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A microscopic understanding of hydrodynamic transport in Dirac and Weyl semimetals has re-
mained elusive in theoretical descriptions and experimental measurements. We investigate the
structure and microscopic properties of transport in WPs, a type-II Weyl semimetal exhibiting
hydrodynamic transport. Here, we characterize the nature of the microscopic properties of WP5 as
a function of temperature through ab initio calculations of the relevant scattering processes, includ-
ing electron-phonon and electron-electron lifetimes, and provide equivalent calculations for copper
as a point of reference. Additionally, we present an approach to calculate phonon drag, a mech-
anism invoked in recent experiments, through predictions of a phonon-mediated electron-electron
lifetime. We show that the resistivity is very well described by the electron-phonon interaction
alone, indicating WP, exhibits conventional metallic electrical behavior in which strong electron-
electron correlations do not play a significant role. After establishing the zone-averaged behavior
of the calculated lifetimes, we further investigate specific features of the spatial distribution of the
electron-phonon lifetime across the Fermi surfaces of WPy to study possible scattering channels
involved in hydrodynamic transport and quantify the degree of lifetime anisotropy in electron and
hole pockets. This description of microscopic dynamics in WPs prompts additional investigation
of specific scattering channelsand indicates the importance of phonon interactions in understanding
connections between transport in hydrodynamic materials and strongly correlated systems including

unconventional metals.

I. HYDRODYNAMIC TRANSPORT

In conventional materials under the influence of
an applied field, electronic transport can be gener-
ally understood in terms of Ohmic physics. However,
in graphene at charge neutrality, and more recently,
a number of semimetallic compounds, electrons in a
sample can behave as a viscous fluid described not by
Ohmic physics, but through the formalism of hydro-
dynamics. In this regime, electrons move through a
2D plane of a sample in a fashion loosely analogous
to water flowing through a pipe.

In the language of microscopic interparticle scat-
tering, the appearance of a hydrodynamic regime im-
plies momentum-conserving (MC) processes such as
electron-electron and some electron-phonon processes
occurs far more often than momentum-relaxing (MR)
processes including defect, boundary, and Umklapp
scattering, resulting in a separation of MC and MR
timescales. Since MR scattering occurs very slowly
relative to MC scattering, momentum is considered
to be ‘quasi-conserved,” and the relevant conservation
equations of hydrodynamics can be used to describe
transport.

Such hydrodynamic effects have been studied ex-
tensively in graphené™®. However, recent experimen-
tal studies have revealed similar signatures in layered
metal PdCoO47, and Dirac semimetal PtSn® and
type-II Weyl semimetal tungsten phosphide (WPs).
In these newly identified materials, a number of theo-
retical questions remain in regard to the microscopic

interactions that drive a transition to the hydrody-
namic regime. Ongoing discussion centers around
similarities in the crystal structure and Fermi sur-
faces of WPy, PdCoO, and PtSny 79 the impact of
phonon drag and other thermoelectric effects, related
deviations from the Wiedemann-Franz law’?, and the
significance of electron-phonon interactions including
the potential importance of small-angle scattering to
the onset of hydrodynamic flowS.

To address these questions, we present a di-
rect evaluation of the microscopic scatting rates in
WPy using ab initio calculations of the electron
and phonon states to study electron-phonon cou-
pling in the material. We evaluate relevant scat-
tering rates, such as those for electron-electron and
electron-phonon processes, in addition to the mo-
mentum relaxing scattering rates measured in exper-
iment. From these calculations, we present a micro-
scopic perspective of scattering in WPs.

II. COMPUTATIONAL METHODS

WP, forms a bulk orthorhombic (Cmc2;) structure
and manifests four pairs of type-II Weyl points in the
k, = 0 plane™12 In experimental transport mea-
surements, WP5 is considered quasi-2D as a result
of strong magnetotransport anisotropy which favors
flow in the a-c crystal plane, similar to anisotropy
observed in PdCoOs and PtSny @

Figure[I]shows the crystal structure, the calculated
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FIG. 1. Electronic structure and phonon disper-
sion of WP;. (a) Electronic band structure and (b)
phonon dispersion, with corresponding densities of states,
for the orthorhombic WPy structure shown in (c) calcu-
lated using fully-relativistic ab initio calculations (includ-
ing self-consistent spin-orbit coupling). (d) Four pairs of
Weyl points emerge from electronic structure predictions.
Here, the contour levels indicate the energy separation of
the two crossing bands, with areas of separation less than
0.02 eV in dark blue to identify the Weyl points.

electron and phonon band structures, and indicates
the location of Weyl points in the Brillouin zone. In
our calculations, we locate a pair of Weyl points at
[ke, ky] = [—-0.282,0.302] and [—0.238,0.283](1/A) at
energies of -0.504 and -0.301 eV respectively, show-
ing our electronic structure agrees with experimental
reports 2 with all eight Weyl points visible in the
contour map of Figure d).

From these electron and phonon states, we cal-
culate electron-phonon and electron-electron scatter-
ing rates (2hx corresponding imaginary part of self-
energy) using Fermi’s golden rule and the random-
phase approximation respectively, following our pre-
viously established methodology™17 We calculate
net transport coefficients including resistivity and
mobility based on the linearized Boltzmann equation
with an all-bands relaxation-time approximation.t?

Additionally, we evaluate a lifetime associated with
phonon drag, a mechanism discussed as an additional
source of MC scattering which is considered beneficial
to the onset of hydrodynamic transport. We estimate
a phonon drag contribution using the rate of electron-
electron scattering mediated by a virtual phonon,
rather than the conventional Coulomb-mediated scat-
tering. Within the random-phase approximation, we
find
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where Wz, = wga(l + imGg,) are complex phonon
frequencies including the linewidth due to phonon-
electron scattering, 8 = (kgT)~!, and g(er) is the
density of states at the Fermi level. Above,
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is the weight of each phonon mode in the Eliashberg
spectral function, calculated from first-principles
electron energies €j, and electron-phonon matrix el-

ements gﬂ see Appendix for further details).

(
a,k'b
All quantltles are derived from relativistic ab ini-
tio calculations with self-consistent spin-orbit cou-
pling and implicitly treat processes such as Umklapp

scattering 19

III. SCATTERING RATES AND
TRANSPORT PROPERTIES FROM
FIRST-PRINCIPLES

Hydrodynamic transport requires MC scattering
rates to dominate over MR scattering rates (i.e. cor-
respondingly 7™™¢ < 7MR) | conventionally ascribed
to electron-electron (ee) and electron-phonon (e-ph)
scattering respectively. From our calculations, we
can directly evaluate the contributions of various mi-
croscopic mechanisms to MC and MR scattering, as
shown in Figure 2f(a).

The calculated electron-phonon MR scattering
time 7ME is in excellent agreement with experimen-
tal dataﬁ'7 implying that our computational methods
correctly capture the physics of this material. Some
separation from experiment occurs at 2K, where it is
likely that small effects from defects or sample bound-
aries, which are not present in an idealized electronic
structure calculation, could contribute to MR scat-
tering and cause discrepancy between prediction and
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FIG. 2. Predicted temperature dependent lifetimes to distinguish the momentum-relaxing and momen-
tum conserving processes. (a) Calculations for WP, reveal that the momentum-relaxing electron-phonon (e-ph)
scattering time Té\f‘p%, is in agreement with experiment, Té\,/fg”t B and is longer than the total e-ph scattering time 7eph.
The Coulomb-mediated electron-electron (ee) scattering time 7ee is much longer than the phonon-mediated ee scat-
tering time 72, Phonons determine both the MC and MR processes in WPs, in contrast to previous hydrodynamic
materials like graphene, where the electron-electron interaction is considered as the dominant source of MC scattering.
(b) Probability of momentum-relaxation by e-ph scattering (1 — cos6) drops off with decreasing temperatures (small-
angle scattering increases). Dashed lines denote where experiment * reports onset of a “hybrid” ballistic/hydrodynamic
regime at 150K and “pure” hydrodynamics at 20K. c¢) and d) show the same calculations for copper to highlight the

faster e-ph rates in WP3 and also the behavioral different in 720,

experiment. However, there is experimental evidence
of both Wiedemann-Franz deviation™ and possible
hydrodynamic behavior at 10KZ, where our theory
and experiment match well. This indicates that our
methods remain predictive throughout the regime of
interest.

While we find this strong agreement with experi-
ment, we also determine that contrary to current un-
derstanding of hydrodynamic transport in graphene,
the predicted Coulomb mediated electron-electron
scattering time is much longer than other processes
over most of the temperature range, indicating that
it cannot be the mechanism of MC scattering respon-
sible for hydrodynamic behavior in WPs.

We instead predict that phonons dominate the

momentum-conserving scattering processes. At tem-
peratures below 100 K, overall electron-phonon scat-
tering (with time 7epn) is much faster than its
momentum-relaxing component (with time Typ%).
This is because low energy acoustic phonons that
dominate scattering at lower temperatures predom-
inantly change the electron momenta by small an-
gles, as shown by the average value of (1 — cos#)
dramatically reducing in magnitude with decreasing
temperature in Figure [2(b). Within a Debye model
for the scattering time, 7o pn o< T and Tgp% o TP
for T' <« Tp, the Debye temperature, while both are
o« T for T > Tp. Figure a) also shows the ex-
cellent Debye model fits to the ab initio predictions
for Te.pn and Té\_/lp%, confirming the acoustic phonon
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FIG. 3. Transport from first-principles. Ab initio
calculation of the conductivity tensor from a linearized
Boltzmann equation with a full-band relaxation-time ap-
proximation predicts (a) resistivity and (b) mobilities,
in excellent agreement with experiment. This agree-
ment establishes the reliability of first-principles predic-
tions of lifetimes in this material and strongly indicates
that electron-electron scattering is not a dominant con-
tributor to electrical conductivity in WP».

energy explanation for small-angle scattering.

To understand WP4 in comparison to traditional
metals, we present an identical set of calculations for
copper in Figure[2} We can see the lifetimes for WP,
and copper follow similar trends, as both exhibit
the expected temperature dependence for electron-
phonon lifetimes in metals. We note that the total
e-ph and MR e-ph lifetimes in WP; are several orders
of magnitude smaller than in copper, indicating that
the electron-phonon coupling in WP, is somewhat
stronger than in copper.

Additionally, we find that phonon-mediated

electron-electron scattering times, representative of a
MC phonon drag scattering rate, also dominate con-
ventional Coulomb-mediated electron-electron scat-
tering. We observe a potentially interesting feature of
the phonon drag lifetime. As temperature decreases,
the phonon drag scattering rate slows near ~10K in
Figure[Zh. In Figure[2k, we can see that this behavior
does not appear in copper.

We also evaluate the conductivity tensor from first
principles, shown in Figure 3, where we present the
calculated resistivity overlaid with the corresponding
experimental data, with mobility from Ref. 9 and re-
sistivity from For both of these calculated trans-
port properties, we find that our calculations are in
excellent agreement with experimental reports pre-
sented as a function of temperature, indicating that
our methods appropriately describe the microscopic
properties of this material. Again, this strongly sug-
gests that Coulomb mediated electron-electron inter-
actions do not dominate the transport in WPy, as
in systems where electron-electron scattering is very
strong, the electrical conductivity would not be re-
producible from e-ph interactions alone.

IV. FEATURES OF THE
ELECTRON-PHONON LIFETIME RESOLVED
FERMI SURFACE

To study the distribution of lifetimes across the
Brillouin zone with the aim of better understanding
the importance of specific scattering mechanisms in
WP, we project the calculated electron-phonon life-
time values across the Fermi surface.

The basic form of these surfaces is consistent with
the ‘bowtie’ electron and quasi-2D ‘tube’ hole pock-
ets observed via ARPEST220 A shown in Figure ,
there are two bands associated with each of the hole
and electron pockets as a result of the strong spin-
orbit coupling in WP,.

At low temperatures, the hole pockets, which de-
termine the magnetotransport anisotropy for WPj,
feature particularly high lifetime 7..pn regions, as
shown in Figure [4d.

High lifetimes over most of the Fermi surface at low
temperatures is typical for conventional metals (see
Appendix for comparison to copper). However, the
appearance of such long lived states, to the extreme
that at 2K the longest and shortest lived states are
separated by 6 orders of magnitude, is noteworthy.

In addition to the observation of these particularly
long lived states on the hole pockets, we also include
a series of distributions of 7.pn over the hole and
electron pockets in Figure [dp, as well as the ratio of
the maximum and minimum lifetime values on the
hole and electron pockets to quantify how the distri-
bution of lifetimes changes with temperature in Fig-
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FIG. 4. Anisotropic electron-phonon lifetime across the Fermi surface. The degree of anisotropy, and especially
the difference between bowtie-shaped electron pockets and tube-shaped hole pockets strongly increases with decreasing
temperature, as shown here. In a) we show that there are two bands which appear one inside the other as a result of
spin-orbit coupling. In b), we show the distribution of the electron-phonon lifetimes for the bands associated with the
hole and electron pockets at each calculated temperature. The overall shape of the distribution changes between 20 and
50K, and below 20K, the maximum values of the hole pocket lifetime distributions continue to increase, representing
the emergence of high lifetime regions. ¢) Shows the ratio of the maximum and minimum values of Te_,, on the hole
and electron pocket bands to further highlight the large variation of predicted lifetimes as well as the distinct difference
in range between the hole and electron pockets. Importantly, we see a change between the calculated points at 20 and
50K, identifying the Fermi-surface linked features of hydrodynamic transport, which is reported to fully onset at 20K.
In d) we visualize the appearance of the high lifetime regions across the Fermi surface with decreasing temperature.

ure k. We find that between 20 and 50K the overall
shape of the distributions changes, and these long
lived states appear in the tail of the distributions of
the hole pockets in k. It is worth noting that the
change in the distribution of lifetimes corresponds to
the temperature range in which the electron-phonon
scattering angle in Figure[2p shifts to nearly all small-
angle scattering.

These results, along with recent discussion suggest-
ing Wiedemann-Franz departure in WP, could stem
from abundant small-angle scattering®™®, warrant a
deeper investigation of specific scattering mecha-
nisms in WP5 and similar materials. In addition,
while we find WP, to be a well behaved Fermi lig-
uid, the unusual distribution of lifetimes across the
Brillouin zone is reminiscent of theoretical work on
Wiedemann-Franz violation and scattering of long

lived ’cold’ states in non-Fermi liquid systems1Y

and indicates that future investigation should further
probe the nature of available scattering states in hy-
drodynamic materials.

V. CONCLUSIONS

These predictions present a microscopic perspec-
tive of the role of scattering in a system exhibiting hy-
drodynamic transport. The study of electron-phonon
coupling and related scattering rates in WPy shows
that phonon related processes, rather than purely
electron-electron processes, play a critical role in the
emergence of hydrodynamic behavior. Agreement of
our theoretical predictions with experimental mea-
surements of resistivity indicate that the electrical



properties of WP, are indeed dominated by electron-
phonon processes, and suggest that strong electronic
correlations are not present in this material.

In addition to the zone-averaged lifetimes pre-
sented in comparison to experiment, calculated Fermi
surface projected lifetimes show a distinct depar-
ture from behavior in traditional metals such as cop-
per, making further investigation of scattering effects
near Er imperative. The prediction of unusually
long lived states and severely anisotropic electron-
phonon lifetimes at low temperatures is particularly
interesting in the context of current understanding
of Wiedemann-Franz violation in WP,, and may
present an avenue to connect hydrodynamic materials
and strongly correlated systems. Understanding the
full implications of this effect could strengthen the
growing link between hydrodynamic materials and
transport behavior in unconventional metals.

Further, from our calculations of a scattering
rate representing phonon drag, a normal, intravalley
electron-electron scattering rate involving primarily
small wavevector phonons, and the apparent slowing
of this rate around 15K, we also propose that compe-
tition for small wavevector phonons could emerge in
this material at low temperatures. This, in conjunc-
tion with our observation of very long lived states at
Er, may imply a mechanism such as phonon bottle-
neck, in which electrons lack available small wavevec-
tor phonons to relax fully, resulting in slowed elec-
tronic relaxation and impaired heat dissipation, could
play a role in this system. This result motivates
deeper consideration of the semimetallic bandstruc-
ture and Fermi surface character of the recently in-
vestigated hydrodynamic compounds.

This work also serves as a foundation for further
study of scattering rates in hydrodynamic materi-
als. Predictions of phonon lifetimes, thermal con-
ductivity, and the contributions of the electronic and
lattice components of thermal properties of WPo
could be used to understand the breakdown of the
Wiedemann-Franz law through joint calculations of
thermal and electrical properties. Going forward, we
hope the present methods could be extended to a
fully first-principles framework for the identification
of new hydrodynamic materials.
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VII. APPENDIX
A. Lifetime Evaluation

We use first-principles density-functional theory
calculations of electrons, phonons and their cou-
pling matrix elements in the open-source JDFTx
software 13 To accurately and self-consistently cap-
ture the strong spin-orbit effects present in WP,
our calculations employ fully-relativistic ultrasoft
pseudopotentiald?®2  for the PBEsol exchange-
correlation functional 23 We obtain well-converged re-
sults for a 6 x 6 x4 k-point mesh, a plane-wave energy
cutoff of 25 E}, (Hartrees), Fermi-Dirac smearing with
0.01 Ej width and a 3 x 3 x 2 phonon supercell.

From these electron and phonon states, using a
basis of maximally-localized Wannier functions that
covers electronic bands up to ~ 10 eV above the
Fermi level, we interpolate all ab initio energies and
matrix elements to substantially finer electron and
phonon wave-vector meshes (~ 10* to ~ 105 wave
vectors from high to low temperature) for the subse-
quent perturbation theory results discussed below.

1. Electron-Phonon Lifetime

From these intial DFT calculations, we then cal-
culate an ab initio temperature-dependent electron-
phonon lifetime using Fermi’s golden rule!®

Qdk’

1 2w
(Te—ph)kn = ? (27r 3 £
1 K —k,a 2
X |\ Nk —k,0 + 5 5 + — fww |9k/n/,kn| (3)

Where g is the electron-phonon transition matrix
element, k represents a wave-vector in the Brillouin
zone, n represents an electronic band index, and «
a phonon polarization index. We then report the
Fermi-surface averaged 7epn, weighted by the square
of the velocity squared since that determines contri-
bution to electron transport, given by
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2. Momentum-Relaxing FElectron-Phonon Lifetime

The momentum-relaxing scatting time is also cal-
culated using Fermi’s golden rule, similarly to the
electron-phonon lifetime but additionally accounting
for the relative change in momentum based on the
scattering angle between final and initial states®

-1
(Tel\‘/lpl?l)kn
Con Qdk’

h BZ (

1 k.o
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As before, we then report the Fermi-surface averaged
TMR Welghted by the square of the velocity, given by
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3. Electron-Electron Lifetime

We calculate the electron-electron lifetime from the
imaginary part of the electron self-energy within the
Random Phase Approximation (RPA) as

wm*z

/ 27_[_ 79.\3 Z Z Pk'n’, kn pk/n’,kn(G/)

n’ GG’
1 4mre? 1
X —Im | ————en (K — Kk, exn — Exrpy
wm[k’—k—&—GPgGG( Shon ~ Exn)

(7)

Where pg/n/ qn are the density matrices expressed in
the plane-wave basis and eggr (k' — k, €k — Exrp) 18
the RPA dielectric function. See Ref. [15] for further
details.

To determine the temperature dependence of 7.,
we need to rely on an analytical correction to the
above-calculated values due to the difficulty in di-
rectly calculating 7.. on a fine-enough mesh to get
sufficient states within kg7 of the Fermi surface at
room temperature. Because the density of states for
WP5, does not vanish at €, conventional Fermi-liquid
theory relations should apply near er. In Fermi-
liquid theory, the electron-electron scattering rate
grows quadratically away from the Fermi energy and
with temperature, proportional to

Tee (8,Te)

el e + (kT (9

7

We extract D, by ﬁttlng the I from Eqn. @ then
by adding (D./h)(rkp)?(T? TO) to the room tem-
perature results. See Ref. [16] for more details.

B. Transport Properties

Ab initio calculations of resistivity were performed
using a linearized Boltzmann equation with a full-
band relaxation-time approximation (RTA), where
the conductivity tensor is given by

2

1 e‘dk afkn MR
o= = — — (Vkn ® Vkn) (Te.
’ Aﬂ%Pnam(k ko) (s

(9)

We then evaluate mobility using u = o/(ne), where

n is the carrier density.

C. Phonon Mediated Electron-Electron
Scattering

Electron-electron scattering rate of electron in
state ka a mediated by a virtual phonon is given by
Fermi’s golden rule,

-1 Qdq gsQdK’ KK’
( ka - Z/ / )3 |M¢(zlbcd ‘2
X [ freS ety + f(k’+q)d(1 — fiwe = Focraw)]

X 6 (€xa + € +q)d — Ex'e — Ekrqp)  (10)

with a second order matrix element,

qoa*
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MaKk” — q Ve 11
abed za: hﬁ)qa + €ka — €(k+q)b + in ( )

For transport properties, we only require ka near
the Fermi level, typically weighted by (—f’(exq)) in
Boltzmann RTA. We therefore define a Fermi-surface
averaged phonon-mediated e-e scattering rate:

hy— Qdq [ g:Qdk’ Kk’ |2
(Te% ) hg 5F Z/ / ) | ;lbcd |
X (—f"(exa)) [fie S tap + f(k’+q)d(1 — fxe — focrap)]

N (Eka + E(k'+q)d — €k'c — 5(k+q)b) (12)

Substituting the matrix element, dropping off-
diagonal terms in the expansion of the square
(phonon RPA), and introducing an auxiliary fre-
quency integral to split the energy-conserving o-
function into a, b and ¢, d parts, we can factorize and



simplify the above to

(Tph)ﬂ _ 231 / dw
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where f = (kBT)’1 and sinch(z) = sinh(z)/x.
Above,

g Qdk
Goa = Z/ : ka (k+q)b

X5@mw—ﬁﬁ5@m+@b—€F) (14)
is the (dimensionless) Fermi-surface integrated
electron-phonon coupling for each phonon mode,
which is essentially the weight of each phonon mode
in the Eliashberg spectral function,

qu
2F(w / — Wga)Gqa (1
a EFZ 8(w = wqo)Gaor (15)

In this form, we can use the standard Wannier
e-ph approach to collect G, for each phonon mode,
analogous to the calculations of electron-phonon
rates above. Using the collected G values, we can
then evaluate the phonon mediated electron-electron
scattering rate using (L3)), also using the phonon
linewidth 7 = Img, = TwqaGqa-

‘ 2

D. Comparison of Fermi Surfaces
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FIG. 5. Electron-phonon lifetimes projected onto the
Fermi surfaces of a) WP2 and b) copper at 10 and 2K
are shown to highlight the contrast in lifetime distribu-
tion order of magnitude between WP3 and Cu.

In addition to the averaged lifetime calculations
in the main text, we consider the lifetime projected
Fermi surfaces for copper corresponding to those re-
ported in the manuscript for WP,. In Figure [5] we
see that copper does feature high lifetime spots simi-
lar to those seen in WP5 but distributed more evenly
across the surface. We note that the particular dif-
ference in these surfaces is that the highest lifetime
spots on the copper surface are 2 orders of magnitude
longer, while those in WP, are a much more drastic
6 orders longer.
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