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Abstract

Proximity of two different materials leads to an intricate coupling of quasiparticles

1



so that an unprecedented electronic state is often realized at the interface. Here, we
demonstrate a resonance-type many-body ground state in graphene, a non-magnetic
two-dimensional Dirac semimetal, when grown on SmBg, a Kondo insulator, via ther-
mal decomposition of fullerene molecules. This ground state is typically observed in
three-dimensional magnetic materials with correlated electrons. Above the charac-
teristic Kondo temperature of the substrate, the electron band structure of pristine
graphene remains almost intact. As temperature decreases, however, the Dirac fermions
of graphene become hybridized with the Sm 4 f states. Remarkable enhancement of the
hybridization and Kondo resonance is observed with further cooling and increasing
charge carrier density of graphene, evidencing the Kondo screening of the Sm 4 f local
magnetic moment by the conduction electrons of graphene at the interface. These find-
ings manifest the realization of the Kondo effect in graphene by the proximity of SmBg

that is tuned by temperature and charge carrier density of graphene.

Introduction

Formation of an interface is one of the important ingredients in realizing emergent phenomena
and manipulating device functionality. For this purpose, an atomically thin two-dimensional
(2D) crystal is an ideal platform when forming an interface with a three-dimensional (3D)
exotic substrate, since its property is easily affected by an environment.! Indeed, various
intriguing phenomena have been reported in the studies of 2D crystals placed on 3D sub-
strates, for example, the proximity-induced superconductivity®? and magnetism,* and the
enhancement of spin conductivity,® superconductivity,®” electron correlations,® and spin-
orbit coupling.? ! In addition, graphene on magnetic materials exhibits characteristic spin
properties such as single-spin Dirac cone,'? Hedgehog spin structure,'® and large exchange
splitting. '* Hence, interfacing 2D system is a powerful methodology not only to explore
exotic many-body phenomena confined in a single atomic layer limit.

One of the renowned many-body phenomena is the Kondo effect.!'® The Kondo effect



refers to the phenomena in which a resonance-type hybridized many-body ground is induced
in a non-magnetic metallic system in the presence of a local magnetic moment. The inter-
action between the local magnetic moment and the spins of surrounding electrons from the
metallic host leads to antiferromagnetic spin alignment to screen the local magnetic moment,
resulting in the formation of the Kondo resonance state. Since its first discovery, the Kondo
effect has been one of the key elements to understand many-body effects in a solid system
especially related with its magnetic properties. The Kondo effect has been well studied in
3D materials such as dilute magnetic alloys'® and heavy fermionic compounds,'” while it has
been also evidenced in lower dimensions, including the surface of 3D metals,'® carbon nan-
otubes, quantum dots,?’ and single-electron transistors.?! However, despite the advance
in various wan der Waals materials, the Kondo effect in the prototypical 2D crystals has
been barely paid attention, hindering to understand the nature of 2D Kondo physics.?2726 In
particular, the low-dimensional systems have been utilized to investigate an impurity-type
Kondo effect, i. e., Kondo effect induced by a single magnetic impurity, leaving a lattice-type
low-dimensional Kondo effect unveiled.

The in-situ thermal decomposition of fullerene molecules on a 3D Kondo insulator can

be an ideal approach to realize and investigate 2D lattice-type Kondo effect. This approach

makes it possible not only to prepare an interface between graphene and a 3D substrate of

27-29 30-32

interests, as demonstrated in spectroscopic and microscopic studies for transition
metals, but also to align crystalline orientation of the two ingredients of the interface that
cannot be achieved by the well-known method of preparing a 2D /3D interface, e. g., mechan-
ical transfer. The latter is crucial in device applications, because the characteristics of the
interaction between a 2D crystal and a 3D substrate varies significantly in realistic devices,
depending on crystalline orientation at the interface.3® Furthermore, the mechanical transfer
process deteriorates the surface of a substrate due to contamination inevitable during the

transfer process, which blows up the intrinsic properties of the substrate at its interface.®

Here we demonstrate that the formation of an interface between two exotic materials,



a 2D Dirac semimetal, graphene, and a 3D Kondo insulator, SmBg. Low-energy-electron
diffraction (LEED) and angle-resolved photoemission spectroscopy (ARPES) studies show a
well-defined interface between graphene and SmBg via the thermal decomposition method
with their crystalline orientation perfectly aligned to each other. Surprisingly, at the inter-
face, not only the spectral intensity of the Kondo resonance, stemming from the substrate,
but also the kink induced by the hybridization between the Kondo resonance and the metal-
lic band of overlying graphene exhibit characteristic dependence on both temperature and
charge carrier density of graphene, which exactly follow the expectation from Kondo physics.
These findings provide an experimental evidence that the quasiparticles from two exotic ma-
terials exhibit magnetic coupling to form a new many-body ground state at their interface,

which is tuned by temperature and charge carrier density.

Results and discussion

Figure 1(a) shows the schematics of the growth of graphene on SmBg using the thermal
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decomposition method to investigate the interplay between a 2D Dirac semimeta
3D Kondo insulator.3573" The left panel of Fig. 1(b) shows a rectangular 1x1 LEED pattern,
corresponding to the clean SmBg(110) surface as denoted by blue circles. After the graphene
growth, additional hexagonal spots corresponding to graphene appear in the LEED pattern
as denoted by red circles in the right panel of Fig. 1(b). Although the rectangular pattern of
SmBg is not commensurate with the hexagonal one of graphene, their azimuthal orientations
are aligned with each other.

The hexagonal pattern of the add-on graphene is also observed in the electron band struc-
ture measured by ARPES. Figure 1(c) shows a constant energy ARPES intensity map at
0.5 €V below the Fermi energy, Er. The blue-dashed lines are the Brillouin zone boundary

of SmBg(110) that crosses its characteristic oval-shaped electron pockets.?® The constant

energy map exhibits an additional hexagonal feature from graphene denoted by red-dashed
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Figure 1: (a) Schematics of the thermal decomposition process of fullerene molecules on
SmBg to form graphene. (b) LEED patterns of SmBg (left panel) and graphene on SmBg
(right panel). (c) A constant energy ARPES intensity map of graphene on SmBg taken at
0.5 eV below Ep at 27 K. Blue-dashed rectangle and red-dashed hexagon are the unit cell
of SmBg and graphene, respectively. (d-e) ARPES intensity maps of graphene on SmBg
measured at 27 K along the kc-axis at k,—1.47 A-1 and ky=0. mg and og denote the m and
o bands of graphene, respectively. (f) An ARPES intensity map taken at 41 K along the
ky-axis at ky—=1.7 A=1.

lines, which are not relevant to the high-symmetry points of SmBg. This indicates that
overlying graphene is not commensurate with the substrate, whereas their azimuthal orien-
tations are aligned with each other in agreement with the LEED result (Fig. 1(b)). When the
graphene/SmBg interface is a vertical heterostructure as depicted in the cartoon in Fig. 1(a),
the ARPES and LEED data manifest themselves that in-plane orientation of graphene ex-
actly follows that of SmBg. The crescent-like shape observed at the constant energy map
originates from the Berry phase of quasiparticles in graphene.3® ARPES intensity maps along
the ky-axis at k, = 1.47 A=' (Fig. 1(d)) and k, = 0 (Fig. 1(e)) also show the electron band
structure of graphene (7g and o) along the K-M-K and I'-K directions of the graphene unit
cell as denoted in insets, respectively. While graphene exhibits the characteristic conical dis-

persion, a close look at the band structure around Ex does not show the atop of the conical

shape or the crossing point of the 7 band, so-called Dirac energy, Ep, (Fig. 1(f)), indicating



that graphene is charge doped by a small amount of holes (n, = 2.0 x 10! cm™2) with
respect to its natural form in which Ep is located at Er. The observation of the electron
band structure of both SmBg(110) and graphene indicates that a clean interfacial structure
is successfully formed without ruining their intrinsic properties.

SmBg is a well-known Kondo insulator, where the Sm 4f local magnetic moment is
screened by the antiferromagnetic spin alignment of delocalized Sm 5d electrons.*’ % Such
spin alignment leads to the formation of a Kondo resonance state. However, at high temper-
ature, due to the competition between the thermal and quantum spin-flipping fluctuations,
the spins of the conduction electrons of the metallic host are not able to screen the local mag-
netic moment and hence the metallic band remains intact as schematically shown in Fig. 2(a).
Upon decreasing temperature, the spin-flipping scattering becomes prominent compared to
phonon scattering, so that some of the metallic electrons participate in the screening of the
local magnetic moment, leading to the formation of an incoherent Kondo resonance state as
shown in Fig. 2(b). At very low temperature, especially below a characteristic temperature
called Kondo temperature Tk, the local magnetic moment is fully screened by the spins of
the conduction electrons, opening a hybridization gap close to Er as shown in Fig. 2(c).

The drastically enhanced resistance of SmBg below Tk ~ 150 K originates from this
hybridization gap.4%4 Indeed, at 22 K, well below Tk, the ARPES intensity map in the upper
panel of Fig. 2(d) shows sharp Kondo resonance states at £ — Er = —0.02 and —0.17 €V,
corresponding to so-called ®Hj /5 and ®H; s2 Sm 4f final-state multiplets, respectively, and at
E — Ep = —0.96 ¢V, corresponding to so-called °Fj 5 and °F7 /5 Sm 4f final-state multiplets,
as denoted by green arrows.®¢ These Kondo resonance states hybridize with the Sm 5d
band, denoted by black arrows. Especially as shown in a zoomed-in view close to Ep (the
lower panel of Fig. 2(d)), the Sm 5d band does not cross Er due to hybridization with
the lowest energy Kondo resonance state, i.e., the 6H5/2 multiplet (hybridized states are
denoted by dashed lines), manifesting the insulating behavior of SmBg at low temperature.

Figure 2(e) displays angle-integrated spectral intensities of the Kondo resonance states at
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Figure 2: (a-c) Cartoons of the evolution of a hybridized many-body ground state, Kondo
resonance, in terms of the electron band structure and the spin configuration of a local
magnetic moment (larger red cone) and conduction electrons (smaller blue and red cones).
(d) An ARPES intensity map taken at 22 K along the ky-axis at k,=0. The lower panel is
a zoomed-in view of the ARPES intensity map close to Er. The hybridized states between
the lowest energy Kondo resonance states and the Sm 5d band are denoted by white-dashed
lines. The green and black arrows denote Kondo resonance states and the Sm 5d band,
respectively. (e) Temperature-dependent angle-integrated spectral intensity of the Kondo
resonance states.

different temperatures. The intensity gradually increases as temperature decreases below
Tk, demonstrating the characteristic feature of the Kondo resonance.36:4°

The Kondo resonance states of SmBg exhibit dependence on charge carrier density of
graphene. Since Tk is expected to be proportional to exp(—1/Jpg), where J is the magnetic
coupling and pr is the density of states at Ep, a change in the carrier will result in different
Tk and hence spectral weight of the Kondo resonance. Figure 3(a) shows an ARPES intensity
map of graphene on SmBg taken at 24 K along the K-M-K directions of the graphene unit
cell. When potassium is deposited on the sample, the graphene m band gradually shifts
towards the higher binding energy side, while the overall electron band structure of SmBg
remains at almost the same binding energy, as shown in Figs. 3(b-d). This selective shift
indicates that potassium dose only changes the charge carrier density of graphene, while
that of SmBg remains almost the same. Surprisingly, the spectral weight of the Kondo
resonance states denoted by green arrows becomes heavier with increasing charge carrier
density of graphene, despite they originate from the substrate whose charge carrier density

remains almost the same. To see the increase qualitatively, Fig. 3(e) shows the spectral



intensity of the area denoted by a dashed rectangle in Fig. 3(a) as a function of potassium
dose. The Kondo resonance state, especially the 6H7/2 final-state multiplet, whose intensity
is presented in the lower panel, increases in spectral intensity with increasing charge carrier
density of graphene. As a result, the Kondo resonance states, despite stemming from SmBg,

are coupled to overlying graphene.
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Figure 3: (a-d) ARPES intensity maps for potassium-deposited graphene on SmBg measured
at 22 K along the K-M-K direction of the graphene unit cell, as denoted in the inset. The
green arrows denote the Kondo resonance states. (e) ARPES intensity as a function of
potassium dose taken from the area denoted by a dashed rectangle in panel (a). The lower
panel shows spectral intensity taken at £ — Er = —0.17 €V from the ARPES intensity map
in the upper panel. (f-i) ARPES intensity maps measured at several different temperatures
along the I'-K direction of the graphene unit cell, as denoted in the inset. The dash-single
dotted line denotes another branch of the conical dispersion of graphene whose intensity is
depressed due to the photoemission selection rule.?® (j) An ARPES intensity map measured
at 35 K along the I'-K direction of the graphene unit cell after 8 minutes of potassium
dose on graphene. The green and black arrows denote the Kondo resonance states and the
Dirac energy of graphene, respectively. (k) The momentum distribution curves taken at
E — Er = —0.17 eV for the same pristine graphene at 13 K (blue) and 190 K (red), for
comparison.

The graphene 7 band also reflects the coupling between graphene and SmBg. Figures 3(f-
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i) show ARPES intensity maps taken along the I'-K direction of the graphene unit cell
at different temperatures. The photoelectron intensity of one out of two branches of the
conical dispersion is significantly suppressed along this direction.®® Three non-dispersive
states at 0.02 eV, 0.17 eV, and 0.96 eV below Er denoted by green arrows are the Kondo
resonance states, originating from SmBg. As temperature decreases, the Kondo resonance
states increase in spectral intensity, which is also observed in bare SmBg.?% At the same
time, non-trivial features appear in the graphene m band. Its spectral intensity at the
crossing points with the Kondo resonance states is gradually enhanced upon cooling, that is
also observed in electron-doped graphene as shown in Fig. 3(j). The momentum distribution
curve (MDC) taken at E — Ep = —0.17 eV, corresponding to the ®H; ) final-state multiple,
of the 13 K data (Fig. 3(i)) is wider than that of 190 K (Fig. 3(f)), when both of them
are normalized for comparison as shown in Fig. 3(k). This is opposite from what can be
expected from thermal broadening. These unusual spectral features of the graphene 7 band
observed at the crossing points with the Kondo resonance states suggest that they do not
remain intact, but are intertwined with each other, e.g., to form a hybridized state, that
becomes prominent at higher charge carrier density and at lower temperature.

The hybridization is often manifested as a kink at the crossing point between two
states.***® Indeed, the graphene 7 band shows interesting dependence on both temperature
and charge carrier density in this sense. Figure 4(a) is the energy-momentum dispersions of
the graphene 7 band obtained by a Lorentzian fit to the ARPES data taken at several temper-
atures. The slope of the dispersion over an energy range of —0.25 eV < F — Ep < —0.10 eV
gradually changes upon cooling. Here the dotted line is the energy corresponding to the
6H7/2 final-state multiplet, that is extracted from the peak position of the energy distribu-
tion curve shown on the right hand side obtained by integrating the ARPES intensity map
in a range of 2.0 A < k, < 2.1 A~! in Fig. 3(1). More specifically, the 190 K dispersion
(the red curve) is almost linear with minute deviation from the linearity that is the char-

acteristics of the graphene m band on a metallic substrate.*® Here, the dashed line is an
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Figure 4: (a) Energy-momentum dispersions of graphene on SmBg obtained by a Lorentzian
fit to ARPES data taken along the I'-K direction of the graphene unit cell at several different
temperatures. The dotted line is a guide to the eyes obtained from the peak position of one
of the Kondo resonance states. (b-¢) An energy-momentum dispersion of graphene on SmBg
at 190 K (red) and 13 K (blue). Right panel is the angle-integrated spectral intensity in a
range of 2.0 A= < k, < 2.1 A~'in Fig. 3(i). The dashed line is a guide to the eyes to show
the deviation from the linearity that is denoted by black arrows. (d) An energy-momentum
dispersion of graphene on SmBg with 8 minutes of potassium dose obtained by a Lorentzian
fit to the ARPES data shown in Fig. 3(j). (e) Lorentzian peak width for the ARPES data
shown in Figs. 3(f-i). Green arrows denote the energies of the two lowest energy Kondo
resonance states.

arbitrary straight line for a guide to the eyes. The dispersion exhibits gradually increasing
deviation from the linearity with its maximum at the lowest temperature, e.g., 13 K (the
purple curve), so that the kink in the graphene 7 band becomes notable at the crossing point
with the Kondo resonance state.

The observed kink is also influenced by the charge carrier density of graphene. Fig-
ures 4(b-c¢) compare the energy-momentum dispersions for pristine and potassium-dosed
graphene on SmBg taken at similar temperature, 30 K and 35 K, respectively. With 8 minutes

of potassium dose, the charge carrier density of graphene changes from n, = 2 x 101 cm=2

2

of holes to n, = 4 x 103 cm™2 of electrons. With the increase of charge carrier density,

the strength of the kink is strongly enhanced. Electron-phonon coupling and a band bend-

ing effect®3

might be a possible explanation of the existence of the kink and its enhanced
strength upon increasing charge carrier density. However, the observed temperature depen-
dence of the energy-momentum dispersion and the peak width displayed in Fig. 4(d) are

not understood within both scenarios, especially when the peak width lacks the character-
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istic feature of the electron-phonon coupling, e.g., step-function-like enhancement by the
enhanced phonon emission beyond the phonon energy.** Instead, with decreasing tempera-
ture, the spectral width of the graphene 7 band shows sharp enhancement at the crossing
point with the Kondo resonance states as denoted by green arrows, consistent with the hy-
bridization picture. While the enhanced width of the graphene m band around the Kondo
resonance states at lower temperature is in contrast to the thermal broadening picture, the
width away from the Kondo resonance states, e.g., £ — EFp = —0.6 eV, shows the thermal
broadening effect, i.e., increasing width with increasing temperature.

The dependence of the Kondo resonance state and its hybridization with the graphene
7 band on both charge carrier density of graphene and temperature is consistent with the
Kondo physics that predicts a stronger effect at lower temperature with higher charge carrier
density, providing an experimental evidence of Kondo effect in graphene. Here, graphene
plays an important role. The chemical inertness of graphene allows not only graphene itself,
but also SmBg to preserve their intact surface structures, while the thermal decomposition
method makes it possible to prepare their interface with perfectly aligned azimuthal ori-
entation. The formation of such a clean and well-defined interface introduces close-packed
lattice-type local magnetic impurities from the surface of SmBg to graphene, providing two
important ingredients of the Kondo effect, e.g., local magnetic moment from SmBg and
metallic background from graphene, that is predicted to show strong temperature depen-
dence. In addition, the capability to manipulate the charge carrier density of graphene
makes it possible to tune the strength of the Kondo effect without modifying the physical
properties of both graphene and SmBg. These advantages reveal a clear signature of the 2D
lattice-type Kondo effect in graphene in the temperature range where Kondo resonance is
observed in SmBg. This is particularly interesting because graphene, unless heavily charge
doped,*” is expected to show extremely low Ti,*® suggesting that the Kondo physics of a
3D Kondo insulator is transferred to a 2D non-magnetic Dirac semimetal, that is tuned by

temperature and charge carrier density.
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In summary, we have demonstrated that an ideal interfacial structure between graphene
and a substate of interests can be realized using thermal decomposition of fullerene molecules.
The formation of the interface between graphene and SmBg allows the Kondo effect of the
substrate to be transferred to non-magnetic graphene. We also provide an efficient way to
tune the interfacial Kondo effect via temperature and charge carrier density of graphene.
This approach can be applied to other 3D substrates with exotic properties to realize and
manipulate a new type of emergent fermionic quasiparticles that do not exist when graphene
stands alone. For example, despite graphene consists of a light element, carbon, strong
electronic correlations can be realized in graphene when it is placed on heavy fermionic or
multiferroic materials. This will shed light on the fundamental comprehension of correlated
phases that appear in the two-dimensional sea of Dirac fermions. Interestingly, SmBg is also
a potential candidate for this purpose. The coupling between almost massless Dirac fermions
from graphene and recently reported topologically protected heavy Dirac fermions from the
surface of SmBg3%3"4% can provide a unique playground to explore a strongly correlated

quantum spin Hall phase.?®

Experiments

The surface of a single-crystal SmBg(110) sample was polished and sputter-annealed at
1300 °C in an ultra-high vacuum prep chamber with a base pressure of 8x10~! Torr. The
surface quality was examined by the 1x1 LEED pattern and the electron band structure,
corresponding to the bulk-terminated non-polar SmBg(110) surface. The non-polar surface
was chosen to focus on the proximity-induced effect, but not on the topological nature of
the substrate, in which the polar nature of the surface is supposed to be involved. Fullerene
molecules were sublimed out of a crucible at about 300 °C to deposit on to the thus prepared
SmBg surface. The sample was kept at room temperature during the deposition process.

The sample was then flashed to 1300 °C, which graphitizes the fullerene molecules, leaving

12



only the single-layer graphene as evidenced by its characteristic electron band structure via
ARPES. Graphene is estimated to cover most of the SmBg surface via ARPES zy-scan and
LEED, whose lateral resolution is 50 gm and 1 mm, respectively. Once the formation of
the highly ordered graphene was confirmed, subsequent anneals at lower temperatures, e. g. ,
680-930 °C, have been employed to remove foreign adsorbates. The flashing and annealing
process and the presence of graphene do not affect the key properties of SmBg, as the electron
band structure as well as the Kondo resonance of SmBg persist throughout these processes.
Potassium atoms were deposited using a commercial SAES disperser at 30 K in an ultra-high
vacuum main chamber with a based pressure of 3x 107! Torr. Both sample preparation and
ARPES measurements were performed at the MERLIN beamline 4.0.3 of the Advanced Light
Source. Photon energy was tuned from 68 to 86 eV. Sample temperature was controlled from

15 K to 190 K. At 15 K using 68 €V photons, the energy resolution was set to be 7 meV.
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