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Theintroduction of localized electronic states into a metal can alter its
physical properties, for example enabling exotic metal physics including
heavy fermion and strange metal behaviour. Acommon source of localized
states in such systems are partially filled 4fand 5f shells because of the
inherently compact nature of those orbitals. The interaction of electrons
inthese orbitals with the conduction sea is well described by the Kondo
framework. However, there have also been observations of Kondo-like
behaviour in 3d transition metal oxides and in 4d- and 5d-containing

van der Waals heterostructures. This calls for abroader consideration of
the physical requirements for Kondo systems. Here we show transport and
thermodynamic hallmarks of heavy fermion and strange metal behaviour
that arise in the kagome metal Ni;In, wherein the source of localized states
isdestructive interference-induced band flattening of partially filled Ni 3d
states. With magnetic field and pressure tuning, we also find evidence that
the system is proximate to quantum criticality, extending the analogy to

f-electron Kondo lattices. These observations highlight the role of hopping

frustration in metallic systems as a potential source for strong correlations.
Additionally, this suggests a lattice-driven approach torealizing correlated
metals with non-trivial band topology.

Landau Fermiliquid (FL) theoryis successfulin describing interacting
fermions in a wide variety of metals'. Viewed intuitively as describing
systemsinwhichthe charge-carrying quasiparticles canbe adiabatically
connected to weakly interacting electrons in a Fermi gas?, it explains
the surprising validity of the single electron picture of metals often
observed in complex, interacting materials. A celebrated case of this
is conduction electrons interacting with alattice array of localized

magnetic moments (Fig. 1a)>*, which (viaKondo coherence) can result
in anon-magnetic, renormalized FL (shown schematically in Fig. 1b)
consisting of well-defined fermionic quasiparticles with hundreds of
times larger effective masses (that is, heavy fermions)°. Another pos-
sible ground state for such a system is a metallic antiferromagnet in
whichFL conduction electrons mediate the interaction between local
magnetic moments. Itis now well established that these two FL phases
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Fig.1|Flat band-induced emergent phases and the partial flatband in
Ni;In. a, A schematic of aKondo lattice composed of localized electrons and
conduction electrons (c electrons). The localized electrons may come
fromfelectronsor flat bands. The grey tracesillustrate theitinerancy of

the conduction electrons. b,c, The Kondo lattice provides an avenue for
renormalized (heavy) FLs (b) and NFL states (c). d, A top view of the Ni,In
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kagome layer in the ab plane. Green and grey atoms represent nickel and indium,
respectively. e, The DFT band structure of Ni;In without spin-orbit coupling. The
high-symmetry points and lines in the Brillouin zone are highlighted in the inset.
f, A magnified view of the partial flat band (FB) within the k, = O plane llustrated
along with the Fermi level ..

are connected by a quantum critical point®’ across which FL behaviour
canbedisrupted. Therein, the quasiparticles no longer resemble free
electrons (shown schematically in Fig. 1c), but the system remains a
conductor referred to as astrange metal®. Such behaviour has attracted
interest for both its enigmatic microscopic origin® and (in addition to
quantum critical Kondo systems) its appearance in the normal state
of high temperature superconductors’ and, more recently, supercon-
ducting moiré heterostructures'. The broadening of platforms for
strange metal behaviour offers an opportunity to examine its material
requirements and potential insight into its underlying mechanisms.
In this Article, we study the appearance of heavy fermion and
strange metal behaviour inintermetallic kagome metals. These materi-
als have attracted considerable recentinterest for their ability to host
unusual topological™ ™, superconducting® and magnetic" " phases.
A striking aspect of these systems is the connection between these
phases and the model expectations of the underlying trihexagonal
lattice, observed as Dirac®, van Hove'® and flat band states™". The last
among these draws connections to long-standing theoretical models
for correlated electron physics based on destructive quantuminterfer-
ence'®. However, the realization of ideal flat bands in kagome metals
faces several challenges, including departure from the model lattice
owing to hopping beyond nearest neighbour and orbital effects™ and
their stabilization at the Fermi level £; (ref. 17). While the condition
for band flatness and its isolation from other bands at the Fermi level
is particularly strict for generating, for example, gapped fractional
topological phases”, we show herein that correlated metallic phases
driven by a high degree of electronic degeneracy can be realized in
kagome metals when narrow or partially flat bands are brought to £;.
The transition metal intermetallic Ni;In is a candidate for akagome
metal addressing the above criteriafor a correlated metal. Crystallizing
inspace group P6,/mmc, its basic structural unitis abreathing Ni kag-
ome network that circumscribes Inin the hexagonal void (Fig. 1d; these
layers are AB stacked within a unit cell?°). Density functional theory
(DFT) calculations (Fig. 1e) indicate a partially flat band within the
-M-K-T plane at £;. Figure If illustrates this dispersion, which exhibits
ak,=0bandwidth of W,= 60 meV. With the expected Coulomb repul-
sion strength of U=1eV as for elemental nickel?, this implies U> W,
forasubstantial density of states even before the effects of interaction
are considered. Motivated by the potential for asubsequentlocalized

character for these electrons®, we here explore this partial flatband and
itsinteraction withthe dispersive bandsin the systemin the context of
ahoppinginterference-drivenrealization of the Kondo lattice (Fig. 1a).
We first examine the transport and thermodynamic properties of
the metallic state of Ni,In. The electrical resistivity in the kagome planes
Pa(T) of Nis;In at zero magnetic field is shown in Fig. 2a. Upon cooling
fromT=300K, p,,(T)is characterized by abroad shoulder that, below
T=100K, gives way to approximately 7-linear behaviour. This T-linear
behaviour is astrong deviation from conventional FL behaviour (a =2,
where ais the resistivity exponent T%in p(7) )**and bears astark contrast
to several structurally related kagome metals whose p(7) flattens out
below 50 K (inwhich, notably, there are no partial flat bands at £; Sup-
plementary Fig. S11). As shown in Fig. 2a (inset), only at T<1.5K= T
(Tr isthe temperature below which the system shows FL behaviour) a
response of the form p,,(T) = p, + AT? is recovered. The coefficient
AforNi;In (0.25 pQ cm K?) is orders of magnitude larger than the upper
bound estimated for the isostructural Ni;Sn (1 x 10~ pQ cm K2), indi-
cating strongly enhanced electron-electron scattering in Ni;In.
Turning to the heat capacity C,, Fig. 2b shows C, normalized by
temperature C,T" versus 7> of Ni;In. At low 7, an upturn is observed,
deviating from the form y + BT* expected for a FL (where y is the Som-
merfeld coefficientand f7%is the phonon contribution). This becomes
discernible at lower T than in electrical transport, recalling similar
phenomenology reportedin, for example, transition metal oxides™*.
Alsoshownisthe conventional FLresponse for Ni;Sn, whichaccording
to DFT exhibits a similar electronic structure apart from an overall
energy shift of approximately 0.25 eV (Fig. 2b, inset). Using the acoustic
phonon contribution of Ni;Sn (Fig. 2b, dashed line), for NiIn we esti-
mate y = 51.6 mJ) K> mol™, an approximately fivefold increase from
9 mJ K2 mol™ for Ni;Sn. From y, we infer a density of states D(E) =
44 eV~ per unit cell (u.c.) for Ni;In, approximately three times that
estimated fromDFT (14 eV u.c.™). In contrast, the D(E)inferred from
y (7.6 eV'u.c.™) is only 50% larger than that expected from DFT
(4.9 eV'u.c.™) for Ni;Sn. This comparison signifies considerable renor-
malization and correlation effects driven by the placement (before
interactions) of the flat electronic states at £ in Ni,In. Contrasting the
low-temperature A coefficient and y additionally reveals the unusual
nature of the metallic state realized in Ni,In. This metallic state is
marked by an extremely large Kadowaki-Woods ratio A/y? (Fig. 2¢):
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Fig.2|NFL behaviour and strong electron-electron scattering inNi,In. a, The
resistivity p of isostructural NisIn (red) and Ni;Sn (blue) as a function of
temperature Tin the kagome lattice plane. The inset shows p of Ni;In down to
0.3K, where FL behaviour is observed below 1.5 K. The solid black curve shows a
T*fitto p(T) and /is the applied current. b, The heat capacity normalized by
temperature C, 7" of Ni;In (red symbols) and Ni;Sn (blue symbols) with respect to
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T°. The dashed black line is an estimate of the FL C, T of Ni;In with a slope taken
fromalinear fit to C, T over 7> for Ni;Sn below 80 K. The inset shows the relative
electron filling of NisIn and Ni;Sninarigid band model. ¢, The Kadowaki-Woods
ratio A/)y? of Ni;In in comparison with various strongly correlated electron
systemsin anA-ydiagram adapted fromref. 25. a,is a constant (a,=10 pQcm
mol?K?J3).
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Fig.3| Tuning the NFL-FL crossover inNi;In. a, The in-plane resistivity p,, below
25 K at various applied magnetic fields along the c axis. Here p,His the applied
magnetic field, and/is along a* (perpendicular to the a axis). The inset shows the
heat capacity without a magnetic field (red symbols) and with an applied field of
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9T (black symbols). b,c, The resistivity exponent a in the 7-H (b) and T-pressure
(P) (c) phase space. ais calculated from dIn(p — po)/dIn T, where p, is the
extrapolated zero-temperature limit of p.

An/Vr=91uQ cmK?J 2 (refs. 25,26), indicating an unconventional scat-
tering process taking place within the kagome lattice plane. We note
thatthe Kadowaki-Woods ratio observed inour systemis three orders
of magnitude larger than those of elemental transition metals and lies
closer to heavy fermion metals and correlated oxides, indicating
enhanced correlation in the electronic states of Ni;In.

To shed additional light on the nature of the correlated metal-
lic state in Ni;In, we applied magnetic field and hydrostatic pres-
sure as external tuning parameters to the system. Figure 3a shows
high-resolution measurements of p (T, H) of Ni;In. The evolution of
the metallic state in NisIn canbe seen most clearly inthe map of a(7, H)
inFig.3b, where the blue/greenregion (a = 0.9-1) near H= 0 highlights
aweak sublinear behaviour of p,,. Increasing Htends to suppress the
(sub)linearity and drive the system towards a FL state at low 7. Quanti-
tatively, thisisreflected inasystematic decrease of Aand increase of Ty,
with H (Fig. 3b and Supplementary Figs. S14 and S15). The suppression
ofthe zero-field non-FL (NFL) phase infield is also corroborated by C,/T
(Fig.3a, inset). Applying a hydrostatic pressure (Fig. 3¢c) reveals asimilar
evolution of a(7, P), where pressure, like magnetic field, is found to sup-
pressthe NFL behaviour. We hypothesize that the observed crossover
between NFL and FL states with Tand magnetic field, pressure and

doping (Supplementary Information Fig. S23) arises from a phase
space depicted in Fig. 4a wherein fluctuations from a nearby ordered
phase serve as a source of scattering tuned by the parameter 8. Such
tunability iscommonly observed in correlated electron systems with
competing underlying energy scales”, with the critical behaviour being
described as a strange metal, often showing a T-linear behaviour over
the temperature scale of associated quantum fluctuations. Notably,
the overall resistivity of NiIn here up to room temperature (Fig. 2a)
is qualitatively similar to that of the heavy fermion metal CeCus,Aug,
at an antiferromagnetic quantum critical point up to 1K (ref. 28) and
to that of optimally doped BaFe,(As,_,P,), up to 800 K (ref. 29). The
apparent common phenomenology despite the drastic difference
in underlying materials and temperature scales is striking. While the
multiband nature of the present system makes further quantification
ofthe observed responses challenging, further experiments to probe
potentially nearby quantum phase transitions and associated Fermi
surface changes are crucial for further comparison with the broader
class of strange metal systems®,

Viewing the observed correlated metallicbehaviour with the DFT
electronicstructure with flattened bands at £; (Fig. 1d), we propose that
the behaviour of Ni;In can be viewed as anemergent analogue of heavy
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Fig. 4| The correlated metallic state and flat band-induced magnetic
fluctuations in Ni;In. a, A hypothetical quantum critical phase diagram with
external tuning parameter 6. The star indicates the quantum critical point
(QCP). The thick gradient line shows the proposed location of Ni;In at zero field
and ambient pressure. The grey shaded areaillustrates the parameter space
traversed by magnetic field, pressure and Sn doping. The gray line indicates the
hypothetical portion of the phase diagram; the dashed line marks the crossover
between the FL and NFL phases. b, Schematics of the metallic phases realized in
Ni;Inin different temperature regimes. Above 80 K, the system can be viewed as
weakly correlated local moments (arrows) embedded in a conduction electron
sea (blue shading). Below 80 K, aNFL phase s realized, showing a T-linear
behaviourin p(T).Below1K, acorrelated FL phaseis realized. The dotted curve
indicates the correlation between the spins. ¢, The momentum-dependent
susceptibility x(q) of the flat band in the g, = O plane. The colour scale of x(q)
isshown on theright. d,e, Schematics of x(q) for localized (d) and itinerant (e)
magnetic fluctuations.

fermion systems, composed of coexisting localized magnetic moments
withthe conductionelectronsea (seethe schematicinFig.4b). Anatural
source of such magnetic moments are the partial flat band states. At high
T, these moments are weakly correlated, evidenced by a Curie-Weiss
temperature dependence in the observed magnetic susceptibility yas
well as an onset of Hsuppression of fluctuations in the magnetoresist-
ance (Supplementary Fig. S13). Below approximately 80 K, short range
correlations between the moments develop, leading toagrowth of x(7)
deviating from amean-field Curie-Weiss form, and intense scattering of
the conduction electrons including an approximate T-linear (strange
metal) behaviour for p,,(7), defining a NFL regime in Fig. 4a,b. Finally,
for T<1K, a heavily renormalized metallic state appears, marked by
strongly enhanced scattering in the kagome plane.

Whereas the conventional starting point for modelling of heavy
fermion systemsis alocalized moment interacting with a conduction
electron sea, in the present case, we hypothesize that both of these
constituent elements arise from band features. In the following, we
discuss the potential origin of the former from aband theoretical per-
spective. The flat electronic states near E; are found to be composed
of d,, orbitals in locally rotated coordinates. Using an effective band
model aimed at capturing these states, we performed local y,,. and
momentum-resolved magnetic susceptibility x(q) calculations (Sup-
plementary Section SlllI). A pronounced Curie-Weiss-likeincrease of x;,.
with lowering Tinthe absence of correlation indicates a pre-formation
of local moments* (Supplementary Fig. S7). Additionally, x(q) exhibits
negligible momentum dependenceinthe kagome plane (Fig.4c). The
presence of anextended ‘hot region’ across the kagome plane suggests
that the magnetic instability of the partially filled flat band is of local-
ized nature (Fig. 4d), distinct from prototypical itinerant magnetic
orders driven by ‘hot spots’ in momentum space (Fig. 4e)™.

The above analysis supports the formation of local moments in
the systemwhen correlation is further introduced”. Upon the forma-
tion of local moments, the low-energy physics is then dominated by
how the array oflocal momentsinteract with the conduction electrons
in the system, akin to heavy fermion and NFL behaviours observed
in Kondo lattice systems®. We note that the observed pressure and
field-driven crossover between NFL and FL is consistent with this
picture: in the context of the Doniach phase diagram®, pressure is
expectedtofavourascreened heavy fermionliquid phase by increas-
ing/, while magnetic field is found to favour a FL phase as a result of
suppression of magnetic fluctuations in a variety of Kondo lattice
quantum critical systems®*'. The present system therefore establishes
adistinct route to heavy fermion and associated quantum criticality
from a pure band origin, potentially connecting to recent theoreti-
cal proposals for flat-band-driven Kondo behaviour with elevated
energy scales™.

Tuning Ni;In across a potential quantum phase transition into
an ordered state as illustrated in the hypothetical phase diagram in
Fig. 4a should help shed further light on the interaction between the
conduction electron and the flat band electrons and put further con-
straints on theoretical models that can capture the low-energy physics,
particularly the NFL/strange metal behaviour. Although it is found
that neither magneticfield nor pressure caninduce an ordered phase,
future experimental exploration of the phase space spanned by addi-
tional non-thermal tuning parameters such as uniaxial stress, negative
chemical pressure or carrier doping areimportant to clarify the nature
of potentially nearby magnetic and electronicinstabilities. The breath-
ing kagome lattice in Ni;In itself in the context of antiferromagnetic
interaction may lead to strong geometric frustration and emergent
spin excitations relevant to understanding the present strange metal
behaviour®***, We note that Ni,In also hosts a mirror-protected nodal
ring near £ (Fig. 1d and Supplementary Fig. S2), providing a unique
platformwhere topological electronic features may interact with a NFL
state at £ Itis also of considerable future theoretical interest to com-
parethe observed NFL behavioursin the present system with structur-
ally related CoSn—which hosts flat bands with different dimensionality
and/or orbital characters compared with the present system—as the
Fermilevel is tuned through the flat bands therein**.

The key design aspect here to realize the unusual metallic states
inNi;In lies in the frustration of hopping of the states at £; from coop-
erative destructive interference between lattice and orbital degrees
of freedom. Our approach exemplifies an increased role of design-
ing correlated systems from a non-interacting starting point, and
in the meantime leverages the broad notion of using 3d electrons to
increase interaction effects®. This suggests potential new insights
into the behaviour of previously reported d-electron heavy fer-
mion systems that arise from frustrated networks (for example, the
V pyrochlore-containing system LiV,0,%) and van der Waals hetero-
structures®*’, and more broadly, a design paradigm for realizing corre-
lated topological states*’. Additionally, despite this marked departure
from the f-electron design paradigm’, the resulting transport and
quantumcritical phenomenology is strikingly similar. Common among
these systemsis the realization of flattened electronic dispersion near
the Fermilevel, raising the possibility that the unifying driver for heavy
fermion and strange metal behaviour therein is ‘flat band’ metallic
states®***2, Such a broadened range of systems represents a vastly
differentiated material landscape for examining theories of strongly
correlated gapless phases.
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Methods

Materials synthesis

Single crystals of Ni;In were synthesized via an I,-catalysed reaction.
The starting materials of Niand In powdersin3:1 molar ratio were mixed
with I, pieces and sealed in anevacuated quartz tube. The quartz tube
was heated up to 800 °C and kept for more than 2 weeks. Hexagonal
prism-shaped crystals (with typical lateral size of 300-500 pm) can be
obtained and are found to be stablein air. Single crystals of Ni;Sn were
synthesized via chemical vapour transport. Ni powder and Sn pieces
at 3:1 molar ratio were loaded into an evacuated quartz tube with the
addition of 5mg cm™1,. The growth took place at atemperature gradi-
ent from 850 to 700 °C for 2 weeks, and the primary morphology of
the crystals was needle like. The phase of the crystals was confirmed
by X-ray diffraction analysis. Polycrystals of Ni;In,_,Sn, were synthe-
sized by mixing the stoichiometric powder and kept in evacuated
quartztubesat 800 °C for3-5 days. The product was ground to powder,
and the above process was repeated multiple times toimprove homo-
geneity. Polycrystalline samples for heat capacity measurements were
pelletized and sintered at 800 °C for 3-5 days. Scanning electron
microscopy images of single crystals were takenina FEI Helios Nanolab
600 dual beam microscope.

Physical properties measurements

Electrical transport measurements were performed on single crystals
and polycrystals with the standard five-probe method ina commercial
cryostat and also at the National High Magnetic Field Laboratory
(NHMFL) d.c. field facility. We used a focused ion beam to structure
a thin piece of crystal (-5 pum thick) for transport measurements.
The focused ion beam fabrication was performed with a FEI Helios
Nanolab 600 dual beam microscope with a Ga-ionbeam flux of 21 nA
atamagnification of 350. Resistivity measurements under hydrostatic
pressure were performed in an HPC-33 piston-type pressure cell
(ElectroLab Corp.) with Daphne7373 as the pressure transmitting
medium. Heat capacity measurements were performed on sintered
polycrystals using the two-relaxation-time method. In-house mag-
netic susceptibility measurements were performed in a vibrating
sample magnetometer with a Quantum Design Magnetic Property
Measurement System (MPMS3). Magnetization measurements up
to 60 T were performed at the NHMFL pulsed field facility at the Los
Alamos National Laboratory.

Scanning transmission electron microscopy

Scanning transmission electron microscopy experiments were con-
ducted on a JEOL ARM 200CFG probe corrected microscope at an
accelerating voltage of200 kV. Ni;Insamples were prepared by aHelios
focusedionbeam (Thermo Electron) operated at an acceleration volt-
age of 30 kV for the gallium beam lift-out, followed by a1 keV final argon
polish with a (Fischione) Nanomill for 15 min.

Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy experiments (ARPES)
were performed at Beamline 7.0.2 (MAESTRO) of the Advanced Light
Source. The experiments were conducted at the micro-ARPES endsta-
tionequipped withaR4000 hemispherical electron analyser (Scienta
Omicron). Ni;Insamples were not cleavable by standard post-cleaving
procedure. We thus prepared the surface of Ni,In by ex situ fine polish-
ing followed by in situ Ar*-ion sputtering and annealing at 700 °C.
Recovery of the Ni;In surface structure after the sputter-annealing
cycles was confirmed by in situ low-energy electron diffraction feed-
back. The atomically flat surface of Ni;Sn was prepared by standard
in situ low-temperature cleaving. ARPES measurements were con-
ducted at liquid nitrogen temperature (-80 K) and under ultrahigh
vacuum better than 4 x 10 torr. Photon energy dependence was
investigated over a wide energy range from 70 to 230 eV to identify
high-symmetry positions along the k, momentum space directions.

The high-symmetry points (I'and Z) and periodicity along k, were well
reproduced through the nearly-free-electron final state model with
inner potential of 10 eV. All spectra were collected with p-polarized
photons. The energy and momentum resolutions were below 20 meV
and 0.01 A™, respectively.

First-principles electronic structure calculations

Abinitio DFT calculations were performed by using the Vienna Ab Initio
Simulation Package (VASP)****. The pseudo-potential formalism was
based on the projector augmented wave method* with exchange-
correlation energy as parametrized by Perdew, Burke and Ernzerhof
(PBE)*¢, afunctional of the generalized gradient approximation type.
The DFT calculations for the bulk Ni;In crystal were converged with
an energy cut-off of 360 eV for the plane wave basis and a13 x13 x 11
Monkhorst-Pack grid samplinginreciprocal space. Toanalysethe DFT
electronicstructure, we employed the Wannier90 code*’** to construct
the Wannier tight-binding Hamiltonian*’, using the localized Wannier
basis projected from Ni3d and 4sand In 5sstates. The further simplified
effective six-band model projected from the locally rotated d, orbitals
was also derived similarly.

To construct an effective model based on molecular rather than
atomicorbitals, we additionally carried out DFT calculations using the
full-potential local-orbital code FPLO*® (version18).Its built-in module™
allows the user to construct Wannier projections for molecular-like
states comprising several atomic orbitals. Since the generalized gra-
dient approximation orbital-resolved density of states revealed the
dominance of Ni d,, and d,, contributions in the vicinity of the Fermi
level, we restricted ourselves to these atomic orbitals. Molecular orbit-
als were constructed by combining the respective orbitals of three Ni
atoms formingatriangle on the kagome lattice. In this way, we obtained
aneffective model with twossites per cell and two orbitals per site, giving
riseto four bands. To cross-check results for magnetic susceptibilities
calculated using different models, we also performed an automatic
wannierization, which yields a model describing all valence states
(excluding core and semi-core states).

Withthe effective model, we evaluated the local magnetic suscep-
tibility x? , defined as

0 _ _ 2ﬂzB 0,loc 0,loc
Xioc@ = 0) = =—5% 37 7 G (@0n)Gy ™ (@), M

7 on

with the Bohr magneton yu; and Matsubara frequency w, and
Ggf‘“(wn) = Nikzkcg(k, w,). The Curie-Weiss-like temperature depend-

ence x_ forthe NisIn effective model can be contrasted with asimple
metal, modelled by asingle-band three-dimensional cubic lattice with
an energy dispersion of E = (cos(k,) + cos(k,)) + cos(k,)) /3. We calcu-
lated x _using a 24 x 24 x 24 momentum sampling grid with a band-
width of 2 eV and chemical potential at E= 0.5 eV,

Data availability

The datasets for the main text are available inthe Supplementary Infor-
mation. All other dataare available from the corresponding author on
reasonable request. Source data are provided with this paper.

Code availability
The codesusedtosupportthe findingsin this study are available from
the corresponding author on reasonable request.
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