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Dimensionality tuning is an important method to modify the electronic states of quantum materials.
However, the mechanism of such tuning in heavy fermion systems and its connection with transport
properties remain largely unexplored. Here by combining molecular beam epitaxy, in situ angle-resolved
photoemission spectroscopy and transport measurements, we study the electronic states of the heavy-
fermion compound CeSi, as a function of film thickness. In three-dimensional thick films, our
measurements reveal a dispersive Kondo peak at the Fermi level (Er) and satellite peaks originating
from crystal electric field (CEF) excitations, characteristic of heavy-fermion systems. For two-dimensional
ultrathin films, the CEF satellites are largely suppressed while the ground-state Kondo peak at E remains
strong, although it develops at lower temperatures. Simultaneously, the maximum temperature 7, of the
magnetic resistivity, p,, (T), changes from ~100 K in thick films to ~35 K in ultrathin films. This can be
attributed to the dimensionality-driven reduction of CEF excitations during the Kondo process, in good
agreement with spectroscopic results. Our work provides direct insight to understand the quantum
confinement effects on strongly correlated 4 f-electron systems and opens up new opportunities to explore

emergent phenomena in two-dimensional heavy-fermion materials.
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I. INTRODUCTION

Dimensionality is an important tuning parameter to
modify the electronic states of quantum materials and

“These authors contributed equally to this paper.
“Contact author: tlsun2020@zjut.edu.cn
“Contact author: hqyuan@zju.edu.cn

SContact author: yangliuphys @zju.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2160-3308/26/16(1)/011053(12)

011053-1

Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials

plays an important role in exploring new quantum phe-
nomena in condensed matter physics. Compared to their
three-dimensional counterparts, the electronic wave func-
tions in two-dimensional systems become confined within
the x—y plane and correspondingly stronger correlations
among charge carriers and enhanced quantum fluctuations
develop at low temperatures. This can lead to important
phenomena, e.g., high-temperature superconductivity and
fractional quantum Hall effect. Dimensionality tuning has
been studied extensively by electron spectroscopy in
itinerant s/ p-electron systems [1], as well as correlated
d-electron systems [2,3], where quantum confinement
effects and enhanced electron correlations in the two-
dimensional limit have been well documented. In particu-
lar, in some strongly correlated 3D-electron systems,
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largely reduced quasiparticle weight Z has been observed in
the two-dimensional limit [4]. Nevertheless, dimensionality
tuning in correlated f-electron systems has been much less
explored by electron spectroscopy.

In strongly correlated f-electron systems, the pronounced
interactions between conduction electrons and localized f
electrons can lead to coherent quasiparticles with large
effective mass at low temperatures, commonly called heavy
fermions. Heavy-fermion metals are prototypical systems to
study quantum phase transitions, quantum criticality and
unconventional superconductivity [5—13]. It was appreciated
early on that a reduced dimensionality can be key to enhance
the electron correlations and spin fluctuations in heavy
fermion compounds [14,15], thereby providing an important
control knob to enhance the transition temperature of heavy
fermion superconductors. A well-known example is the
“quasi-two-dimensional” tetragonal heavy-fermion super-
conductor CeColns with 7, = 2 K, which is boosted from
the pressure-induced superconductivity at 7'. = 0.3 K in the
three-dimensional antiferromagnetic cubic metal Celns.
However, except for the recently discovered compound
CeSil [16], most of the known heavy-fermion compounds,
including CeColns and its Ce-115 homologs, are not really
two-dimensional. Instead, they are anisotropic three-dimen-
sional systems, which exhibit noticeable k, dispersion that
must be taken into account. Therefore, to investigate the truly
two-dimensional heavy-fermion physics, it is often neces-
sary to grow ultrathin layers or superlattices to spatially
confine the f electrons. While there are only a few successful
cases, i.e., Celns/Laln; [17], CeColns/YbColns [18], and
CeColns/CeRhlng superlattices [19], YbCu, single layer
[20], how the heavy-fermion state evolves from three to two
dimensions remains elusive in electron spectroscopy. In
addition, how the evolution of heavy-fermion states can
be linked to changes in transport properties is still an open
question.

Our study is also motivated by recent advances in two-
dimensional heavy-fermion systems derived from artificial
structures, most notably twisted bilayer graphene [21-23],
stacked superlattices made from van der Waals materials
[24,25], and terraced surfaces confined by steps [26]. While
heavy-fermion states in the former two cases are still
attributed to Kondo coupling, the local moments and
itinerant conduction electrons are more separated spatially
compared to conventional heavy-fermion systems, possibly
leading to different ramifications of the heavy quasipar-
ticles. In addition, since these two-dimensional heavy-
fermion systems are created from artificial structures, it
is difficult to find their counterparts in three dimensions.

In this paper, we have studied the evolution of heavy
quasiparticles in the prototypical heavy-fermion compound
CeSi,, continuously from three-dimensional thick films to
two-dimensional ultrathin films. Our study is made possible
by a combination of molecular beam epitaxy (MBE) growth
of high-quality ultrathin films, in sifu angle-resolved photo-
emission spectroscopy (ARPES) measurements of the

electronic states [27], and systematic transport measure-
ments. While ARPES measurements reveal the one-electron
spectral function in heavy fermion systems, which features a
Kondo peak (or Abrikosov-Suhl resonance) at £ and CEF
satellite peaks located both above and below Ep, comple-
mentary transport measurements are crucial to understand
the manifestations of heavy-fermion states in physical
properties. This combination is important for a comprehen-
sive understanding of the physics. We found that, from three
to two dimensions, the ground-state Kondo peak remains
strong at sufficiently low temperatures, indicating resilient
quasiparticles in the two-dimensional limit. On the other
hand, the quantum confinement along the z direction
significantly influences the Kondo process at intermediate
temperatures, where the involvement of CEF excitations
becomes different and profoundly affects the transport
properties.

II. RESULTS

A. Growth and characterization of CeSi, films

Nearly stoichiometric CeSi, has a tetragonal crystal
structure and is a paramagnetic heavy-fermion compound
with an estimated single-ion Kondo temperature 7y ~
40 K [28]. One unit cell (u.c.) of a (001)-oriented CeSi,
film consists of four Ce-Si-Si trilayers in the x-y plane
[Fig. 1(a)], with alternating in-plane stackings. Despite the
challenge of synthesizing bulk single crystals of CeSi,
[29,30], we are able to grow epitaxial CeSi, films on Si
(100) substrates using MBE. The structural quality of the
CeSi, films can be verified by the sharp patterns from
reflection high-energy electron diffraction (RHEED) taken
during the film growth, as shown in Fig. 1(c). RHEED
patterns taken at different thicknesses further verify that
the films remain of good quality from thin to thick films
(see Fig. S1 in [31]). Figure 1(d) shows the x-ray diffrac-
tion (XRD) scans of thick CeSi, films, which exhibit
sharp Bragg peaks from CeSi, with an lattice constant ¢
of 13.9 A. The film quality can be well visualized by
measurements from scanning transmission electron micros-
copy (STEM) using the high-angle annular dark-field
(HAADF) scanning mode [Fig. 1(e)], where atomically
smooth films over a large scale can be directly observed.
Figure I1(f) displays an enlarged view of the atomic-
resolution images near the interface using the integrated
differential phase contrast (iDPC) mode, with both Ce and
Si atoms near the interface being clearly identified. The
atomic column positions are in good agreement with the
expected CeSi, and Si lattices [see atomic models on the
left of Fig. 1(f))]. A detailed analysis of the STEM images
(see Fig. S2 in [31]) indicates that the lattice constant of the
interfacial CeSi, layer is already close to the bulk value, with
a~42andc~13.9 A. This implies that even for 1 u.c. film
of CeSi,, the crystal structure is already relaxed (or close to
bulk), probably due to the large lattice mismatch between
CeSi, and the Si(100) substrate (~ 10%).
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FIG. 1. Growth and characterization of epitaxial CeSi, films on Si(100). (a) Three-dimensional view of one u.c. CeSi,, which consists
of four Ce-Si-Si trilayers stacked along [001] with alternating in-plane positions. (b) The three-dimensional bulk BZ (black) and the two-
dimensional surface BZ (red). The surface BZ corresponds to the reciprocal lattice of the top layer and is often used for presenting the
ARPES data. (c) RHEED patterns of a 2 x 1 reconstructed Si(100) substrate and an as-grown CeSi, film. (d) XRD scans for the bare Si
(100) substrate (black curve) and two representative thick CeSi, films (red curves) taken along z. The substrate peaks are labelled with
black asterisks and the film peaks are labeled in red. Note that the x-ray photons contain a tiny contribution from Cu K} lines, in addition
to the dominant Cu K, line. (¢) A STEM image of a CeSi, film near the interface, taken with the HAADF mode. (f) A high-resolution
view of atomic structures in the dashed light blue box of (e), taken with the iDPC mode. The observed Ce and Si atom columns show
good agreement with the expected atomic structures in CeSi, and Si, as indicated on the left. Here the in-plane direction is along the
[120] direction of CeSi, and the [130] direction of Si. This indicates that the in-plane [100] direction of CeSi, aligns with the Si [110]
direction, consistent with RHEED results. (g) Resistivity of a thick CeSi, film as a function of temperature. Inset is an enlarged view at
very low temperature, indicating the absence of magnetic order.

Figure 1(g) displays the temperature-dependent resistiv-
ity for a typical thick film of CeSi,, which indicates a
clear metallic behavior with no abrupt transition down to
the lowest measurement temperature 0.3 K [see inset
of Fig. 1(g)]. This is consistent with the results of
nearly stoichiometric CeSi, with a paramagnetic ground
state [32]—a small Si deficiency would otherwise lead
to ferromagnetic ordering at very low temperatures
[29,30,32,33]. It is worth mentioning that Si deficiency
is common when synthesizing bulk CeSi, crystals. This is
circumvented here, since the Si substrate always provides
Si-rich growth conditions.

B. Fermi surface and valence bands of thick films

Our synthesis of epitaxial CeSi, films with flat surfaces
allows for direct measurements of the momentum-resolved
electronic structure by ARPES. Figure 2 shows the ARPES
spectra of a typical thick CeSi, film taken with 21.2 eV (He
I) photons; the corresponding surface Brillouin zone (BZ)
is displayed accordingly in Fig. 1(b). In Fig. 2(a), the
evolution of the constant-energy k,-k, maps is displayed at
a few representative energies. Here the measured Fermi
surface (FS, E = 0) consists of a small pocket centered

at ' (labeled a), another circular pocket centered at M
(labeled f) and two sets of bands running parallel to &, and
k, axes (labeled y and y’), respectively. The measured FS is
in good agreement with the bulk Fermi contour from
density functional theory (DFT) calculations, as shown
in Fig. 2(b), where the projection from all £,’s is included
(due to possible large k, broadening in He I ARPES
measurements). However, for the maps away from the
Fermi energy (Ef), some experimental features cannot be
explained by the calculations of the bulk bands alone, e.g.,
the rich structures observed near the I and M points at
E = —0.8 eV. These features can be attributed to surface
states (SSs), as we shall discuss below.

Figures 2(c) and 2(e) show the ARPES spectra over
a large energy range taken along the I'— X —T and
M — X — M directions, respectively. The corresponding
enlarged views near Ep are displayed in Fig. 2(f). Note
that the flat bands near Ep and —0.3 eV are derived
from Ce 4f electrons, which we shall discuss in detail
later. To understand the bulk valence bands and distinguish
SSs from bulk bands, we have also performed slab cal-
culations using DFT, where a thick film with vacuum-
terminated surfaces was used to calculate both SSs and
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FIG. 2. Fermi surface and valence bands of thick CeSi, films and comparison with DFT calculations. (a) Constant-energy k,-k, maps
at £ = Er (0), —0.5, and —0.8 eV. The surface BZ is indicated by light green box. The bulk bands (a, f, y, and y’) and surface states
(SSs) are also labeled. (b) Constant-energy k,-k, contours from DFT calculations of bulk CeSi, for comparison with (a). Contour colors
indicate different Fermi velocities. (c) Large-range energy-momentum dispersion along I' — X —I". (d) DFT slab calculations, for
comparison with (c). (¢) Energy-momentum dispersion along M — X — M (left), in comparison with slab calculation (right). (f) Enlarged
view of band disperison (top panels) near E along X — ' — X and M — X — M, in comparison with slab calculations (bottom panels).
All experimental data were taken with 21.2 eV photons. Curve colors in (d)—(f) indicate surface (blue) or bulk (red) contributions. The
calculated bulk bands in (b),(d)—(f) include contributions from all k_’s.

bulk bands (including all k,’s). The results are displayed in
Figs. 2(d)-2(f) for direct comparison with the experimental
data (details included in Fig. S3 in [31]). Here most of the
valence bands observed near Ep show good agreement
with the bulk bands from slab calculations [red curves in
Fig. 2(f)]. This naturally explains why the experimental FS
in Fig. 2(a) can be well captured by bulk DFT calculations
alone [Fig. 2(b)]. On the other hand, there are a few sharp
bands away from Ej that cannot be explained by bulk
bands, e.g., the hole band near —0.9 eV at I [Figs. 2(c) and
2(d)] and the sharp bands near —1 eV at M [Fig. 2(e)]—
these bands can be attributed to SSs, based on comparison
with slab calculations [blue curves in Fig. 2(d)-2(f)]. Since
these SSs, mostly derived from Si 3p and Ce 5d orbitals
(see Fig. S4 in [31]), are far from the 4 f bands near E, they
do not hybridize with the 4f electrons and hence show
weak correlation effects. We note that the calculated SSs
are dependent on the surface terminations (see Fig. S3
in [31]). The observed SSs can only be explained by a
Si-terminated surface with a Si adlayer on top, which is
often found for transition-metal or rare-earth silicide films
grown on Si substrates by MBE [34-37]. The Si-terminated
surface and the bulk-band-dominated FS ensure that the

measured 4f states near Ep reflect the bulk property
of CeSi,.

C. Electronic structure evolution with film thickness

Figure 3(a) shows the evolution of the valence bands as a
function of film thickness, taken with 21.2 eV photons.
Upon deposition of the 1 u.c. CeSi, film, the valence bands
of the Si substrate completely disappear and the character-
istic valence bands of CeSi, are formed. The fact that no
trace of valence bands from the Si substrate can be
observed at 1 u.c. implies that the 1 u.c. CeSi, film is
smooth and mostly covers the Si(100) substrate. With
further deposition of CeSi,, the SS at =~ —1 eV remains
similar, while the bulk bands between —2 and —3 eV
become broader. Figure 3(b) displays enlarged views of the
hole-type valence bands near E (additional data in Fig. S5
in [31]), which are mostly derived from (in-plane) Ce d,,
and Si p,/p, orbitals, based on orbital analysis from DFT.
From detailed photon-energy-dependent study (Fig. S6 in
[31]), these valence bands exhibit clear k, dispersion for
thick films but much weaker k, dependence for thin films,
confirming the thickness-driven dimensionality crossover

011053-4



DIMENSIONALITY TUNING OF HEAVY-FERMION STATES IN ...

PHYS. REV. X 16, 011053 (2026)

(a) o

k (A k (A k (A
N\

“05 00 05 -05 00 05-05 oo
k (A k (A1)

-05 00 05-05 00 05 -05 00 05 -05 0.0 05

©) [ar, IR
uam Jiucl £

1]
5
O 5-05 0.0 .
K (A1 E
2
K7
S 1
E 4f5/2
— 32 u.c.
- 16 uc. CeSi: films
3 u-c: T=6K
— 2u.c. =
—iue  hv=40.8eV

05 00 05 -05 00 05 L

k (A ) k (A k (A

04 03 02 01 00
E - Er(eV)

FIG. 3. The thickness-dependent electronic structure of CeSi, films along X — " — X at 6 K. (a) Thickness evolution of the valence
bands taken with 21.2 eV photons. The valence bands from the Si(100) substrate are also shown for comparison. (b) Zoom-in view near
Ep from (a), from 1 to 4 u.c. White arrows indicate the reversed U-shaped bands from hybridization between 4f and valence bands.
(c) Top panel: a schematic plot of the quasiparticle dispersion as a result of hybridization between 4 f (red curve) and valence (blue
curve) bands in a periodic Anderson model. The pink and red diffuse lines indicate the CEF satellites above and below Er. Bottom
panel: a schematic diagram illustrating the origin of the CEF satellites. (d) Thickness evolution of the quasiparticle bands near E taken
with 40.8 eV photons, highlighting the 4 contributions. (e) The EDCs near I as a function of thickness, taken with 40.8 eV photons.
The EDCs are integrated from —0.25 to 0.25 A~!. The ground-state Kondo peak and CEF satellites are labeled by red and black and blue
arrows, respectively. The EDCs are shifted vertically for different thicknesses.

of the electronic states. Note that quasiparticle bands can be
well observed down to 1 u.c.—this demonstrates the high
quality of ultrathin CeSi, films and allows us to investigate
the intrinsic effects resulting from dimensionality tuning.

From Fig. 3(b), we can already identify two sets of (flat)
4f bands near Ep, one at Ep (4f é /2) and another at

~—-03eV 4 f; /2), which originate from the many-body

Kondo process including the spin-orbit coupling (SOC) of
the Ce 4 f electrons [38—40]. For a periodic Kondo lattice at
sufficiently low temperatures, the ground-state 4f band
near Er should develop momentum-dependent dispersion
due to hybridization with valence bands [41-47], as
illustrated in Fig. 3(c) (top panel). Such a momentum
dependence can be readily identified from the experimental
data in Fig. 3(b): a hole-type valence band (y’) hybridizes
with the 4f ; P band at E, leading to a reversed U-shaped

band centered at I [marked by white arrows in Fig. 3(b)].

Because of the small photoemission cross section of 4 f
electrons under He I photons, we also employ He II
photons (40.8 eV) to perform ARPES measurements,
where the spectral contributions from the 4f electrons

are much enhanced. The quasiparticle dispersions obtained
from He II photons are summarized in Fig. 3(d) for a few
representative thicknesses. For the 32 and 4 u.c. films, the
4f ; P band near Ep appears to split into two bands

[highlighted by blue arrows in Fig. 3(d)]. For the 2 u.c.
films, the splitting becomes difficult to identify. For a
detailed analysis, we plot in Fig. 3(e) the energy distribu-
tion curves (EDCs) near I as a function of film thickness.
For thick films, e.g., 4 u. c. and above, the 4f§ P peak

indeed consists of a well-defined peak near E (red arrow)
and another satellite peak at ~ —55 meV (black arrow).
While the peak near Ep corresponds to the ground-state
Kondo peak that is situated slightly above Ep and is
truncated by the Fermi-Dirac function, the satellite peak
at —55 meV can be attributed to the (virtual) transition
between the ground state and an excited CEF doublet
[43,48-50], as illustrated in Fig. 3(c) (bottom panel): In the
Kondo spin fluctuation processes, the (virtual) transition
from the ground state to the excited CEF doublet can lead to
a CEF satellite above Er (+A,), and the reverse transition
(from the excited CEF doublet back to the ground-state
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FIG. 4. Temperature evolution of the resistivity and 4 states. (a) The temperature-dependent resistivity for CeSi, films with different
thicknesses. The absolute values of resistivity were multiplied by a prefactor shown for each curve, so that the data can be displayed
properly in one plot. (b) The extracted magnetic part of resistivity p,,, from the data in (a). p,, is obtained by subtracting the resistivity of
LaSi, films from that of CeSi, films with identical thickness. Arrows indicate the positions of the maximum 7, (c) The temperature-
dependent EDCs near I for 16 (top) and 2 u.c. (bottom) films, taken with 40.8 eV photons. The EDCs are integrated from —0.25 to
0.25 A=, (d) The EDCs from (c) divided by the RC-FDD function, for different films at 6, 50, and 100 K, respectively. Only the energy
region of E < 6kgT is shown here. All data are offset vertically for display clarity.

doublet) results in a CEF satellite lying below Ep (—A,)
[48,51]. Although these transitions are suppressed ther-
mally at low temperature [6 K in Fig. 3(e)], they are still
possible due to the quantum mechanical nature of Kondo
spin fluctuations [48,51]. Indeed, CEF satellites below E
have been observed at low temperatures in CeRh,Si, [43]
and CelrIns [50], and they are also observed in CeSi, films
here [Fig. 3(d)]. While the CEF satellite at —55 meV is
weak at 6 K (albeit fully accessible by ARPES), the CEF
satellite above Er can only be seen by ARPES at elevated
temperatures [see Fig. 4(d) for detailed discussions].

The position of the satellite peak (—55 meV) is con-
sistent with the CEF splitting of CeSi, obtained from
inelastic neutron scattering (INS) [28,49]: for tetragonal
CeSi,, the CEF scheme of the Ce** 4f electrons consists
of a ground-state doublet and a first (second) excited
doublet with an estimated energy separation A; =
25 meV (A, = 50 meV) from the ground state [28].
Therefore, the observed peak separation is in reasonable
agreement with A, (considering the ARPES energy reso-
lution and uncertainties in the INS fittings [28]), while a very
weak shoulder seems to be present near —30 meV [blue
arrow in Fig. 3(e), see also Fig. S7 in [31] ] and it might be
caused by the excitation to the first excited doublet. Note that
these fine structures below E have not been resolved before
in polycrystal samples [38,49,52].

As the film thickness decreases to 3 and 2 u.c., the
ground-state Kondo peak at Er remains strong. However,
the —55 meV satellite becomes largely suppressed below
3 u.c. [see Fig. 3(e)], with possibly a broad shoulder
remaining at the same energy. This implies that the thick-
ness reduction suppresses the Kondo effect involving the

second excited doublet, although the energy separation
of (local) CEF levels are likely unchanged. The robust
ground-state Kondo peak at 2-3 u.c. rules out the pos-
sibility that the suppressed CEF satellite here originates
from disorder, as disorder would lead to similar suppression
of the ground-state Kondo peak. Our ARPES and STEM
measurements also reveal similar sample quality from thick
films down to 3 u.c. [see Figs. 3(a), 3(b), and S2(a) in [31] ].
On the other hand, the ground-state Kondo peak for the
1 u.c. film becomes clearly weaker compared to thick films,
and its suppression is likely related to the disorder effect:
although all CeSi, films were grown under identical
conditions, interfacial disorder can be present due to
interfacial defects and should be largely limited to the
interfacial layer. Therefore, despite the possible disorder
effect for the 1 u.c. film, our systematic thickness-depen-
dent data demonstrate that the many-body Kondo process
associated with the ground-state doublet remains robust
from three to two dimensions, but the Kondo process
involving CEF excitations becomes obviously suppressed
(see below for more discussions).

D. Temperature evolution of the resistivity and 4f states

Figure 4(a) displays the temperature-dependent resistiv-
ity for CeSi, films with different thicknesses (additional
data included in Fig. S8 in [31]). For comparison, reference
LaSi, films with the same thicknesses are grown and
measured under identical conditions (Fig. S8 in [31]).
While the resistivity of LaSi, films shows typical metallic
behavior with dominant contributions from phonon scatter-
ing [53,54], the resistivity of thick CeSi, films exhibits a
slope change (or broad crossover) slightly below 100 K,
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similar to bulk CeSi, [29]. When the film thickness
decreases to 3 or 2 u.c., the crossover becomes sharper
and its temperature decreases to ~ 35 K. To extract the
magnetic part of the resistivity, p,,(T), we subtract the
resistivity of LaSi, films from that of CeSi, films (see
methods for details) and the results are summarized in
Fig. 4(b). It is clear that p,, (T) for all CeSi, films exhibits a
broad peak, defined as T, [see arrows in Fig. 4(b)], which
is a hallmark of heavy-fermion metals. We mention that the
resistivity of 1 u.c. film is not included here, since it can be
affected by the percolation issue that becomes important in
1 u.c. (see Fig. S8 and S9 in [31]).

For a given film thickness, p,,(T) is found to rise upon
cooling at temperatures 7" > T ,,,, due to incoherent Kondo
scattering, while it decreases below T, For the films
thicker than 4 u.c., this decrease below T, is not simply
from the lattice coherence, as demonstrated, e.g., in
CeColns [44]. Instead, it mainly reflects the thermal
depopulation of excited CEF states [55-57], and merges
with contributions from the lattice coherence at lower
temperatures. Such a peak in p,,(T') often resides at T,,,, =
0.3-0.6 Acgp/kg [57], which is overall consistent with
T max = 100 K for A; = 25 meV here. A decrease of T,
from ~100 to =35 K is observed in Fig. 4(b) upon
decreasing the film thickness, which can be attributed to
the dimensionality tuning of the Kondo process, i.e., a
reduction of Kondo scattering channels along the z direc-
tion: this causes a reduction of the “effective” Kondo
energy from the fourfold or sixfold 4f states (including
excited CEF states) in case of the three-dimensional thick
films to the value of k3T, with degeneracy N = 2 in case of
the two-dimensional ultrathin films (see below for more
discussions). Indeed, T, = 35 K for 3 and 2 u.c. films
agrees reasonably well with the single-ion Kondo temper-
ature Tg =~ 40 K (corresponding to the ground-state dou-
blet) obtained from neutron scattering [28]. Therefore, the
ultrathin films can be regarded as truly two-dimensional
heavy-fermion systems—with in-plane transport involving
conduction-electron scattering mostly from the 4 f-electron
ground-state doublet. The thickness dependence of T,
also corresponds well to the presence (absence) of CEF
satellites below Ep in thick (thin) films, as shown in
Fig. 3(e), implying that the difference in the CEF excita-
tions is concommitant with the dimensionality transition.

Figure 4(c) displays the temperature-dependent photo-
emission data for 16 and 2 u.c. films (see Fig. S10 in [31]
for additional data). For the 16 u.c. film, the ground-state
Kondo peak at Ey [marked by a red arrow in Fig. 4(c)]
becomes weaker and broadened with increasing temper-
ature, consistent with its many-body nature. As expected,
this Kondo peak merges with the satellite at —55 meV at
elevated temperatures. A similar temperature evolution can
be observed for the 2 u.c. film, despite a much weaker
shoulder at —55 meV. To recover the full spectral function
near Ep, we divided the experimental EDCs by the
resolution-convoluted Fermi-Dirac distribution (RC-

FDD) function, determined by measuring an Au reference
sample (see Fig. S10 in [31]). The recovered spectral
functions for representative thicknesses are summarized in
Fig. 4(d). At 100 K, the Kondo process and thermal
population of the excited CEF states (mainly A;) lead to
a broad Kondo peak above Ep [44,49], although it is
difficult to resolve each CEF satellite here due to the large
energy broadening. This observation is consistent with the
pm(T) results displayed in Fig. 4(b), which indicate mostly
incoherent Kondo scatterings at high temperatures. Note
that the broad Kondo peak here still contains a sizable
contribution from the ground-state doublet, and hence its
variation with thickness is not as obvious as the individual
CEF satellite observed below Ep.

As already mentioned, upon cooling across T, the
excited CEF states become thermally depopulated. Partial
lattice coherence is also anticipated to set in over a broad
temperature range, as observed by ARPES measurements
on the canonical heavy-fermion metals CeColns [44,46]
and CeRhIns [45]. An interesting observation is made in
Fig. 4(d) at an intermediate temperature of 50 K: the Kondo
peak near Er is obviously stronger for thicker films. This
implies that the aforementioned partial lattice coherence (or
the “coherent quasiparticle”) is developed the better, the
thicker the film is. This difference in the Kondo peak
intensity at 50 K correlates well with the large thickness
dependence of p,, (T =50 K), suggesting an effective
enhancement of the Kondo process for thicker films due
to contributions from excited CEF states. On further
cooling to temperatures well below 7. a coherent
Kondo peak derived from the ground-state doublet should
be formed at ~kzTx above Ep [58,59]. Experimentally,
because of the Fermi-Dirac cutoff, the recovered ARPES
spectral function at 6 K can only access part of the full
Kondo peak [see Fig. 4(d)]. Therefore, it is difficult to make
a reliable comparison between different thicknesses at 6 K.

I11. DISCUSSION

The observed thickness dependence of the 4f states and
the transport properties (Figs. 3 and 4) can be attributed to
the dimensionality tuning of the Kondo effect—see Fig. 5
for a schematic illustration. Note that the lattice constant of
the 1 u.c. film is almost identical to that of thick films (see
Fig. S1 and S2 in [31]). Therefore, the dimensional
transition does not involve any complication from the
change in lattice constants. In the two-dimensional limit,
due to the diminishing partners along the z direction, the
many-body Kondo effect may be thought to be suppressed
due to the decreasing number of conduction electrons
(along z) available for the Kondo screening. Yet, the
resilient heavy-fermion state observed in ultrathin CeSi,
films indicates that two-dimensional conduction electrons
within the x-y plane are sufficient to screen the local
moments, although the development of the heavy
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FIG. 5. Schematic diagrams illustrating the dimensionality tuning of the temperature-dependent Kondo process in CeSi,. From three

to two dimensions, the many-body Kondo effect at intermediate temperatures becomes diminished due to reduced participations of
excited CEF states (see middle panels), resulting in a decrease of T, in p,(T). Nevertheless, the heavy-fermion state at low
temperatures, derived from the | +5/2) ground-state doublet, remains robust in the two-dimensional limit.

quasiparticles might be pushed to lower temperatures in the
two-dimensional limit [see Fig. 4(d)].

In addition to heavy-fermion thin films grown by MBE
[17-19], two-dimensional heavy fermions have been
recently reported in the layered van der Waals compound
CeSil [16] and other interfacial two-dimensional systems
[21-26], representing new frontiers in heavy-fermion
research. While our study demonstrates that stronger
electron correlations in two-dimensional heavy-fermion
metals manifest through a reduced effective Kondo energy
due to the suppression of CEF excitations, quantum
fluctuations are also thought to be enhanced in two
dimension, as verified in antiferromagnetic systems [17].
While our ARPES measurements are currently limited to
6 K, future studies at very low temperatures, e.g., from
scanning tunneling microscopy (STM) and magneto-trans-
port measurements, should help to explore possible quan-
tum critical phenomena in these ultrathin CeSi, films. In
particular, since stoichiometric bulk CeSi, is not far from a
ferromagnetic quantum critical point [30], dimensionality
tuning in thin films could provide a clean and alternative
pathway to search for ferromagnetic quantum criticality,
which is currently of considerable interests [60—63].

It is useful to analyze the wave functions of the CEF states
for a deeper understanding of two-dimensional heavy fer-
mions in CeSi,. Specifically, previous INS experiments have
revealed that the ground-state doublet in CeSi, is mostly of
|my) = | £ 5/2) character, while the first (second) excited
doublet is mostly made of | £3/2) (| £ 1/2)) [28], respec-
tively. Since the wave function of the | +5/2) state is dis-
tributed mostly within the x—y plane (see Fig. 5), it is natural
to think that the lattice coherence involving this ground-state
doublet can still take place in the two-dimensional limit,
due to largely unaffected in-plane “hoppings.” In this sense,

the CEF scheme of CeSi, might be favorable for the
formation of two-dimensional heavy fermions in ultrathin
(001) films. It would be interesting to explore in the future the
dimensionality tuning of heavy-fermion systems with differ-
ent ground-state wave functions.

The thickness evolution of the satellite peak at
—55 meV is noteworthy [Fig. 3(e)]: it implies that the
associated CEF excitation exhibits an abrupt change near
3 u.c. (or % 4 nm). Note that the wave function of this
excited CEF state (mostly |+ 1/2)) is largely directed
along the z direction (see Fig. 5), and therefore the Kondo
process involving this CEF excitation might be more
sensitive to the reduction of the film thickness, compared
to the ground-state Kondo process. Nevertheless, further in-
depth studies are needed to understand this thickness
dependence. In addition, future theoretical and experimen-
tal works are necessary to investigate how the development
of partial lattice coherence and the augmentation of excited
CEF states are interlinked as a function of film thickness.

Finally, it is interesting to compare the dimensionality
tuning of 4f-electron heavy fermions with those derived
from 5f electrons, where the correlation effects are often
weaker. Recently, very fine quantum well states (QWSs)
from 5f electrons have been observed from STM mea-
surements on the stepped surfaces of URu,Si, [26],
demonstrating the constructive interference of two-dimen-
sional heavy quasiparticles with an effective mass of ~17
m,. Interestingly, these 5f quasiparticles can be well
described by the Fabry-Pérot interferometer with low
reflection coefficient due to large effective mass [26]. In
the current case of CeSi,, the much larger effective mass
of Ce 4f electrons (~150 m, estimated from the speci-
fic heat [30]) and limited energy resolution of ARPES
measurements make it extremely difficult to identify
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discrete QWSs from 4f electrons. Future high-resolution
(STM) studies will be desirable to seek 4 f-electron QWSs.

IV. CONCLUSION

In summary, by combining MBE growth, ARPES, and
transport measurements, we have demonstrated the dimen-
sionality tuning of the heavy-fermion state in the canonical
heavy-fermion compound CeSi,, from three all the way to
two dimensions. Our work was made possible by the
synthesis of high-quality ultrathin CeSi, films, where
disorder effects can be minimized. Our results show that
the Kondo process in the intermediate temperatures oper-
ates quite differently for the three-dimensional and two-
dimensional cases, owing to the different involvement of
excited CEF states. The ground-state Kondo peak at Ep
persists down to the two-dimensional limit, although its
development is pushed towards lower temperatures. Our
work therefore highlights the importance of CEF excita-
tions in the Kondo process for understanding low-dimen-
sional heavy fermions. While most known heavy fermion
compounds are anisotropic three-dimensional systems
(including bulk CeSi,), their truly two-dimensional coun-
terparts are still rare with plenty of room for new discov-
eries. Our epitaxial CeSi, films with controllable thickness
provide an ideal platform to study the dimensionality
tuning of the heavy-fermion physics and explore the
ferromagnetic quantum criticality in two dimensions.

V. METHODS

A. MBE growth and in situ ARPES measurements

The epitaxial CeSi, films were grown by MBE on Si(100)
substrates, modified from a previous growth recipe [64]. The
base pressure of the MBE growth chamber is better than
1 x 10710 mbar. The evaporation of Ce was achieved using
effusion cells, whose deposition rates were set to approx-
imately ~1.5 A/ min for Ce, as determined by a quartz
crystal monitor (QCM). Before growth, Si(100) substrates
were first heated to over 600 °C in ultrahigh vacuum for
30 minutes for degassing and then shortly flashed to over
1200 °C in a few seconds by passing through a direct current,
leading to a sharp 2 x 1 RHEED pattern. Ce was then
deposited on the 2 x 1 reconstructed Si(100) surface at
~100°C and further annealed to ~600 °C, allowing the Si
from the substrate to react with the deposited Ce and form
epitaxial CeSi, films. The film quality was monitored in real
time by RHEED. The thickness of the CeSi, films was
determined by the amount of Ce deposited on the substrate
and confirmed by subsequent STEM measurements.

After growth, the CeSi, films with different thicknesses
were transferred under ultrahigh vacuum to an ARPES
system at Zhejiang University for in situ ARPES measure-
ments [65]. The sample temperature was kept at ~6 K
during all measurements unless noted otherwise. The base
pressure of the ARPES system was ~6 x 10~!! mbar,

which increased to ~2 x 107! mbar during the Helium
lamp operation. The typical energy and momentum reso-
lution is ~12 meV and ~0.01 A~ respectively. The RC-
FDD function used in Fig. 4(d) is determined by fitting the
temperature-dependent spectra of a polycrystal Au sample,
taken under identical experimental conditions as Fig. 4(c).
To compare the spectra from different thicknesses and
temperatures in Fig. 4(d), a renormalization to the back-
ground was employed.

To probe the k, dispersion of electronic states, photon-
energy-dependent scans for 3 and 16 u.c. films were carried
out at BLO3U in Shanghai synchrotron radiation facility
(SSRF). To ensure in situ ARPES measurements, a vacuum
suitcase with a base pressure better than ~5 x 107! mbar
were used to transfer the samples grown at Zhejiang
University to the BLO3U beamline at SSRF. The pho-
ton-energy-dependent scans, shown in Fig. S6 in [31], were
performed at ~10 K.

B. DFT calculations

Electronic structure calculations were performed using
DFT as implemented in the Vienna ab initio simulation
package (VASP) [66,67]. The Perdew, Burke, and Ernzerhoff
(PBE) parametrization of generalized gradient approxima-
tion (GGA) to the exchange-correlation functional was
employed [68]. Calculations that treat Ce 4f electrons as
core electrons (core-4f) or valence electrons (valence-4f)
were both performed (see Fig. S3 in [31]), although only the
results from the core-4f calculations were presented in the
manuscript for comparison with the experimental data. There
are two reasons for this [69,70]: (1) The many-body Kondo
effect modifies the quasiparticle bands only very close to Ef
see Fig. 3(c)]; (2) valence-4f calculations without special
treatment of electron correlations often yield incorrect
positions of 4f bands and overestimate their bandwidth.
For all calculations, spin-orbit interaction was considered.
Anenergy cutoffof 400eVand 9 x 9 x 9(9 x 9 x 1 forslab)
Gamma-centered K-mesh were employed to converge the
total energy to 1 meV/atom. The band structure obtained
from the PBE method was fitted to a tight-binding model
Hamiltonian with the maximally projected Wannier function
method [71]. The resulting Hamiltonian was used to calcu-
late the Fermi surface, as shown in Fig. 2(b). In slab
calculations, a thick CeSi, film with a well-defined surface
termination on both sides and a vacuum gap of 18 A was
employed. The calculated bands are shifted upward by
0.2 eV to match with experimental data. The surface weight
of the electronic wave function was used to distinguish
between the SS and bulk states.

C. Ex situ characterizations

The structure of thin CeSi, films was characterized
by ex situ XRD and STEM measurements. The XRD
measurements were performed in a Rigaku Ultima IV
diffractometer with Cu Ka photons (and a small
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contribution from Cu Kg photons). The STEM measure-
ments were performed with a state-of-the-art spherical
aberration corrected transmission electron microscope,
using both the HAADF and iDPC modes.

The ex situ transport measurements were performed in
either a Dynacool quantum-design physical property meas-
urement system (PPMS) or another PPMS with dilution
refrigerator insert, using the standard collinear four-probe
method. The absolute value of resistivity p was obtained
through p = [z/(In2)](V/I)tx, where V and I are the
measured voltage and current, ¢ is the film thickness and x
is a correction factor that depends on the detailed measure-
ment geometry [72]. For simplicity, we choose k = 1 in our
paper, which corresponds to the ideal two-dimensional case.
To obtain the magnetic part of the resistivity p,,(7') in CeSi,
films reliably, we grow epitaxial LaSi, films with the same
thicknesses and measure their temperature-dependent resis-
tivity under identical conditions as those of CeSi, films. This
ensures identical correction factor x for LaSi, and CeSi,
films and hence p,,(T') can be reliably obtained via p,,(T) =
peesi, (T) = prasi,(T) (see Fig. S8 and S11 in [31]). To
minimize possible sample oxidation for ex situ measure-
ments, all the transport data presented in the manuscript were
measured immediately after the samples were taken out of the
vacuum chamber. We also performed careful control experi-
ments to eliminate the possible complication from sample
oxidation (Fig. S12 in [31]).
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