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Metallic delafossite materials (e.g., PdCoO2, PtCoO2), have attracted much recent attention due to record-high
oxide conductivities, the origins of which remain unclear. Relatively little attention has been paid to their related
thermal properties, however. We address this here via wide temperature range experimental studies of the crystal
structure, thermal expansion, and specific heat of single-crystal PdCoO2, combined with density-functional
theory (DFT) calculations of the electronic and phononic densities of states, and thus thermal properties. PdCoO2

is shown to retain the R3̄m space group from 12 to 1000 K, exhibiting a- and c-axis thermal expansion in
good quantitative agreement with DFT-based lattice dynamics calculations. The Co-O bond lengths additionally
elucidate the stability of the low-spin state of the nominally Co3+ ions, which is a notable difference between the
edge-shared Co-O octahedra in PdCoO2 and the corner-shared octahedra in Co-based perovskites. Measurements
of specific heat from 1.9 to 400 K provide accurate values for the Debye temperature and Sommerfeld coefficient,
the phononic part being describable via a combined Debye-Einstein approach (accounting for high-frequency
oxygen-related optical phonons), with excess intermediate-temperature specific heat due to a prominent low-
energy peak in the phonon density of states. Most significantly, all electronic and phononic contributions to the
specific heat are shown to be remarkably closely reproduced by DFT-based calculations, establishing quantitative
understanding of key thermal properties of the metallic delafossite PdCoO2.

DOI: 10.1103/PhysRevMaterials.6.115004

I. INTRODUCTION

A sizable number of complex oxides are known to
crystallize in the delafossite structure, with ABO2 stoi-
chiometry [1–4]. The A1+ ions in this family crystallize in
two-dimensional (2D) triangular sheets, forming linearly co-
ordinated bonds with adjacent O ions in edge-shared B3+O6

octahedra, thus creating highly anisotropic layered structures
[Figs. 1(a)–1(c)] [2,4]. The majority of such delafossites are
insulators or semiconductors, prominent examples being the
CuFeO2 and related materials that have been studied in the
context of frustrated magnetism [5–8], and for various en-
ergy applications [9–12]. A smaller number of delafossites
are metallic, most notably PdCoO2, PtCoO2, PdCrO2, and
PdRhO2 [1–4,13]. These materials, with formally monovalent
Pd or Pt, and trivalent Co, Cr, or Rh, have been known since
1971 [1–3] but have only recently been recognized to exhibit
extraordinary properties [4,13]. Specifically, PdCoO2 and
PtCoO2 are now understood to be the most conductive oxides
known [4]. Their in-plane [i.e., a-b plane; see Figs. 1(a)–1(c)]
room-temperature resistivities have been reported to be 3.1
and 1.8 μ� cm, respectively [14], comparable to or less
than Au. Equally remarkably, their residual resistivities fall
as low as 8 n� cm [14], generating residual resistivity ratios
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approaching 400 [14,15]. Such low-temperature resistivities
imply electron mobilities up to ∼34 000 cm2 V−1 s−1 and
mean-free-paths up to ∼20 μm [4,16], despite their three-
component complex-oxidic nature, and 2D structures. This
suggests an extraordinary level of purity and crystalline per-
fection [17,18], or some source of insensitivity to defects and
scattering, the origins of which are unclear [4].

The electronic structure of the metallic delafossites is
equally remarkable. Continuing to use the most extensively
studied PdCoO2 and PtCoO2 as examples, these materials
have been shown, from experiment [15,16,19–24] and theory
[22,25–32], to exhibit strikingly simple electronic structure.
A single Pd- or Pt-d band crosses the Fermi level (EF), the
electron effective masses are only 1.1–1.5 me, and the Fermi
surface is a hexagonal cross-section cylinder filling half the
first Brillouin zone [15–30] [Figs. 1(d) and 1(e)]. Addition-
ally, the formally Co3+ ions are thought to be in a low-spin
(S = 0) configuration, while the Pd- or Pt-derived itiner-
ant electrons generate relatively simple Pauli paramagnetism
[4,15,33,34]. These compounds thus realize near-ideal nearly
free-electron behavior in nonmagnetically-ordered 2D sys-
tems [20], enabling a series of exciting advances. As already
alluded to, state-of-the-art residual resistivity ratios, deduced
mobilities, and extracted mean-free paths have reached almost
400, ∼34 000 cm2 V−1 s−1, and ∼20 μm, respectively, with
c-axis/a-b-plane resistivity anisotropies of >100 [4,15,16].
Such crystals have been utilized in recent observations of
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FIG. 1. (a) Three-dimensional rendering of the room-
temperature crystal structure of R3̄m PdCoO2. Pd, Co, and O
ions are shown in green, blue, and red, respectively, and the
crystal axes a, b, and c are defined. (Illustrations were generated
in VESTA [97] from the structure file in Ref. [80]). (b) and (c)
illustrate the a-b-plane arrangements of Pd ions and edge-sharing
Co-O octahedra, respectively. A single hexagonal unit cell
(a = 2.83 Å, c = 17.743 Å at room temperature) is outlined. (d)
Three-dimensional DFT-calculated PdCoO2 Fermi surface within
the first Brillouin zone (black lines) of the rhombohedral unit cell
(plotted with XCRYSDEN [98]). (e) Two-dimensional DFT-calculated
kz = 0 Fermi surface cut within the first Brillouin zone (black line)
of the hexagonal lattice. The shades of green correspond to the
fractional weight of the Pd-d orbital contribution, relative to the sum
of the Pd, Co, and O s, p, and d orbitals.

quantum oscillations (de Haas–van Alphen and Shubnikov–de
Haas) [15,16,23,24], enormous c-axis positive magnetore-
sistance for specific in-plane magnetic field directions [35],
unconventional a-b-plane magnetoresistance [14], exponen-
tially temperature-dependent resistivity implicating phonon
drag effects [16], supergeometric electron focusing effects
associated with the hexagonal Fermi surface [36], potential
hydrodynamic electron transport [23], and itinerant surface
ferromagnetism [22,37,38]. Various groups are also grappling
with the origins of the record conductivity, through the delib-
erate introduction of defects [18], and via insights into how the
unique electronic structure could mitigate impurity scattering
[32]. Numerous thin-film synthesis efforts are also underway
[37,39–51].

Understandably, the focus of the majority of the above
results is firmly on transport, meaning that far less is un-
derstood regarding other properties of metallic delafossites,
including structural and thermal. It appears unknown, for
example, whether bulk PdCoO2 and PtCoO2 retain their room-

temperature R3̄m structure to lower and higher temperature
(T), or whether structural transformations or anomalies occur.
The latter are well known in Co3+-based perovskites, due to
spin-state crossovers from the low-spin state [52–59]. The
thermal expansion of metallic delafossites is also unexplored,
even though nonmetallic delafossites exhibit anomalous ther-
mal expansion tendencies, including regimes of negative
thermal expansion [60,61]. Knowledge and understanding of
the specific heat (CP) of metallic delafossites is similarly lim-
ited, despite that the electronic contribution to CP provides
direct insight into the electronic structure, while the phononic
contribution is directly relevant to the phonon scattering that
impacts the extraordinary T-dependent resistivity. In more de-
tail, the first report of CP(T ) in PdCoO2 focused on the low-T
regime only, deducing a Debye temperature (�D) of 456 K
and a Sommerfeld coefficient (γ ) of 4.14 mJ mol−1 K−2

[62]. The latter is now understood to be in poor quantitative
agreement with the electronic structure [4], however, while
a large, potentially impurity-related [4,15] Schottky anomaly
was also found [62]. Subsequent CP(T ) measurements were
performed over a wider T range, on higher-quality crystals
[4], yielding a quite different γ of 1.28 mJ mol−1 K−2 and a
low-T �D of 501 K [15]. The higher-T behavior was shown to
be describable within a Debye-Einstein approach with �D =
340 K and Einstein temperature �E = 790 K [15]. Various
features known to arise in the CP(T ) of other compounds with
BO6 octahedra, such as excess specific heat associated with
low-energy peaks in the phonon density of states [63], have
also not been observed in PdCoO2 or PtCoO2. There thus exist
a host of open issues that could potentially be elucidated via a
systematic study of thermal properties of PdCoO2 or PtCoO2,
particularly if performed on high-quality single crystals.

This work addresses the above through a wide-range (12–
1000 K) T-dependent study of the crystal structure of PdCoO2,
as well its a- and c-axis thermal expansion, via x-ray diffrac-
tion (XRD). This is augmented with a wide-range (1.9-400 K)
CP(T ) study, all on high-quality crystals, closely correlated
with first-principles calculations via density-functional the-
ory (DFT). The structural studies reveal that the R3̄m space
group is retained over the entire T range, with no structural
transformation, and with a- and c-axis thermal expansion
in good quantitative agreement with DFT-based lattice dy-
namics calculations. Co-O bond lengths additionally provide
insight into the stability of the low-spin state of the nom-
inally Co3+ ions in the edge-shared Co-O octahedra of
PdCoO2, in contrast to the corner-shared Co-O octahedra in
perovskite cobaltites. Careful analysis of the low-T CP(T )
yields accurate values for the low-T �D and γ of 523 K and
1.16 mJ mol−1 K−2, respectively, the latter being in quantita-
tive agreement with the electronic structure. Consistent with
Takatsu et al. [15], the broader-T range CP(T ) can be modeled
within a Debye-Einstein approach, where the Debye term
(with �D = 360 K) captures the Co- and Pd-related phonon
modes, while the Einstein term (with �E = 830 K) captures
O-related high-frequency optical modes. We also detect ex-
cess intermediate-T phononic CP associated with the first
peaks in the PdCoO2 phonon density of states (DOS), which
can be crudely captured with an additional Einstein mode
with �E = 180 K. Moreover, each of these electronic and
phononic contributions to CP is shown to be remarkably well
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reproduced by DFT calculations. We thus conclude quantita-
tive understanding of key thermal properties of the prototype
delafossite metal PdCoO2, advancing the understanding of
this fascinating materials class.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

PdCoO2 crystals were grown using a two-step process.
First, high-purity PdCoO2 precursor powder was prepared via
the metathesis reaction PdCl2 + Co3O4 + Pd → 2PdCoO2 +
CoCl2 [1]. For this, high-purity PdCl2 (Alfa Aesar, 99.999%),
Co3O4 (Alfa Aesar, 99.9985%), and Pd (Sigma-Aldrich,
99.995%) powders were thoroughly mixed and loaded into
quartz ampoules in a 1.5:1:1 molar ratio, the additional PdCl2

being reported to promote PdCoO2 crystallization [15]. The
ampoules were vacuum sealed (at ∼10−6 Torr) then heated
at 300 ◦C/h to 750 ◦C in a box furnace, held at 750 ◦C for
60 h, cooled at 40 ◦C/h to 400 ◦C, and furnace cooled to
room temperature. The product was then successively washed
in boiling ethanol and room-temperature acetone, to remove
excess chlorides. Powder XRD revealed minor Pd and Co3O4

phase impurities at this stage. In the second step, chemical
vapor transport (CVT) was used to grow PdCoO2 crystals,
informed by prior Cl-based CVT of PdO and Co3O4 [64].
For this, ∼1 g of the PdCoO2 precursor was loaded and
vacuum sealed (at ∼10−6 Torr) in a second quartz ampoule
with ∼0.1 g of PdCl2 powder (Alfa Aesar, 99.999%). The
ampoule was then placed in a two-zone furnace, with hot
and cold zones at 760 and 710 ◦C. After a 3-d inversion
period to clean the growth zone, the growth was run for
13 d. As we will detail elsewhere [65], CVT likely pro-
ceeds via PdCoO2(s) + 2Cl2(g) ↔ PdCl2(g) + CoCl2(g) +
O2(g). In essence, decomposition of the precursor PdCl2 pro-
duces Cl2, which reacts with PdCoO2 to form PdCl2, CoCl2,
and O2, all in the gas phase, enabling the above reaction to
run to the left (in the cold zone), growing high-purity PdCoO2

crystals. Multicrystals with up to 12-mm lateral dimensions
and several millimeter thickness were routinely grown; as
demonstrated below, sizable single crystals were readily ob-
tained from these multicrystals.

Final crystals were characterized by room-temperature
powder x-ray diffraction (PXRD) (on powdered crystals),
2D area-detector XRD, and high-resolution XRD (HRXRD).
These measurements utilized a Rigaku Miniflex diffractome-
ter (Cu Kα), a Bruker D8 Discover diffractometer (Co
Kα), and a Rigaku Smartlab XE diffractometer (Cu Kα),
respectively. Energy-dispersive x-ray spectroscopy (EDS)
was also performed, in a JEOL JSM-6010PLUS/LA scan-
ning electron microscope (at 20 kV) with an integrated
EDS detector. T-dependent PXRD data were collected on a
Rigaku Smartlab SE diffractometer with an Oxford Cryosys-
tems PheniX closed-cycle cryostat from 12 to 293 K (in
vacuum, through a Kapton window), and on a Rigaku
Smartlab XE diffractometer with an Anton Paar DHS 1100
graphite-domed hot stage from 293 to 1000 K (in air),
both using Cu Kα. In the latter case, a 2D detector was
employed and Rigaku SMARTLAB software was used to re-
duce the data to 1D profiles. Rietveld refinements (using
MDI JADE software) were then performed at each T to ex-
tract the a- and c-lattice parameters, and other structural

details; in the high-temperature case, peaks from the graphite
dome were excluded. CP(T ) measurements (1.9–400 K)
were made in a Quantum Design Physical Property Measure-
ment System (PPMS) using relaxation calorimetry. Apiezon
grease was used to affix crystals to PPMS platforms (Apiezon
N from 1.8 to 250 K and Apiezon H from 200 to 400 K), 2%
temperature pulses were used, the sample thermal coupling
was above 95% at all T, and the sample-to-addenda heat-
capacity ratio was maintained above a minimum of 0.7 [66].

First-principles calculations were performed using DFT
with the projector augmented-wave formalism, as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[67,68], using the accepted room-temperature structural
parameters [1–3]. The exchange-correlation energy was ap-
proximated using the Perdew-Burke-Ernzerhof generalized
gradient approximation revised for solids (PBEsol) [69]. The
energy cutoff for the plane waves was set to 500 eV, and
spin-orbit coupling was not accounted for (it was found to be
insignificant near EF). Electronic band structure and DOS cal-
culations were done with the room-temperature experimental
structure [2], on a �-centered Monkhorst-Pack grid [70] of
16 × 16 × 16 k points for the Brillouin zone of the primitive
cell. The orbital characters of the electronic wave functions
and DOS were obtained from atomic spheres, renormalized
to account for interstitial densities. To accurately calculate
the electronic DOS near EF to extract the Sommerfeld coef-
ficient, the WANNIER90 package [71,72] was used to calculate
maximally localized Wannier functions and interpolate the
electronic structure on a 400 × 400 × 400 k-point grid. The
splitting between Co t2g and eg orbitals was also calculated
from the difference of the average on-site energies of the
Wannier orbitals. This calculation was done as a function
of temperature, using the temperature-dependent structural
parameters determined in this work. While there are inter-
nal splittings in both the t2g and eg orbitals, due to the site
symmetry and numerical noise, these were much smaller than
changes due to the crystal structure and were thus ignored.

Phonon calculations were performed using the direct
approach as implemented in the PHONOPY package [73], typi-
cally on a 2 × 2 × 2 supercell (one set of calculations was run
using a 3 × 3 × 3 supercell, as discussed below). In this ap-
proach, symmetry is used to determine the smallest number of
displacements required to obtain all force constants commen-
surate with a supercell, ions are displaced accordingly, and
forces are calculated using self-consistent DFT calculations
for each displacement pattern. A �-centered Monkhorst-Pack
grid of 8 × 8 × 8 k points was used for these electronic struc-
ture calculations in the supercell. Phonon frequencies were
typically calculated on a 128 × 128 × 128 k-point grid, using
the force constants obtained from the 2 × 2 × 2 supercell,
which was then used to calculate the phonon band structure,
phonon DOS, and phonon specific heat. Thermal expansion
coefficients were calculated within the quasiharmonic approx-
imation, using the Grüneisen theory of thermal expansion
[74], with a fully relaxed structure. The extracted thermal
expansion coefficients were then used along with the 12 K
experimental lattice parameters to calculate the T-dependent
lattice parameters.
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III. RESULTS AND ANALYSIS

We first present the results of DFT calculations of the
electronic and phononic structures of PdCoO2 (Sec. III A),
followed by room-temperature structural characterization of
single crystals (Sec. III B). This is followed by a discussion
of T-dependent PXRD and the associated extracted thermal
expansion and bond lengths (Sec. III C), then specific-heat
data and analysis (Sec. III D).

A. First-principles calculations

As already noted, Figs. 1(a)–1(c) depict the accepted ex-
perimentally determined room-temperature crystal structure
of PdCoO2 (space group R3̄m, with the a- and c-lattice param-
eters in the caption [2]). Figure 1(a) provides a 3D rendering
(with a hexagonal unit cell marked), Fig. 1(b) shows the Pd
arrangement in the a-b planes, and Fig. 1(c) shows the Co-O
octahedra arrangement in the a-b planes. All Pd layers have
the same a-b plane arrangement, but are staggered in a three-
layer sequence [Fig. 1(a)], generating a rhombohedral 3R-type
formation [4], and thus space group R3̄m.

Our DFT-calculated electronic structure based on this
structure is in generally good agreement with prior work
[22,25–32]. Figure 1(d) shows the calculated Fermi surface,
which consists of a single �-centered pocket, in line with
earlier calculations [25,26,29–32]. While this pocket is ap-
proximately hexagonal, some corrugation occurs along the kz

axis, consistent with the 3̄m symmetry. Following from the
discussion in Sec. I, we indeed find low-spin formally Co3+

ions, with completely filled t2g orbitals and empty eg orbitals,
whereas the formally Pd1+ ions have single holes in their d
orbitals. The single band in Fig. 1(d) thus appears to derive
from Pd-d orbitals. Figure 1(e) depicts the wave-function
character projected on the kz = 0 plane, revealing, however,
that while the orbital character of the Fermi surface is indeed
Pd-d dominated, there are significant contributions from Co,
and associated orbital character variations in the kx-ky plane.
The low-energy electronic structure is further elucidated in
Fig. 2(a), which shows the electronic band structure, including
projections of the Bloch wave functions onto Pd-d , Co-d , and
O-p orbitals. The O bands reside well below EF and have
no significant contribution to the Fermi surface. The Co t2g-
and eg-derived bands straddle EF , however, the former over-
lapping and mixing heavily with Pd-d bands, meaning that
the half-filled band crossing EF has significant Co character.
At certain k vectors this band in fact has higher contribution
from Co than Pd, although it is Pd dominated at EF . The band
structure in Fig. 2(a) results in the atomically- and orbitally
projected DOS in Fig. 2(b), which further supports the above.
In particular, at EF , the Pd-d contribution to the total DOS is
largest, but with a significant Co-d contribution, while, unlike
in most late transition-metal oxides, the O contribution is low.

Figures 2(c) and 2(d) present the corresponding calcu-
lated phononic band structure and DOS, again atomically
projected, using red for O, blue for Co, and green for Pd. [Note
that there are multiple approaches to such color schemes.
In Fig. 2(c) we use a linear one based on the sums of the
squares of the dynamical matrix components for each ion;
this is discussed more fully and compared to an alternative
approach based on squared atomic displacements in Supple-

mental Material [75], Fig. S1 and the associated caption.]
As in many transition-metal oxides (e.g., BaTiO3, PbZrO3

[76,77]), and indeed insulating delafossites (e.g., CuFeO2,
CuCrO2 [78,79]), the highest-frequency phonon branches are
dominated by O displacements [red in Figs. 2(c) and 2(d)],
due to the low atomic mass. Strikingly, however, in PdCoO2

this high-frequency manifold (which was previously detected
in Raman spectroscopy [15]) is essentially completely dis-
tinct from the rest of the phonon band structure, via a gap
of ∼1 THz beginning at ∼12.5 THz. All six phonon bands
associated with O displacements reside in this high-frequency
manifold. The Co- and Pd-derived phonon bands [blue and
green in Figs. 2(c) and 2(d)] then populate the region below
∼12.5 THz, with some overlap and mixing. As is necessary,
the color of the lines in Fig. 2(c) thus becomes fully mixed as
the � point is approached, as long-wavelength lattice vibra-
tions of course involve all atoms. As returned to in Sec. III D,
one can then appreciate from Fig. 2(d) that the phononic DOS
of PdCoO2 might be crudely described using a Debye model
to capture the Co and Pd DOS [see the lower dashed line
in Fig. 2(d), with Debye frequency ωD = kB�D/ ≈ 11 THz],
along with an Einstein model to capture the relatively narrow
higher-energy O DOS [see the higher dashed line in Fig. 2(d),
with Einstein frequency ωE = kB�E/h̄ ≈ 17.5 THz]. This
combination will be shown below to indeed provide a good
description of CP(T ).

As an aside, we note that the separation of O-related
phonons from the rest of the lattice vibrations [Figs. 2(c) and
2(d)], in conjunction with the layered structure [Fig. 1(a)],
suggests that the phononic structure of PdCoO2 could be
considered essentially 2D. We mean by this that the vibrations
of a given layer of O ions are to a substantial extent decoupled
from neighboring layers of O ions. This is corroborated by
the relatively low bandwidth of the optical phonon branches
(particularly those with O character) between the �- and T
points of the Brillouin zone, where only the out-of-plane wave
vector is nonzero. [Compare the dispersion of the O modes
between � and T in Fig. 2(c), i.e., along kz (see Fig. 2(b),
inset) with the dispersion in other directions]. One could then
speculate on the relation of this feature to a specific aspect of
the behavior of PdCoO2 and PtCoO2, namely the absence of
superconductivity down to 15 mK [15]. While the influence
of this type of phonon behavior on superconductivity is not
yet clear, this is clearly worthy of further exploration, as the
absence of superconductivity in these compounds is surprising
given their high electronic DOS at EF and lack of magnetic
order. Calculations of electron-phonon coupling would also
be of clear interest.

B. Room-temperature structural characterization

We begin the experimental part of this paper with room-
temperature structural and chemical characterization of our
crystals. Figure 3(a) first shows a photograph of an example
single-crystal (∼6 × 4 mm) surface, isolated from a CVT-
grown multicrystal. Single crystallinity is supported by the
2D XRD data in Fig. 3(b) (showing three stitched 2D detector
images), which reveal only the 0 0 3, 0 0 6, 0 0 9, and 0 0 12 re-
flections, consistent with an 0 0 1-oriented crystal. The PXRD
data in Fig. 3(c) were obtained from a powdered sample of
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FIG. 2. DFT-calculated electronic and phononic band structures (a), (c) and electronic and phononic DOS (b), (d) of PdCoO2. Using
methods described in the text, both the band structures and densities of states are denoted with their Pd (green), Co (blue), and O (red)
character. The inset to (b) depicts the first Brillouin zone of the rhombohedral lattice, with the high-symmetry points �, L, F, and T labeled.
The dashed lines in (d) illustrate the Debye DOS and frequency (ωD ), and the Einstein frequency (ωE ), based on the low-T Debye temperature
[from Fig. 6(b)], and the Einstein temperature from the 1.9–400 K Debye-Einstein fit to the specific heat [from Fig. 6(a)], respectively.

such crystals, the similarity with the PdCoO2 reference pattern
[80] being striking, both in terms of peak positions and inten-
sities; no unassigned peaks arise. This evidences phase-pure
delafossite PdCoO2, as reinforced below by Rietveld refine-
ments of such PXRD data. Figure 3(d) then shows an HRXRD
specular θ -2θ scan from a single crystal, for comparison with
the powdered crystal in Fig. 3(c). Only the 0 0 l family of
peaks are seen in Fig. 3(d), further confirming single crys-
tallinity. The inset to Fig. 3(d) shows a rocking curve through
the 0 0 6 single-crystal reflection. While multiple peaks are
seen, likely related to the nonideal nature of the crystal surface
[Fig. 3(a)], the width of the primary rocking-curve peak is
only 0.03 °. This indicates low absolute mosaicity, although
we are unaware of any other reports of PdCoO2 single-crystal
mosaic spread to compare to. Finally, EDS data on these
crystals reveal only Pd, Co, and O peaks (aside from usual
surface contamination species, e.g., C), a typical extracted
Pd/Co atomic ratio being 0.98 ± 0.05. This further supports
nominally stoichiometric PdCoO2.

C. Temperature-dependent structural measurements

PXRD data of the type shown in Fig. 3(c) were obtained
from 12 to 1000 K, using a combination of a cryostat and a
furnace stage, as described in Sec. II. The 12 K pattern (black)
is shown in Fig. 4(a), along with the result of a Rietveld re-
finement (blue), the resulting difference (pink) being shown in
the panel below. The obtained χ2 values were ∼1–1.5 below
room temperature, rising to 4–8 at the highest temperatures.
The refinement is based on ideally stoichiometric PdCoO2 in
the R3̄m space group, resulting in a = 2.8264 ± 0.0002 Å and
c = 17.739 ± 0.002 at 12 K. No structural transformations
from this space group were detected to the maximum temper-
ature (1000 K), indicating that the 3R delafossite polymorph
is stable at all relevant T under these conditions. We stress
that these high-T PXRD data were acquired in air, where the
PdCoO2 decomposition temperature should exceed 1000 K
[1,47]; decomposition at a significantly lower T was found in
vacuum, as expected.
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FIG. 3. (a) Photograph of a CVT-grown PdCoO2 crystal with
lateral size approximately 6 × 4 mm2. (b) Two-dimensional detec-
tor images from 2D x-ray-diffraction measurements of a similar
crystal, showing only 0 0 l reflections. (c) The 293 K powder x-ray-
diffraction pattern from a powdered CVT crystal (blue), compared
to a PdCoO2 reference pattern (brown) [2,80]. (d) High-resolution
wide-angle specular x-ray diffraction from a single crystal, showing
only 0 0 l reflections. The inset to (d) is a high-resolution x-ray
rocking curve through the 0 0 6 reflection in (d). The full width at
half maximum of the primary peak is shown.

Figure 4(b) shows the a(T ) and c(T ) (blue points, left
and right axes, respectively) extracted from Rietveld re-
finements at each T. Coarsely, the lattice parameters are
relatively T independent up to ∼100 K, with approximately
linear thermal expansion above ∼300 K. This is borne out
more quantitatively by Fig. S2 in the Supplemental Material
[75], which shows the T dependence of the a- and c-axis
linear thermal expansion coefficients (α11 and α33, respec-
tively), obtained by numerical differentiation of the data in
Fig. 4(b). The coefficients indeed increase with increasing
T, leveling off at α11 ≈ 9 ppm K−1 and α33 ≈ 7 ppm K−1.
While we are not aware of any other thermal expansion
data to compare to on metallic delafossites, these values
are not far removed from those in CuAlO2, for example,
where α11 ≈ 11 ppm K−1 and α33 ≈ 4 ppm K−1 have been
reported at 300 K and above [81]. Interestingly, Fig. S2 [75]
provides evidence of a modest regime of negative c-axis ther-
mal expansion (reaching ∼ −0.5 ppm K−1) below ∼100 K.
This effect has been previously reported in a range of non-
metallic delafossites, particularly Cu-based ones, where it
has been ascribed to anomalous contraction of Cu-O bonds
[60,61].

FIG. 4. (a) Low-temperature (12 K) powder x-ray-diffraction
pattern from a powdered CVT PdCoO2 crystal (black), along with a
Rietveld refinement (blue). The difference between the experimental
and refined curves is shown on a linear scale in pink below. (b)
Temperature (T) dependence of the a (left axis) and c (right axis)
lattice parameters from experiment (blue points) and DFT-based
calculations (gold lines).

The gold-colored solid lines in Fig. 4(b) correspond to
complementary DFT results for a(T ) and c(T ), obtained using
the methods described in Sec. II. These are based on the
quasiharmonic approximation, using fully relaxed structures
and the Grüneisen theory of thermal expansion to calculate
T-dependent thermal expansion coefficients (also shown in
Fig. S2 [75]). The latter are then applied to the measured
12 K lattice parameters to generate the solid lines in Fig. 4(b).
On the whole, the level of quantitative agreement between
experiment and DFT is remarkably good in Figs. 4(b) and S2
[75], the only significant deviations occurring at the highest
T. We note here that rapid (∼20 K min−1) cooling in air to
room-temperature after acquiring the high-T data in Fig. 4(b)
resulted in essentially identical a and c to initial crystals,
ruling out irreversible changes due to defect (e.g., oxygen
vacancy) formation. The modest differences between exper-
iment and DFT at the highest T are thus likely not due to the
onset of thermally induced nonstoichiometry; gradual break-
down of the quasiharmonic approximation used in the calcu-
lations is a more likely explanation. Aside from this, however,
quantitative agreement between experiment and DFT calcu-
lations is achieved for the T-dependent structure and lattice
parameters of PdCoO2. This extends even to the small
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FIG. 5. Temperature (T) dependence of the Co-O bond length
(a) and resulting DFT-calculated t2g-eg crystal field splitting [
CF,
(b)] in PdCoO2 (this work) and LaCoO3 (from Ref. [83]). The edge-
and corner-shared octahedral environments in the two compounds
are illustrated in (b); red ions are O, blue are Co.

range of negative c-axis thermal expansion below ∼100 K
(Fig. S2 [75]).

Significantly, the above DFT calculations are based solely
on lattice vibration effects, and do not include electronic ex-
citations. It is thus apparently not necessary to account for,
in particular, Co t2g to eg excitations that would induce a
spin-state crossover from the low-spin (S = 0) state of the
nominally Co3+ ions in PdCoO2. While the Co-O octahedra
in PdCoO2 are edge shared [Fig. 1(a)], not corner shared,
this finding is in contrast to many octahedrally coordinated
Co3+-containing cobaltites (e.g., the RCoO3 perovskite series
with R = La through Lu), which exhibit rich spin crossovers
[52–59,82]. Insight into the origin of this contrasting behavior
is obtained by comparing the Co-O bond lengths in such
systems, which directly impact the crystal-field splitting of t2g

and eg orbitals (
CF), and thus the stability of the low-spin
state [52–59,82]. Figure 5 achieves this by comparing the T
dependence of the Co-O bond length in PdCoO2 (from this
work), with the archetypal perovskite cobaltite spin-crossover
compound LaCoO3 (from Thornton et al. [83]). The error bars
on our Co-O bond lengths for PdCoO2 are non-negligible
here, due to the use of x-ray-rather than neutron diffraction,
and some overlap of certain reflections with peaks due to
the graphite dome on the heater stage at high T [84]. Nev-
ertheless, the Co-O bond length is clearly shorter in PdCoO2

than LaCoO3 [83] (by > 0.03 Å at low T), the PdCoO2 bond
length reaching the low-T LaCoO3 bond length only at the

highest T. Consistent with a(T ) and c(T ) in Fig. 4(b), the
PdCoO2 Co-O bond length is also free of the well-known
anomalies in LaCoO3 at the low-T and high-T spin-state
crossover/transition. (The latter are already visible in the
broad-T range data set of Thornton et al. [83] in Fig. 5(a) but
are clearer in the dense data set of, e.g., Radaelli and Cheong
[85]). Qualitatively, this comparison already points to stability
of the low-spin state of the formally Co3+ ions in PdCoO2,
as the lower Co-O bond length should generate larger

CF.

For further quantification, as discussed in Sec. II, we also
used Wannier-function based tight-binding models to extract

CF from DFT calculations of the electronic band structures
of PdCoO2 and LaCoO3. This was done in a T-dependent
manner, using our T-dependent experimental structural pa-
rameters. These multiorbital tight-binding models reproduce
the DFT electronic structures essentially perfectly, through
the use of a large number of parameters (see Fig. S3 in the
Supplemental Material [75]). In addition to hopping param-
eters, these models also include an on-site energy for each
orbital, corresponding to the average energy of the band in-
duced by a given orbital, in the absence of interorbital mixing.
These on-site energies can be used to estimate the trends in
crystal-field levels for ions in similar environments. Since
Co is octahedrally coordinated with O in both PdCoO2 and
LaCoO3, we can use such on-site energies of the Co Wannier
orbitals to estimate the 
CF between t2g and eg orbitals (see
Fig. S3 and Table S1 in the Supplemental Material [75] for
more details). Figure 5(b) plots the results, the low-T value
of 
CF in PdCoO2 exceeding that in LaCoO3 by a signifi-
cant ∼0.3 eV; this difference is maintained even at high T.
With the competing Hund intra-atomic exchange energy likely
to be very similar in the two compounds (this is a mostly
atomic quantity, not strongly screened by the environment,
and the two compounds share octahedral coordination), this
substantially higher 
CF no doubt stabilizes the low-spin state
of the formally Co3+ ions in PdCoO2. We also calculated
the effective valence of the nominally Co3+ ions in PdCoO2

using bond-valence sums, based on our refined bond lengths.
The result is a valence of +3.68 at low T, far larger than the
nominal 3+ and the equivalent value in LaCoO3, due to the
short Co-O bonds. We interpret this substantial overbonding
of the Co to result from inflexibility of the adjacent triangular
Pd layers, where strong metallic bonds are understood to exist
[26,33]. The connected Co-O octahedra are therefore unable
to distort to relieve the overbonding of Co in the edge-shared
octahedra. These findings significantly clarify the origin of the
apparently rather stable low-spin state of the formally Co3+

ions in metallic delafossites such as PdCoO2.

D. Specific-heat measurements

Measurements and analyses of CP(T ) provide substantial
further insight into the thermal properties of PdCoO2. Shown
first in Fig. 6(a) is the measured CP(T ) of single-crystal
PdCoO2 (blue points) between 1.9 and 400 K, showing the
expected monotonic increase, approaching 3R (R is the molar
gas constant) above 400 K. (It is shown in Fig. S4 in Supple-
mental Material [75] that this overall CP(T ) behavior is highly
reproducible across multiple crystals.) Significantly, the DFT
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FIG. 6. (a) PdCoO2 specific heat (CP ) vs temperature (T) from
1.9 to 400 K. Shown are experimental data (blue points), a
DFT-based calculation (gold line), and the Debye-Einstein model
described in the text (green line), with the shown Debye (�D) and
Einstein (�E ) temperatures. The Dulong-Petit 3R limit (R is the
molar gas constant) is shown as a horizontal dashed line. (b) Low-
temperature (2–17 K) CP/T vs T 2 plot, showing experimental data
(blue points), the DFT-based calculation (gold line), and a Debye
plus Sommerfeld fit (black line, from 2 to 14 K) with �D = 523 K
and γ = 1.16 mJ mol−1 K−2. (c) Intermediate-temperature (2–70 K)
Cph/T 3 vs T plot, where Cph is the phononic contribution to CP, as
determined by the methods described in the text. Shown are experi-
mental data (blue points), the DFT-based calculation (gold line), the
Debye model with �D = 523 K (i.e., the value from the fit in (b)
(black line), and the Debye model with an additional Einstein mode
with �E = 180 K (pink line).

calculations presented above, specifically the phonon DOS in
Fig. 2(d), result in the gold-colored line in Fig. 6(a), revealing
a remarkable level of agreement with the experimental CP(T ).
While this level of quantitative agreement is gratifying, it is
nevertheless useful to apply commonly used simple models
of specific heat to gain further insight into the origin of the
agreement between experiment and theory. Following Takatsu
et al. [15], the green line in Fig. 6(a) is thus a fit to a Debye-
Einstein model, where a Debye term is used to capture the Pd-
and Co-related phonon DOS, and an Einstein model is used to
capture the higher-energy O-related phonon DOS, as depicted
by the dashed lines in Fig. 2(d), and discussed in Sec. III A.
This model amounts to [15,86–88]

CP(T ) = 9(1 − X )NNAkB

(
T

�D

)3 ∫ �D/T

0

exx4

(ex − 1)2 dx

+ 3XNNAkB
e�E /T

(e�E /T − 1)2

(
�E

T

)2

, (1)

where X is the weighting factor for the Einstein contribution
(1−X is thus the weight of the Debye contribution), N is the
number of atoms per formula unit, NA is Avogadro’s number,
kB is Boltzmann’s constant, and x = h̄ω/kBT , where ω is the
phonon frequency. The green-line fit to Eq. (1) in Fig. 6(a) is
very good, confirming the validity of this approach and yield-
ing X = 0.59, �D = 360 K, and �E = 830 K. Importantly,
the latter temperatures are physically reasonable. Specifically,
this high-T value of �D is not only close to the prior report of
Takatsu et al. [15] on PdCoO2 (340 K), but also corresponds to
ωD = kB�D/h̄ = 7.5 THz, capturing the majority of the Co-
and Pd-related phonon DOS in Fig. 2(d). Similarly, the high-T
value of �E is not only relatively close to the Takatsu et al.
value (790 K [15]), but also corresponds to ωE = kB�E/h̄ =
17.5 THz, close to the center of the high-frequency O-related
optical modes in Fig. 2(d), which were also detected in Raman
spectroscopy [15]. The close quantitative agreement between
experiment and Eq. (1) in Fig. 6(a) thus derives from the
ability of this form of Debye-Einstein model to reasonably
capture the DFT-calculated phonon DOS in Fig. 2(d).

Further insight is obtained from the typical analysis
of the low-T CP(T ) for metallic systems, plotting CP/T
vs T 2 in Fig. 6(b). This is done to test for adherence
to [86–88]

CP(T ) ≈ γ T + 234NNAkB

(
T

�D

)3

. (2)

This is simply the sum of the low-T approximations for the
electronic and phononic contributions to CP(T ) based on the
Fermi liquid and Debye models (the high-ωE Einstein oscil-
lator discussed above is irrelevant at these low T) [86–88].
As illustrated by the black solid-line fit to Eq. (2), this form
indeed describes the data well below T 2 ≈ 200 K2 (∼14 K),
resulting in γ = 1.16 mJ mol−1 K−2 and �D = 523 K. This
γ is reasonably close to the Takatsu et al. [15] value of
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1.28 mJ mol−1 K−2 but substantially smaller than the Tanaka
et al. [62] value of 4.14 mJ mol−1 K−2, which, as noted in
Sec. I, was obtained on relatively low-quality PdCoO2 crys-
tals with a prominent Schottky anomaly in CP(T ) [of which
there is no indication in Fig. 6(b)]. More importantly, as
illustrated by the gold-colored line in Fig. 6(b), our DFT
calculations yield a quite similar γ of 1.45 mJ mol−1 K−2, es-
tablishing reasonable quantitative agreement with the near-EF

DOS in Fig. 2(b). These values are also in good agreement
with other DFT calculations (0.9–1.8 mJ mol−1 K−2 based on
published DOS values at EF [26,27,30]) and experimental
measurements (∼1 mJ mol−1 K−2 calculated from de Haas–
van Alphen data [16], and ∼1.5 mJ mol−1 K−2 calculated
from angle-resolved photoemission spectroscopy [19,89]). In
terms of the extracted low-T �D of 523 K, this is also in
reasonable agreement with the low-T �D of 501 K from
Takatsu et al. [15], the significant deviation from the higher-
T �D being quite common in Debye-model based analysis
of CP(T ) [86–88]. We note that it is this �D value that is
used to plot the Debye-model phonon DOS in Fig. 2(d). In
principle, comparisons of the above Debye temperatures to
those in other (insulating) delafossites could be insightful, but
the latter appear to be widely scattered in the literature, in the
400–800 K range [90–96]. This is likely related to the fact
that experimental determinations have been performed over
quite different T ranges, in some cases after subtraction of
substantial magnetic contributions to CP.

While Figs. 6(a) and 6(b) thus reveal good agreement with
high-T Debye-Einstein and low-T Debye-Sommerfeld mod-
eling, respectively [i.e., Eqs. (1) and (2)], our experimental
single-crystal PdCoO2 CP(T ) data do reveal one significant
departure from simple model behavior, as highlighted in
Fig. 6(c). This figure plots the experimental Cph/T 3 vs T,
where Cph(T ) is the phononic part of CP(T ), isolated by
subtracting the experimental γ T electronic contribution es-
tablished from the analysis in Fig. 6(b). Based on Eq. (2), the
data in Fig. 6(c) should be essentially horizontal if the Debye
model is entirely adhered to at low T, with an intercept on the
Cph/T 3 axis dictated by �D [63]. At higher T, downward devi-
ations would then be expected as the limits of applicability of
the T 3 Debye model approximation in Eq. (2) are exceeded,
as for the black line, which is the Debye model result based on
�D = 523 K. The experimental data in Fig. 6(c) clearly depart
from this expectation, however: Cph/T 3 is flat at the lowest T,
but only below ∼15 K, above which a clear peak emerges,
centered at ∼35 K. As illustrated by the gold and black lines,
respectively, DFT calculations of Cph(T ) capture this peak
(albeit with the small departure from the experimental low-T
�D that is discussed below), while Eq. (2) does not. The
pink line in Fig. 6(c) shows that the bulk of this discrepancy
between Eq. (2) and the experimental data can be resolved by
adding a single Einstein mode with �E = 180 K to the low-T
Debye model. We stress that this Einstein mode is clearly
distinct from the one with �E = 830 K used to capture the
high-frequency O-related modes in Fig. 2(d), as needed
to model the high-T CP(T ) in Fig. 6(a). On the con-
trary, �E = 180 K corresponds to ωE = kB�E/h̄ = 3.8 THz,
closely matching the first (i.e., lowest-energy) peaks in the
phonon DOS in Fig. 2(d). This is a known phenomenon in per-

ovskite oxides, for example (such as SrTiO3 [63]), arising due
to a peak phonon DOS exceeding the Debye model descrip-
tion [compare the total DOS and Debye model dashed line
in Fig. 2(d)], thus generating excess intermediate-T phononic
specific heat. We thus believe that it is reasonable for PdCoO2

to exhibit such an effect, particularly given the common Co-O
octahedral structural units, and it is reassuring that this is
indeed captured by DFT [compare the blue points and gold
line in Fig. 6(c)]. For completeness, we note that adding the
low-�E Einstein mode to the overall fit to the entire CP(T )
dataset with Eq. (1) shifts �D and the higher-�E value from
360 and 830 K, respectively, to 390 and 890 K, respectively.
These are modest shifts of approximately 8 and 7%, respec-
tively.

While, from the above, the overall level of quantitative
agreement between experiment and DFT calculations on
CP(T ) in PdCoO2 is impressive, the discrepancy between the
low-T �D from experiment (523 K) and DFT (556 K) is
worthy of further discussion. This is most readily apparent in
Fig. 6(c) (from the difference in the low-T asymptotic values),
but can also be seen in Fig. 6(b) upon close inspection (from
the small difference in low-T slope). We first note that this
∼6% difference in �D is quite modest on absolute terms. One
likely source of this discrepancy, however, is the 2 × 2 × 2
supercell used for the DFT phonon calculations, which neces-
sarily limits the accuracy of the low-energy/long-wavelength
phonon DOS calculation. We thus repeated calculations using
a 3 × 3 × 3 supercell, which indeed brings the low-frequency
DOS closer to that of the Debye model with the experimental
low-T �D of 523 K, as shown in Fig. S5, with little im-
pact on the higher-frequency band structure and DOS (Fig.
S6). We also checked that these results are independent of
the k-space mesh spacing used in the calculations. From
the resulting calculated CP(T ), the low-T �D value is 516
K, significantly closer to the experimental value of 523 K.
We thus conclude a high level of quantitative agreement
between experiment and first-principles calculations in es-
sentially all aspects of the thermal behavior probed in this
work.

IV. SUMMARY

In summary, this work has combined DFT-based calcula-
tions of the electronic and phononic structures of the model
delafossite metal PdCoO2 with single-crystal measurements
of wide-temperature range thermal properties, encompassing
crystal structure, thermal expansion, and specific heat. The
R3̄m space group is maintained over essentially the entire
temperature range prior to PdCoO2 decomposition (certainly
12–1000 K), confirming the stability of the 3R delafossite
polymorph. Aside from a small region of negative thermal
expansion, quite typical thermal expansion is observed along
the a- and c-axes, with magnitudes in quantitative agreement
with phonon-based DFT calculations. The absence of elec-
tronic excitation effects in such data imply strong stability of
the low-spin (S = 0) state of the formally Co3+ ions, which
we have explicitly elucidated by comparing temperature-
dependent Co-O bond lengths and crystal–field splittings in
PdCoO2 and LaCoO3. Complementary specific heat data are
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also in excellent agreement with DFT calculations, both in
terms of electronic and phononic contributions. Insight into
the origins of this agreement is provided by Debye-Einstein
modeling, establishing that the DFT-calculated phonon DOS
can be described by a Debye model capturing the lower-
frequency Co- and Pd-related DOS and an Einstein model
capturing the quite unusual high-frequency O-related optical
modes. DFT additionally captures intermediate-temperature
excess specific heat over simple Debye modeling, an effect
related to the first (i.e., lowest-energy) peaks in the phonon
DOS, as observed in perovskite oxides. In totality, we thus
claim quantitative understanding of key thermal properties of
PdCoO2, thereby significantly advancing the overall under-

standing of the metallic delafossites that have generated such
substantial recent interest.
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