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ABSTRACT: CeSil has been recently isolated in the ultrathin Monolayer CesSil DFT + pseudofermion for
limit, establishing CeSil as the first intrinsic two-dimensional van "% e Eret :
der Waals heavy-fermion material up to 85 K. We show that, due
to the strong spin—orbit coupling, the local moments develop a /2
multipolar real-space magnetic texture, leading to local pseudo- S NN N

o

[ ConventionalKondo |
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spins with a nearly vanishing net moment. To elucidate its Kondo-  kondo lattice for monolayer Cesil IR v oM
screened regime, we extract from first-principles the parameters of ( Sonduction, Localized OU ‘[T Gnconvensional Kondo ]
the Kondo lattice model describing this material. We develop a electrons Jy electrons &

pseudofermion methodology in combination with ab initio
calculations to reveal the nature of the heavy-fermion state in
CeSil. We analyze the competing magnetic interactions leading to
an unconventional heavy-fermion order as a function of the
magnetic exchange between the localized f-electrons and the
strength of the Kondo coupling. Our results show that the magnetic exchange interactions promote an unconventional momentum-
dependent Kondo-screened phase, establishing the nature of the heavy-fermion state observed in CeSil.
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he coexistence of electronic orders in two-dimensional with different 2D materials including 1T—1H TaS, bilayers,
(2D) materials establishes a rich platform for the MoTe,/WSe, bilayers, and MoS, bilayers.”'>"> Now, mono-
emergence of new physics. Since the isolation of van der layer CeSil brings Kondo physics to a single van der Waals block,
Waals monolayers, a variety of magnetic orders have been allowing us to study these systems from a novel perspective
observed in the 2D limit, including ferromagnetic,"”” quantum combining typical surface-science experimental techniques such
spin-liquid candidates,”” and multiferroic order.”® Further- as scanning tunneling microscopy”' and exploiting the degrees
more, exploring the unique degrees of freedom of van der Waals of freedom characteristic of van der Waals materials.”> However,
materials, namely, the easy and clean stacking of layers forming theoretical studies on monolayer CeSil are still scarce'* due to
heterostructures and introducing twist angles between layers, the difficult treatment of Kondo systems from an ab initio
has allowed the emer%ence of new magnetic orders, including perspective. This obstacle hinders the study of the complex
orbital ferromagnets”® and heavy-fermion Kondo lattice phase diagram that could arise in CeSil van der Waals
materials.”'® The recent isolation of CeSil'” in the ultrathin heterostructures.
limit establishes heavy-fermion Kondo insulators as a new In this work, we analyze the emergent heavy-fermion phase in
member in the family of van der Waals building blocks. monolayer CeSil. We introduce a formalism based on density
Heavy-fermion systems emerge due to the coexistence of a functional theory (DFT) calculations combined with an

magnetic lattice that is coupled to a nearly free 2D electron gas
forming what is known as a Kondo lattice.'® Traditionally, these
two ingredients have been found in bulk rare-earth compounds,
which bring together magnetic moments from the localized f-
orbitals and an electron gas from the delocalized orbitals."”
These Kondo systems display intriguing phase diagrams in
which unconventional superconductivity, quantum critical
phases, or the already-mentioned heavy-fermion order have
been reported.'®*° Therefore, identifying new heavy-fermion
systems is proven to be a powerful strategy for studying novel
exotic phenomena.

In the realm of van der Waals materials, heavy-fermion
systems have been artificially engineered in heterostructures

auxiliary pseudofermion variational method. This approach
that we termed DFT+pseudofermion allows us to study the
heavy-fermion order emerging in this compound. We show that
the strong spin—orbit coupling effects lead to an exotic magnetic
texture in the local Ce moments, leading to an emergent
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pseudospin Kondo lattice. Using the DFT+pseudofermion
formalism, we capture the first-principles multiorbital electronic
structure together with the many-body Kondo screening that
occurs in CeSil. In particular, we establish that the competition
between the Kondo coupling and the magnetic exchange
interactions between the localized Ce f-electrons gives rise to the
unconventional nodal heavy-fermion order that can be proved
experimentally.

It is instructive to start analyzing the electronic structure of the
monolayer CeSil arising directly from DFT. The structure of
monolayer CeSil is shown in Figure la, where two triangular

Monolayer CeSil

Figure 1. (a) Structure of monolayer CeSil. (b) DFT orbital-resolved
band structure of CeSil, enforcing a symmetry-broken ferromagnetic
arrangement of the Ce magnetic moments. Panels ¢ and d show the
magnetization of the occupied f-state in the absence (c) and presence
(d) of spin—orbit coupling. In the latter case, the net magnetization of
the occupied orbital is quenched, leading to a microscopic spin texture
in the occupied state.

lattices of Ce and I atoms encapsulate a staggered honeycomb
lattice of Si atoms, forming the single van der Waals block.
Figure 1b shows the orbital-resolved band structure of
monolayer CeSil obtained from DFT calculations using the
LDA+U formalism, enforcing a symmetry-broken ferromagnetic
arrangement and including spin—orbit coupling (SOC), with U
corresponding to the on-site Coulomb interaction of the
localized Ce f-electrons. In the plot, U = 8 eV was considered
for the f-electrons. However, the results and discussion
presented here are not qualitatively affected by the election of
a different U in the strongly localized limit. The strong electron—
electron interactions in the f-orbitals of Ce give rise to the
formation of a local magnetic moment, leading to a set of deep
occupied nearly dispersionless flat bands (shown in red in Figure
1b). The electrons belonging to Si sp-orbitals and Ce d-orbitals
are in comparison strongly dispersive, leading to a metallic
behavior (shown in pink, yellow, and blue, respectively, in Figure
1b). These conduction states show strong hybridization
between the different elements. Enforcing a ferromagnetic
arrangement between the f-electrons is a technical consideration
that allows a simpler treatment in the single unit cell and has no
major effect on the analysis of the orbital character of the bands.

4273

A key feature of this material is the existence of very strong
spin—orbit coupling. This strong spin—orbit coupling has a
major effect on the local moment of the f-orbitals. In the absence
of spin—orbit coupling, the f-electrons display an orbital
momentum m = 2 and spin 1/2 (Figure 1c). However, when
spin—orbit interactions are included, the original net S = 1/2
moment transforms into a complex spin structure in the f-
manifold, with a quenched net magnetic moment (Figure 1d).
This orbital degeneracy together with strong spin—orbit
coupling effects can give rise to a hidden magnetic order,”™**
characterized by a multipolar localized spin texture with a
quenched magnetic moment that is difficult to identify in
experiments. From an effective model point of view, the
unpaired electron behaves as a pseudospin 1/2, which is the
required feature for the emergence of heavy-fermion phenom-
ena, and monolayer CeSil stems from the Kondo lattice
Hamiltonian®”*°

_ t 3.2t
H= z ticic + Z JSar0: 56 i g
ij (1)

(i)

where ¢ is the creation operator for Wannier conduction band
electrons, t; corresponds to their hopping energy, { ) denotes
first neighbors, ], is the exchange coupling between first-
neighbor pseudospin sites of the f-electrons, and Ji is the Kondo
coupling between the localized pseudospins and the conduction
electrons. It is important to note that in the Kondo problem
these pseudospins act as a real spin 1/2, since the Hilbert
subspace representation of these pseudospins corresponds to
one of spins 1/2 despite the local magnetic texture that they
might display. Therefore, the J, interaction captures the
magnetic exchange interaction between these pseudospins.
The schematic of this model is shown in Figure 2a. The previous
Hamiltonian realizes a Kondo lattice model, whose physics is
controlled by two main parameters. The exchange coupling J;
promotes magnetic ordering in the magnetic lattice formed by
the f-electrons. In contrast, the Kondo coupling Jx promotes the
screening of each spin site, by formin% a singlet with a
conduction electron of the conduction gas.” This screening of
spin sites in the lattice creates a coherent set of scattering
centers, leading to the appearance of a heavy-fermion gap.’' The
competition between those two energy scales dominates the
physics of a heavy-fermion monolayer.

Traditional DFT calculations cannot directly capture the
many-body heavy-fermion behavior in the electronic structure.
However, they can be used to provide an estimate of the
competing parameters entering the Kondo lattice Hamiltonian.
Specifically, the exchange coupling can be extracted by
comparing the energies of different magnetic arrangements
(Figure 2b). It is important to point out that the exchange
coupling J; can have both direct and indirect exchange through
the I atoms and an indirect interaction mediated by the electron
gas. This last interaction, known as the RKKY interaction, is the
dominant one due to the strongly localized f-electrons residing
within the electron gas. First principle methods incorporate all
the contributions, and therefore, the exchange extracted
represents the net one. On the other hand, the Kondo coupling
stems from the induced spin splitting in the conduction bath by
the local magnetic moment. Therefore, Ji can be estimated as
the energy shift in the density of states (DOS) of the conduction
bands at the Fermi level (Figure 2c). The DFT+U estimation of
J1 and Ji is shown in Figure 2d and e, respectively. We can
observe a robust ab initio estimation of these quantities; i.e., they
are shown to be independent of the onsite Coulomb interaction

+h 2 S5S
(@h)
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Figure 2. (a) Schematic low-energy model for CeSil. The spin—lattice
stems from the localized f-electrons of Ce, while the conduction
electrons correspond mainly to the d-electrons of Ce. First-neighbor
spins are coupled via a magnetic exchange interaction J;, and Kondo is
coupled to the conduction electrons with Ji. (b) Magnetic
configurations used to estimate J;. (c) Spin-polarized density of states
plot used to estimate Ji. Evolution of J; (d) and J (e) from DFT+Uas a
function of the Coulomb interaction U of the f-orbitals. (f) Schematic
phase diagram of the Kondo lattice model, where CeSil is found to
enter into a heavy-fermion phase below Ty and an anti-ferromagnetic
one below Ty. The green asterisk denotes the quantum critical region.

of the f-electrons U. An anti-ferromagnetic ]| is obtained in good
agreement with magnetometry measurements”” which suggests
that the phase diagram of the competing Jy—J, triangular Kondo
lattice (eq 1) would display a quantum critical phase between a
frustrated magnetic order and the heavy-fermion order, ™’
instead of the usual quantum critical point between a
ferromagnetic and heavy-fermion order (Figure 2d). DFT+U
provides an estimation of J; ~ 30 meV and Jx ~ —100 meV,
which suggests that monolayer CeSil can enter the heavy-
fermion phase dominated by Ji, but with a non-negligible

~
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magnetic exchange J, between the f-electrons. This finite J,
exchange promotes the formation of a frustrated magnetic order
at the lowest temperature below 7.5 K, with screening from
Kondo physics dominating between 7.5 and 85 K'7 as
represented in Figure 2f.

The screened coherent heavy-fermion Kondo regime'” can be
directly accounted by the Kondo lattice model. The previous
Kondo lattice model can be solved using an auxiliary fermion
(pseudofermion or parton) formalism for Kondo sites®®™*

3 _1 . .
Se=73 ZS,S, Us,sf:,afs’,a with the Fock constraint Y. fof, o = 1. By

a
replacement of spin operators by auxiliary fermions, the
Hamiltonian becomes biquadratic in field operators. We can
perform a decoupling of the biquadratic term by introducing the
Kondo hybridization functions, leading to the following effective
Hamiltonian

H= Z eV(k)Cl:VCkyV + Z yl(k)flza k,a

v,k a,k

+ 2 R e

v,a,k (2)

where fj;,,s are the pseudofermion creation operators in reciprocal
space. The Kondo hybridization function depends on the Kondo
coupling as yx(k) ~ Ji(clfi), and the dispersion of the
pseudofermions is given by the Fourier transform of the
pseudofermion mean-field Iy (k)| ~ J;. This Hamiltonian can be
solved in combination with first-principles electronic calcu-
lations for monolayer CeSil. A DFT+pseudofermion formalism
can be established by expanding the Hilbert space of the DFT
states (first term in eq 2) to include the pseudofermions (second
term in eq 2) and their hybridization with the DFT states (third
term in eq 2). This allows us to compute the electronic structure
of monolayer CeSil in the presence of Kondo screening. Since
the unit cell of monolayer CeSil has two Ce atoms that give rise
to two localized pseudospins 1/2, four pseudofermions are
considered in this DFT+pseudofermion formalism. In the case
of two 1/2-real spins, one would also consider four
pseudofermions in the DFT+pseudofermion formalism. The
pseudospins are a result of the spin—orbit coupling leading to a
complex spin texture. Two channels in each pseudofermion do
not correspond to up and down but the two channels of a
Kramers pair. Specifically, the two channels of a Kramers pair
have the property that one channel is the time reversal of the
other. These two channels are analogous to the two degrees of
freedom of an electronic structure featuring strong spin—orbit
coupling effects, where the spin degeneracy is associated with
two Kramers pairs instead of two pure spin channels. Therefore,
both have the same technical implementation in our formalism.
The hybridization function yx is in general momentum-,
frequency-, and band-dependent. The frequency and band
dependence is incorporated with an ansatz promoting hybrid-
ization with the closest four bands to the Fermi energy including

a frequency-dependent envelope e~(¢() ~Ee)'/) ‘z‘, that accounts for
the decreased hybridization away from the chemical potential
Ey.

The results for the calculations of monolayer CeSil in the
DFT+pseudofermion formalism in the non-magnetic Kondo
screened regime are summarized in Figure 3. In the absence of
Kondo hybridization y¢(k) = 0, the DFT band structure (Figure
3a) shows a complex Fermi surface with different pockets
around the I' and K points (Figure 3b). When the Kondo
hybridization is finite (k) # 0, gaps appear in the electronic

https://doi.org/10.1021/acs.nanolett.4c00619
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Figure 3. Electronic structure without Kondo hybridization (a, b), with
conventional Kondo hybridization (b, c), and with unconventional
nodal heavy-fermion hybridization (d, e). Panels a, ¢, and e show the
momentum-resolved spectral function, and panels b, d, and f show the
Fermi surface reconstruction. (g) Spectral function observed showing
the differences between conventional and unconventional nodal

hybridization.

structure at the Fermi energy. From a symmetry point of view,
two solutions can emerge when solving the variational
Hamiltonian of eq 2: (i) a conventional s-wave Kondo
hybridization opening a gap in the whole Fermi surface (Figure
3¢c,d) and with a U-shaped gapped spectral function (Figure 3g)
or (ii) an unconventional nodal f-wave Kondo hybridization
opening gaps only around the K points in the Fermi surface
(Figures 3ef) and displaying a V-shaped spectral function
(Figure 3g). This gapless heavy-fermion behavior produces a
decreased slope of the band structure (effective electron mass
enhancement) mostly around the K points. This kind of
momentum dependence of the Kondo hybridization has already
been experimentally observed and analyzed in other heavy-
fermion compounds** and in particular Ce-based systems.*~°
As in the case of CeSil, they show a k-dependent Kondo
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hybridization. However, these compounds have a non-van der
Waals tetragonal structure. Therefore, their nodal behavior
displays a different symmetry than the one observed in the
triangular lattice of CeSil. This would have implications in the
symmetry of the superconducting order parameters that might
occur in the phase diagram of these heavy-fermion systems.”'
The nodal behavior could be detected via ARPES experiments as
previously done for the other Ce-based compounds or using a
scanning tunneling microscope as it has already been used to test
unconventional nodal superconductors.”*>*

The previous classification focused on the case where the
Kondo pseudofermions are dispersionless, which is equivalent to
considering vanishingly small exchange coupling between
magnetic sites, i.e., ;(k) = 0 in eq 2. Due to the finite exchange
J1, the Kondo pseudofermions will develop a finite dispersion
(71(k) # 0). In the limit of J; > Ji the system will develop
magnetic order. Here we will focus on the case J; # 0, but below,
the quantum phase transition to the magnetically ordered
regime. The calculations of the electronic structure with the
DFT+pseudofermion formalism are shown in Figure 4, now
considering the dispersion in the Kondo spinons. As a reference,
we show first how the composite spectra look in the presence of
spinon dispersion but vanishing Kondo hybridization in Figure
4a—d for different values of y,(k). While this situation is not
physically observable due to the requirement of Kondo
screening to reach the spinon representation, it provides a
useful starting point to rationalize the effect of y,(k) on the
conduction gas. The pseudofermion dispersion makes the
spinon modes off-resonant with the Fermi surface in major parts
of the reciprocal space. This effect implies that, once the Kondo
hybridization is included as shown in Figure 4e—h, the gap
opening at the Fermi surface becomes much less pronounced,
keeping certain parts of the electronic structure gapless. The
dispersive pseudofermion band is closer to the Fermi level and
more flat around the K points than around the I" point.
Considering that the Kondo hybridization is energy-dependent,
i.e., the closer to the Fermi level the pseudofermion energy, the
stronger the hybridization, this leads to a stronger gap around
the K points than in the electronic bands around I'. This gapless
electronic structure emerges in the presence of a conventional s-
wave Kondo hybridization, emulating an unconventional nodal
spectrum. The previous phenomenology shows that the
exchange between magnetic sites leads to a weakening of the
heavy-fermion gap. In particular, it can be observed that
increasing the y,/yx ratio promotes unconventional nodal
Kondo hybridization. The multiorbital character, meaning
having several bands crossing the Fermi level, provides a
complex Fermi surface with pockets around the I" and K points
(Figure 3b). In the presence of Kondo hybridization, the
magnetic exchange interactions promote the formation of the
Kondo gap around the K points. DMFT calculations have been
performed on CeSil.'* In this analysis, a conventional Kondo
peak is captured for this system. To study an unconventional
nodal behavior within a DMFT methodology, a local depend-
ency in the self-energy could be included. This would introduce
in the DMFT calculations the nodal effect that we are capturing
by the pseudofermion dispersion within our auxiliary fermion
mean-field theory combined with DFT. Apart from that, the
Kondo hybridizations occurring slightly away from the Fermi
level that have been experimentally reported'” are accounted for
by the DFT+pseudofermion formalism in contrast to the DMFT
methodology. Finally, it is worth noting that, below the magnetic
transition temperature 7.5 K, the previous non-magnetic fully

https://doi.org/10.1021/acs.nanolett.4c00619
Nano Lett. 2024, 24, 4272—4278


https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00619?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00619?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00619?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c00619?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(a)o 4 v1=0 meV y,=0 meV (b()) 4 v;=2.9 meV y=0 meV (C)o 4 v;=5.8 meV yy =0 meV (d% 4 v1=8.7 meV y=0 meV
0.2 0.2 0.2 0.2
2o 3 of L\ 3o 2o
w w w w
-0.2 \/ 0.2 \} -0.2 \/ -0.2
-0.4 /\ V -0.4 /\ V -0.4 /\ V -0.4 /\
r K M M r K M M r K M M r K M
(e% . v1=0 meV y,=29 meV (f)o 4 Vi=2.9 MeV y=29 meV (92) V1=5.8 meV y¢=29 meV (hz) . v1=8.7 meV y,=29 meV
0.2 0.2 0.2f 0.2t
20 3 of 30 20
w w w w
-0.2 -0.2 -0.2 -0.2f U
-0.4 /\ -0.4 /\ -0.4 /\ -0.4 /\ v
M r K M M r / r K M M r K M
Conventional Kondo ) o A > Unconventional Kondo
Pseudofermion [N Eectron

Figure 4. Electron-pseudofermion dispersion in the presence of a sizable exchange coupling J; between Kondo sites. Panels a—d show the decoupled
pseudofermion and electronic structures as a reference. Panels e—h show the composite electronic structure in the presence of Kondo hybridization,
showing that the increase of an exchange coupling and associated pseudofermion dispersion leads to a soft heavy-fermion gap.

screened regime gives rise to a spin-polarized state featuring
Kondo correlations, and its treatment requires including finite
magnetic ordering in the pseudofermion formalism.

The 2D nature of this material provides promising strategies
to tune the ground state. Strain in the monolayer would allow
controlling the ratio between Ji/J;, allowing us to tune the
unconventional nature of the heavy-fermion order or to push the
system toward a quantum phase transition to a magnetically
ordered state (Figure 2f). In particular, strain can allow the ratio
Jx/]1 to be shifted, drifting the system to the heavy-fermion
regime at T = 0 and completely suppressing magnetic ordering
even below 7.5 K. Interestingly, strain will also impact the local
crystal field in the Ce atoms, potentially leading to orbital
transition in the local magnetic sites. The frustrated nature of the
underlying magnetic lattice makes the system ideal to explore
the interplay between quantum magnetism and heavy-fermion
physics. Furthermore, its monolayer limit will potentially allow
tuning this heavy-fermion material directly with a gate, allowing
the Kondo lattice to be doped and drifting the system toward a
hidden order or unconventional superconducting state™ as
observed in other heavy-fermion compounds.

To summarize, we have presented the microscopic analysis of
the heavy-fermion state in the van der Waals monolayer CeSil.
Using first-principles methods, we established the existence of
local moments in Ce realizing a multipolar internal magnetic
texture with a vanishingly small local moment. These results
show that strong spin—orbit coupling effects render this system
into a Kondo lattice system with pseudospin 1/2. Our first-
principles methods allow us to extract the relevant energy scales
of the Kondo lattice model, including the exchange coupling
between the localized moments and the Kondo coupling. We
introduce a DFT+pseudofermion formalism that combines first-
principles calculations with a parton pseudofermion method-
ology, allowing us to directly compute the multiorbital heavy-

fermion electronic structure. We showed that the sizable
exchange coupling between moments together with the
multiband nature of this system leads to a momentum-
dependent heavy-fermion hybridization in the Kondo screened
regime, in comparison with the stronger gap opening in single
band heavy-fermion systems. Our results establish the first-
principles electronic structure of CeSil, exemplifying how a
combination of density functional theory and pseudofermion
formalism allows the modeling of complex heavy-fermion van
der Waals materials.
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