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The layered delafossite metal PdCrO2 is a natural heterostructure of highly conductive
Pd layers Kondo coupled to localized spins in the adjacent Mott insulating CrO2
layers. At high temperatures, T, it has a T -linear resistivity which is not seen in the
isostructural but nonmagnetic PdCoO2. The strength of the Kondo coupling is known,
as-grown crystals are extremely high purity and the Fermi surface is both very simple and
experimentally known. It is therefore an ideal material platform in which to investigate
“Planckian metal” physics. We do this by means of controlled introduction of point
disorder, measurement of the thermal conductivity and Lorenz ratio, and studying
the sources of its high-temperature entropy. The T -linear resistivity is seen to be due
mainly to elastic scattering and to arise from a sum of several scattering mechanisms.
Remarkably, this sum leads to a scattering rate within 10% of the Planckian value of
kBT /ℏ.

T -linear resistivity | Planckian metal | disorder | Kondo coupling

Understanding the physics of so-called “Planckian metals” is a central challenge of
modern condensed matter physics. One of the most notable properties of the high-
temperature cuprate superconductors is a d.c. resistivity � that depends linearly on
temperature (T ) from just above the superconducting transition temperature (Tc) to
hundreds of kelvin, in one notable case crossing two decades of temperature (1). In
any single cuprate material, � ∼ �0 + AT (with �0 the residual resistivity) when it is
tuned to be close to its maximum Tc , suggesting a link between the T -linear resistivity
and the high-temperature superconductivity (2). Not only the power law but also its
prefactor A are significant. Early optical conductivity data on cuprates showing T -
linear resistivity provided evidence of a resistive scattering rate 1

�tr varying as kBT /ℏ,
a rate postulated to be the highest allowed in a strongly interacting quantum system
and termed “Planckian dissipation” (3–5), though more recent work has demonstrated a
sensitivity of the conclusions to details of the analysis (6–8). Interest inT -linear resistivity
in strongly correlated electron systems grew with the discovery of its existence in other
systems tuned to the proximity of quantum critical points, including heavy fermion
materials, iron-based and organic superconductors, and transition metal oxides (9–13).
Optical conductivity data are sparser in these systems, but analysis of d.c. resistivity data
in certain systems for which there was experimental information on the Fermi surfaces
and effective masses m* concluded that the observed values of A are such that 1

�tr =
� kBT

ℏ with 0.7 < � < 2.7 (13). Similar analyses applied more recently to d.c. transport
data from, for example, cuprates (14), twisted bilayer graphene (15, 16) and twisted
transition metal dichalcogenides (17), the FeSe system (18), Ce1−xNdxCoIn5 (19) and
doped two-dimensional semiconductors (20) reached similar conclusions, while T -linear
resistivity was shown to persist to temperatures as low as 10 mK in YbRh2Si2 (21).

The analyses described above rely on accurate knowledge of the parameters of the
materials in question and the use of different Fermi surface averages of the Fermi velocity
vF for � and m∗ (22). This issue can be mitigated by having information on all the Fermi
surface sheets, but the different ways of averaging within individual sheets can introduce
error if vF is strongly k dependent. It is therefore highly desirable to study the Planckian
problem in simple, preferably single-band systems, in which the Fermi velocity is nearly
isotropic around the Fermi surface.

A second important issue when considering Planckian dissipation is the origin of
the scattering that produces it. The Planckian rate 1

�tr
∼= kBT

ℏ has been noted at high
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temperatures in electron–phonon systems since the time of Peierls
(23, 24) and understood in terms of a temperature-dependent
scattering cross-section for quasi-elastic processes. The fact that
it is approximately bounded in real materials has been postulated
to be because of a bound on the stability of the metallic state
to polaron formation, i.e., a limit on how high electron–phonon
coupling can be while still leading to a conventional metal (25).
In contrast, if the T -linear resistivity originates from inelastic
scattering of electrons as in a “marginal Fermi liquid’ (26), then
the transport time is more naturally related to the equilibration
time (22).

The issue of the temperature range over which electron–
electron or electron–phonon scattering is microscopically respon-
sible for the observed � ∼ �0 + AT is a matter of active debate
in the literature (27), inviting careful investigation of different
material classes in which T -linear resistivity is observed. There
is also surprisingly little systematic investigation of the level to
which, when there is scattering at the Planckian rate, A and �0
are independent.

The material on which this paper is based, PdCrO2, is ideal for
careful experimental investigation of the issues outlined above.
It consists of alternating layers of highly conducting Pd, coupled
to Mott insulating layers of CrO2 in which Cr3+ is thought to
be in the high-spin 3d3 configuration with an effective moment
corresponding to spin-3/2 (28–34). Its Weiss temperature (�W )
is approximately 500 K, but magnetic order sets in only at
TN = 38 K. The ratio between its out-of-plane resistivity �c
and in-plane resistivity �ab is larger than 150 (35), justifying
a 2D approximation when analyzing its properties. In striking
contrast to its nonmagnetic sister PdCoO2, �ab is T -linear from
approximately 150 K to at least 500 K (36).

PdCrO2 is particularly well suited to the analysis of this T -
linear in-plane resistivity for a number of reasons. Consistent with
the large value of �c/�ab, the high-temperature Fermi surface
is a simple cylinder of nearly hexagonal cross-section, with a
nearly constant vF (k) in a 2D Brillouin zone and a large carrier
density (37–39). This high-temperature Fermi surface is almost
identical to that of its partner material PdCoO2 in which Co3+

is in the nonmagnetic low-spin 3d6 configuration, facilitating
a quantitative empirical comparison between the properties of
the two materials. For both materials, the residual resistivity is
tiny in as-grown crystals, providing a well-controlled starting
point for data interpretation. Finally, the physics of PdCrO2
has been shown to be described by a low-energy Kondo lattice
Hamiltonian describing the interlayer coupling of conduction
electrons with the local moments in the Mott insulator layer
(39), providing firm foundations for its theoretical analysis. This
combination of properties makes PdCrO2 attractive as one of the
materials best suited for a quantitative empirical study ofT -linear
metallic resistivity.

Working with single crystals and cutting microdevices from
them to perform electrical resistivity measurements, we show
that 1

�tr = 0.9 kBT
ℏ in as-grown crystals of PdCrO2, which

remains unchanged as �0 is increased by a factor of twenty by
the deliberate introduction of defects by high-energy electron
irradiation. We present thermal conductivity data from PdCrO2,
and a comparative heat capacity study of PdCrO2 and PdCoO2,
accompanied by density functional theory calculations of the
phonon spectra of the two materials. Finally, we outline a
theoretical proposal, described in detail in a separate paper (40),
for how the high-temperature resistivity could be explained as
a consequence of the electron magneto-elastic coupling between
the conducting and magnetic layers.

Experiment and Density Functional
Calculations

Electron Irradiation. Crucially for the analysis, the scattering
centers introduced to the crystal should be point-like defects
and no large voids or columnar defects should be created. High-
energy electron irradiation is the ideal technique to achieve this
type of disorder. The collision kinetics of 2.5 MeV electrons
with much heavier atoms allow transmission of enough energy
to an atom to displace it from its lattice site, but not enough for
the displaced atom to create a significant number of additional
defects. The collisions therefore create an individual vacancy plus
an interstitial atom, known as a Frenkel pair. The 2.5-MeV
electrons have a large penetration range estimated to be 1.8 mm in
delafossite metals, so the probability of any electron undergoing
more than one collision in samples a few tens of microns thick is
negligible. Further details can be found in ref. 41.

The 2.5 MeV electron irradiation was performed at the
SIRIUS Pelletron linear accelerator operated by the Laboratoire
des Solides Irradiés (LSI) at the École Polytechnique in Palaiseau,
France. During the irradiation, the sample is immersed in a bath
of liquid hydrogen at a temperature of∼22 K, and we are able to
perform an in situ four-point resistance measurement by pausing
at regular intervals and therefore monitor the increase of resistivity
as a function of electron dose.

Sample Preparation. In order to enable a reliable low-
temperature resistivity measurement of delafossites, we used
focused ion beam sculpting to increase the signal-to-noise ratio
and decrease the geometrical uncertainties. The standard method
of sample mounting for microstructuring requires a layer of glue
to attach the crystal to a substrate, as was done in previous
transport studies (42). However, glue degrades quickly in the
electron beam, motivating us to use the “epoxy-free” method
of mounting PdCoO2 described in refs. 41 and 43. A scanning
electron micrograph of a PdCoO2 device structured using this
method is shown in Fig. 1A. The crystal is held on a substrate by
electrostatic forces and pinned by deposited Pt contacts providing
a good mechanical connection between the crystal and gold-
coated substrate. The second sputtered 150-nm gold layer ensures
contact resistance on the order of 1Ω. Unfortunately, the “epoxy-
free” method cannot be used for PdCrO2 as a strong mechanical
coupling between the substrate and the crystal causes the device
to break during thermal cycling. To decouple the crystal from the
substrate, we mounted it in two-component glue and sputtered a
150-nm gold layer. The deposited Pt leads play the role of a bridge
connecting PdCrO2 with the substrate. The glue was removed
underneath the sample by oxygen plasma etching, leaving crystal
“hanging” on Pt leads, as shown in Fig. 1B. We used a focused ion
beam (FIB) to sculpt the PdCrO2 for resistivity measurements as
the final step.

Density Functional Theory Calculations. Density functional the-
ory (DFT) calculations were performed using the VASP code
(44–47) to optimize the crystal structure and obtain the accurate
descriptions of the ground states. The exchange correlation
functionals were considered at the local density approximation
(LDA) (48) and generalized gradient approximation (GGA) (49)
levels. A plane-wave cutoff of 600 eV and energy convergence
criteria of 10−8 eV were used. All geometries were fully relaxed
by minimizing the forces on each atom and reducing pressure to
zero. To obtain accurate ground state energies, we included the
spin–orbit coupling effect, and a 16× 16× 2 k-point mesh was
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A

B

Fig. 1. (A) SEM image of a microstructured PdCoO2 sample mounted by the
“epoxy-free” method. (B) SEM image of the PdCrO2 device mounted using the
“free-standing” method. The measured regions of two devices appear to be
darker in the SEM image because the gold is removed from them. The rest of
the devices, Pt contacts, and substrate are covered with sputtered gold. The
Pt contacts are slotted to decrease their spring constant and give the overall
device enough mechanical flexibility to avoid the PdCrO2 fracturing during
cool-downs.

used. The bulk moduli were calculated by fitting the total energies
of different volumes using the Birch–Murnaghan method (50).

For the phonon calculations, the frozen phonon method
implemented in the Phonopy code (51) was used with a 4 ×
4 × 1 supercell of the fully relaxed conventional unit cell. We
have considered four displacement modes that are allowed by
space group No. 166 (R-3m). A 401× 401× 401 q-point mesh
was used to obtain the vibrational heat capacity and entropy.

Results

In Fig. 2, we show the resistivity measured for the PdCrO2
microstructure shown in Fig. 1, for which the geometrical
factors are well defined. The results from the microstructure are
highlighted against previous work going to higher temperatures
for which data were taken on bulk single crystals (36). The
agreement is seen to be excellent, giving confidence that the T -
linear resistivity seen between 150 K and 300 K in the PdCrO2
microstructure is representative of data going to much higher
temperatures of over 500 K. The gradient of the T -linear term is
0.026 μΩcm/K. As in all previous reports, there is a sharp drop
in resistivity below TN .

De Haas-van Alphen measurements performed on PdCrO2
show that its high-temperature Fermi surface (sampled at low
temperatures thanks to magnetic breakdown across small gaps in
the low-temperature antiferromagnetically ordered state) has an
average cyclotron mass m∗ = 1.55 me, where me is the electron
mass (36, 52). This corresponds to a Fermi-surface averaged
Fermi velocity of approximately 7.5× 105 ms−1. Angle-resolved
photoemission spectra from delafossites are extremely sharp and
give no evidence that this Fermi velocity is temperature depen-
dent. With a Fermi temperature of approximately 25,000 K, the
T -independence of vF across the range of temperatures relevant
to this paper is unsurprising. In common with observation

and calculation on other delafossite Fermi surfaces (42, 53–
55), angle-resolved photoemission spectroscopy (37–39) shows
that the variation of the Fermi velocity about its mean is less
than 10% in the two-dimensional Brillouin zone appropriate
for PdCrO2. Adopting this two-dimensional approximation
appropriately gives

�(T ) =
1

�(T )
=

e2

hd
kF vF �tr(T )

⇒
1

�tr(T )
=

e2

hd
kF vF�(T ), [1]

in which e is the electronic charge, h is Planck’s constant, d =
6.03 Å is the interlayer spacing, and kF = 0.93 × 1010 m−1

is the average in-plane Fermi wavevector. Combining with the
measured temperature-dependent �(T ) = 0.026 μΩcm/K and
vF = 7.5 × 105 ms−1 gives 1

�trT = 1.2 × 1011 s−1K−1 = 0.9 kB
ℏ .

The favorable Fermi surface parameters summarized above mean
that the degree of averaging required for the analysis is small,
as is the mass renormalization. This is therefore one of the
most reliable estimates of a scattering rate using a quasiparticle
analysis that can be performed, so the closeness of the result to
the Planckian value is particularly striking.

Our choice of microstructures for the current experiment was
motivated by the desire to perform a careful study of the effect of
changing the elastic scattering rate of PdCrO2 by adding disorder.
Although this can in principle be done by either irradiating or
chemically doping different samples (41), (56–58), the inevitable
uncertainties in geometrical factors between those samples are
difficult to separate with confidence from the intrinsic effects
of disorder. Our goal was to obtain a precise measurement of
the effect of the extra elastic scattering on the T -linear term in
�ab, so it was vital to eliminate geometrical uncertainty from
the experiment. As described above, the high-energy electron
irradiation that provides the required point defects places the

Fig. 2. In-plane resistivity data for the PdCrO2 microstructure shown in Fig.
1 (green) compared with data from previous work (36) on two single crystals
(gray). The difference between the results from the two crystals is due to
inevitable uncertainty in the geometrical factors used to convert resistance to
resistivity when working with traditional hand-mounted silver epoxy contacts.
Geometrical errors can be made much smaller with microstructures. Overall,
the agreement between the three measurements is excellent. A T -linear resis-
tivity is observed between approximately 150 K and the highest measurement
temperature of 500 K.

PNAS 2023 Vol. 120 No. 36 e2307334120 https://doi.org/10.1073/pnas.2307334120 3 of 8
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sample in a harsh environment, so even working with one single
crystal mounted with traditional silver paint contacts is risky.
If one of those contacts moved or had to be repaired, the
change in geometrical factor could ruin the experiment. In a
microstructure of the kind shown in Fig. 1, the geometrical
factors are determined by the sculpting of the sample, so as
long as it does not break during the experiment, even the
contacts between the sample and the measurement wires can
be repaired, if necessary, without any change to the geometry of
the measurement.

The increase of the resistivity of PdCoO2 and PdCrO2 as
a function of electron dose is shown in Fig. 3A. In these two
compounds, the dependence of resistivity on dose is linear and
has the same slope in the investigated range. The extra resistivity
is dominated by defects in the conductive Pd planes, as expected
in such two-dimensional systems (41).

The results of two long-time irradiations of the same PdCrO2
microstructure are shown in Fig. 3B. In each case, the sample
was left overnight in the electron beam and its resistivity
measured after transporting it from Paris to Dresden. The second
irradiation took place in a beam time different to the first
one, so overall the experiment took 6 mo, but it produced a
conclusive result: Within experimental error, the gradient of the
T -linear resistivity is unchanged in spite of increasing the residual
resistivity by over a factor of twenty, from 40 to 900 nΩcm.

To summarize the conclusions that can be drawn from
analysis of Figs. 2 and 3, the scattering rate in PdCrO2
can be extracted from the d.c. resistivity with an unusually
high degree of confidence because of its simple Fermi sur-
face and favorable quasiparticle parameters. It is 90% of the
Planckian value and remains unchanged within experimental
error even when significant levels of disorder are introduced,
substantially changing the levels of elastic disorder scattering.
These are two of the key experimental observations that
we report. For the remainder of the paper, we consider
the scattering mechanisms that could lead to the observed
behavior.

First, we examine the thermal conductivity �, for which data
are presented in Fig. 4A. As expected of a high-conductivity metal,
it is large, reaching nearly 300 W/Km at its peak value. It rises with
increasing temperature rapidly belowTN , qualitatively consistent
with the behavior of the electrical conductivity. Quantitative
comparison of electrical and thermal conductivity comes from
calculating the Lorenz ratio L = ��

T . In systems for which electrons
dominate heat conduction, and the same average scattering
rate determines both the thermal and electrical conductivity,
L = L0 = �2

3 ( kBe )2. The condition for this is that the scattering be
quasi-elastic, i.e., that the average energy relaxation rate due to the
scattering is much smaller than the average momentum relaxation
rate. This is satisfied in any metal at sufficiently low temperatures
in the regime in which impurity scattering dominates and in
conventional metals at high temperatures in the regime in which
electron–phonon scattering dominates.

In PdCrO2, L is seen to be within 5% of L0 for all measured
temperatures above 100 K. Similar behavior is seen in con-
ventional metals and attributed to electron–phonon scattering.
In PdCrO2, however, a body of evidence points to a more
complex situation. First, the sharp drop of resistivity below TN
hints at rather strong magnetic scattering which is frozen out
as the magnetically ordered state is entered. The existence of the
nonmagnetic sister compound PdCoO2 gives the opportunity for
a complementary estimate of the strength of electron–phonon
scattering in PdCrO2. The two compounds have very similar
total atomic mass, so their phonon spectra would be expected
to be similar; indeed, direct observation shows similar optic
phonon frequencies in the two compounds (59, 60). However,
measurement of the heat capacity reveals a fairly large difference
between the two, extending to our highest temperature of mea-
surement (Fig. 5A). Although a magnetic contribution to the heat
capacity is expected, and observed (41) in PdCrO2, the difference
in the data at high temperatures also suggests a considerable
phonon softening in PdCrO2 relative to PdCoO2. To address
this, we conducted density functional theory calculations of
the phonon spectra of PdCoO2, a hypothetical nonmagnetic

A B

Fig. 3. (A) Increase of resistivity as a function of electron dose for two delafossite metals: PdCoO2 and PdCrO2. The samples were in a liquid hydrogen bath at
a temperature of approximately 22 K. (B) Change to the in-plane resistivity of the PdCrO2 microstructure shown in Fig. 1, in its as-prepared state and then after
two successive exposures to high-energy electron radiation with defect concentrations of 0.16% and 0.29%, obtained using the dose calibration established in
detail in ref. 41. The gradient of the T -linear resistivity is unchanged, within small experimental errors, although the residual resistivity is increased by over a
factor of twenty.
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A B

Fig. 4. (A) Thermal conductivity and (B) Lorenz ratio of PdCrO2 as a function of temperature, measured on a bulk single crystal of PdCrO2. For the data in
panel B, the resistivity was measured using the same contacts as those used for the thermal conductivity, to eliminate geometrical uncertainties in L.

PdCrO2 and PdCrO2 in which we included spin polarization.
For the latter, we assumed ferromagnetic order. The calculated
structural properties, however, should be dominated by the effect
of the local Cr spin polarization and essentially independent of
the specific magnetic order.

The results for heat capacity are shown in Fig. 5B and
the calculated lattice properties for the two materials in SI
Appendix, Table S1. Due to the different band fillings, the
chemical bonding is slightly stronger in PdCoO2 (fully filled
Co 3d -t2g states) than in the fictitious nonmagnetic PdCrO2
as reflected in the calculated bulk moduli (SI Appendix, Table
S1). However, incorporating the Cr spin 3/2 moment in
a spin-polarized calculation leads to a substantial additional
softening (approximately 15%), together with a large expansion
of the unit cell volume and strongly improved agreement with

the experimental crystal structure. The good agreement with the
available experimental data (SI Appendix, Table S1), in particular
for the relative changes between PdCoO2 and magnetic PdCrO2,
provides confidence in the calculated properties like phonon
spectra (SI Appendix, Figs. S1 and S2) and the vibrational part of
the specific heat and entropy (Fig. 5 B and C ). We also note that
both our measurements and calculations for PdCoO2 agree well
with those recently reported in ref. 61.

Our results show a significant difference between the vibra-
tional high-temperature heat capacities of the two materials, with
that of PdCrO2 being larger, in agreement with experiment. The
intuitive picture for this is that the existence of the local Cr
magnetic moment creates occupancy restrictions on the Cr 3d
orbitals, causing them to expand and increasing the cell volume.
However, this expansion is relatively soft, lowering the bulk

B

A C

Fig. 5. (A) The total heat capacity of magnetic PdCrO2 and nonmagnetic PdCoO2 as a function of temperature up to 390 K. (B) Density functional calculation
for the vibrational heat capacity for nonmagnetic PdCoO2 and spin-polarized PdCrO2. (C) The entropy difference between the two compounds over the same
range of temperatures (green), split into two components: the phonon part (purple) deduced from the calculated data of panel B (SI Appendix, Fig. S3) and the
remainder, which we attribute to magnetic entropy not included in the density functional calculations. The latter comes very close to the expected value of
Rln4 by 390 K.
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Fig. 6. Resistivity of magnetic PdCrO2 and nonmagnetic PdCoO2 from the
microstructures studied in this work (green and purple lines) and the bulk
crystals studied in ref. 36 (gray lines), and the difference between the two
(orange).

modulus and the Debye temperature. A detailed discussion of
the calculations can be found in SI Appendix.

The DFT calculations for the phonon spectrum of spin-
polarized PdCrO2 take account of the effect of the Cr moments
but include neither a magnetic phase transition nor a calculation
of magnon entropy because they do not account for moment
fluctuation. They thus allow us to estimate the phonon con-
tribution to the entropy difference between magnetic PdCrO2
and nonmagnetic PdCoO2. This phonon entropy difference is
plotted as a function of temperature in Fig. 5C, along with
the measured entropy difference calculated from the actual heat
capacity data in Fig. 5A. Subtracting the phonon contribution
isolates the magnetic entropy of PdCrO2, which is seen to be
very close to Rln4 at our maximum measurement temperature
of 390 K. The very small difference that is seen, with the
magnetic entropy not perfectly saturating to Rln4, may be due
to small errors in the DFT-calculated phonon entropy value.
Overall, however, the match between experiment and the simple
expectation for the entropy from fluctuating spin 3/2 moments
is excellent. These fluctuating spins can be expected to scatter the
conduction electrons.

Direct empirical comparison of the resistivities of the two
compounds confirms that coupling between the conduction
electrons and the Mott insulating layer in PdCrO2 strongly
enhances their scattering rate. In Fig. 6, we show the resistivity of
the PdCrO2 and PdCoO2 microstructures studied in this project,
overlaying the previously reported results on bulk single crystals
from ref. 36. The difference between the two, also plotted in Fig.
6, is substantial—larger than the resistivity of PdCoO2. Taken
together with the behavior of the resistivity of PdCrO2 across its
magnetic transition, the natural explanation is strong scattering
of the conduction electrons from the Pd layers due to their close
proximity to the Mott insulating CrO2 layers (39). However, the
situation is not as simple as scattering from fluctuating magnetic
moments, as we now discuss.

Discussion

The results presented in Figs. 3 and 6 suggest a Matthiessen’s rule
approach to understanding the resistivity of PdCrO2, namely
that 1

� = 1
�imp + 1

�ph
+ 1

�mag , where 1
�imp , 1

�ph
and 1

�mag are
the scattering rates of electrons from impurities, phonons, and

magnetic excitations, respectively. However, a further issue then
needs to be considered. The Lorenz ratio data shown in Fig. 4B
indicate that the scattering is quasi-elastic above approximately
100 K. In the electron–phonon problem this is known to lead
to T -linear resistivity because although the scattering at high
temperatures is nearly elastic, the cross-section depends linearly
on temperature. Crudely, raising the temperature increases the
vibration amplitude of the ions, increasing the scattering cross-
section (22). This can also be viewed as the number of excited
phonons in each mode being proportional to temperature. For
a spin system, however, this is not the case. Once the spins
are maximally disordered, their scattering cross-section saturates
to some temperature-independent value (62). The magnetic
entropy data shown in Fig. 5 suggest that this has occurred
by 400 K in PdCrO2, yet the magnetic contribution to the
resistivity deduced as the orange curve in Fig. 6 continues to
rise. This suggests that something more subtle is going on in
PdCrO2. As well as causing direct scattering from the spin
system in the CrO2 layers, the Kondo coupling between the
Pd and CrO2 layers must have an additional effect on the
resistivity. In the companion paper to this one (40), we describe
a theoretical solution to the problem, in which the missing
high-temperature scattering is attributed to fluctuations in the
Kondo coupling itself. Although the theory of ref. 40 explains
the contributions that must be summed to obtain the observed
T -linear resistivity, it does not provide a first-principles reason
for the Planckian value of the scattering rate. Rather, that value
must be assumed to be the result of fine tuning. The physical
significance of that last finding is not yet fully clear. It at least
leaves open the possibility of a bound on the scattering rate that
remains to be fully understood. Such a situation would have a
deeper significance than a bound on phonon scattering alone
(63) because it would be a bound on the total scattering rate,
even when it had both magnetic and phononic origins. These
considerations motivate further work on the Planckian scattering
problem.

Conclusion

We have performed direct empirical comparisons of the physical
properties of the nonmagnetic layered metal PdCoO2 and its
magnetic counterpart PdCrO2. The use of microstructuring
facilitated well-controlled, high-accuracy measurement of the
electrical resistivity of the two materials and of the effect
on PdCrO2 of controlled levels of point disorder. Even as
the residual resistivity is varied by over a factor of twenty,
the T -linear resistivity seen at high temperatures retains the
same gradient, with the deduced scattering rate within 10%
of the Planckian value. Complementary study of the thermal
conductivity and high-temperature entropy shows that the
resistivity of PdCrO2 is influenced in two ways by the Kondo
coupling between its conducting Pd layers and the moments in
the CrO2 layers. This slightly surprising observation motivates
careful theoretical analysis. It is particularly striking to realize that
the Planckian resistivity is made up of a sum of contributions,
none of which is individually T -linear. This hints at an overall
bound on total scattering rate playing a role in the Planckian
problem.

Materials and Methods

Sample Growth. Single crystals of PdCoO2 and PdCrO2 were grown in quartz
tubes via methods discussed in refs. 64 and 65. For the microstructuring
described below, we selected platelets ∼5 to 20 μm thick, with lateral
dimensions∼300 to 700 μm.

6 of 8 https://doi.org/10.1073/pnas.2307334120 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 5
1.

9.
21

5.
20

3 
on

 S
ep

te
m

be
r 

11
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

51
.9

.2
15

.2
03

.

https://www.pnas.org/lookup/doi/10.1073/pnas.2307334120#supplementary-materials


Thermal Conductivity. Thermal conductivity was measured using a standard
one-heater, two-thermometer technique on the same thin single crystal of
PdCrO2 measuring 0.5 × 0.5 × 0.002 mm3 with �0 ∼ 0.05 μcm from
ref. ? . Temperatures were measured using fine wire thermocouples attached
to the sample. The thermal current was measured using a calibrated heat pipe
in series with the sample to reduce the error associated with thermal radiation.
This results in an uncertainty of±15% in the absolute values at 300 K, reducing
to zero at around 100 K. The systematic uncertainty due to the geometric factor
is around ±10%. The resistivity of this sample was measured simultaneously
using the same contacts, canceling the geometric uncertainty in the Lorenz
ratio.

Transport Measurements. All electrical transport measurements were made
using a bespoke low-noise probe placed within a Quantum Design Physical
Property Measurement System. Standard alternating current lock-in techniques
were used for the voltage measurements at a frequency of 123 Hz and
with currents of 9 mA, using a bespoke dual-end current source provid-
ing high common mode rejection and a SynktekMCL1-540 multichannel
lock-in.

Data, Materials, and Software Availability. The data underpinning this
paper have been uploaded to the University of St. Andrews PURE repository,
https://doi.org/10.17630/db5c80b5-a268-4885-a711-707ea393a7fe (66). All
study data are included in the article and/or SI Appendix.
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30. S. Arsenijević et al., Anomalous magnetothermopower in a metallic frustrated antiferromagnet.
Phys. Rev. Lett. 116, 087202 (2016).

31. 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).

32. T. Harada, Thin-film growth and application prospects of metallic delafossites. Mater. Today Adv.
11, 100146 (2021).

33. F. Lechermann, From basic properties to the Mott design of correlated delafossites. npj Comput.
Mater. 7, 1–17 (2021).

34. H. Takatsu, S. Yonezawa, C. Michioka, K. Yoshimura, Y. Maeno, Anisotropy in the magnetization
and resistivity of the metallic triangular-lattice magnet PdCrO2 . J. Phys.: Conf. Ser. 200, 012198
(2010).

35. C. W. Hicks et al., Quantum oscillations and magnetic reconstruction in the delafossite PdCrO2 .
Phys. Rev. B 92, 014425 (2015).

36. J. A. Sobota et al., Electronic structure of the metallic antiferromagnet PdCrO2 measured by angle-
resolved photoemission spectroscopy. Phys. Rev. B 88, 125109 (2013).

37. H. J. Noh et al., Direct observation of localized spin antiferromagnetic transition in PdCrO2 by
angle-resolved photoemission spectroscopy. Sci. Rep. 4, 1–6 (2014).

38. V. Sunko et al., Probing spin correlations using angle-resolved photoemission in a coupled
metallic/Mott insulator system. Sci. Adv. 6, eaaz0611 (2020).

39. J. F. Mendez-Valderrama et al., T− linear resistivity from magneto-elastic scattering:
Application to PdCrO2 . arXiv [Preprint] (2023). http://arxiv.org/abs/2301.10776 (Accessed 25
January 2023).

40. V. Sunko et al., Controlled introduction of defects to delafossite metals by electron irradiation. Phys.
Rev. X 10, 021018 (2020).

41. N. Nandi et al., Unconventional magneto-transport in ultrapure PdCoO2 and PtCoO2 . npj Quantum
Mater. 3, 1–6 (2018).

42. E. Zhakina et al., Crossing the ballistic-ohmic transition via high energy electron irradiation. Phys.
Rev. B 107, 094203 (2023).

43. G. Kresse, J. Furthmüller, J. Hafner, Theory of the crystal structures of selenium and tellurium:
The effect of generalized-gradient corrections to the local-density approximation. Phys. Rev. B 50,
13181 (1994).

44. G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals and
semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6, 15–50 (1996).

45. G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy calculations using a
plane-wave basis set. Phys. Rev. B 54, 11169 (1996).

46. G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-wave method.
Phys. Rev. B 59, 1758 (1999).

47. D. M. Ceperley, B. J. Alder, Ground state of the electron gas by a stochastic method. Phys. Rev. Lett.
45, 566 (1980).

48. J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. Phys. Rev.
Lett. 77, 3865 (1996).

49. F. Birch, Finite elastic strain of cubic crystals. Phys. Rev. 71, 809 (1947).
50. A. Togo, I. Tanaka, First principles phonon calculations in materials science. Scripta Mater. 108, 1–5

(2015).

PNAS 2023 Vol. 120 No. 36 e2307334120 https://doi.org/10.1073/pnas.2307334120 7 of 8

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 5
1.

9.
21

5.
20

3 
on

 S
ep

te
m

be
r 

11
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

51
.9

.2
15

.2
03

.

https://doi.org/10.17630/db5c80b5-a268-4885-a711-707ea393a7fe
https://www.pnas.org/lookup/doi/10.1073/pnas.2307334120#supplementary-materials
http://arxiv.org/abs/2301.10776


51. J. M. Ok et al., Quantum oscillations of the metallic triangular-lattice antiferromagnet PdCrO2 .
Phys. Rev. Lett. 111, 176405 (2013).

52. H. J. Noh et al., Anisotropic electric conductivity of delafossite PdCoO2 studied
by angle-resolved photoemission spectroscopy. Phys. Rev. Lett. 102, 256404
(2009).

53. P. Kushwaha et al., Nearly free electrons in a 5d delafossite oxide metal. Sci. Adv. 1, e1500692
(2015).

54. V. Sunko et al., Maximal Rashba-like spin splitting via kinetic-energy-coupled inversion-symmetry
breaking. Nature 549, 492–496 (2017).

55. N. Kikugawa, Y. Maeno, Non-fermi-liquid behavior in Sr2RuO4 with nonmagnetic impurities. Phys.
Rev. Lett. 89, 117001 (2002).

56. Y. Fukuzumi, K. Mizuhashi, K. Takenaka, S. Uchida, Universal superconductor-insulator transition
and Tc depression in Zn-substituted high-Tc cuprates in the underdoped regime. Phys. Rev. Lett.
76, 684 (1996).

57. F. Rullier-Albenque et al., Universal Tc depression by irradiation defects in underdoped and
overdoped cuprates? EPL (Europhys. Lett.) 50, 81 (2000).

58. H. Takatsu et al., Roles of high-frequency optical phonons in the physical properties of the
conductive delafossite PdCoO2 . J. Phys. Soc. Japan 76, 104701 (2007).

59. A. Glamazda et al., Collective excitations in the metallic triangular antiferromagnet PdCrO2 . Phys.
Rev. B 90, 045122 (2014).

60. Y. Zhang et al., Thermal properties of the metallic delafossite PdCoO2: A combined experimental
and first-principles study. Phys. Rev. Mater. 6, 115004 (2022).

61. A. J. McRoberts, J. Mendez-Valderrama, R. Moessner, D. Chowdhury, An intermediate-scale theory
for electrons coupled to frustrated local-moments. arXiv [Preprint] (2022). http://arxiv.org/abs/
2207.10087.

62. C. Murthy, A. Pandey, I. Esterlis, S. A. Kivelson, A stability bound on the T -linear resistivity of
conventional metals. Proc. Natl. Acad. Sci. U.S.A. 120, e2216241120 (2023).

63. H. Takatsu, Y. Maeno, Single crystal growth of the metallic triangular-lattice antiferromagnet
PdCrO2 . J. Cryst. Growth 312, 3461–3465 (2010).

64. M. Tanaka, M. Hasegawa, H. Takei, Crystal growth of PdCoO2 , PtCoO2 and their solid-solution with
delafossite structure. J. Cryst. Growth 173, 440–445 (1997).

65. R. Daou, R. Frésard, S. Hébert, A. Maignan, Impact of short-range order on transport properties of
the two-dimensional metal PdCrO2 . Phys. Rev. B 92, 245115 (2015).

66. E. Zhakina et al., Investigation of Planckian behavior in a high-conductivity oxide: PdCrO2 (dataset).
University of St. Andrews Research Portal. https://doi.org/10.17630/db5c80b5-a268-4885-a711-
707ea393a7fe. Deposited 9 August 2023.

8 of 8 https://doi.org/10.1073/pnas.2307334120 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 5
1.

9.
21

5.
20

3 
on

 S
ep

te
m

be
r 

11
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

51
.9

.2
15

.2
03

.

http://arxiv.org/abs/2207.10087
http://arxiv.org/abs/2207.10087
https://doi.org/10.17630/db5c80b5-a268-4885-a711-707ea393a7fe
https://doi.org/10.17630/db5c80b5-a268-4885-a711-707ea393a7fe

	Materials and Methods

