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A nearly free electron metal and a Mott insulating state can be thought of as opposite ends of the spectrum of
possibilities for the motion of electrons in a solid. Understanding their interaction lies at the heart of the correlated
electron problem. In the magnetic oxide metal PdCrO,, nearly free and Mott-localized electrons exist in alternating
layers, forming natural heterostructures. Using angle-resolved photoemission spectroscopy, quantitatively sup-
ported by a strong coupling analysis, we show that the coupling between these layers leads to an “intertwined”
excitation that is a convolution of the charge spectrum of the metallic layer and the spin susceptibility of the Mott
layer. Our findings establish PdCrO, as a model system in which to probe Kondo lattice physics and also open new
routes to use the a priori nonmagnetic probe of photoemission to gain insights into the spin susceptibility of

correlated electron materials.

INTRODUCTION

PdCrO; is a member of the broad class of layered triangular lattice
materials whose layer stacking sequence (see Fig. 1A) is that of the
delafossite structural family ABO, (1). In a simple ionic picture of
the delafossites, triangular coordinated layers of A ions are stacked
between oxygen octahedra with B** ions in the center, in which the
B ions also have triangular coordination (2, 3). Most delafossites are
insulating or semiconducting. PdCoO, and PtCoO,, however, are
extremely high conductivity metals featuring broad conduction bands
whose character is dominantly that of the A site cation Pd or Pt (4-9),
with the B-site Co®" cation in the band insulating and nonmagnetic
3d ° configuration.

In contrast, in the Cr-based analog PACrO,, the Cr’* cations are
formally in the 3d° configuration (Fig. 1B). It was therefore not re-
garded as unexpected when PdCrO, was observed to be magnetic,
obeying a Curie-Weiss law at high temperatures, followed by a tran-
sition to 120° antiferromagnetism at a Néel temperature Ty of 37.5K,
carrying a localized spin of S = 3/2 (10-14). From angle-resolved
photoemission (ARPES), Sobota et al. (15) found an extremely similar
Fermi surface to PdCoO,, indicating that the low-energy electronic
structure is still dominated by the Pd-derived states. A reconstruction
of the Fermi surface due to the magnetic order was reported by
de Haas-van Alphen measurements (16, 17). Careful analysis of
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magnetic breakdown across the gaps opened at the antiferromagnetic
(AF) Brillouin zone boundary showed that these gaps are small, on
the order of 40 meV (16). Noh et al. (18) subsequently reported that the
bands are apparently backfolded across the AF zone boundary in ARPES
measurements.

RESULTS

Our own measurements show similar spectroscopic signatures to
those found by Noh et al. (18) and are evident in our own measure-
ments shown in Fig. 1 (C and D), where weak but clear spectral weight
can be observed as replicas of the “main band” [central hexagonal
Pd-derived Fermi surface (15)] shifted in momentum by the AF
ordering vector. The observation of localized 3/2 spins on the Cr sites
strongly suggests that, in addition to being magnetic, the CrO; layer
is Mott insulating (9, 17, 19). This hypothesis has recently been sup-
ported by combined density functional theory (DFT) and dynamical
mean-field theory (DMFT) calculations from our own group (text S2)
and independent work by Lechermann (20), which concluded that
in the paramagnetic state above Ty;, the conduction in PdCrO, comes
from a single band of dominantly Pd character. The Cr-derived states,
predicted by standard DFT to produce additional Fermi surfaces (20, 21),
instead form a lower Hubbard band giving substantial incoherent
spectral weight 1 to 2 eV below the Fermi level.

To experimentally verify this picture, we have used soft x-ray
ARPES to investigate the atomically resolved electronic structure,
tuning the probing photon energy into resonance with the Cr L, 3
absorption edge (22). Comparing on- to off-resonant spectra
(Fig. 2, A to C) reveals a marked enhancement of spectral weight of
a very weakly dispersing and broad feature centered at approximately
2 eV below Ep. The integrated intensity of this feature (I ) tracks
the Cr L, 3-edge x-ray absorption spectrum (Fig. 2D), thus estab-
lishing its Cr-derived origin. Comparison with the findings from the
DFT + DMFT calculations provides strong evidence that this is the
spectroscopic signal of a lower Hubbard band. In addition, and
consistent with Fig. 1C, we observe a steeply dispersing metallic band.
This band shows negligible change in spectral weight across the Cr
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Fig. 1. Low-energy electronic structure of PdCrO,. (A) Layered crystal structure of PdCrO,. (B) Pd layers are metallic, while the CrO, layers are Mott insulating and
antiferromagnetically ordered below Ty=37.5 K. (C) Dispersion measured by ARPES (hv=110 eV, T=6 K) along the T — K direction (dashed line on the schematic of the
crystallographic Brillouin zone) showing steep Pd-derived metallic bands, as well as replicas of these bands, apparently backfolded across the magnetic Brillouin zone
boundary [dashed lines in (D)]. Notably, the observed reconstructed spectral weight is approximately energy independent over nearly 1 eV, remaining clearly visible at the Fermi
level, as evident in the momentum distribution curve [green line in (C), Er + 5 meV], and the measured Fermi surface (D) (hv=120 eV, T=6 K, integrated over E¢ + 25 meV).

L, 3-edge resonances (Iyp in Fig. 2D), confirming that it originates
from the Pd layers. PACrO, can therefore be considered as an atomic
layer-by-layer superlattice of a nearly free electron metal alternating
with a Mott insulator.

Given the AF order of the latter, the observation of replicas of the
metallic main band shown in Fig. 1 (C and D) might, at first sight,
seem unremarkable. In general, when electrons feel an additional
periodic potential, for example, due to a density wave or magnetic
order, the band structure is reconstructed. Replica bands appear,
shifted from the original ones by the wave vectors of the new potential,
with hybridization gaps opening at the new Brillouin zone boundaries.
This standard picture, however, cannot explain the experimental
observations of PACrO,. The spectral weight of the replicas observable
by ARPES should fall off rapidly away from the new zone boundaries
(23), with a form equivalent to the well-known coherence factors of
Bogoliubov quasiparticles in a superconductor. Experimentally,
however, the replicas are clearly observed all the way from the magnetic
zone boundary to the Fermi level (Fig. 1, C and D), an energy range
more than an order of magnitude larger than the hybridization gap
scale of ~40 meV (16). Over the same energy range, the simple
“band folding” model predicts a 100-fold decrease in spectral weight
(dashed line in Fig. 3A), which would render the backfolded bands
invisible to ARPES. In contrast, the measured intensity of the re-
constructed weight (Ixw) changes by less than a factor of 2 (symbols
in Fig. 3A). Additional measurements performed using different light
polarization and photon energies show similarly weak binding energy
dependence of the reconstructed weight (fig. S5); the striking dis-
crepancy with the band folding model cannot, therefore, be explained
by photoemission matrix element variations. A further possibility
worthy of investigation is final-state Umklapp scattering, in which
an outgoing photoelectron is diffracted from the potential of a
superperiodic structure during its travel to the surface. This can, in
principle, yield backfolded bands whose spectral weight has only a
weak binding energy dependence (24-27). In the delafossites, however,
this possibility can be ruled out by making a direct comparison with
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the isostructural, but nonmagnetic, PdCoO,. Under identical mea-
surement conditions to those of PACrO,, we observe no such signal
(fig. S3), and so, it is clear that the replica features of Fig. 1 (C and D)
require a different explanation.

We have discovered that the answer to the above puzzle lies in
Mott insulator—free electron coupling. Rather than treating the CrO,
layer as a passive source of a periodic potential, it is necessary to take
into account its dynamical degrees of freedom. To illustrate this, we
start with a minimal model (shown schematically in Fig. 3B) com-
bining hopping within and between the Pd and CrO; layers with the
Coulomb repulsion in the Mott layer

n.n.
H = = Y (tppioPjo + teclocio) +UY <”zc‘1 - l) (n‘l:l - %) +
2 -

ijo

[\

'Z.g,-j <ij Cio + H.c.) (1)

ijc

where t, (t.) denotes the hopping integrals between the Pd (Cr) sites,
g is the interlayer hopping, and U is the Coulomb repulsion. We
neglect Coulomb repulsion between the Pd electrons, justified by
the fast band velocities of the Pd-derived states observed experimentally
(see fig. S3C). Here, we omit the orbital indices and assume S = 1/2
on the Cr sites for conceptual simplicity. We present the full multi-
orbital model with S = 3/2, the results of which are shown in
Fig. 3 (D and F) and text S3.

The large size of U compared to the other coupling constants enables
a standard strong coupling analysis, implemented via a Schrieffer-
Wolff transformation (full procedure is described in text S3) to derive
a low-energy Kondo lattice Hamiltonian

2
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Fig. 2. Mott insulating CrO; layers. Soft x-ray ARPES (T= 13 K) from PdCrO, at photon
energies of (A) 578 eV and (B) 581.7 eV, respectively, tuned off- and on-resonance
with the Cr L3-edge. The on-resonant spectrum reveals considerable broad spectral
weight centered at approximately 2 eV below the Fermi level. The measured inten-
sity of this feature, / g, extracted from energy distribution curves (C) (integrated
over 0+0.5 A7) as a function of probing photon energy is in excellent agreement
with the measured x-ray absorption spectrum (XAS) across the Cr L, 3-edge (D). In
contrast, the intensity of the Pd-derived main band (/ug, extracted from fits to
momentum distribution curves at the Fermi level) remains approximately constant
across the resonance. The data provide strong evidence that the diffuse weight
visible in the ARPES measurements is dominantly of Cr character, while compari-
son with the DFT + DMFT calculations [see text S2 and (20)] identifies it as the lower
Hubbard band of a Mott insulating state.

in which the second term captures the effective spin-spin exchange
in the Mott layer and the last term describes a Kondo coupling be-
tween the localized Cr spin and Pd electrons on the neighboring sites.

The Hamiltonian (Eq. 2) is of a standard form but applied here
to an unusual situation in which the Kondo coupling is an interlayer
effect. The key insights it provides come from using it to calculate
the spectral functions for the photoemission process. The coupling
allows the Pd electrons to feel the periodic potential due to the AF
order of the Cr spins but does not otherwise affect their basic itinerant
nature. The resulting Pd one-electron removal spectral function
(Fig. 3, C and D) thus, as expected, looks like the simple band folding
model introduced above: It largely follows the unperturbed Pd dis-
persion, with small gaps opening at the magnetic zone boundary as
seen by quantum oscillations (16), and has a weak, strongly energy-
dependent weight in the reconstructed band.

In contrast, the removal of electrons from Cr orbitals is markedly
altered by the coupling to the Pd layer. It would be impossible to remove
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an electron from an isolated Mott layer at energies smaller than U.
However, for finite interlayer coupling g, a hole created in the Mott
layer can rapidly move to the itinerant layer where it can propagate;
formally, the Schrieffer-Wolff transformat1on leads to an effective real
space Cr removal operator of the form (oo = 2 Zn " OfJ 84S+ 655 ) P
We note two important features of the transformed operator. First,
the process is perturbatively small in g/U. Second, it provides a con-
nection between the itinerant Pd electrons and Mott spins. This results
in the spectral function for the removal of electrons from the Mott
layer becoming a convolution of the itinerant electron spectrum with
the spin correlation function of the Mott layer

0 d>q 32| gkigl
Acil,0<0)=—| _ an(z ;13 5;"

Apd(k +4,0") (S4-S_g(0 — ©)) 3)

In this way, the spin response of the Mott layer and the charge
response of the itinerant layer become intertwined. In the case of
AF ordered PdCrO,, the mean-field spin correlation function is a
0 function at zero energy and the AF wave vector. The resulting pre-
diction (Fig. 3, E and F) is that Cr spectral weight now exists at energies
much lower than U and that it follows the dispersion of the nearly
free electron Pd band but translated by the wave vector of the AF order.

This calculation of intertwined spin-charge response yields at least
two testable predictions for the observable spectral properties that
are qualitatively different from those of a standard band folding model.
First, as discussed above, standard band folding predicts a spectral
weight of the replica band that dies off extremely quickly with energy
away from the magnetic Brillouin zone boundary. In contrast, the
intertwined spin-charge model has no inherent energy dependence
of the reconstructed weight; momentum dependence of the inter-
layer coupling constant g can still give small system-specific variations
(text S3.2 and fig. S6), but in general, the energy dependence of the
reconstructed weight will be weak. As shown in Fig. 3A, observation
is in close agreement with the latter prediction. The second and even
more notable prediction is that the backfolded spectral weight, de-
spite appearing as a sharp band-like feature, is actually a property of
the Cr removal spectral function rather than the Pd one. This is, at
first sight, highly unexpected, because “Mott electrons” are associated
with the broad incoherent spectral weight displayed and described
in Fig. 2.

The key diagnostic for the validity of the intertwined spin-charge
model is, therefore, to establish the underlying atomic origin of the
reconstructed spectral weight. To do this, we again use soft x-ray
ARPES to show that the reconstructed weight (Irw) is markedly
enhanced when the photon energy is tuned to the Cr L3-edge resonance
(Fig. 4, A to C). Moreover, quantitative analysis of measurements
performed at lower photon energies shows (i) that the photon energy
dependence of the reconstructed weight closely traces that of the
Cr-derived lower Hubbard band (Fig. 4D) and (ii) that its ratio to the
Pd-derived main band intensity tracks the Cr 3d:Pd 4d ionic cross-
section ratio (Fig. 4E). These observations all point to a dominant
Cr character of the backfolded spectral weight.

Equation 3 for the Cr spectral function suggests that the weight
of the reconstructed feature should be suppressed by approximately
32¢%/U* as compared to the weight of the main band in the Pd spectral
function. While ARPES matrix elements prevent us from making a
direct quantitative measurement of the intrinsic relative weights, com-
parison with the ionic cross-section ratio shown in Fig. 4D indicates
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Fig. 3. Intertwined spin and charge response. (A) Reconstructed weight (/rw) as obtained from fits to the dispersion shown in Fig. 1C (circles). Because of photoemission
matrix elements, small quantitative variations are found when measuring using different photon energies and light polarizations. We also show here the data measured
using 60 eV of s-polarized light (triangles) to illustrate the range of observed spectral weight variations; additional measurements are shown in fig. S5. In all cases, Ilrw varies only
weakly with binding energy. This is in sharp contrast to the simple band folding model (dashed line; see text S3.2) but in agreement with the Cr spectral function predicted
by our theory (solid line; see the main text). The intensities are shown normalized to the intensity at a binding energy of —0.7 eV to aid judging the relative binding
energy-dependent variations in the data and different models; equivalent conclusions are drawn if normalizing directly by the main band intensity (fig. S7). (B) The
starting point of the theory is a Hamiltonian that includes hopping within (t,, t.) and between (g) the layers, as well as the on-site Coulomb repulsion on the Cr sites (U).
(€) Schematic illustration of photoemission of Pd electrons. (D) The corresponding spectral function is equivalent to that predicted by the band folding model. (E) Photo-
emission of a Cr electron can proceed via a virtual process involving tunneling of the Cr hole to the Pd layer. (F) This results in a spectral function that is a convolution of
the Pd spectrum and the spin correlation function of the Mott layer (Eq. 3), thus appearing as a copy of the Pd spectral function shifted by the wave vector of the AF order,
in agreement with the experiment (Fig. 1C).
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Fig. 4. Cr origin of the reconstructed weight. The Fermi surface measured (T= 13 K, integrated over E¢ £ 200 meV) off-resonance (A) (hv =578 eV) and on-resonance
(B) (hv=581.7 eV) with the Cr L;-edge. The reconstructed weight is markedly enhanced in the resonant condition, as evident in a comparison of momentum distribution
curves at the Fermi level recorded on- and off-resonance (C). (D) The photon energy dependence of the reconstructed weight (lrw) at lower photon energies closely tracks
that of the Cr-derived lower Hubbard band (I ). (E) The ratio of lrw to the weight of the main band (/ug) is strongly photon energy dependent. It follows the functional
form expected for the Cr 3d:Pd 4d ionic cross-section ratio (30), scaled by a factor of ~0.023, the origin of which is the spectral weight suppression factor of (g/U)? predicted
by the intertwined spin-charge model (Eq. 3).
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that their ratio is on the order of 1%. With U = 4 eV, the interlayer
coupling g is thus estimated to be on the order of 100 meV. This is
similar to values derived from a DFT analysis of interlayer hopping
(table S1), providing a further consistency check on our analysis.

In principle, a standard one-electron Pd-Cr hybridization could
lead to a Cr character of the replica weight. This would, however, be
fundamentally incompatible with the lack of binding energy dependence
of its measured spectral weight. Obtaining measurable Cr weight up
to the Fermi level would require hybridization gaps on the order of
~1 eV to open where the bands cross (18), which is completely in-
consistent with the measured electronic structure both from ARPES
(Fig. 1, C and D) and quantum oscillations (16). On the other hand,
while a final-state Umklapp process, as introduced above, could
explain the binding energy-independent reconstructed weight, it
could not explain its Cr-derived character: If it were due to a final-
state Umklapp of the Pd-derived main band of either structural or
exchange scattering origin, then it would exhibit Pd character and
not the Cr character that we observe experimentally. The combination
of these two key experimental observations (weak binding energy
dependence and Cr character of the reconstructed weight) thus pro-
vides compelling evidence that the spectroscopic information obtained
from ARPES measurements on PdCrO; is determined by a Kondo
coupling of nearly free electrons in metallic layers, with localized
electrons in a Mott insulating state in adjacent layers.

DISCUSSION

The realization that the spectroscopic information in PdCrO, is
determined by a Kondo coupling between nearly free electrons in
metallic layers with localized electrons in a Mott insulating state
in adjacent layers is, we believe, exciting for a number of reasons.
It establishes PACrO; as a benchmark system for studies of the
triangular lattice Hubbard model and Mott insulator-free electron
coupling. The transport properties of PACrO, (10-14, 17) are of
considerable interest in their own right and invite further theoretical
work. In Egs. 1 and 2 above, and in more detail in supplementary
text S3, we present model Hamiltonians (including experimentally
constrained bare parameters) as a foundation for such calculations.
However, we believe that our findings are also of considerable relevance
across broader fields of research.

The first regards the interplay of localized and itinerant electrons
in solids in general, which lies at the heart of the physics of Kondo
systems. PACrO; lies in the AF metal region of the famous Doniach
phase diagram (28) because the localized spin is underscreened.
Although this means that the formation of heavy fermions is not
expected in the current experimental situation, the insights that we
have uncovered open new ways to study systems from across the phase
diagram, even in the Kondo limit. This would, in principle, include
quasi-three-dimensional materials in which the layer-dependent
coupling in PdCrO; is replaced by, for example, a coupling between
localized f-electrons and itinerant conduction electrons. The limita-
tion, in practice, will be one of resolution; if the bandwidths become
too small and the k, dispersion becomes too strong, then the spin-
related signatures will be harder to extract, but such information
should exist in the experimental signal. We also stress that the analysis
presented above does not rely on the existence of a static magnetic
order, and could equally well apply to a disordered system with
a peaked susceptibility, of the type discussed in the context of
cuprate superconductors (29). In that case, the width of the feature

Sunko et al., Sci. Adv. 2020; 6 : eaaz0611 7 February 2020

observed in photoemission would be related to the AF correlation
length and time.

In such a dynamical case, because of the way in which magnetic
and charge excitations associated with different subsystems are
intertwined during the photoemission of electrons from the Mott
subsystem, we can obtain information on both in a single measurement.
There may be a regime of coupling in which separated magnon and
charge velocities could become observable by ARPES. Our work,
therefore, has a further, conceptually attractive component in pro-
viding a complementary perspective to the physics of spin-charge
separation. There, an electron in a solid fractionalizes into independently
mobile excitations carrying its magnetic and charge quantum numbers.
Another interesting avenue for future theoretical research is to investi-
gate how the existence of a Mott state, which is itself fractionalized,
would be manifested in this type of experiment.

Our findings thus point to the broad potential of combining
itinerant and Mott insulating systems in heterostructure geometries,
where our analysis indicates that finite coupling between the layers
leads to new physics not present in either of the spatially separated
subsystems alone. Consistent with this, a recent DMFT study (20)
found that doping of the Mott layer in PACrO; results in an effective
Pd layer doping. Although the underlying process is not the same as
in the photoemission problem studied here, both effects reflect the
fact that in a coupled Mott/itinerant system, it is the itinerant layer
that will support charge excitations.

The insights gained here therefore have relevance to the study
of materials well beyond PdCrO,. For example, while the develop-
ment of spin-resolved detectors has opened opportunities to study
spin-polarized itinerant bands, ARPES is typically not expected to
be sensitive to finite q local moment magnetism: Our findings show
that this need not be true. Our work thus opens an entirely new route
to investigating both static and dynamical spin susceptibilities in
correlated solids, including systems that are inaccessible to more
traditional magnetic probes such as neutron scattering. Combining
ARPES studies with targeted materials design of coupled Mott-metal
heterostructures could therefore provide unique information on
magnetic ordering and fluctuations in previously unexplored regimes
in, for example, transition-metal oxide heterostructures, two-
dimensional van der Waals magnetic insulators, and candidate
quantum spin liquids. Our work thus motivates the study and creation
of interfaces between metals and Mott insulators, not only to provide
routes to probe the spin correlations of the correlated subsystem but
also as a platform for stabilizing and observing new physics.

MATERIALS AND METHODS

Single-crystal samples of PACrO, were grown by a NaCl-flux method
in sealed quartz tubes as described in (11). They were cleaved in situ
at the measurement temperature of 6 to 13 K. High-resolution ARPES
measurements (Figs. 1, Cand D, and 3A and fig. S1) were performed
at the 105 beamline of Diamond Light Source, UK, using a Scienta
R4000 hemispherical electron analyzer. The spectra shown in
Fig. 1, C, D were measured using p-polarized light, while fits to data
taken using both s- and p-polarized light are included in Fig. 3A and
fig. S5. The soft x-ray measurements (Figs. 2 and 4) were performed
with p-polarized light at the 109 beamline of Diamond Light Source,
UK; the ARPES measurements were performed using a Specs
Phoibos 225 hemispherical electron analyzer, while the x-ray absorption
was recorded in the total electron yield mode and was normalized
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by the photon flux. Further details of the theoretical methods are

described in Supplementary Text.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/6/eaaz0611/DC1

Text S1. Density functional theory.

Text S2. DFT + DMFT calculations: Spectral function.

Text S3. Strong coupling theory.

Fig. S1. Comparison of the DFT band structure and the Wannier function-based 10-band
tight-binding model near the Fermi level.

Fig. S2. DFT + DMFT electronic structure calculations.

Fig. S3. Comparison of electronic structure in PdCoO, and PdCrO,.

Fig. S4. Schematic picture of the Cr 3d orbitals.

Fig. S5. Exchange pathways in PdCrO,.

Fig. S6. Binding energy-dependent spectral weight.

Fig. S7. The ratio of the reconstructed weight and the main band weight.

Table S1. Table of hopping parameters.

Table S2. Table of spin coupling constants derived from the strong coupling expansion.
Table S3. Cr-Cr superexchange interactions calculated by the DFT + DMFT method.
References (371-42)

REFERENCES AND NOTES

1.

Sunko et al., Sci. Adv. 2020; 6 : eaaz0611

R. D. Shannon, D. B. Rogers, C. T. Prewitt, Chemistry of noble metal oxides. . Syntheses
and properties of ABO, delafossite compounds. Inorg. Chem. 10, 713-718 (1971).

. R.D. Shannon, C.T. Prewitt, D. B. Rogers, Chemistry of noble metal oxides. II. Crystal

structures of platinum cobalt dioxide, palladium cobalt dioxide, coppper iron dioxide,
and silver iron dioxide. Inorg. Chem. 10, 719-723 (1971).

. R.D.Shannon, D. B. Rogers, C. T. Prewitt, J. L. Gillson, Chemistry of noble metal oxides.

11I. Electrical transport properties and crystal chemistry of ABO, compounds with
delafossite structure. Inorg. Chem. 10, 723-727 (1971).

. M. Hasegawa, T. Higuchi, M. Tanaka, T. Tsukamoto, S. Shin, H. Takei, Electronic structure

of delafossite-type metallic oxide PdCoO,. Mater. Trans. 42, 961-964 (2001).

. K.P.Ong, J. Zhang, J. S. Tse, P. Wu, Origin of anisotropy and metallic behavior in delafossite

PdCoO0,. Phys. Rev. B 81, 115120 (2010).

. C.W. Hicks, A.S. Gibbs, A. P. Mackenzie, H. Takatsu, Y. Maeno, E. A. Yelland, Quantum

oscillations and high carrier mobility in the delafossite PdCoO.. Phys. Rev. Lett. 109,
116401 (2012).

. P.Kushwaha, V. Sunko, P.J. W. Moll, L. Bawden, J. M. Riley, N. Nandi, H. Rosner,

M. P. Schmidt, F. Arnold, E. Hassinger, T. K. Kim, M. Hoesch, A. P. Mackenzie, P. D. C. King,
Nearly free electrons in a 5d delafossite oxide metal. Sci. Adv. 1, 1500692 (2015).

. R.Daou, R. Frésard, V. Eyert, S. Hébert, A. Maignan, Unconventional aspects of electronic

transport in delafossite oxides. Sci. Technol. Adv. Mater. 18, 919-938 (2017).

. A.P.Mackenzie, The properties of ultrapure delafossite metals. Rep. Prog. Phys. 80,

032501 (2017).

. H.Takatsu, H. Yoshizawa, S. Yonezawa, Y. Maeno, Critical behavior of the metallic

triangular-lattice Heisenberg antiferromagnet PdCrO,. Phys. Rev. B 79, 104424 (2009).

. H.Takatsu, Y. Maeno, Single crystal growth of the metallic triangular-lattice

antiferromagnet PdCrO,. J. Cryst. Growth 312, 3461-3465 (2010).

. H.Takatsu, S. Yonezawa, C. Michioka, K. Yoshimura, Y. Maeno, Anisotropy in the

magnetization and resistivity of the metallic triangular-lattice magnet PdCrO..
J. Phys. Conf. Ser. 200,012198 (2010).

. H.Takatsu, G. Nénert, H. Kadowaki, H. Yoshizawa, M. Enderle, S. Yonezawa, Y. Maeno,

J. Kim, N. Tsuji, M. Takata, Y. Zhao, M. Green, C. Broholm, Magnetic structure
of the conductive triangular-lattice antiferromagnet PdCrO,. Phys. Rev. B 89, 104408 (2014).

. M.D.Le,S.Jeon, A. . Kolesnikov, D. J. Voneshen, A. S. Gibbs, J. S. Kim, J. Jeong, H.-J. Noh,

C.Park, J. Yu, T. G. Perring, J.-G. Park, Magnetic interactions in PdCrO, and their effects
on its magnetic structure. Phys. Rev. B 98, 024429 (2018).

. J.A.Sobota, K. Kim, H. Takatsu, M. Hashimoto, S.-K. Mo, Z. Hussain, T. Oguchi,

T. Shishidou, Y. Maeno, B. I. Min, Z.-X. Shen, Electronic structure of the metallic
antiferromagnet PdCrO, measured by angle-resolved photoemission spectroscopy.
Phys. Rev. B 88, 125109 (2013).

. J.M. Ok, Y.J.Jo, K. Kim, T. Shishidou, E. S. Choi, H.-J. Noh, T. Oguchi, B. I. Min, J. S. Kim,

Quantum oscillations of the metallic triangular-lattice antiferromagnet PdCrO..
Phys. Rev. Lett. 111, 176405 (2013).

. C.W. Hicks, A.S. Gibbs, L. Zhao, P. Kushwaha, H. Borrmann, A. P. Mackenzie, H. Takatsu,

S.Yonezawa, Y. Maeno, E. A. Yelland, Quantum oscillations and magnetic reconstruction
in the delafossite PdCrO,. Phys. Rev. B 92, 014425 (2015).

. H.-J.Noh, J. Jeong, B. Chang, D. Jeong, H. S. Moon, E.-J. Cho, J. M. Ok, J. S. Kim, K. Kim,

B.I.Min, H.-K. Lee, J.-Y. Kim, B.-G. Park, H.-D. Kim, S. Lee, Direct observation of localized

7 February 2020

20.
21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

spin antiferromagnetic transition in PdCrO, by angle-resolved photoemission
spectroscopy. Sci. Rep. 4, 3680 (2014).

. S. Arsenijevié, J. M. Ok, P. Robinson, S. Ghannadzadeh, M. I. Katsnelson, J. S. Kim,

N. E. Hussey, Anomalous magnetothermopower in a metallic frustrated antiferromagnet.
Phys. Rev. Lett. 116, 087202 (2016).

F.Lechermann, Hidden Mott insulator in metallic PdCrO,. Phys. Rev. Mater. 2, 085004 (2018).
D. Billington, D. Ernsting, T. E. Millichamp, C. Lester, S. B. Dugdale, D. Kersh, J. A. Duffy,
S.R. Giblin, J. W. Taylor, P. Manuel, D. D. Khalyavin, H. Takatsu, Magnetic frustration,
short-range correlations and the role of the paramagnetic Fermi surface of PdCrO,.

Sci. Rep. 5, 12428 (2015).

S. Hiifner, Photoelectron Spectroscopy (Springer Berlin Heidelberg, 2003).

J.Voit, L. Perfetti, F. Zwick, H. Berger, G. Margaritondo, G. Griiner, H. Hochst, M. Grioni, Electronic
structure of solids with competing periodic potentials. Science 290, 501-503 (2000).

E. Rotenberg, A. Bostwick, Superlattice effects in graphene on SiC(0001) and Ir(111)
probed by ARPES. Synth. Met. 210, 85-94 (2015).

A. Koitzsch, S. V. Borisenko, A. A. Kordyuk, T. K. Kim, M. Knupfer, J. Fink, M. S. Golden,

W. Koops, H. Berger, B. Keimer, C.T. Lin, S. Ono, Y. Ando, R. Follath, Origin of the shadow
Fermi surface in Bi-based cuprates. Phys. Rev. B 69, 220505(R) (2004).

K. Nakayama, T. Sato, T. Dobashi, K. Terashima, S. Souma, H. Matsui, T. Takahashi,

J. C. Campuzano, K. Kudo, T. Sasaki, N. Kobayashi, T. Kondo, T. Takeuchi, K. Kadowaki,

M. Kofu, K. Hirota, Shadow bands in single-layered Bi,Sr,CuOg.;5 studied by angle-
resolved photoemission spectroscopy. Phys. Rev. B 74, 054505 (2006).

A.delaTorre, S. McKeown Walker, F. Y. Bruno, S. Riccd, Z. Wang, |. Gutierrez Lezama,

G. Scheerer, G. Giriat, D. Jaccard, C. Berthod, T. K. Kim, M. Hoesch, E. C. Hunter, R. S. Perry,
A. Tamai, F. Baumberger, Collapse of the Mott gap and emergence of a nodal liquid
inlightly doped Sr2IrOs. Phys. Rev. Lett. 115, 176402 (2015).

H.v. Lohneysen, A. Rosch, M. Vojta, P. Wolfle, Fermi-liquid instabilities at magnetic
quantum phase transitions. Rev. Mod. Phys. 79, 1015-1075 (2007).

A. J. Millis, H. Monien, D. Pines, Phenomenological model of nuclear relaxation

in the normal state of YBa,Cu3O;. Phys. Rev. B 42, 167-178 (1990).

J.J. Yeh, I. Lindau, Atomic subshell photoionization cross sections and asymmetry
parameters: 1 < Z < 103. Atom. Data Nucl. Data Tabl. 32, 1-155 (1985).

K. Koepernik, H. Eschrig, Full-potential nonorthogonal local-orbital minimum-basis
band-structure scheme. Phys. Rev. B. 59, 1743-1757 (1999).

1. Opahle, K. Koepernik, H. Eschrig, Full-potential band-structure calculation of iron pyrite.
Phys. Rev. B. 60, 14035-14041 (1999).

FPLO - a full-potential local-orbital minimum-basis code, (available at https://www.fplo.de/).
J. P. Perdew, Y. Wang, Accurate and simple analytic representation of the electron-gas
correlation energy. Phys. Rev. B. 45, 13244-13249 (1992).

M. Aichhorn, L. Pourovskii, V. Vildosola, M. Ferrero, O. Parcollet, T. Miyake, A. Georges,
S. Biermann, Dynamical mean-field theory within an augmented plane-wave framework:
Assessing electronic correlations in the iron pnictide LaFeAsO. Phys. Rev. B. 80, 085101
(2009).

M. Aichhorn, L. Pourovskii, A. Georges, Importance of electronic correlations for structural
and magnetic properties of the iron pnictide superconductor LaFeAsO. Phys. Rev. B. 84,
054529 (2011).

P.Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, J. Luitz, WIEN2K package.

O. Parcollet, M. Ferrero, T. Ayral, H. Hafermann, |. Krivenko, L. Messio, P. Seth, TRIQS:

A toolbox for research on interacting quantum systems. Comput. Phys. Commun. 196,
398-415 (2015).

M. Aichhorn, L. Pourovskii, P. Seth, V. Vildosola, M. Zingl, O. E. Peil, X. Deng, J. Mravlje,
G. J. Kraberger, C. Martins, M. Ferrero, O. Parcollet, TRIQS/DFTTools: A TRIQS application
for ab initio calculations of correlated materials. Comput. Phys. Commun. 204,
200-208 (2016).

J. Hubbard, Electron correlations in narrow energy bands. Proc. R. Soc. Lond. A. 276, 238-257
(1963).

L. V. Pourovskii, Two-site fluctuations and multipolar intersite exchange interactions in
strongly correlated systems. Phys. Rev. B. 94, 115117 (2016).

J. Hicks, M. Sprinkle, K. Shepperd, F. Wang, A. Tejeda, A. Taleb-Ibrahimi, F. Bertran, P. Le Févre,
W. A. de Heer, C. Berger, E. H. Conrad, Symmetry breaking in commensurate graphene
rotational stacking: Comparison of theory and experiment. Phys. Rev. B. 83, 205403 (2011).

Acknowledgments: We thank J. Schmalian, K. Kuroki, C. Hooley, A. Rost, and B. Schmidt for
useful discussions. Funding: We acknowledge support from the European Research Council
(grant nos. ERC-714193-QUESTDO and ERC-319286-QMAC), the Royal Society, the
Leverhulme Trust (grant nos. RL-2016-006 and PLP-2015-144R), the Max-Planck Society, the
Simons Foundation, and the International Max-Planck Partnership for Measurement and
Observation at the Quantum Limit. V.S. and 0.J.C. acknowledge EPSRC for PhD studentship
support through grant numbers EP/L015110/1 and EP/K503162/1. .M. acknowledges PhD
studentship support from the IMPRS for the Chemistry and Physics of Quantum Materials.
We thank Diamond Light Source for access to beamlines 109 (proposal no. S119479) and 105

6 of 7

0202 ‘0T Areniga- uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/cgi/content/full/6/6/eaaz0611/DC1
http://advances.sciencemag.org/cgi/content/full/6/6/eaaz0611/DC1
https://www.fplo.de/
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

(proposal no. SI17699), which contributed to the results presented here. The work at the Max
Planck Institute for the Physics of Complex Systems was supported in part by the Deutsche
Forschungsgemeinschaft under grants SFB 1143 (project-id 247310070) and the cluster of
excellence ct.gmat (EXC 2147, project-id39085490). Author contributions: V.S., F.M., 0.J.C,
M.D.W., .M., D.B., and P.D.C.K. measured the experimental data, and V.S. and F.M. analyzed
the data. S. Kh. and P.K. grew and characterized the samples. V.S. performed initial tight
binding modeling. S. Ki. and T.O. performed the strong coupling theory calculations. H.R.
performed the DFT calculations. L.P. and A.G. performed the DMFT calculations. T.K.K., P.KT.,
and T.-L.L. maintained the ARPES and soft x-ray ARPES end stations and provided
experimental support. V.S, RM., T.O., A.P.M.,, and P.D.C.K. wrote the manuscript with input
and discussion from the co-authors and were responsible for overall project planning and
direction. Competing interests: The authors declare that they have no competing interests.
Data and materials availability: All data needed to evaluate the conclusions in the paper

Sunko et al., Sci. Adv. 2020; 6 : eaaz0611 7 February 2020

are present in the paper and/or the Supplementary Materials. Additional data related to this
paper may be requested from the authors. The data underpinning the findings of this study
are available at https://doi.org/10.17630/54473334-dab4-4598-ae1a-ad38c2271d35.

Submitted 8 August 2019
Accepted 29 October 2019
Published 7 February 2020
10.1126/sciadv.aaz0611

Citation: V. Sunko, F. Mazzola, S. Kitamura, S. Khim, P. Kushwaha, O. J. Clark, M. D. Watson,
I. Markovi¢, D. Biswas, L. Pourovskii, T. K. Kim, T.-L. Lee, P. K. Thakur, H. Rosner, A. Georges,
R. Moessner, T. Oka, A. P. Mackenzie, P. D. C. King, Probing spin correlations using angle-resolved
photoemission in a coupled metallic/Mott insulator system. Sci. Adv. 6, eaaz0611 (2020).

7of 7

0202 ‘0T Areniga- uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


https://doi.org/10.17630/54473334-dab4-4598-ae1a-ad38c2271d35
http://advances.sciencemag.org/

Science Advances

Probing spin correlations using angle-resolved photoemission in a coupled metallic/Mott
insulator system

V. Sunko, F. Mazzola, S. Kitamura, S. Khim, P. Kushwaha, O. J. Clark, M. D. Watson, |. Markovic, D. Biswas, L. Pourovskii, T.

K. Kim, T.-L. Lee, P. K. Thakur, H. Rosner, A. Georges, R. Moessner, T. Oka, A. P. Mackenzie and P. D. C. King

Sci Adv 6 (6), eaaz0611.
DOI: 10.1126/sciadv.aaz0611

ARTICLE TOOLS http://advances.sciencemag.org/content/6/6/eaaz0611
,\SA%FE’@\V'LESNTARY http://advances.sciencemag.org/content/suppl/2020/02/03/6.6.eaaz0611.DC1
REFERENCES This article cites 38 articles, 1 of which you can access for free

http://advances.sciencemag.org/content/6/6/eaaz0611#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2020 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC
BY).

0202 ‘0T Areniga- uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/content/6/6/eaaz0611
http://advances.sciencemag.org/content/suppl/2020/02/03/6.6.eaaz0611.DC1
http://advances.sciencemag.org/content/6/6/eaaz0611#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

