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Understanding the role of electron correlations in strong spin-orbit transition-metal oxides is key to the realization
of numerous exotic phases including spin-orbit–assisted Mott insulators, correlated topological solids, and prospec-
tive new high-temperature superconductors. To date, most attention has been focused on the 5d iridium-based
oxides. We instead consider the Pt-based delafossite oxide PtCoO2. Our transport measurements, performed on
single-crystal samples etched to well-defined geometries using focused ion beam techniques, yield a room tem-
perature resistivity of only 2.1 microhm·cm (mW-cm), establishing PtCoO2 as the most conductive oxide known. From
angle-resolved photoemission and density functional theory, we show that the underlying Fermi surface is a single
cylinder of nearly hexagonal cross-section, with very weak dispersion along kz. Despite being predominantly com-
posed of d-orbital character, the conduction band is remarkably steep, with an average effective mass of only
1.14me. Moreover, the sharp spectral features observed in photoemission remain well defined with little additional
broadening for more than 500 meV below EF, pointing to suppressed electron-electron scattering. Together, our
findings establish PtCoO2 as a model nearly-free-electron system in a 5d delafossite transition-metal oxide.
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INTRODUCTION

The delafossite structural series of oxides has recently attracted consid-
erable attention because of the remarkable and varied properties of the
compounds in the series. Its general formula is ABO2, in which A is a
noble metal (Pt, Pd, Ag, or Cu) and B is a transitionmetal (for example,
Cr, Co, Fe, Al, and Ni) (1–4). The metal atoms are found in layers with
triangular lattices, stacked along the perpendicular direction in various
sequences, leading to structures similar to the layered rocksalt structure
of the well-known ionic conductor LiCoO2 and of NaCoO2, which
superconducts when intercalated by water. Interlayer coupling is weak,
so the delafossites are quasi–two-dimensional.

The low temperature properties across the series vary considerably
with A and B combinations. Known materials include candidate mag-
netoelectric insulators and thermoelectrics (5, 6), transparent conduc-
tors (7), and band insulators (1–4). There are also intriguingmetals such
as AgNiO2 and PdCrO2 in which the conduction takes place between
Mott-insulating layers with magnetic order (8–13) and nonmagnetic
metals with ultrahigh conductivity, such as PdCoO2. Although they
have been less studied than the layered perovskites, the delafossites have
considerable potential for new physics and technology; epitaxial multi-
layers of delafossites and of delafossite/rocksalt combinations can be
imagined. There is, therefore, a strong motivation to understand the
fascinating properties of individual materials in the series.

In PdCoO2, cobalt has formal valence of 3+ and the 3d6 con-
figuration, meaning that the states at the Fermi level have dominantly
Pd character (14–17), with a single half-filled band crossing the Fermi
level. At 300K, the resistivity (r) is 2.6microhm·cm (mW-cm), lower per
carrier than that of Cu (18). At low temperatures, both the shape and the
value of r are very unusual. It is best fitted by r = r0 + be−T*/T (with b as
a constant and T* =165 K) rather than the power law expected for stan-
dard phonon scattering. At least as surprising as the form of r is its val-
ue. A residual resistivity of only 7 nanohm·cm (nW-cm) has been reported
(18). This corresponds to amean free path (ℓ) of 20 mm, or ~1 × 105 lattice
spacings, an astonishing value in crystals grown from fluxes in hot crucibles
that havenotbeen subjected to anypostgrowthpurification.Thehighvalue
of ℓ inPdCoO2has important consequences for anumberofphysical prop-
erties, for example, the out-of-plane magnetoresistance, which is huge and
strongly varieswith field angle (19), behavior consistentwith observationof
the long-sought “axial anomaly” (20, 21).

The subject of this paper, PtCoO2, offers an opportunity to extend
the study of the intriguing metallic delafossite oxides to a 5d system
where spin-orbit coupling (SOC) is considerably stronger. Although
crystal growth (2) and room temperature resistivity (3) were reported
over 40 years ago, no temperature-dependent transport studies were
carried out on those crystals, and further crystal growth proved to be
extremely challenging. Here, we describe crystal growth using a differ-
ent method to those previously attempted in PtCoO2. This yields high-
quality single crystals large enough for spectroscopic measurements.
From angle-resolved photoemission spectroscopy (ARPES), combined
with density functional theory calculations and precise transport mea-
surements performed on focused ion beam patterned crystals, we show
that PtCoO2 hosts ultrahigh conductivity derived from a single half-
filled and nearly free-electron–like Pt 5d band.
RESULTS

Single crystals
First, we describe our crystal growth. Shannon (22) reported sin-
gle crystal growth of PtxCoyO2 (where x and y were 0.85 ± 0.15) sev-
eral decades ago. Stoichiometric PtCoO2 was grown only under high
pressure (3000 atm), with other growth conditions resulting only in
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nonstoichiometric crystals. Tanaka et al. (23) were able to grow stoichi-
ometric PtCoO2 by using ametathetical reaction under vacuum, but the
crystal sizewas limited to 30mm.Here,weused a technique similar to that
applied by Takatsu et al. (24) to the growth of PdCoO2 (see Materials
and Methods) to realize large stoichiometric PtCoO2 single crystals.

Figure 1A shows optical pictures of the as-grown crystals. They form
as triangular or hexagonal plates. Terrace-type lateral growth leads to
variation in crystal thickness from one side to another as evident from
Fig. 1A. However, there were many crystals with uniform thickness
without any steps. Because of their brittleness and layered nature, the
typical size of these crystals varies from in-plane dimensions of a few
micrometers to 0.3 mm, with a maximum thickness of 3 mm. Bigger
crystals were grown after usingmodified techniqueswithmore complex
temperature profiles (25). A cluster of such big as-grown crystals is
shown in the inset of Fig. 1A. These crystals were used for the ARPES
measurements discussed below. Single crystals were mechanically
separated using a scalpel and then separated from unreacted CoO
and from CoCl2 powder by cleaning the product with boiling alcohol.
All crystals were characterized by a scanning electron microscope
(SEM)with an electron probemicroanalyzer and confirmed to be single
phase with no inclusions. Le Bail fitting of the powder x-ray diffraction
(XRD) pattern was performed using space groupR3m (space group no.
166). The experimental XRD pattern along with the fitted pattern and
the difference between the two are shown in Fig. 1B. The refined lattice
parameters are a = 2.82259(±5) Å and c = 17.8084(±3) Å.
Kushwaha et al. Sci. Adv. 2015;1:e1500692 23 October 2015
Transport measurements
Because the resistivity of PtCoO2 is very low (3), it was challenging to
obtain accurate absolute values of resistivity because of uncertain geo-
metrical factors. To overcome this, and to enhance the precision with
which we could measure even smaller resistances at low temperatures,
we made use of focused ion beam techniques to prepare samples with
well-defined geometries (26). One example, along with its dimensions
(length between two voltage contacts, 40mm;width, is 8.4mm; thickness,
is 2.6 mm), is shown in Fig. 1C.

In Fig. 2, we show the in-plane resistivity of PtCoO2 crystals from the
growth run described above. In total, about 10 crystals were studied, and
the reproducibility of the temperature dependence was excellent. The
data are from the well-defined microstructure shown in Fig. 1, allowing
the absolute value of resistivity to be determined with an accuracy of
better than 5%. At room temperature, r = 2.1 microhm·cm, the lowest
evermeasured in an oxidemetal. This is 20% lower than that of PdCoO2

(18) and about a factor of 4 (27) and 12 (28) lower than in ReO3 and
IrO2, respectively, which are themselves famous examples of good 5d
oxide conductors. The resistivity decreases to less than 40 nanohm·cm
at 16 K but then rises again by about 4% between 16 and 2 K, as shown
in the inset of Fig. 2A. The residual resistivity ratio r300K/r15K is typically
50 to 60. The upturn is consistently observed in both as-grown crystals
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Fig. 1. Single-crystal PtCoO2 samples. (A) Optical microscope image
of as-grown crystals of PtCoO2. (B) Le Bail fitting of powder XRD pattern
along with the fitted and the difference curve. All peaks are labeled with
corresponding hkl values. Peaks marked with “*” correspond to un-
avoidable unreacted PtCl2 stuck to the crystal surface. (C) SEM image of
a sample used for transport measurements in which a focused ion beam
was used to define a measurement track of well-defined geometry.
A

B

Fig. 2. Temperature-dependent transport. (A) The temperature-
dependent in-plane resistivity of PtCoO2 in zero applied magnetic field.
The inset shows a magnified view of the low-temperature resistivity, reveal-
ing an upturn below 16 K. (B) Temperature dependence of the Hall co-
efficient (RH), calculated by taking the field gradient between 7 and 9 T
of the data shown in fig. S1.
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and those that were microstructured with the focused ion beam, so we
are certain that it is not the result of ion beam–induced disorder. The
measured magnetoresistance of PtCoO2 is positive for all temperatures
above 2 K, making it unlikely that the Kondo effect is the cause of the
upturn. Its origin will be the subject of further investigation.

In Fig. 2B, we show the measured Hall coefficient deduced from
measurements of the transverse resistivity of the device shown in Fig.
1C (see also fig. S1). Below 20 K, the data are dominated by the high-
field regime in which the Fermi surface volume alone is expected to de-
termine the value of the Hall coefficient (29). The value in that region is
about 2.9 × 10−10 m3/C, close to the value that we measure for PdCoO2

under the same conditions, and within 10% of the expectation for a
single band containing one electron per Pt.

Electronic structure
OurARPESmeasurements (Fig. 3) directly reveal just such a Fermi sur-
face, composed of a single electron pocket centered at the G point of the
Brillouin zone. The sharp spectral features are indicative of quasi–two-
dimensional electronic states (30). The near-hexagonal Fermi surface,
rotated by 30° with respect to the Brillouin zone, is qualitatively similar
to that of the bulk Fermi surface of PdCoO2 (31).We find, however, that
the PtCoO2 Fermi surface has sharper corners and slightly concave
faces. This is consistent with previous first-principles calculations (32),
as well as our own density functional theory results (Fig. 3B). Our cal-
culations predict an additional hole band in the vicinity ofEF at the zone
edge (Fig. 4A), whose position delicately depends on the oxygen posi-
tion (0,0,z) as shown in fig. S2B. Neglecting SOC, this intersects the Fer-
mi level when using either the experimental (2) or fully relaxed oxygen
positions, creating additional small lens-shaped Fermi surface pockets.
Including SOC, however, lowers these bands by ~100 meV, pushing
them below the Fermi level. Spin-orbit interactions therefore stabilize
a robust single-band Fermi surface in PtCoO2, consistent with our
ARPESmeasurements aswell as recent deHaas–vanAlphen results (33).

The Fermi surface areawe extract fromARPES, by fittingMDCs as a
function of angle around the Brillouin zone, is 2.6 ± 0.1 Å–2. The
Kushwaha et al. Sci. Adv. 2015;1:e1500692 23 October 2015
corresponding Luttinger count, assuming perfect two-dimensionality,
is n = (0.92 ± 0.05)e–. This is comparable to ARPES measurements of
PdCrO2 (34) but is slightly smaller than that expected for a half-filled
zone derived from a single conduction electron per Pt. In contrast, de
Haas–van Alphen measurements indicate a Luttinger count within 2%
of half-filling. We thus ascribe the deviations in our ARPES measure-
ments as due to a possible small difference in surface chemistry from the
bulk, sample-to-sample stoichiometry variations, or surface charge
transfer. Nonetheless, we find almost perfect agreement of the shape
of ourmeasured Fermi surface with our calculations from density func-
tional theory scaled to have the same area (Fig. 3B). We therefore con-
clude that our measurements are indicative of the bulk electronic
structure of PtCoO2.We note that, at lower photon energies, weak spec-
tral features emerge, giving rise to shoulders on the states reported here
and residual spectral weight at the zone center. In comparison to pre-
vious surface electronic structure calculations for PdCoO2 (16) and
ARPESmeasurements ofPdCrO2 (34),we attribute these toPt-terminated
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the Brillouin zone. (B) The Fermi surface area is 8% smaller than would be
expected for a half-filled band, as discussed in the main text, but its shape
is in agreement with the Fermi surface obtained from GGA (general gradi-
ent approximation) + SO (spin orbit) + U calculations (U = 4 eV), shown in
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Fermi momenta extracted from (A) by radially fitting momentum distribu-
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surface states not visible at the higher photon energies shown here be-
cause of photoemission cross-section variations (35), although their
weak weight precludes an unambiguous assignment between these
features. Other cleaves showed stronger surface-derived features but a
bulk band in quantitative agreement with the one found here.

Figure 5A shows the bulk band dispersionmeasured along theG −K
direction. Consistent with our measured Fermi surface, we find a single
band in the vicinity of EF. It is extremely steep, dispersing by less than
5%of the Brillouin zone over the energy range of 0.6 eVbelow the Fermi
level shown in Fig. 5A. Indeed, from fits to MDCs, we find negligible
deviations from linearity over a range exceeding 0.25 eV below EF,
together with a high Fermi velocity of (8.9 ± 0.5) × 105 m/s [5.8 ±
0.3 eVÅ/ħ]. This is several times larger than observed in other metallic
5d oxides (36, 37) and yields an effectivemass,m* = 1.09me, within 10%
of the free-electron mass. With no free parameters, using this effective
mass within a simple parabolicmodel reproduces ourmeasured disper-
sion over an extended energy range well (Fig. 5A).

The Fermi velocity [(8.9 ± 0.9) × 105m/s] that we extract alongG −
M is the same as that along G − K within our experimental resolution
(Fig. 5B). This is almost 20% higher than that measured along the G −
M direction in PdCoO2 (31). Because of the higher kF along G − M
than G − K, the effective mass obtained from our measured Fermi ve-
locity, m* = 1.27me, deviates further from the free-electron mass. The
average mass of m* = 1.18me is in agreement with the value of m* =
(1.14 ± 0.05)me obtained from quantum oscillations of PtCoO2 (33)
Kushwaha et al. Sci. Adv. 2015;1:e1500692 23 October 2015
and is again notably smaller than the values of about 1.5me obtained
for PdCoO2 (18).
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DISCUSSION

The above measurements point to light quasiparticles in this system, in
keeping with their extremely high conductivity, with an even wider
electronic bandwidth of the state crossing EF in PtCoO2 than the Pd-
derived sister compound. In PdCoO2, it has proved controversial
whether the high conductivity and low effective masses are mediated
by significant Pd s-d orbital mixing (3, 14, 18, 31, 38). To specifically
address this issue, we have performed our density functional calcula-
tions using a local-orbital rather than plane-wave basis (see Materials
and Methods), which allows a well-justified assignment of orbital
characters.We find that the density of states at the Fermi level predomi-
nantly originates from Pt states, with almost 90% Pt-related character.
About 85% of these states belong to the Pt 5d orbitals with only a small
admixture of Pt 6s and Pt 6p (Fig. 4B). Because of the localized nature of
the Co 3d shell, the strong Coulomb repulsion for these states was ex-
plicitly taken into account (see fig. S2 andMaterials andMethods). This
suppresses an unphysical hybridization of the Co 3d states with the Pt
5d states near the Fermi level, which causes a pronounced rounding of
alternating Fermi surface corners in contrast to the experiment. This
suppression occurs for U3d ≳ 3 eV, after which the Fermi surface
topology and its orbital character are insensitive to the value ofU3d used
over our investigated range of up to 6 eV. The Pt d-orbital–derived na-
ture of the Fermi surface found here is entirely in keeping with its
faceted nature, whereas the increase of electronic bandwidth com-
pared to PdCoO2 can naturally be understood from the spatially
more extended nature of Pt 5d than Pd 4d orbitals. Remarkably,
the effective masses we observe here are a factor of 2 to 3 smaller than
even those of the strongly s-d hybridized electron Fermi surface
sheets in Pt metal (39).

From the bulk Fermi surface, we can straightforwardly convert
our resistivity measurements shown in Fig. 2 to a temperature-
dependent mean free path, which we find rises from 700 Å at room
temperature to as high as 4 mm at 16 K. This is qualitatively con-
sistent with the sharp spectral features we observe in ARPES. We
observe narrow linewidths of MDCs at the Fermi level of better than
0.04 Å–1 (Fig. 5A), very similar to those previously reported for PdCoO2

(31) and comparable to our experimental angular resolution. These
remain clearly resolved to high binding energies, with ≲ 0.01 Å–1 in-
crease in linewidth over the first 350 meV binding energy range. This
indicates a striking resilience of the quasiparticle lifetime away from
the Fermi level, suggesting weak electron-electron scattering in PtCoO2.
This is in contrast to other well-known Fermi liquid oxide metals such
as Sr2RuO4 (40) and Sr2RhO4 (41), which host sharp spectral features
at low energy but rapidly develop substantial broadening away from
EF. Additionally, those systems host moderate correlation-induced en-
hancements of the effective mass. The lack of both of these features
here points to a particularly weak influence of electron-electron inter-
actions on the electronic structure of PtCoO2.

This is not the situation in all quasi–two-dimensional 5d transition-
metal oxides. In the layered iridates, for example, electronic correlations
are still strong enough to drive a Mott-like transition to an insulating
state once structural distortions and strong SOC collectively narrow the
electronic bandwidth (37, 42, 43). In contrast, itineracy is preserved in
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PtCoO2 by the isolated single-band nature of the Fermi surface. In the
absence of band-folding arising from structural distortions, not present
in PtCoO2, this band remains relatively unaffected by SOC, whereas
large hybridization gaps are only opened away from EF where band
crossings between different orbital character states occur (see, for exam-
ple, around the T point in Fig. 4A, where a dxz/yz degeneracy is lifted by
about 600 meV). Thus, the bandwidth of the state crossing EF in
PtCoO2 remains large, away from the narrow-band Jeff = 1/2 limit of
the iridates. This naturally renders the electronic correlations expected
of a 5d system insufficient to drive a Mott transition. Nonetheless, the
extremely good metallicity and lack of spectral broadening away from
EF point not only to large bare bandwidths but also to suppressed electron-
electron interactions compared tootherwide-band transition-metal oxides.
Indeed, the fact that the Fermi velocities shown in Fig. 5B are so close to the
free-electron values is itself remarkable, because the highly faceted Fermi
surface demonstrates the influence of the lattice potential on the states near
EF. Nonetheless, our measurements firmly establish PtCoO2 as a model
half-filled nearly free-electron oxide metal, with high-quality crystals ren-
dering this system an ideal test bed for future studies of the nature of
electronic correlations and the origins of extremely goodmetallicity in both
Pt- and Pd-based delafossite oxides.
 on O
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MATERIALS AND METHODS

Single crystal growth
Powders of reagent-grade PtCl2 (99.99+% purity; Alfa Aesar) and CoO
(99.995% purity; Alfa Aesar) were ground together for about an hour
under an inert atmosphere in accordance with the chemical reaction
PtCl2 + 2CoO→ PtCoO2 + CoCl2. The mixed powder was then sealed
in a quartz tube under a vacuumof 5 × 10−6 torr. The sealed quartz tube
was heated in a vertical furnace to 800°C for 5 hours and cooled down to
740°C at a rate of 7.5°C/hour and kept at this temperature for 30 hours.
Finally, the furnace was cooled from 740°C to room temperature at a
rate of 90°C/hour.

Transport
Transport measurements were performed using standard four-probe
ac techniques in 4He cryostats (Quantum Design), with measure-
ment frequencies in the range of 50 to 200 Hz, magnetic fields of
up to 14 T, and the use of single-axis rotators. TheHall effect was stud-
ied using reversed-field sweeps in the range of − 9 T < B < 9 T at a se-
ries of fixed temperatures.

Angle-resolved photoemission
ARPES measurements were performed using the I05 beamline of Dia-
mond Light Source, UK. Samples were cleaved in situ at the measure-
ment temperature of ~6 K. Measurements shown in Figs. 3 and 5 were
performedusing 110 and 118 eV p-polarized light, respectively.A Scien-
ta R4000 hemispherical analyzer was used for all the measurements.

Density functional theory calculations
Relativistic density functional electronic structure calculations were
performed using the full-potential FPLO code (44, 45) version fplo14.00-
47. For the exchange-correlation potential, within the GGA, the param-
eterization of Perdew-Burke-Ernzerhof (46) was chosen. The SOC was
nonperturbatively treated, solving the four-component Kohn-Sham-
Dirac equation (47). To obtain precise band structure and Fermi surface
Kushwaha et al. Sci. Adv. 2015;1:e1500692 23 October 2015
information, we carried out the calculations on a well-converged mesh
of 27,000 k-points (30 × 30 × 30 mesh, 2496 points in the irreducible
wedge of the Brillouin zone). The strong Coulomb repulsion in the Co
3d shell was taken into account in amean field way applying theGGA+
U approximation (48) in the atomic-limit (AL) flavor. For all calcula-
tions, the experimental lattice parameters have been used.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/9/e1500692/DC1
Hall effect measurement
Fig. S1. Field-dependent Hall effect measurements.
Calculated density of states
Fig. S2. Additional density-of-states calculations.
Reference (49)
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