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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 non-magnetic 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/~.

I. INTRODUCTION

Understanding the physics of so-called ‘Planckian met-
als’ 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. resistiv-
ity ρ 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 mate-
rial, ρ ∼ ρ0 + AT (with ρ0 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 temper-
ature superconductivity [2]. Not only the power law, but
also its prefactor A are significant. Optical conductivity
data on cuprates showing T -linear resistivity provided ev-
idence of a resistive scattering rate 1

τtr
varying as kBT/~,

a rate postulated to be the highest allowed in a strongly
interacting quantum system and termed ’Planckian dis-
sipation’ [3–5]. Interest in T -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 mate-
rials, iron-based and organic superconductors and tran-
sition metal oxides [6–10]. Optical conductivity data is
sparser in these systems, but analysis of d.c. resistiv-
ity data in certain systems for which there was experi-
mental information on the Fermi surfaces and effective
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masses m* concluded that the observed values of A are
such that 1

τtr
= αkBT~ with 0.7 < α < 2.7 [10]. Simi-

lar analyses applied more recently to d.c. transport data
from cuprates [11], twisted bilayer graphene [12, 13] and
twisted transition metal dichalcogenides [14] and doped
two-dimensional semiconductors [15] reached similar con-
clusions, while T -linear resistivity was shown to persist
to temperatures as low as 10 mK in YbRh2Si2 [16].

The analyses described above rely on accurate knowl-
edge of the parameters of the materials in question, and
the use of different Fermi surface averages of the Fermi

velocity vF for ρ ∝ 1
vF (k) and m∗ vF (k) [17]. 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 Planck-
ian dissipation is the origin of the scattering that pro-
duces it. The Planckian rate 1

τtr
∼= kBT

~ has been noted
at high temperatures in electron-phonon systems since
the time of Peierls [18], [19] 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 be-
cause 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 conven-
tional metal [20]. In contrast, if the T -linear resistivity
originates from inelastic scattering of electrons (as in a
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‘marginal Fermi liquid’ [21]), then the transport time is
more naturally related to the equilibration time [17].

The issue of the temperature range over which
electron-electron or electron-phonon scattering are mi-
croscopically responsible for the observed ρ ∼ ρ0 + AT
is a matter of active debate in the literature [22], inviting
careful investigatin 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 ρ0 are
independent.

The material on which this paper is based, PdCrO2,
is ideal for careful experimental investigation of the is-
sues 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 correspond-
ing to spin-3/2 [23–29]. Its Weiss temperature (θW ) is
approximately 500 K but magnetic order sets in only at
TN = 38 K. The ratio between its out-of-plane resistiv-
ity ρc and in-plane resistivity ρab is larger than 150 [30],
justifying a 2D approximation when analyzing its prop-
erties. In a striking contrast to its non-magnetic sister
PdCoO2, ρab is T -linear from approximately 150 K to at
least 500 K [31].

PdCrO2 is particularly well-suited to the analysis of
this T -linear in-plane resistivity for a number of rea-
sons. Consistent with the large value of ρc/ρab, 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 [32–34].
This high temperature Fermi surface is almost identical
to that of its partner material PdCoO2 in which Co3+

is in the non-magnetic low-spin 3d6 configuration, facil-
itating a quantitative empirical comparison between the
properties of the two materials. For both materials, the
residual resistivity is tiny in as-grown crystals, provid-
ing a well-controlled starting point for data interpreta-
tion. Finally, the physics of PdCrO2 has been shown to
be well described by a low energy Kondo lattice Hamil-
tonian describing the inter-layer coupling of conduction
electrons with the local moments in the Mott insulator
layer [34], providing firm foundations for its theoretical
analysis. This combination of properties makes PdCrO2

attractive as one of the materials best suited for a quan-
titative empirical study of T -linear metallic resistivity.

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

τtr
= 0.9kBT~ in as-grown crystals of

PdCrO2, which remains unchanged as ρ0 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 spec-
tra of the two materials. Finally, we outline a theoretical
proposal, described in detail in a separate paper [35], for
how the high temperature resistivity could be explained

as a consequence of the electron magneto-elastic coupling
between the conducting and magnetic layers.

II. EXPERIMENT AND DENSITY
FUNCTIONAL CALCULATIONS

A. Sample growth

Single crystals of PdCoO2 and PdCrO2 were grown
in quartz tubes via methods discussed in ref. [36] and
ref. [37]. For the microstructuring described below we
selected platelets ∼ 5–20 µm thick, with lateral dimen-
sions ∼ 300–700 µm.

B. Electron irradiation

Crucially for the analysis, the scattering centres in-
troduced 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 trans-
mission 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. [38].

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 Poly-
technique 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.

C. Sample preparation

In order to enable a reliable low-temperature resis-
tivity 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 [39]. However,
glue degrades quickly in the electron beam, motivating
us to use the ’epoxy-free’ method of mounting PdCoO2

described in [38]. A scanning electron micrograph of a
PdCoO2 device structured using this method is shown in
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FIG. 1. (a) SEM image of a microstructured PdCoO2 sam-
ple mounted by ‘epoxy-free’ method. (b) SEM image of the
PdCrO2 device mounted using ‘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.

Fig. 1a. The crystal is held on a substrate by electro-
static forces and pinned by deposited Pt contacts pro-
viding 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.

D. 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 x 0.5 x 0.002 mm3

with ρ0 ∼ 0.05 µΩcm from ref. [40]. Temperatures were
measured using fine wire thermocouples attached to the
sample. The thermal current was measured using a cali-

brated 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 un-
certainty due to the geometric factor is around ± 10%.
The resistivity of this sample was measured simultane-
ously using the same contacts, cancelling the geometric
uncertainty in the Lorenz ratio.

E. Density functional theory calculations

Density functional theory (DFT) calculations were per-
formed using the VASP code [41–44] to optimize the crys-
tal structure and obtain the accurate descriptions of the
ground states. The exchange correlation functionals were
considered at the local density approximation (LDA) [45]
and generalized gradient approximation (GGA) [46] lev-
els. A plane-wave cutoff of 600 eV and energy conver-
gence 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 16x16x2 k-point mesh was used. The bulk moduli
were calculated by fitting the total energies of different
volumes using the Birch-Murnaghan method. [47]

For the phonon calculations, the frozen phonon
method implemented in the Phonopy code [48] was used
with 4x4x1 supercell of the fully-relaxed conventional
unit cell. We have considered four displacement modes
that are allowed by the space group No. 166 (R-3m). A
401x401x401 q-point mesh was used to obtain the vibra-
tional heat capacity and entropy.

III. 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, highlighted against
previous work going to higher temperatures for which
data were taken on bulk single crystals [31]. The agree-
ment 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 break-
down across small gaps in the low temperature antifer-
romagnetically ordered state) has an average cyclotron
mass m∗ = 1.55 me, where me is the electron mass
[31, 49]. This corresponds to a Fermi-surface averaged
Fermi velocity of approximately 7.5 x 105 ms−1. Angle-
resolved photoemission spectra from delafossites are ex-
tremely sharp, and give no evidence that this Fermi ve-
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FIG. 2. In-plane resistivity data for the PdCrO2 microstruc-
ture shown in Fig. 1 (green) compared with data from previ-
ous work [31] on two single crystals (grey). The difference be-
tween the results from the two crystals is due to inevitable un-
certainty 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 resistivity is
observed between approximately 150 K and the highest mea-
surement temperature of 500 K.

locity is temperature-dependent [50]. With a Fermi tem-
perature of approximately 25000 K, the T -independence
of vF across the range of temperatures relevant to this pa-
per is unsurprising. In common with observation and cal-
culation on other delafossite Fermi surfaces [39, 51–53],
angle-resolved photoemission spectroscopy [32–34] 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 appropriate gives

σ(T ) =
1

ρ(T )
=
e2

hd
kF vF τtr(T )

⇒ 1

τtr(T )
=
e2

hd
kF vF ρ(T ), (1)

in which e is the electronic charge, h is Planck’s con-
stant, d= 6.03 Å is the interlayer spacing and kF = 0.93 x
1010 m−1 is the average in-plane Fermi wavevector. Com-
bining with the measured temperature-dependent ρ(T ) =
0.026 µΩcm/K and vF =7.5 x 105 ms−1 gives 1

τtrT
= 1.2

x 1011 s−1K−1 = 0.9kB~ . The favourable 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 reli-
able 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 experi-

ment 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 prin-
ciple be done by either irradiating or chemically doping
different samples [38], [54–56], the inevitable uncertain-
ties in geometrical factors between those samples is diffi-
cult to separate with confidence from the intrinsic effects
of disorder. Our goal was to obtain a precise measure-
ment of the effect of the extra elastic scattering on the
T -linear term in ρab, so it was vital to eliminate geometri-
cal uncertainty from the experiment. As described above,
the high energy electron irradiation that provides the re-
quired point defects places the sample in a harsh environ-
ment, 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 mi-
crostructure 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 con-
ductive Pd planes, as expected in such two-dimensional
systems [38].

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 different beam time to the first one, so overall the ex-
periment took six months, 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 un-
usually high degree of confidence because of its simple
Fermi surface and favourable 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 lev-
els 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 mech-
anisms that could lead to the observed behaviour.

First, we examine the thermal conductivity κ, for
which data are presented in Fig. 4a. As expected of a
high-conductivity metal, it is large, reaching nearly 300
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FIG. 3. (a) Increase of resistivity as a function of electron dose for two delafossite metals: PdCoO2, and PdCrO2. (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%. 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.

W/Km at its peak value. It rises with increasing tem-
perature rapidly below TN , qualitatively consistent with
the behaviour of the electrical conductivity. Quantitative
comparison of electrical and thermal conductivity comes
from calculating the Lorenz ratio L = κρ

T . In systems for
which electrons dominate heat conduction, and the same
average scattering rate determines both the thermal and

electrical conductivity, L = L0 = π2

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 tempera-
tures 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 behaviour
is seen in conventional metals, and attributed to electron-
phonon scattering. In PdCrO2, however, a body of ev-
idence points to a more complex situation. Firstly, the
sharp drop of resistivity below TN hints at rather strong
magnetic scattering which is frozen out as the magneti-
cally ordered state is entered. The existence of the non-
magnetic 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 spec-
tra would be expected to be similar; indeed, direct ob-
servation shows similar optic phonon frequencies in the
two compounds [57, 58]. 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 [38] 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 den-
sity functional theory calculations of the phonon spectra
of PdCoO2, a hypothetical non-magnetic 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 from the specific magnetic order.

The results for heat capacity are shown in Fig. 5b,
and the calculated lattice properties for the two mate-
rials in Table I in the Appendix. Due to the different
band fillings, the chemical bonding is slightly stronger in
PdCoO2 (fully filled Co 3d-t2g states) than in the ficti-
tious non-magnetic PdCrO2 as reflected in the calculated
bulk moduli (see Table I). However, incorporating the Cr
spin 3/2 moment in a spin polarized calculation leads to a
substantial additional softening (approximately 15%), to-
gether with a large expansion of the unit cell volume and
strongly improved agreement with the experimental crys-
tal structure. The good agreement with the available ex-
perimental data (see table I), in particular for the relative
changes between PdCoO2 and magnetic PdCrO2, pro-
vides confidence in the calculated properties like phonon
spectra (see figures 7, 8) and the vibrational part of the
specific heat and entropy (see Figs. 5b, 5c). We also
note that both our measurements and calculations for
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FIG. 4. a) Thermal conductivity and b) Lorenz ratio of PdCrO2 as a function of temperature

PdCoO2 agree well with those recently reported in Ref.
[59]

Our results show a significant difference between the
vibrational high-temperature heat capacities of the two
materials, with that of PdCrO2 being larger, in agree-
ment with experiment. The intuitive picture for this is
that the existence of the local Cr magnetic moment cre-
ates 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 modu-
lus and the Debye temperature. A detailed discussion of
the calculations can be found in the Appendix.

The DFT calculations for the phonon spectrum of spin-
polarized PdCrO2 take account of the effect of the Cr mo-
ments, but include neither a magnetic phase transition
nor a calculation of magnon entropy. They thus allow
us to estimate the phonon contribution to the entropy
difference between magnetic PdCrO2 and non-magnetic
PdCoO2. This phonon entropy difference is plotted as a
function of temperature in Fig. 5c, along with the mea-
sured entropy difference calculated from the actual heat
capacity data in Fig. 5a. Subtracting the phonon contri-
bution isolates the magnetic entropy of PdCrO2, which is
seen to be very close to Rln4 at our maximum measure-
ment 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 expecta-
tion 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 coupling between the conduc-
tion 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 microstruc-
tures studied in this project, overlaying the previously-
reported results on bulk single crystals from Ref. [31].
The difference between the two, also plotted in Fig. 6,
is substantial – larger than the resistivity of PdCoO2.
Taken together with the behaviour of the resistivity of
PdCrO2 across its magnetic transition, the natural ex-
planation is strong scattering of the conduction electrons
from the Pd layers due to their close proximity to the
Mott insulating CrO2 layers [34]. However, the situation
is not as simple as scattering from fluctuating magnetic
moments, as we now discuss.

IV. DISCUSSION

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

τ = 1
τimp

+ 1
τph

+ 1
τmag

where 1
τimp

, 1
τph

and 1
τmag

are the scattering rates of elec-

trons from impurities, phonons and magnetic excitations
respectively. However, a further issue then needs to be
considered. The Lorenz ratio data shown in Fig. 4 b) in-
dicate that the scattering is quasi-elastic above approx-
imately 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 ampli-
tude of the ions, increasing the scattering cross-section
[17]. This can also be viewed as the number of excited
phonons in each mode being proportional to tempera-
ture. 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 [60]. The magnetic entropy data shown in Fig. 5
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FIG. 5. a) The total heat capacity of magnetic PdCrO2 and non-magnetic PdCoO2 as a function of temperature up to 390 K.
b) Density functional calculation for the vibrational heat capacity for non-magnetic 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) (see also Fig. 9) 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 390K.

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 sug-
gests 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 [35], 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. [35] explains the contributions that must
be summed to obtain the observed T -linear resistivity, it
does not provide a first-principles reason for the Planck-
ian 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 scat-
tering rate that remains to be fully understood. Such a
situation would have a deeper signficance than a bound
on phonon scattering alone [61], because it would be a
bound on the total scattering rate, even when it had
both magnetic and phononic origins. These considera-
tions motivate further work on the Planckian scattering
problem.

V. CONCLUSION

We have performed direct empirical comparisons of the
physical properties of the non-magnetic 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 cou-
pling 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 individ-
ually T -linear. This hints at an overall bound on total
scattering rate playing a role in the Planckian problem.
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FIG. 6. Resistivity of magnetic PdCrO2 and non-magnetic
PdCoO2 from the microstructures studied in this work (green
and purple lines) and the bulk crystals studied in ref. [31]
(grey lines), and the difference between the two (orange).
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Appendix A: Supporting information for density
functional calculations

For non-magnetic PdCoO2, the calculated lattice pa-
rameters and cell volume are in good agreement with the
experimental observation. As often observed empirically
in transition metal oxide compounds, the LDA slightly
underestimates the bond lengths (and therefore the lat-
tice parameters), whereas GGA leads to slight overes-
timates. However, an average of both approximations

FIG. 7. Calculated phonon dispersions along the standard
hexagonal band path of (a) PdCoO2 (non-magnetic calcula-
tion) and (b) PdCrO2 (spin polarized calculation) applying
GGA as the exchange correlation potential. The spectra of
both compounds are rather similar, as expected given their
structural similarity. However, the frequencies in the Cr com-
pound are slightly smaller, in particular for the high energy
part of the spectrum.

TABLE I. Calculated lattice parameters and bulk moduli of
PdTO2 (T = Co, Cr) applying different density functionals
(LDA vs. GGA). The bulk moduli were obtained by fitting
the total energies of different volumes to the Birch-Murnaghan
equation. Our results are compared to theoretical and experi-
mental literature data. “NM” refers to non-magnetic calcula-
tions, “SP” to calculations including spin polarization, in the
present case with ferromagnetic order. The dominant change
compared to the non-magnetic case, however, originates from
the local spin polarization and not from the specific type of
inter-site order.

Compound method V0 [Å3] a [Å] c/a B [GPa]
PdCoO2 (NM) GGA 126.53 2.86 6.23 194.51

LDA 117.43 2.79 6.27 247.82
ref. [62] GGA 128.32 2.86 6.31 206.86

LDA 119.02 2.79 6.35 264.75
ref. [63] Exp. 123.06 2.83 6.27 224.00

PdCrO2 (NM) GGA 126.60 2.76 6.94 180.82
LDA 117.19 2.68 7.02 238.85

PdCrO2 (SP) GGA 138.65 2.97 6.09 167.40
LDA 127.89 2.88 6.19 194.50

ref. [34] Exp. 133.82 2.92 6.19 -

leads to error compensation and a result that is within
1% of the experimental value (DFT: 122.0 Å3 vs. Exp.:
123.1 Å3). This applies also for the calculated bulk mod-
ulus (DFT: 221.2 GPa vs. Exp.: 224.0 GPa). This good
agreement between the calculated and the experimental
lattice properties also provides confidence in the calcu-
lated phonon spectra and specific heat.

In contrast to PdCoO2, a (hypothetical) non-magnetic
calculation for PdCrO2 leads to a strong underestimate
of the calculated lattice parameters and cell volume.
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FIG. 8. Calculated phonon dispersions of non-spin-polarized
PdCrO2 (LDA, a converged GGA calculation could not be
obtained). The dispersion of the non-spin-polarized PdCrO2

shows imaginary frequencies, which implies the instability of
the lattice without Cr spin polarization.

FIG. 9. Calculated vibrational entropy of PdCrO2 (black
solid line) and PdCoO2 (red solid line) applying GGA for the
exchange correlation functional. For PdCrO2 the inclusion of
spin polarization was required to obtain a stable lattice. In-
set: Calculated vibrational entropy difference ∆S = SPdCrO2

- SPdCoO2 between PdCrO2 and PdCoO2.

Whereas the calculated cell volume of both sister com-
pounds is essentially identical, the experimental value for
the Cr compound is about 10% larger. This clearly in-
dicates the importance of the local spin polarization for
Cr3+ for a more accurate description of the lattice prop-
erties. Indeed, a spin polarized calculation (with ferro-
magnetic inter-site order) yields an increase of the (LDA-
GGA averaged) cell volume of about 10%, resulting in
very good agreement with the experimental value (DFT:
133.2 Å3 vs. Exp.: 133.8 Å3). This is directly connected
with a strong softening for the bulk modulus by about
15% compared to the non-magnetic calculation. There
is no known experimental value for the bulk modulus of
PdCrO2; we predict B = 181 GPa from our spin-polarized
calculations. This is more than 20% smaller than that of
PdCoO2. Since the energy scale for the on-site spin po-
larization is about an order of magnitude larger than that
of the inter-site coupling, we expect the specific inter-site
magnetic order to have only a small influence on lattice
parameters and bulk modulus. From the very good agree-
ment between the calculated lattice properties (lattice
parameters, cell volume, bulk modulus) for both com-
pounds with the available experimental data we expect
also a good agreement for other related lattice properties
like the phonon spectra and the derived vibrational parts
of the specific heat and the entropy (compare figure 5b
main text and figures 7 - 9 of the Appendix).
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