispersion
away from the � point of the SBZ both further reduce the
symmetries of the wave function [60,61]. At the M point, the
full surface symmetry remains and there are four doublets
with the symmetries M6 and M7. At X, four doublets (all
of the symmetry X5) are also expected. According to the
compatibility relations [61], along the path Y between the
two points, however, the remaining degeneracy of the doublets
lifts: each doublet is split into two levels of the symmetry Y3

and Y4 as well as the surface states (α, β, and δ) residing in the
SISY block. By itself, the potential asymmetry at the Yb site
is likely not strong enough to effectively split the respective f

bands as it is relatively far from the surface taking into account
the small 4f orbital extent. However, an interaction between
the 4f ’s and the strongly spin-split 2DESs can induce a
spin split in the 4f levels proportional to the interaction
strength. This would result in a “loop” or “hysteresis”-like
dispersion due to the avoided crossing of levels of the same
symmetry (Y3 or Y4). Apparently, this feature was extracted
in Fig. 3(b) at the crossing between the most intense CEF level
and the strongly split surface state highlighted by a red circle.
Summarizing the results of the analysis of Fig. 3 we may
conclude that symmetry allows all four Kramers doublets to
be nondegenerate beyond the time-reversal invariant momenta
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and to couple spin-selectively to the spin-polarized α band.
For the first time, we thus observe experimentally the spin
dependent coupling that, as we simulate below by means of ab
initio calculations, should results in a Rashba type indirectly
induced spin-polarization of the Kramers doublets.

Further, we have performed temperature-dependent
ARPES measurements of the spectral structure along the
M-X-M direction. In Fig. 4, we have summarized the
obtained results and their analysis for 8 and 100 K. First,
we focus on the evolution of the spectral pattern reflecting
the interplay of the SOC split α-band with the 4f states
near EF . In Figs. 4(a) and 4(b), we show the raw ARPES
band maps along with enhanced dispersions extracted by
the curvature-plot procedure [62]. By fitting the dispersive
peaks in the momentum distribution curves (MDC) of the
bands marked by green triangles, we were able to extract
the changes of their slopes as a function of temperature. The
slopes reflecting the electron velocity are shown in Fig. 4(c).

As seen in the figure, at the temperature of 100 K, the cor-
responding spin-polarized electrons become slightly faster:
the group velocity increases from (0.79 ± 0.02) × 105 m/s
at 8 K up to (1.03 ± 0.02) × 105 m/s at 100 K as found
for the α band on the left side of the X point and from
(0.83 ± 0.02) × 105 m/s at 8 K to (1.12 ± 0.02) × 105 m/s
at 100 K on the right side.

The second remarkable aspect becomes evident in the
analysis of the MDCs at the Fermi level, which are shown in
Fig. 4(d). We clearly see that the “neck” of the 4f -derived
doughnut Fermi surface sheet mentioned above obviously
becomes narrower with increasing temperature explicitly in-
dicating the fundamental process of transition from a large
to a small (holelike) Fermi surface in a Kondo lattice [58].
The issue of the transition from small to large FS is presently
hotly discussed [63–65]. Most recent papers on this subject
suggest that f -d hybridization persists at temperatures much
higher than the Kondo temperature [64,65]. They suggest that
the transition from the small to the large Fermi surface is a
smooth process, however, it has not yet been experimentally
established for YbT2Si2 Kondo lattices. The essential point
here that the SISY of YbIr2Si2 still remains in the Kondo
regime at 100 K with somewhat softer f -d interplay than that
at 8 K. Thus, these observations point out that the group veloc-
ity of the 2D spin-polarized electrons at EF , which hybridize
with the Yb 4f moments, is gently modified by the Kondo
interaction. At higher temperature, when the 4f electrons
behave as local moments, the 2D electrons remain fast. At
low temperature when the system enters the Kondo regime,
the velocity of the spin-polarized 2DESs is reduced due to
the coherent Kondo effect. Beside, the observation of the
narrowing neck at the X point with increasing temperature on
its own is a remarkable experimental result, which manifests
direct evidence by ARPES of the transition process from large
to a small Fermi surface in YbIr2Si2, in particular, and for the
first time for an Yb-based Kondo lattice, in general.

To estimate the velocity of the considered α state without
interaction with the 4f electrons, we analyzed its dispersion
and extracted the velocity at the BE range between 0.1 and
0.15 eV BE, away from the region of its intersection with the
4f states. The obtained value of 2.2 × 105 m/s is more than
twice higher than at low temperature. This implies that the

FIG. 5. All-itinerant DFT band structure and spin polarization
of the Si-terminated surface of YbIr2Si2. (a) The fat bands of the
19-layer slab show the localization of the states on the atomic layers
within the SISY block. Green, blue, and orange fat bands correspond
to the Si-, Ir-, and Yb-atomic layer, respectively. The shaded areas
cover the surface-projected bulk states of YbIr2Si2. The zero of the
energy scale on the left side is the Fermi level within the DFT
calculation. Best matching with experimental ARPES data would
be achieved by shifting the Fermi level to the position marked
on the right side with “PES EF .” (b) A magnified view of the
BE range, where the 4f bands interact with the 2DESs. (c) The
spin polarization of the bands shown in the figure (b) with the
enhanced contribution coming from the Ir and subsurface Yb atoms
of the SISY block. The in-plane positive (negative) σx component is
highlighted in red (blue). The main features of the band dispersions
related to the fine details of the ARPES spectral pattern are indicated
by the arrow and the circle as in Fig. 3(b). The rectangle highlights
the spin splitting of a 4f band before it enters the bulk continuum.

2D electrons can be notably slowed down through interaction
with the Yb 4f states close to the Fermi level by lowering the
temperature by one order of magnitude. Our results suggest
that f -d interaction is a capable instrument to finely tune
the group velocities of itinerant states. The new point here
is the strong spin-orbit coupling which makes these states
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highly spin-polarized and therefore moves these phenomena
potentially into the field of interest for spintronics [26,27].

The revealed peculiarities of the 4f -2DES interplay in
a 2D Kondo lattice realized in the SISY block of YbIr2Si2

call for a detailed theoretical description beyond the above
considerations based solely on symmetry arguments. How-
ever, a state-of-the-art ab initio method that would be a
practicable theoretical tool to study strongly correlated sys-
tems of reduced dimensionality, is missing. Therefore, DFT
can be a method of choice for the microscopic treatment of
surface-related phenomena. The good performance of DFT,
particularly, in the case of all-itinerant calculations of the bulk
Fermi surface for the heavy-fermion material YbRh2Si2 [58]
and their agreement with ARPES results [59,63] justifies the
use of the Kohn-Sham band structure with itinerant Yb 4f

electrons as a reasonable estimation.
In order to relate the main features of the acquired ARPES

data to microscopically relevant band dispersions below the
Fermi energy, we consider again a 19-layer slab (see Experi-
ment and Calculation details section), but now treating the Yb
4f electrons as itinerant. Apart from the surface- and bulk-
related features already present in the frozen-core calculation,
here in the resulting band structure one finds quite narrow f

bands coming both from the bulk and from the subsurface
Yb atoms, Fig. 5(a). The latter have a slightly different CEF
environment as the bulk atoms due to the near-surface atomic
configuration. This distinct ligand field manifests itself in a
small upshift in BE by about 30 meV of the subsurface Yb
4f states with respect to the bulk f states. It is worth noting
that all the 2D states residing in the SISY block become
surface resonances when they enter the projected bulk band
continuum shaded in gray in Fig. 5(a).

In Fig. 5(b), a magnified view of the BE range that covers
all the 4f bands clearly shows the strong interplay of the
2DESs (highlighted blue and green) and the subsurface Yb
4f states (highlighted orange). Along with the underlying
projected bulk continuum (shaded in gray), which affects the
dispersions of the SISY-block bands, the calculated spectral
pattern resembles the one in Fig. 3. Note the good agreement
of the 4f bandwidth with experimental observations, which
is clearly seen in the vicinity of the M point. At that, the
absolute positions of the Yb 4f states and the 2DESs on
the energy scale with respect to the Fermi level differ within
∼0.2 eV (see also Refs. [66,67]) from the experiment, where
the former are closer to the Fermi level, while the latter are
further from EF , cf. Figs. 2(a) and 5(a). However, it seems
plausible to relate a gap located right above the “transition”
of the α band into the split 4f bands of the subsurface Yb
atoms in Fig. 5(b) with the avoided-crossing gap marked by
the red arrow in Fig. 3(b). The “looplike” feature circled in

Fig. 3(b) can thus be referred to the splitting of the upper
nearly dispersionless 4f band induced by the interplay with
the spin-polarized 2DESs as seen in Fig. 5(c). Importantly, the
spin-resolved representation of the SISY-block bands reveals
a complex and intricate spin polarization of the 4f bands.
Besides spin, 4f electrons carry a large orbital angular mo-
mentum, which results in the SOC-induced splitting of the
band that is nonlinear in the momentum k and accompanied
by a change of spin polarization within a branch of the split
band.

IV. CONCLUSION

In summary, we have demonstrated and explored the
new opportunities, which are promising for control of spin-
polarized two-dimensional electron states by combining
strong spin-orbit coupling with Kondo physics at low di-
mensionality. As an example we studied the two-dimensional
Kondo lattice realized in the Si-Ir-Si-Yb surface block of
the heavy-fermion material YbIr2Si2. In conjunction with the
intrinsic lack of inversion symmetry, strong SOC leads to
splitting and consequent spin polarization not only of the
itinerant bands, but also of the 4f states of near-surface
rare-earth atoms, which is reflected in fine experimentally
resolved splittings of the f -derived heavy bands. At elevated
temperature, the strongly spin-polarized 2D states are highly
mobile, while at lower temperature they start to coherently
couple with the 4f moments leading to a reduction of their
group velocity. The discovered splitting of heavy electron
bands opens new degrees of freedom for novel applications
involving spin-polarized 4f electrons in elaborated nanos-
tructures.
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