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Mesoscopic finite-size effects of unconventional electron transport in PdCoO2
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A wide range of unconventional transport phenomena has recently been observed in single-crystal delafossite
metals. Here, we present a theoretical framework to elucidate electron transport using a combination of first-
principles calculations and numerical modeling of the anisotropic Boltzmann transport equation. Using PdCoO2

as a model system, we study different microscopic electron and phonon scattering mechanisms and establish the
mean free path hierarchy of quasiparticles at different temperatures. We treat the anisotropic Fermi surface
explicitly to numerically obtain experimentally-accessible transport observables, which bridge between the
“diffusive,” “ballistic,” and “hydrodynamic” transport regime limits. We illustrate that the distinction between the
“quasiballistic” and “quasihydrodynamic” regimes is challenging and often needs to be quantitative in nature.
From first-principles calculations, we populate the resulting transport regime plots and demonstrate how the
Fermi surface orientation adds complexity to the observed transport signatures in micrometer-scale devices. Our
work provides key insights into microscopic interaction mechanisms on open hexagonal Fermi surfaces and
establishes their connection to the macroscopic electron transport in finite-size channels.
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I. INTRODUCTION

Signatures of unconventional transport in condensed mat-
ter systems have been the subject of active research in fields
ranging from materials physics to computational hydrody-
namics and statistical physics. Despite the success of the
Drude theory in describing the dynamics of charge transport
in bulk metals and semimetals at and near the Fermi level [1],
finite-size effects, and the interplay between the geometrical
and topological character of the Fermi surface can give rise to
unconventional transport regimes. Of particular interest, is the
electron “hydrodynamic” transport regime, which manifests
itself in negative nonlocal resistance and nonuniform current
distributions [2–4], when the momentum-relaxing collisions
of electrons with impurities, phonons, and the boundary are
significantly slower than the momentum-conserving electron-
electron collisions. Experimental evidence and observations
of hydrodynamic flow in condensed matter systems has been
steadily increasing in recent years across a handful of systems,
such as two-dimensional electron gases (2DEG) (Al,Ga)As
[3], graphene [5–9], and some bulk (semi)metals with non-
trivial electronic structures [10–14].

Among these systems, layered delafossites, such as
PdCoO2 and PtCoO2 [Fig. 1(a)], are highly conductive metals
with open hexagonal Fermi surfaces [Fig. 1(b)], which can
host long electron mean free paths even at room temperature
[15,16], making them ideal candidates to observe finite-size
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effects in electron transport. Despite their simple electronic
structure, many interesting transport signatures have been ob-
served in these systems, including large magnetoresistance
and deviations from Kohler’s relation at finite temperatures
[12,17], super-geometric electron focusing [18], commensu-
rability oscillations [19], upturn of in-plane resistivity [16],
directional ballistic effects [20], deviation between optical and
transport scattering rate measurements at low temperatures
[21], and phonon drag effect in thermopower measurements
[22]. Curiously, the thermopower of PdCoO2 was predicted
to have the opposite signs along the in-plane and out-of-
plane directions [15,23]. Such axis-dependent p- and n-type
conduction has recently been proposed to originate from
the open concave Fermi surface shape [24–26]. The emer-
gence of such rich transport phenomena from a relatively
simple electronic structure poses many open questions. For
example, the extremely long carrier mean free path at low
temperatures [16,27], combined with the recent observation
of directional ballistics [20], has rekindled discussions on the
hydrodynamic-character of electron transport in delafossite
metals [13,20,28].

In this paper, we address these unconventional electron
transport phenomena from a two-dimensional Fermiology
perspective, using PdCoO2 as a model system. We estab-
lish the microscopic origins of electron scattering, from first
principles, including momentum-relaxing events (electron-
phonon and electron-impurity scattering) and momentum-
conserving events (electron-electron scattering through the
direct Coulomb interaction and exchnage of a virtual phonon).
We present these temperature-dependent electron mean free
paths and discuss the dominant phonon dynamics arising
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FIG. 1. (a) Rhombohedral lattice structure of PdCoO2 highlighting the vdW layers. (b) Fermi surface of PdCoO2 in the first Brillouin zone,
with the high-symmetry points denoted by red markers, showing an open faceted-cylindrical shape along the out-of-plane (�-Z) direction.
(c) Polar plot of Fermi wave vector from ARPES measurements for PdCoO2 (blue). Blue arrows plot the Fermi wave vector at 15◦, 30◦, and
45◦. Pink arrows plot the vector perpendicular to the Fermi surface at those orientations, i.e., the Fermi velocity. Translated back to the zone
origin, and plotted over all angles, red polar plot shows the angular dependence of the Fermi velocity. Note the nearly flat Fermi surface facets
lead to a notable anisotropy in the velocity distribution (inset sector chart). Area-normalized current density profiles in a channel of width W for
(d) “quasidiffusive”, (e) “quasiballistic,’ and (f) “quasihydrodynamic” regimes. [(d)–(f)] also plot the fully diffusive (black) and fully parabolic
(blue) limits for reference. Insets plot the best fit parabola at the middle of the channel, from which normalized current density curvatures are
extracted.

from phonon-phonon and phonon-electron interactions. We
find that the phonon-mediated electron-electron interactions
dominate the momentum-relaxing mechanisms at a wide
temperature range, opening up the possibility for observ-
ing hydrodynamic electron transport regime. Further, we
explicitly examine the effects of Fermi surface anisotropy
in the Boltzmann transport equation (BTE), which we use
to extract the electron current flows in different trans-
port limits. Using the microscopic length scales from the
first-principles calculations, we elucidate how the electron
scattering physics manifest in unconventional transport phe-
nomena in micrometer-scale samples. Building on this, we
plot the current profile curvature and in-plane conductivity for
a range of momentum-relaxing and momentum-conserving
interactions, allowing for classification of different trans-
port regimes. This work establishes a theoretical framework
to understand electron transport in PdCoO2 by providing
first-principles insights into microscopic electron scattering
mechanisms and bridging them with the Fermi surface geom-
etry. The approach demonstrated here is applicable to other
condensed matter systems, including Dirac/Weyl semimetals,

in predicting the emergence of hydrodynamics in these sys-
tems and distinguishing it from other transport regimes.

II. RESULTS AND DISCUSSION

A. Anisotropic BTE and electron transport limits

The evolution of a nonequilibrium charge carrier distribu-
tion function at steady state and in the presence of an external
electric field E is given by the semiclassical BTE:

vs · ∇r f (s, r) + qE · ∇s f (s, r) = �s[ f ], (1)

where f (s, r) is the nonequilibrium charge carrier distribution
around position r with state label s (encapsulating the wave
vector k and band index n), vs is the carrier’s group velocity,
and �s[ f ] is the collision-integral functional. We consider a
two-dimensional infinite channel of width W , r = (x, y) and
parametrize the single-band, n = 1, in-plane wave vector at
the Fermi surface using k = kF ρ(θ ){cos(θ )

sin(θ )}, where kF is the
average Fermi wave vector and ρ(θ ) is a polar equation de-
fined between θ = 0 and θ = 2π , with an average value of 1.
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Since the drift velocity along the channel’s transverse di-
rection must vanish at steady state (Ref. [29]), we linearize
Eq. (1) by introducing the parametrization

f (s, r) = f (θ, y) = qExvx(θ )leff (θ, y), (2)

where leff is an effective distance a charge carrier at y with
momentum in the direction of θ has traveled since its last
collision. Under the relaxation time approximation, this leads
to the integrodifferential equation [3,11]:

vy(θ ) ∂y leff (θ, y) + leff (θ, y)

l

= 1 + 1

lmc

∫ 2π

0

dφ

π
v2

x (φ)leff (φ, y), (3)

where lmc is a momentum-conserving mean-free path, and we
have used Mathiessen’s rule l−1 = l−1

mr + l−1
mc to combine lmc

with the momentum-relaxing mean free path lmr. The Fermi-
surface anisotropy is introduced through the Fermi velocity
term

v = vF

{
cos(θ )ρ(θ ) + sin(θ )ρ ′(θ )
sin(θ )ρ(θ ) − cos(θ )ρ ′(θ )

}
. (4)

The in-plane Fermi surface of PdCoO2, based on Angle-
resolved photoemission spectroscopy (ARPES) measure-
ments [20], is shown in Fig. 1(c). While the hexagonal Fermi
surface does not deviate strongly from an isotropic (circular)
Fermi surface, its faceted nature leads to a highly anisotropic
velocity distribution [Fig. 1(c)].

Before examining the effects of this velocity anisotropy on
Eq. (3), it is instructive to clarify limits arising in electron
transport regimes, namely, the common diffusive or “Ohmic”
regime and the more exotic hydrodynamic or “Poiseuille”
limit. These limits arise in wide-enough channels when one
of the momentum-relaxing or momentum-conserving col-
lisions dominate over the other and result in completely
uniform or completely parabolic current profiles for “Ohmic”
[Figs. 1(d)–1(f) black] and “Poiseuille” [Figs. 1(d)–1(f) blue]
flows respectively. In finite-size conductors, these scattering
length scales additionally compete with the channel’s bound-
ary, giving rise to ballistic transport, where the scattering with
the sample wall is the dominating mechanism.

Given that in high quality crystals momentum-relaxing
mean free paths are on the order of microns, electron transport
regimes in micrometer and nanoscale devices exist some-
where on a spectrum between the “Ohmic,” “Poiseuille,” and
ballistic limits. The macroscopic observables are closely re-
lated to the hierarchy of the microscopic length scales in a
system. Further, realistically electronic transport in materials
happens in presence of all scattering events, therefore we term
“quasidiffusive” (lmr � W � lmc), “quasiballistic” (W �
lmr � lmc), and “quasihydrodynamic” (lmc � W � lmr) to
further highlight the continuous transition between these lim-
iting regimes. The expected current profiles under each limit
and in these three regimes are shown in Figs. 1(d)–1(f). It
is worth emphasizing that, given that the quasihydrodynamic
regime arises mostly from momentum-conserving scattering
events, which cannot be readily captured using traditional
transport measurements such as resistivity, experimentally de-
tecting the manifestation of such current profiles is not trivial.

Despite recent work in probing hydrodynamic signatures us-
ing optical conductivity measurements [30], and microwave
induced resistance oscillation [31] in graphene and 2DEGs,
quantifying hydrodynamic effects from bulk transport mea-
surements remains very challenging in high carrier density
metals and semimetals [32,33]. This is in-part due to the
continuous transition of the various transport regimes, as well
as the finite-size effects introduced by the sample geome-
try. Another layer of complexity arises from the fact that in
the hydrodynamic regime, the momentum-conversing mean
free path (lmc) is not homogeneously related to the resistivity
[3,34], but rather one needs to solve for the spatially resolved
current density distribution, whose integration gives an effec-
tive bulk resistivity [3].

Recently, spatially resolved measurements have revealed
nonuniform current density distributions in graphene [8,9,35]
and WTe2 [11] conducting channels. These techniques have
distinct advantages in diagnosing the hydrodynamic sig-
natures that are difficult to pinpoint without careful and
integrated examination of bulk transport measurements [32].
As such, we use the calculated current density distribution,
and specifically its curvature in the middle of the channel,
as an important metric to discuss transport phenomena in
finite-size PdCoO2. Finally, we note that hydrodynamic ef-
fects are significant when the hierarchy of the electron length
scales due to scattering events, including momentum-relaxing
scattering with phonons and impurities (lmr), momentum-
conserving scattering with other electrons (lmc), as well as
scattering with the boundary of the channel (W ) satisfies the
inequalities lmc � W � lmr [28,36]. This naturally leads to
the observation that ballistic and hydrodynamic effects can
coexist and contribute to the overall transport measurements.

B. Microscopic scattering mechanisms in PdCoO2

As previously discussed, it is challenging to distinguish
transport signatures between the quasihydrodynamic and qua-
siballistic regimes. Consequently, it is important to address
the microscopic mechanisms giving rise to each regime us-
ing first-principle calculations of electron lifetimes due to
scattering events specific to the materials in question. For
instance, in WTe2, phonon-mediated momentum-conserving
electron interactions dominate momentum-relaxing interac-
tions of electrons with phonons and impurities at intermediate
temperatures and thus lead to hydrodynamic transport flow
[11]. This scattering mechanism is often overlooked in studies
of low-carrier density materials, where electrons scatter pre-
dominantly through the more-direct Coulomb interaction. By
contrast, bulk PdCoO2 has a highly dispersive band with con-
siderable carrier concentration at the Fermi level, where the
Coulomb interaction is expected to be screened contributing
weakly to electron-electron scattering.

Figure 2(a) plots the temperature dependent electron mean
free paths computed for various interactions using first prin-
ciples. Here, momentum relaxing (lmr) events include the
electron-phonon scattering (le-ph), which decreases rapidly
with increasing temperature and the electron-impurity scat-
tering (limp), which is largely temperature independent and
dominated by the impurity concentration in the sample. Mo-
mentum conserving events (lmc) include the electron-electron
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FIG. 2. (a) Temperature dependent electron mean free pahts for PdCoO2, obtained from ab initio calculations (see Methods). We consider
electron-phonon (le-ph), electron-impurity (limp), electron-electron scattering mediated by a screened Coulomb interaction (lC

ee), and by a virtual
phonon (lmc). The momentum relaxing mean free path, lmr, is computed using Matthiessen’s rule. (b) Phonon dispersion of PdCoO2 along
the high-symmetry path in the Brillouin zone [Fig. 1(b)], with the marker size indicating the imaginary part of phonon-electron self-energy
(Im�ph-e) calculated at 25 K. The corresponding Eliashberg coupling function for different phonon frequencies, α2F (ω) (see Methods), is
plotted in the right panel. (c) Comparison of phonon self energies at 25 K resulting from phonon-phonon (Im�ph−ph) and phonon-electron
coupling (Im�ph−e), highlighting that the phonon-electron interaction dominates the low energy modes at low temperatures. Anisotropic
scattering distribution on the Fermi surface, illustrating τe-ph(nk) at (d) 300 K, (e) 4 K, and (f) the scattering efficiency 〈1 − cosθ〉 at 4 K.

scattering mediated by the direct Coulomb interaction (lC
ee),

as well as by a virtual phonon. The temperature depen-
dence of the direct Coulomb interaction is well-known
within Fermi-liquid theory to be T 2. Here, we calculate
the computationally-intensive electron-electron linewidths at
room temperature and use an analytical expression to extend
the results to lower temperatures (for details see Sec. IV
D). The phonon-mediated electron mean free path should in
principle also exhibit a T 2 dependence at the low-temperature
limit [37,38]. We note however that at the lowest temper-
ature we computed for PdCoO2 (6 K), this effect has not
yet overtaken the high-temperature limit. For the momentum-
relaxing events, below ∼10 K, the long electron-phonon mean
free path in PdCoO2 leaves the resistivity fully determined
by the impurity length. Particularly, the as-grown samples
are shown to be resistant to defect formation [27], and the
resulting long lmr provides a temperature window for lmc

to dominate the dynamics. Similar to observations in WP2

[38] and WTe2 [11], the Coulomb-mediated electron-electron
mean free paths are orders of magnitude longer than those
associated with the other mechanisms, due to their high carrier
density. Importantly, the phonon-mediated mean free paths in
PdCoO2 start to play an important role at ∼100 K, and signifi-
cantly dominate over lmr below 30 K, indicating the possibility
for quasihydrodynamic flow when the channel width satisfies
lmc � W � lmr.

To understand the role of phonons in the electronic trans-
port through this phonon mediated interaction, we investigate
the phonon dynamics by comparing the phonon self-energies
due to phonon-electron and phonon-phonon interactions.
Figure 2(b) plots the imaginary part of the phonon self-energy
(Im�ph-e) due to phonon-electron interactions for different
phonon modes (left panel). The phonon dispersion is cal-
culated along the high-symmetry lines in the Brillouin zone
illustrated in Fig. 1(b), where �-F and �-L represent the in-
plane direction while �-Z represents the cross-plane direction
along the stacking of the [CoO2]−1 layers. The cross-plane
phonon modes show much larger self-energies than the in-
plane ones, for both acoustic and optical branches, indicating
these modes are more strongly coupled with electrons. The
Eliashberg spectral function, plotted at different phonon fre-
quencies [Fig. 2(b): right panel], indicates that the lower
energy optical phonon modes contribute the most.

Further, since the phonon-mediated electron electron in-
teraction proceeds via the exchange of a “virtual” phonon,
i.e., the phonon emitted (absorbed) by a pair of electrons
is assumed to by “instantaneously” absorbed (emitted) by a
different pair of electrons, we explicitly examine the phonon
self-energies due to the competing phonon-phonon inter-
actions (Im�ph−ph) to justify this assumption. Figure 2(c)
compares the two phonon scattering mechanisms at 25 K,
well within the temperature window identified in Fig. 2(a) for
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manifesting quasihydrodynamic flow. While the high energy
optical modes feature stronger phonon-phonon scattering,
the lower energy ones show much stronger phonon-electron
interactions. As such, at low temperatures where only lower-
energy phonon modes are occupied, the phonon linewidths
follow Im�ph−ph � Im�ph−e, indicating that phonons rapidly
exchange their momentum with electrons instead of relax-
ing their momentum to the lattice, i.e., thermalizing. As
the lattice temperature increases, phonon-phonon interactions
increase and finally overtake the phonon-electron coupling
(see Ref. [29]). Recently, the unconventional temperature-
dependent phonon linewidth decay observed in a Raman study
in WP2 [39], was also attributed to the strong phonon-electron
coupling leading to the similar hierarchy of the quasiparticle
lifetimes.

In the absence of electron-impurity scattering, PdCoO2

exhibits extremely long electron-phonon scattering mean free
paths [Fig. 2(a), blue markers). To better understand the origin
of these long-lived electrons, we computed the state-resolved
electron-phonon lifetimes (τe-ph) for the single energy band.
For transport properties, only the states (with energy ε�k)
near the Fermi level matter, typically weighted by − f ′(ε�k )
in the Boltzmann relaxation time approximation (RTA). The
distribution of the strongly anisotropic τe-ph on the hexag-
onal Fermi surface is displayed in Figs. 2(d)–2(e) for high
(300 K) and low (4 K) temperatures, with yellow color
corresponding to “long-lived” carriers. While at higher tem-
peratures, the long τe-ph is more-evenly distributed between
the faces and the edges of the hexagonal Fermi surface, the
low temperature calculations show a much sharper contrast,
whereby “long-lived” carriers are only present in regions of
the Fermi surface with large Gaussian curvature. Further,
while the difference between “long-” and “short-lived” car-
riers is within a factor of three at 300 K, it spans more than
two orders of magnitude at 4 K. Further, we augment the
scattering rate with an efficiency factor given by the relative
change in direction of the initial and final state velocities
(1 − vnk ·vmk′

|vnk||vmk′ | = 1 − cos(θ )) [40], where θ is the scattering
angle between the initial and final electronic states. Phonon
modes strongly coupled with electrons appear to have a small
momentum transfer q at very low temperatures, resulting in
the vanishing scattering efficiency, shown by 〈1 − cosθ〉 ≈ 0
in Fig. 2(f). Further, “long-lived” carriers at low temperatures
correlate with regions of larger negative Gaussian curvature
(Fig. 1). This can give rise to rich transport phenomena in
PdCoO2 micron-scale devices as we discuss in greater detail
below, as the momentum relaxing electron mean free path can
reach ∼20 μm at low temperatures even in the presence of
impurities [13,20].

C. Electron transport regimes

Equipped with the temperature-dependent momentum-
relaxing and momentum-conserving mean free paths for
PdCoO2 using first-principles, we solve Eq. (3) for a range
of (lmr/W, lmc/W ) pairs to examine the dominating trans-
port regimes at different temperatures. Figure 3(a) shows
a contour plot of the curvature of the current profile at
the middle of the channel for a hexagonal Fermi surface
aligned at 0◦ with the channel, with the “quasidiffusive,”

“quasiballistic,” and “quasihydrodynamic” regimes corre-
sponding to the bottom right (lmc 
 W, lmr � W ), top right
(lmc, lmr 
 W ), and top left (lmr 
 W, lmc � W ) respectively.
The overlaid green points mark the ab initio temperature
trajectory Fig. 2(a), with lighter color indicating lower temper-
ature. Due to the large ratio of lmr to lmc, the phonon-mediated
electron interactions lead to a strongly nonuniform profile
between 10–25 K. At these temperatures, the length scales
in PdCoO2 reach the condition of lmr ∼ 3W ∼ 10lmc, where
we expect PdCoO2 to exhibit the strongest hydrodynamic
effect. In practice, this regime can be realized in a single-
crystal conducting channel a few microns wide, which has
been experimentally accessible in previous work [11,13]. In
addition, there a few major indications of the physics in this
regime. First, the material has very low defect level that the
scattering length with impurities limp is at the scale of mi-
crons. Second, the electrons are exchanging momentum rather
rapidly with the lattice, however at a cryogenic temperature,
the phonons do not have spontaneous momentum transfer thus
electrons obtain the momentum back and the total electron
momentum is quasiconserved. To address the anisotropy of
the hexagonal Fermi surface shape, we compare the same
calculation for a rotated Fermi surface aligned at 30◦ with
the channel, shown in Fig. 3(b). We observe a considerable
decrease in the observed current profile curvature, indicating
a transition away from quasihydrodynamic to quasiballistic
behavior. Intuitively, this directional dependence peaks in the
“quasiballistic” regime as the boundary scattering dominates,
and vanishes in the “quasidiffusive” limit as the multiple
scattering events serve to effectively randomize the carriers’
velocity directions. This can also be intuitively seen from the
fact that the highly directional dependent distribution of the
Fermi velocity vF [Fig. 1(c)] is the main reason of the unex-
pected directional dependence in electron transport. If W �
lmr = vF τmr, even the direction featuring the smallest vF sat-
isfies the ballistic limit vF 
 W/τmr, there will be hardly any
difference even if the greater vF is taken into account. Sim-
ilarly, in the “quasidiffusive” limit, the electrons will never
reach the boundary of the channel, thus the transport observ-
ables comes from the Fermi surface integral of all electron
velocities.

Moreover, such directional dependence of the current flow
is strongly manifested in the device’s in-plane conductivity
[Fig. 3(c)], which is directly observable from transport mea-
surements. This anisotropic effect is strongest in the absence
of momentum-conserving interactions (i.e., at the far-right of
Fig. 3), indicating the emergence of ‘easy’ and ‘hard’ trans-
port directions [20]. As momentum-conserving interactions
lead to collective flow which likewise acts to homogenize
the carriers’ velocity directions, the effect gets weaker in the
quasihydrodynamic regime identified between 10–25 K, albeit
still expected to be measurable. Figure 3(d) plots the percent
increase for both current density curvatures (top) and the in-
plane conductivity (bottom) as a function of temperature, the
latter of which has been recently observed in Refs. [18,20].
These transport regime plots effectively bridge together the
microscopic scattering events and the exotic transport signa-
tures in PdCoO2 and highlight how the Fermi surface topology
could give rise to behaviors deviating from the simple kinetic
picture.
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FIG. 3. (a) Current density curvature contour plot over a large range of momentum-conserving (lmc/W , x axis) and momentum-relaxing
(lmr/W , y axis) interactions, for a system with Fermi surface shown in red in the inset. Overlaid points plot the ab initio temperature-dependent
mean free paths for a 1.25 μm wide channel of PdCoO2 with an impurity level of 18.5 μm; temperature range is 6 (lightest green) to 70 K
(darkest green). (b) Current density curvature difference between the system shown in (a) and the same with a rotated Fermi surface at 30◦

with respect to the channel (black inset). The decrease in curvature is indicative of the shift from “quasihydrodynamic” to “quasiballistic” flow.
(c) Percent difference in in-plane conductivity between the two Fermi surface orientations show in (b). (d) Current density curvature (top) and
percent difference in conductivity (bottom) along the ab initio temperature trajectory shown by the overlaid green points in (a)–(c). While the
directional dependence naturally manifests itself most prominently in the “quasiballistic” regime, it is still evident in the “quasihydronamic”
window between 10–25 K.

III. CONCLUSIONS

We present an investigation of unconventional electron
transport in the delafossite metal PdCoO2, using a combi-
nation of first-principles methods and numerical modeling of
the anisotropic BTE. We examine the temperature-dependent
electron mean free paths, with an emphasis on establishing the
hierarchy of the momentum-relaxing (lmr) and momentum-
conserving (lmc) interactions. We show that while the direct
Coulomb interaction is largely screened due to the metal’s
high carrier density, the phonon-mediated electron-electron
interaction dominates momentum-relaxing electron interac-
tions in the temperature range of 4–100 K. This mechanism
is supported by the much smaller phonon-phonon self-
energies compared to the phonon-electron interaction at low

temperatures. We develop the formalism for an anisotropic
BTE which treats the ARPES-measured in-plane Fermi sur-
face shape, and obtain the numerical solutions for a wide
range of lmr/W , lmc/W pairs. We discuss the resulting trans-
port regime limits and demonstrate the directional dependence
of these transport measurements with regard to the orientation
of the Fermi surface to the conducting channel.

Our work offers insight into previous observations of in
PdCoO2 and presents a comprehensive theoretical frame-
work to distinguish the quasiballistic and quasihydrodynamic
transport regimes. The strong phonon-mediated electron inter-
actions suggest the possibility of hydrodynamics in PdCoO2,
which we anticipate will spark experimental investigation
via spatially resolved techniques. Finally, our findings serve
as a foundation for understanding electron transport from
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microscopic scattering mechanisms and Fermi surface geome-
try, and motivate future efforts in computing the electronic vis-
cosity in such material systems directly from first principles.

IV. METHODS

A. Computational details

The ab initio calculations were performed with the open
source density functional theory (DFT) code JDFTx [41].
The structure of PdCoO2 was fully relaxed using Perdew-
Burke-Ernzerhof norm-conserving pseudopotentials [42]. A
kinetic cutoff energy of 50 Ha was used along with a 6 ×
6 × 6 �-centered k mesh, and a Fermi-Dirac smearing of
0.01 Ha for the Brillouin zone integration. Both the lat-
tice constants and the ion positions were relaxed until the
forces on all atoms were less than 10−8 Ha/Bohr. The re-
laxed lattice parameters were found to be a = b = c = 6.1 Å,
α = β = γ = 26.65◦, respectively. To compute the e-ph scat-
tering time, we performed frozen phonon calculations in a
3 × 3 × 3 supercell, and obtained 18 maximally localized
Wannier functions (MLWFs) by projecting the plane-wave
band structure to Pd-s,d, Co-s,d, and O-p orbitals [43,44]. We
then collected the electron scattering rates on a much finer
36 × 36 × 36 k and q grid for convergence. For the screened
Coulomb mediated electron-electron scattering, a dielectric
matrix cutoff of 120 eV was used to include enough empty
states, with a energy resolution of 0.01 eV. The phonon dis-
persion was calculated using the ab initio package QUANTUM

ESPRESSO [45,46] within functional perturbation theory, us-
ing the PBE exchange-correlation functional [47,48]. Further,
we computed electron-phonon coupling matrix elements and
phonon-electron linewidths Im�ph−e with the EPW package
[49], by interpolating the maximally localized Wannier func-
tions on an initial coarse 6 × 6 × 6 k and 3 × 3 × 3 q grids,
from which we computed the phonon self-energies on a finer
60 × 60 × 60 k grids. The phonon-phonon scattering process
in our theoretical calculations has been performed on a 2 ×
2 × 2 supercell using the PHONO3PY package [50] to calculate
the second-order (harmonic) and third-order (an-harmonic)
interatomic force constant matrices. A uniform 15 × 15 × 15
q-grid was adopted for the final calculation of the phonon self
energies Im�ph-ph.

B. Electron-phonon scattering

We obtain the electron-phonon scattering time (τe-ph) from
the electron self-energy by Fermi’s golden rule following:

τ−1
e-ph(nk) = 2π

h̄

∑
mν

∫
BZ

dq
�BZ

|gmn,ν (k, q)|2

×
[(

nqν + 1

2
∓ 1

2

)
δ(εnk ∓ ωkν − εmk+q)

]
,

(5)

where �BZ is the Brillouin zone volume, fnk and nqν are
the Fermi-Dirac and Bose-Einstein distribution functions, re-
spectively. The incident electron with energy εnk (n for band
index and k for the wave vector) is scattered by a phonon of
frequency ωqν (with q the momentum and ν the branch index),
resulting in the scattered electron state k + q with m the new
band index. The e-ph matrix element for such scattering vertex

is given by

gmn,ν (k, q) =
(

h̄

2m0ωqν

)1/2

〈ψmk+q|∂qνV |ψnk〉, (6)

where 〈ψmk+q| and |ψnk〉 denote the Bloch eigenstates and
∂qνV is the perturbation of the self-consistent potential with
respect to ion displacement associated with a phonon branch
with frequency ωqν . The momentum-relaxing electron scat-
tering rates are evaluated by accounting for the change in
momentum between final and initial states based on their
relative scattering angle (referred to as “scattering efficiency”
in the main text) following:

(
τmr

e-ph(nk)
)−1 = 2π

h̄

∑
mν

∫
BZ

dq
�BZ

|gmn,ν (k, q)|2

×
[(

nqν + 1

2
∓ 1

2

)
δ(εnk ∓ ωqν − εmk+q)

]

×
(

1 − vnk · vnk

|vnk||vnk|
)

, (7)

where vnk is the group velocity. To account for the temperature
dependence of the momentum relaxing τmr, we compute the
Brillouin zone integral by taking a Fermi-surface average
weighted by |vnk|2 and the energy derivative of the Fermi
occupation for transport properties following:

τmr
e-ph =

∫
BZ

dk
(2π )3

∑
n

∂ fnk
∂εnk

|vnk|2τmr
e-ph(nk)∫

BZ
dk

(2π )3

∑
n

∂ fnk
∂εnk

|vnk|2
. (8)

C. Phonon mediated electron-electron scattering

The electron-electron scattering rate mediated by a vir-
tual phonon can be estimated within the random phase
approximation by

(
τ PH

ee

)−1 = π h̄2

2kBT g(εF )

∑
ν

∫
�BZdq
(2π )3

G2
qν

×
∫ +∞

−∞

ω2dω

|ω̄qν − ω|2sinh2 h̄ω
2kBT

, (9)

where g(εF ) is the density of states at the Fermi level, and
ω̄qν = ωqν (1 + iπGqν ) is the complex phonon frequency. The
phonon-electron scattering linewidth for each phonon mode is
given at the Eliashberg level of theory by

Gqν =
∑
mn

∫
�BZdk
(2π )3

|gmn,ν (k, q)|2

× δ(εnk − εF )δ(εmk+q − εF ). (10)

D. Coulomb screening mediated electron-electron scattering

The electron-electron scattering rate mediated by the
screened Coulomb interaction is obtained by the imaginary
part of the quasiparticle self-energy at each momentum and
state (Im�nk(nk)) as

τ−1
ee (nk) = 2π

h̄

∫
BZ

dk′

(2π )3

∑
n′

∑
GG′

ρ̃n′k′,nk(G)ρ̃∗
n′k′,nk(G′)

× 4πe2

|k′ − k + G|2 Im
[
ε−1

GG′ (k′ − k, εn,k − εn′k′ )
]
,

(11)
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where ρ̃n′k′,nk(G) is the plane wave expansion of the product
density

∑
σ uσ∗

n′k′(r)u
σ
nk(r) of the Bloch functions with recip-

rocal lattice vectors G, and ε−1
GG′ (k′ − k, εn,k − εn′k′ ) is the

microscopic dielectric function in a plane wave basis calcu-
lated within the random phase approximation.

Since τ−1
ee (nk) decays quadratically from the Fermi level

εF , we utilize the analytical relation of τee with dependence on
temperature according to the conventional Fermi-liquid theory

τ−1
ee (ε, T ) ≈ De

h̄
[(ε − εF )2 + (πkBT )2]. (12)

We then obtain τ−1
ee at different temperatures by fitting all

the self energies in the entire Brillouin zone for all energy
bands at 298 K, extracting De and then adding the temperature
dependence [51].

Finally, using Matthiessen’s rule, the overall momentum
relaxing mean free path (lmr) and momentum conserving mean
free path (lmc) are estimated by

lmr = vF(
τmr

e-ph

)−1 + (τimp)−1

lmc = vF(
τ PH

ee

)−1 + (
τW

ee

)−1 , (13)

with vF being the Fermi surface averaged velocity and τimp

the impurity scattering time that does not have temperature
dependence but can vary in different samples. We take the limp

value well established in Refs. [13,20].
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