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Electronic flat bands associated with quenched kinetic energy and heavy electron mass 
have attracted great interest for promoting strong electronic correlations and emergent 
phenomena such as high-temperature charge fractionalization and superconductivity. 
Intense experimental and theoretical research has been devoted to establishing the rich 
nontrivial metallic and heavy fermion phases intertwined with such localized electronic 
states. Here, we investigate the transition metal oxide spinel LiV2O4, an enigmatic heavy 
fermion compound lacking localized f orbital states. We use angle-resolved photoemission 
spectroscopy and dynamical mean-field theory to reveal a kind of correlation-induced 
flat band with suppressed interatomic electron hopping arising from intra-atomic 
Hund’s coupling. The appearance of heavy quasiparticles is ascribed to a proximate 
orbital-selective Mott state characterized by fluctuating local moments as evidenced 
by complementary magnetotransport measurements. The spectroscopic fingerprints of 
long-lived quasiparticles and their disappearance with increasing temperature further 
support the emergence of a high-temperature “bad” metal state observed in transport 
data. This work resolves a long-standing puzzle on the origin of heavy fermion behavior 
and unconventional transport in LiV2O4. Simultaneously, it opens a path to achiev-
ing flat bands through electronic interactions in d-orbital systems with geometrical 
frustration, potentially enabling the realization of exotic phases of matter such as the 
fractionalized Fermi liquids.

flat band | heavy fermion transition metal compound | frustrated lattice | Hund’s coupling

 The motion of electrons in many solids can be largely understood in terms of their kinetic 
energy. For example, noninteracting electrons can easily hop between atomic sites (a 
process characterized by a hopping amplitude t ), allowing them to delocalize across the 
solid. The greater the hopping amplitude, the greater the kinetic energy and resulting 
bandwidth. Such itinerant electrons are described by the free electron model with quadratic 
dependence of the single-particle energy E  on crystal momentum k  for small k  ( Fig. 1A  ) 
( 1 ). In contrast, the kinetic energy of the noninteracting electrons is quenched in a geomet-
rically frustrated lattice. For example, in the case of the kagome lattice, the flat band 
originates from quantum destructive interference between atomic sites with opposite 
phases ( Fig. 1B  ). As a result, electrons are “trapped” within the hexagon and form localized 
electron packets ( 2   – 4 ). This mechanism of geometrical hopping frustration gives rise to 
an electronic flat band and enhances the electron effective mass.        

 In addition to lattice-driven interference, electronic motion can also be frustrated by 
strong interaction effects. In f﻿-orbital systems, itinerant electrons (i﻿-electrons) strongly 
interact with the localized, heavy f﻿-electron through antiferromagnetic exchange coupling, 
the so-called Kondo interaction ( 6 ), as shown in  Fig. 1C  . The hybridization between these 
light and heavy electrons leads to the formation of heavy quasiparticle states ( Fig. 1C  ). 
The correlation-induced electron mass enhancement can in principle occur even in the 
absence of f﻿-orbital electronic states. Coulomb repulsion (U ) and Hund’s coupling (J﻿H ), 
the latter being a pure interorbital effect, significantly renormalize the bandwidth (W ) 
and electron mass to reduce the effective kinetic energy via the formation of dressed 
electronic quasiparticles ( Fig. 1D  ) ( 7   – 9 ). These forms of correlation-induced electron 
localization and mass enhancement have been extensively studied in strongly correlated 
electron systems, such as cuprate ( 10 ,  11 ), iron-based ( 12 ), nickelate ( 13   – 15 ), and ruth-
enate superconductors ( 16 ,  17 ). Here, we investigate the possibility of realizing flat band 
states through interaction effects.

 The realization of correlation-induced flat bands is of significant interest in condensed 
matter physics. Flat band can host strong correlation effects associated with large effective 
masses and an enhanced quasiparticle density of states. When an electronic flat band lies at 
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the Fermi level, it makes the electronic ground state unstable toward 
ordered phases such as unconventional superconductivity ( 18 ), 
quantum magnetism, integer ( 19 ) and fractional quantum anoma-
lous Hall effect ( 20 ), and anomalous Landau levels ( 21 ). Due to 
these unique characteristics of electronic flat bands, significant efforts 
are directed toward realizing flat bands not only in crystalline solids 
( 3 ,  4 ,  22       – 26 ) but also in photonic lattices ( 27 ,  28 ), phononic ( 29 ) 
and magnonic crystals ( 30 ), and metal-organic frameworks ( 31 ). 
Therefore, exploring new ways to construct electronic flat bands and 
broadening the materials platform that can host such states is a timely 
challenge and opportunity for quantum material research.

 Lithium vanadate (LiV2 O4 ) is an ideal candidate to explore novel 
mechanisms of flat band formation. This transition metal oxide 
compound crystallizes in the spinel structure and its low-energy 
electronic structure is governed by d﻿-orbital electrons. LiV2 O4  is 
the material that displays heavy Fermi liquid behavior with heaviest 
mass despite not containing f﻿-electron states ( 32   – 34 ). Indeed, this 
material possesses all the ingredients for supporting an electronic 
flat band. The V ions of LiV2 O4  comprise a frustrated pyrochlore 
network ( Fig. 1E  ) that can host frustration-induced compact local-
ized states and a corresponding three-dimensional flat band ( 2 ,  24 ). 
Moreover, it has been argued that magnetic frustration within the 

pyrochlore lattice can also be an essential factor in emerging heavy 
fermion behavior ( 33 ,  35         – 40 ). Within the theoretical framework, 
strong electron correlation effects mediated by the Coulomb, Hund, 
and Kondo interactions have been actively discussed ( 36   – 38 ,  40       –
 44 ). The electronic specific heat of LiV2 O4  with large Sommerfeld 
coefficient γ ~ 420 mJ/mol K2  (blue circles in  Fig. 1F  ) is the first 
important fingerprint of heavy electrons ( 32 ,  33 ) (uncorrelated 
metals typically have γ < 20 mJ/mol K2 , and heavy fermion metals 
with f﻿-electrons have γ ≈ 100 ~ 1,000 mJ/mol K2 ). Remarkably, 
the value of the Kadowaki–Wood ratio (the ratio of the coefficient 
of the T﻿2  term in electrical resistivity and γ2 ) is in line with that 
of f﻿-electron heavy fermion systems ( Fig. 1G  ) ( 5 ). In addition, 
temperature-dependent electrical resistivity data indicate inco-
herent “bad” metallic behavior at high temperatures, with a cross-
over to a coherent metallic state below T*  ~ 25 K (red curve in 
 Fig. 1F  ) ( 33 ). A Fermi liquid state eventually materializes below 
2 K ( 45 ). These thermodynamic and electrical properties imply 
the presence of heavy quasiparticles at low temperatures. However, 
the precise microscopic mechanisms responsible for generating 
such heavy bands have remained elusive.

 Here, we present experimental and theoretical findings that 
provide conclusive insight into the origin of heavy fermion 
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Fig. 1.   Heavy fermion behavior of LiV2O4. (A–D) Representative electronic band structures of the free electron model (A); flat band induced by geometrical 
frustration in the kagome lattice (B); hybridization between localized f-electron and itinerant electrons (i-electrons) (C); and bandwidth renormalization induced 
by strong electron correlation via intraorbital Coulomb (U), interorbital Coulomb (U’), and Hund’s coupling (JH) (D). The red dashed curve corresponds to the bare 
band dispersion without electron correlations. (E) Crystal structure of LiV2O4 composed of VO6 octahedra and LiO4 tetrahedra. The V atoms form a frustrated 
pyrochlore network. (F) Heavy Fermi liquid behavior of LiV2O4. The temperature-dependent electrical resistivity (red circles) shows a coherent-incoherent crossover 
while the electronic specific heat C/T (blue circles) shows a large Sommerfeld coefficient γ ≈ 420 mJ/mol K2. The Inset shows ρxx versus T2 plot (red) and T2 fitting 
result (green). (G) The Kadowaki–Wood ratio of various materials, defined as the ratio of the coefficient of the T2 term in electrical resistivity and γ2. LiV2O4 lies 
close to f-electron heavy fermion systems (green circles and line). Orange and blue circles represent the Kadowaki–Wood ratio of transition metals and oxide 
compounds, respectively. The value of the Kadowaki–Wood ratio was adapted from ref. 5.
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behavior in LiV2 O4 . We investigate the electronic band structure 
of LiV2 O4  in three-dimensional (3D) momentum space using 
temperature- and photon energy-dependent angle-resolved pho-
toemission spectroscopy (ARPES) experiments. ARPES data pro-
vide direct evidence for a coherent electronic flat band at the Fermi 
level. We further find that this coherent heavy quasiparticle state 
partly survives in the bad metallic regime up to 140 K, becoming 
fully incoherent above this temperature. Our experimental obser-
vation of the correlated flat band is supported by first-principles 
calculations based on the dynamical mean-field theory (DMFT) 
framework, which identify orbital differentiation driven by Hund’s 
coupling JH   as the crucial mechanism that drives the formation 
of the flat band and associated heavy fermion behavior in LiV2 O4 . 
The orbital-specific correlated flat band results in a highly localized 
electron state with fluctuating local moment as evidenced by neg-
ative MR and in agreement with other experimental results on 
LiV2 O4  ( 33 ,  35 ). Our study not only reveals the origin of heavy 
fermion behavior in this specific compound but may provide a 
generalizable strategy to produce heavy electronic bands in 
﻿d﻿-electron systems. Furthermore, the direct observation of heavy 
quasiparticles in a frustrated lattice may serve as a foundation for 

the experimental realization of novel phases of matter such as a 
fractionalized Fermi liquid ( 46 ,  47 ). 

Results

 ARPES spectra of LiV2 O4  are shown in  Fig. 2 . A clear Fermi 
surface near the Γ point (k﻿z  = 0 Å−1 ) was observed with several 
Fermi pockets consistent with the metallic behavior ( Fig. 2A  ). To 
map out the three-dimensional electronic band structure along 
﻿k﻿x , k﻿y , and k﻿z  crystal momenta across the 3D Brillouin zone 
( Fig. 2B  ), we performed photon energy-dependent ARPES meas-
urements.  Fig. 2 C  and D   shows the energy–momentum disper-
sion obtained at 6 K and 165 K, respectively, along the L- Γ-L 
﻿k﻿-path aligned to the k﻿z  axis in the experimental coordinate system 
( Fig. 2B  ). Both the low- and high-temperature spectra exhibit a 
broad electron-like conduction band between −0.4 ~ 0 eV binding 
energy near the Γ point (hν  = 95 eV). The strong modulation of 
this feature with respect to the photon energy (k﻿z  momentum) is 
suggestive of the three-dimensional nature of the electronic band 
structure of LiV2 O4 . Interestingly, the low-temperature ARPES 
spectrum exhibits an additional sharp peak at the Fermi level over 
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a wide k﻿-path from hν  = 85 eV (k﻿z  = −0.43 π/c) to 110 eV (k﻿z  = 
0.5 π/c) (46% of the Brillouin zone size, along L- Γ-L). The energy 
distribution curves (EDCs) in  Fig. 2E   clearly display the emer-
gence of a sharp quasiparticle peak at the Fermi level at low tem-
perature, providing direct signature of an electronic flat band along 
the L- Γ-L high symmetry line. Furthermore, ARPES spectra 
aligned to the in-plane momentum k﻿x  confirm the presence of an 
extended flat band.  Fig. 2F   shows the measured in-plane ARPES 
spectra at various out-of-plane k﻿z  momenta, with the flat spectral 
weight between k﻿z  = −0.43 and 0.32 π/c marked by red arrows. 
These systematic ARPES measurements directly demonstrate the 
formation of a low-energy flat band in LiV2 O4 , consistent with 
the reported heavy fermion behavior.        

 We further carried out temperature-dependent ARPES meas-
urements to trace the evolution of the flat band.  Fig. 3 A –F   shows 
the in-plane energy–momentum dispersion near the Γ point meas-
ured from 6 K to 160 K. At 6 K, a sharp spectral weight of the 
flat band is discerned within k﻿x  ≈ ± 0.4 Å−1  (50% of the high 
symmetry K- Γ-K k﻿-path), on top of a broad hump. The presence 
of sharp spectral features at the Fermi level indicates the formation 
of coherent quasiparticles, as per Landau’s Fermi liquid formalism. 
Therefore, the observed sharp flat band in the low-temperature 
ARPES data can be identified with heavy coherent quasiparticles 
in LiV2 O4 . The coherent spectral weight is significantly renormal-
ized with temperature, as shown in the EDCs. The sharp coherent 
peak at the Fermi level gradually disappears with increasing 

temperature and becomes almost indiscernible around 160 K 
( Fig. 3G  ). The spectral weight of the flat band, defined as the 
intensity in the gray area of  Fig. 3G   subtracted by that of 160 K, 
shows a temperature-dependent loss of coherence with increasing 
temperature ( Fig. 3H  ). Furthermore, the width of the flat band 
along k﻿x  (indicated by the orange arrow in  Fig. 3A  ) also becomes 
gradually narrower upon increasing temperature as shown in  Fig. 3 
﻿H  and J   (SI Appendix, Fig. S2 ). We note that the coherent heavy 
quasiparticle band is robust even in the bad metallic regime 
(T  > T*  ~ 25 K), which is counterintuitive to the notion that a 
coherent quasiparticle state cannot exist within a bad metallic 
regime, similar to the behavior of the resilient quasiparticle ( 48 ). 
Our ARPES results suggest that understanding the flat band for-
mation mechanism requires consideration of effects beyond the 
single-particle picture, as achieved by our DMFT analysis.        

 To elucidate the microscopic origin of the correlated flat band 
in LiV2 O4 , we calculate the momentum-dependent spectral func-
tion via a combination of density functional theory plus dynamical 
mean-field theory (DFT+DMFT), which is a reliable methodol-
ogy to account for many-body electron correlation effects ( 49 ). 
The realistic Coulomb interaction obtained from first-principle 
calculations and the DMFT impurity problem is solved by the 
numerically exact QMC solver.  Fig. 4A   shows the orbital-integrated 
DMFT spectral function at T  = 11.6 K, which displays a sharp, 
flat, and extended quasiparticle band very close to the Fermi level 
(E  = −1.75 meV at Γ). In LiV2 O4  (as well as other oxide spinels), 
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V ions are surrounded by oxygens, forming VO6  octahedra with 
trigonal distortion (SI Appendix, Fig. S3 ). This trigonal distortion 
splits the t2g   manifolds into an a1g   singlet and an  e�g     doublet. The 
orbital projected spectral function calculation identifies the narrow 
flat band mainly composed of the a1g   orbital while the  e�g     orbital 
exhibits dispersive bands. The temperature-dependent orbital pro-
jected local spectral functions shown in  Fig. 4B   demonstrate the 
emergence of a quasiparticle peak in the a1g   orbital manifold below 
140 K, consistent with ARPES results (Inset  of  Fig. 4B  ). Below 38 K, 
the a1g   spectral function shows a rapidly growing heavy quasipar-
ticle peak at the Fermi level while the  e�g     orbital bands undergo 
minor renormalization (SI Appendix, Fig. S4 ). We note that the 
correlated a1g   flat band does not arise from the compact localized 
states of the frustrated pyrochlore lattice. At the DFT level, an 
electronic flat band derived from the compact localized state of  e�g     
orbital character is well above the Fermi level and is linked to the 
typical band structure of the pyrochlore lattice ( 50 ). Also in 
DMFT, the flat band of the  e�g     orbital remains 0.6 eV above the 
Fermi level (SI Appendix, Fig. S4 ). Therefore, the a1g   flat band is 
a purely correlated electronic flat band, in contrast to that recently 

reported flat band in chalcogenide spinel CuV2 S4  driven by 
geometrical hopping frustration ( 51 ).        

 It is important to note that while our DMFT spectral function 
reveals a correlated flat band spanning the entire momentum 
space, our ARPES spectra capture only a part of it. This might be 
due to the finite dispersion of the flat band. According to our 
DMFT calculation shown in SI Appendix, Fig. S5  (see also 
﻿SI Appendix, Text 1 ), the flat band exhibits weak electron-like dis-
persion near the Γ point within a narrow energy range near the 
Fermi level (SI Appendix, Fig. S7 and Text 2﻿ ). Due to this disper-
sion, the flat band is positioned below the Fermi level within the 
momentum range of kx   = ± 0.5 Å−1 . Indeed, our ARPES spectra 
obtained at base temperature clearly captured the flat band spectral 
weight within the range of kx   = −0.41 ± 0.05 Å−1  to kx   = +0.41 ± 
0.05 Å−1 . Similarly, the kz   dispersion of the flat band also reveals 
electron-like dispersion (SI Appendix, Fig. S7 and Text 2﻿ ). Thus, 
the flat band lies below the Fermi level at the Γ point and crosses 
the Fermi level near kz   = ±0.71 π/c. Our ARPES spectral weight 
confirms the flat band dispersion within the momentum range of 
﻿kz   = −0.43 π/c to kx   = 0.5 π/c. While the ARPES data capture the 
flat band spectral weight in the anticipated momentum ranges, 
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g
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calculated by NRG, TN, and QMC methods, respectively. (C) Schematic energy diagram for the band structure renormalization. (D) MR, [ρxx (H) − ρxx (0)]/ρxx (0), of 
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minor mismatches are observed. These discrepancies are likely due 
to the photoemission matrix element effects. Indeed, a laser-based 
angle-integrated photoemission measurement with 7 eV photon 
energy (which probes kz   = 0.76 π/c) successfully detected the qua-
siparticle peak above the Fermi level ( 52 ). This emphasizes the 
critical role of matrix element effects. While our synchrotron-based 
ARPES, using photon energies ranging from 70 to 190 eV, was 
unable to detect the quasiparticle peak near the L point, it has 
been clearly resolved with a 7 eV laser. This suggests that the 
absence of the quasiparticle peak in our ARPES data away from 
the Γ point arises from a combination of 3D dispersion and matrix 
element effects.

 It is also worth noting that spectral width of the observed ARPES 
spectra is significantly broader than that predicted by DMFT cal-
culations. In principle, the intrinsic peak width of the ARPES spec-
tral weight is governed by the quasiparticle self-energy. However, 
extrinsic factors—such as experimental resolution, photoelectron 
scattering during the photoemission process, and kz   broadening—
also contribute to the observed broadening, whereas these factors 
are absent in our DMFT simulations. We find that the full width 
at half maximum of the quasiparticle peak is approximately 35 meV, 
which is comparable to the experimental resolution of the 
synchrotron-based ARPES setup. This suggests that the experimen-
tal resolution is one of the contributing factors to the discrepancies 
between ARPES and DMFT. Indeed, when we incorporate the 
effects of experimental resolution into the DMFT spectra, we 
observed a modest improvement in the agreement (SI Appendix, 
Fig. S6 ). Therefore, high-resolution ARPES experiments with 
enhanced energy resolution could further improve the consistency 
between experimental data and theoretical calculations.  

Discussion

 The DMFT results strongly indicate that orbital-dependent elec-
tron correlations are the most important ingredient in the for-
mation of a correlated flat band in LiV2 O4  ( 50 ,  53 ). This orbital 
differentiation is a result of the combination of the unique crys-
talline symmetry of the oxide spinels and Hund’s coupling JH  . 
In the noninteracting limit without considering electron corre-
lation (U  and JH  ), the a1g   orbital has a relatively narrow band-
width (~0.7 eV) and large peak near the Fermi level while the 
﻿e�g   levels have a broad bandwidth (~1.9 eV) as shown in  Fig. 4C  . 
In this limit, the ﻿a1g   and  e�g   orbitals have 0.4 and 0.55 electrons 
per V ion, respectively ( 50 ). When we consider U  (3.94 eV), the 
electron filling of the a1g   orbital increases up to 0.7 electrons per 
V ion in contrast to the  e�g   which is reduced to 0.4 electrons. 
The inclusion of JH   (0.56 eV) further promotes the orbital dif-
ferentiation by pushing more electrons into the a1g   band, with 
an electron count of 0.9 electrons per V ion. Therefore, the effect 
of JH   is to make the a1g  ( e�g   ) states more localized (delocalized) 
while lowering their kinetic energy. As a result, Hund’s coupling 
brings LiV2 O4  in proximity of an orbital selective Mott phase 
(OSMP) ( 8 ,  54 ), with a hole doping of ~10%. However, due to 
the interorbital hybridization between a1g   and  e�g   bands, LiV2 O4  
does not enter the OSMP but rather exhibits the strongly correlated 
metallic state with heavy quasiparticles upon cooling ( 55 ,  56 ).

 This phenomenon is reminiscent of the general trend in Hund’s 
metals where interorbital coupling is the dominant factor behind 
electron correlations ( 8 ,  9 ,  12 ,  57 ). The correlated metallic behav-
ior of the a1g   electrons is closely related to the Hund’s metal physics 
accompanied by Hund’s coupling induced fluctuating local 
moment and paramagnetic (no long-range magnetic order) 

incoherent metallic behavior ( 58 ). This fluctuating local moment 
of LiV2 O4  is corroborated by the paramagnetic Curie–Weiss 
behavior and the nonsaturating incoherent transport at high tem-
peratures ( 32 ,  33 ). We note that, in the spin fluctuation regime, 
an external magnetic field makes the transport more coherent by 
polarizing the disordered local moments and reducing scattering 
from spin fluctuations ( 59 ). As a result, negative magnetore-
sistance (MR) is expected in the incoherent metal region. 
Magnetotransport measurements on LiV2 O4  ( Fig. 4D  ) confirm 
this scenario through the clear negative MR in the incoherent 
transport regime. The fluctuating local moment is supported by 
other experimental data, namely the presence of spin fluctuations 
in the incoherent metallic regime of the LiV2 O4  ( 35 ,  40 ). Notably, 
similar negative MR driven by spin fluctuation has also been 
reported in Mn-based kagome metal where JH   plays a significant 
role ( 60 ).

  Fig. 4E   summarizes the temperature evolution of the macro-
scopic phenomena occurring in LiV2 O4 . First, the heavy a1g   
orbital, which is highly localized by Hund’s coupling JH  , forms a 
fluctuating local moment at high temperature and strongly sup-
presses the coherence stabilizing the incoherent bad metallic 
behavior ( 8 ,  50 ,  61 ). As temperature decreases, a correlated a1g   
flat band associated with the heavy quasiparticle state occurs. 
When the local moment is completely screened at low tempera-
tures, LiV2 O4  displays heavy Fermi liquid behavior in electrical 
resistivity and Pauli behavior in magnetic susceptibility ( 32 ).

 Through the combination of ARPES, magnetotransport, and 
DMFT, we conclusively demonstrate the presence of a 
correlation-induced flat band as the key ingredient in the heavy 
fermion behavior in LiV2 O4 . These observations highlight spinel 
oxides as promising material candidates to explore a pathway 
toward correlated flat bands ( Fig. 4F  ). As discussed above, the 
trigonal splitting of the octahedral crystal field in the spinel struc-
ture initiates the orbital differentiation. Then, JH   boosts the crystal 
field splitting and orbital-dependent electron correlation ( 8 ). In 
this respect, oxide spinels have an advantage over chalcogenide 
spinels due to their strong ligand field originating from the large 
electronegativity of oxygen. Therefore, noticeable orbital differ-
entiation in a1g   and  e�g   orbitals can arise in oxide spinels in con-
junction with JH  . When two orbitals satisfy the appropriate 
electron filling, correlated electronic states with heavy effective 
mass enhanced by a spin blocking mechanism and fluctuating 
local moment can be stabilized ( 50 ,  58 ). In this circumstance, 
bad-metallic behavior may appear as a by-product. This 
orbital-dependent correlation in LiV2 O4 , promoted by JH  , stands 
in stark contrast to the electronic correlation in the chalcogen 
spinel compound CuV2 S4  where the crystal field splitting of t2g   
manifold is absent and the distinct electronic correlation effects 
between these two compounds may explain their contrasting 
material properties, such as the absence of heavy fermion behavior 
in CuV2 S4  ( 51 ).

 However, the orbital-dependent correlation effect alone is not 
sufficient to make d﻿-electrons sufficiently heavy. Previous studies 
have reported experimental evidence of heavy fermion behavior in 
﻿d﻿-orbital systems such as Ca1.5 Sr0.5 RuO4  ( 62 ), YMn2 Zn20  ( 63 ), 
(Y0.97 Sc0.03 )Mn2  ( 64 ), Fe3 GeTe2  ( 65 ), FeTe ( 66 ), Cs(Fe0.97 Cr0.03 )2 As2  
( 56 ). Interestingly, a trend can be identified whereby a reasonably 
large Sommerfeld coefficient appears only in materials without 
long-range magnetic order: FeTe and Fe3 GeTe2 , which have anti-
ferromagnetism and ferromagnetism, respectively, exhibit the small-
est Sommerfeld coefficient among the above series. This tendency 
implies that long-range magnetic order competes with d﻿-orbital 
heavy fermion behavior, an effect that was systematically studied in 
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Cr-doped CsFe2 As2  ( 56 ). In that sense, the suppression of long-range 
magnetic order and the effective superexchange via geometrical spin 
frustration in the pyrochlore sublattice (distinct from the fluctuating 
local moments induced by Hund’s coupling) of oxide spinels may 
be an important factor in fostering d﻿-orbital heavy fermion behavior 
( 50 ). Although most of the AB﻿2 O4  oxide spinels which have integer 
valence state in the B  site have been known as a Mott insulator, the 
heavy electronic state may be realized via systematic chemical com-
position engineering by inducing a mixed valence state with nV   > 1 
as in the case of LiV2 O4 . For example, systematic studies on the 
strongly correlated metal-to-insulator transition upon chemical 
substitution from A V2 O4  (A  = Mg, Zn) with nV   = 2 to Li end (nV   = 
1.5) ( 67 ,  68 ) or electrochemical Li (de)intercalation to the LiV2 O4  
(1 ≤ nV   ≤ 2) ( 69 ,  70 ) may enable further control and engineering 
of correlation-induced flat bands.

 Recent discussions have highlighted the intimate connection 
between the flat band and Hund’s coupling J﻿H  in the high-temperature 
superconductor La3 Ni2 O7  ( 15 ). DMFT calculations reveal that J﻿H  
promotes the formation of flat bands through orbital-dependent 
correlations. However, this DMFT on nickelate superconductor 
also predicts strong antiferromagnetic coupling of the local moment, 
which contrasts with LiV2 O4 , where weak spin correlations arise 
due to geometrical frustration. Similarly, another DMFT study on 
CsCr3 Sb5  and CrB2  also underscores the crucial role of J﻿H  in the 
heavy fermion behavior associated with d-orbital electrons ( 71 ). 
While these theoretical works support the applicability of our pro-
posed approach for implementing a heavy quasiparticle electronic 
state at the Fermi level in other systems, this theoretical proposal 
remains experimentally unverified in these materials ( 14 ,  72 ).

 Furthermore, there has been active discussion about how to 
screen the high-spin electrons in Hund’s metals and enter the Fermi 
liquid state within the DMFT framework ( 57 ,  58 ,  73     – 76 ). The 
frustrated oxide spinel compounds could serve as ideal material 
candidates for experimentally validating these novel theoretical 
models. Moreover, it was pointed out that exotic heavy Fermi liquid 
phase with fractionalized excitation favors nonmagnetic frustrated 
lattice systems ( 46 ). Therefore, future research on LiV2 O4  and other 
frustrated spinel oxides, aiming to realize a heavy fermion state via 
local correlation effects, may pave the way to discovering new quan-
tum phases of matter.  

Materials and Methods

Single-Crystal Growth and Characterization. Single crystals of LiV2O4 were 
grown following a previous report (77) out of a melt containing 58% by weight 
LiV2O4 powder and 42% by weight Li3VO4. The powders were placed in a platinum 
crucible and heated in a quartz tube under vacuum to 1,050 °C, held at this 
temperature for 1 d, and then cooled over 5 d to 930 °C after which the furnace 
was shut off. LiV2O4 crystals were separated from the flux by washing with water. 
LiV2O4 powder was grown out of a reaction containing Li3VO4, V2O3, and V2O5 in 
a 4:9:1 molar ratio. The reactants were pelletized and wrapped in Au foil before 
being sealed under vacuum in a quartz tube and heated at 700 °C for 2 d. Li3VO4 
was obtained by a reaction between Li2CO3 and V2O5 in a 3:1 ratio in air at 800 °C 
for 20 h. Single crystals used for the magnetotransport measurements as well at 
ARPES experiments carried out at the National Synchrotron Light Source II (NSLS 
II) were further annealed at 700 °C in vacuum wrapped in Au foil also containing 
powder LiV2O4 for up to a week. Magnetotransport measurements were taken in 
a 4 contact geometry with current in the (111) plane and field perpendicular to 
the (111) plane. To make ohmic contact to the samples, first a pattern of 3 nm Ti 
followed by 40 nm Au was deposited onto the sample surface which was then 
contacted with Au wired by silver paint. Data were collected with a standard ac 
lock-in method at a typical current of 2 mA at fields between –9 T and 9 T. All 
field-dependent data are symmetrized with respect to field direction. Specific 
heat data were taken down to 1.8 K in a commercial cryostat using the thermal 
relaxation method.

Angle-resolved photoemission spectroscopy. ARPES experiments were per-
formed at Beamline7.0.2 (MAESTRO) of the Advanced Light Source (ALS), the 
QMSC (Quantum Materials Spectroscopy Centre) beamline of the Canadian Light 
Source (CLS), the Bloch beamline of the MAX IV laboratory, and the ESM beamline 
of the NSLS II. All ARPES spectra were obtained from the (111) surface with linear 
horizontal polarization (p-polarization). The LiV2O4 crystals were cleaved inside 
ultrahigh-vacuum ARPES chambers (~4 × 10−11 torr). The obtained cleaved sur-
faces were always aligned to the [111] crystallographic axis. To minimize beam 
induced damage that occurs when vacuum ultraviolet light irradiates the LiV2O4 
crystals, the undulator of the synchrotron facility was intentionally detuned to 
reduce photon flux as needed. The energy and momentum resolutions were 
approximately 30 meV and 0.01 Å−1, respectively. To estimate the value of kz 
momentum, an inner potential V0 of 15 eV was used.

DFT+DMFT. DFT calculations are performed using the Quantum Espresso soft-
ware package using the ONCVPSP norm-conserving pseudopotentials (78, 79) 
in conjunction with the Perdew–Burke–Ernzerhof exchange-correlation func-
tional. Structural parameters are fixed to the experimental values reported 
at 12 K a0 = 8.22694(3) Å and x0 = 0.26109(2) (32). We use a wavefunction 
cut-off of 90 Ry, a density cut-off of 360 Ry, and a mesh of 11 × 11 × 11 
k-points resulting in an energy error of <1 meV per formula unit. Further, 
we construct maximally localized Wannier functions using Wannier90 (80) for 
the low-energy states around the Fermi level with dominantly V d-character. 
This allows us to define a low-energy Hamiltonian HW90 (R) in real space, cap-
turing the essential physics of the system realistically. Furthermore, we rotate 
the Hamiltonian on each V-site into the crystal field basis to diagonalize both 
the local noninteracting Hamiltonian and the hybridization function. For high 
accuracy low-temperature calculations, we leverage Wannier interpolation, 
Fourier transforming HW90 (R) to a dense 41 × 41 × 41 k-point mesh to avoid 
any k-discretization error. To determine the effective Coulomb interaction for 
this low energy model we utilize the constrained random phase approximation 
(81) as implemented in the RESPACK code (82). We limit ourselves here to 
the static, ω = 0 limit and fit the obtained four-index Coulomb tensor to the 
symmetrized Kanamori form (including spin-flip and pair-hopping terms) with 
three independent parameters. The optimal fit yields U = 3.94 eV, U′ = 2.83 eV, 
and J =  0.56 eV. To cover all T regimes, we use a combination of impurity 
solvers to solve the DMFT equations. For calculations mainly at high tempera-
ture down to 11.6 K (1/1,000 eV), we use the continuous-time hybridization-
expansion quantum Monte Carlo (QMC) solver as implemented in the TRIQS 
software library (83, 84) and its interface to electronic structure codes TRIQS/
DFTTools and TRIQS/SOLID_DMFT (50, 85, 86). High-frequency noise in the 
impurity self-energy is suppressed by fitting the tail of Σimp up to fourth order 
in a window with moderate noise. The first two moments of the tail expansion 
are measured to high precision directly in TRIQS/CTHYB (87). All QMC calcula-
tions include all pair-hopping and spin-flip terms of the interaction. Second, 
the T = 0 TN-based solver from refs. 8889, 90 was extended to T > 0 using 
thermal-state purification (91, 92). The tensor-network (TN) solver is used down 
to 2.9 K (1/4,000 eV), while keeping as in QMC all terms of the interaction. 
Third, to access the sub-1 K regime, we use numerical renormalization group 
(NRG), similarly as in refs. 93 and 94. To make nondegenerate three-orbital 
NRG calculations tractable, we increase the local symmetry by neglecting the 
pair-hopping part of the interaction when using this solver (93). To calculate 
the real frequency spectral functions shown in the main text from QMC data, 
we analytically continue the impurity self-energy using Padé approximants and 
calculate the lattice Green function on the real frequency axis. More technical 
details on the DMFT calculations and for each solver can be found in ref. 50.

Data, Materials, and Software Availability. Experimental and Computational 
Datasets data have been deposited in Harvard Database (95). The code for DMFT 
calculations is accessible via https://github.com/TRIQS/solid_dmft (86) and the 
SYTEN tensor network code is available at www.syten.eu (96). All other data are 
included in the manuscript and/or SI Appendix.
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