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A microscopic understanding of hydrodynamic transport in Dirac and Weyl semimetals has remained elusive
in theoretical descriptions and experimental measurements. We investigate the structure and microscopic prop-
erties of transport in WP,, a type-1I Weyl semimetal exhibiting hydrodynamic transport. Here, we characterize
the nature of the microscopic properties of WP, as a function of temperature through ab initio calculations of the
relevant scattering processes, including 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 mechanism 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 WP, 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 WP, prompts
additional investigation of specific scattering channels and indicates the importance of phonon interactions
in understanding connections between transport in hydrodynamic materials and strongly correlated systems

including unconventional metals.
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I. HYDRODYNAMIC TRANSPORT

In conventional materials under the influence of an ap-
plied field, electronic transport can be generally understood
in terms of Ohmic physics. However, in graphene at charge
neutrality, and more recently, a number of semimetallic com-
pounds, electrons in a sample can behave as a viscous fluid
described not by Ohmic physics, but through the formalism
of hydrodynamics. In this regime, electrons move through a
two-dimensional (2D) plane of a sample in a fashion loosely
analogous to water flowing through a pipe.

In the language of microscopic interparticle scattering, the
appearance of a hydrodynamic regime implies momentum-
conserving (MC) processes such as electron-electron and
some electron-phonon processes occurs far more often than
momentum-relaxing (MR) processes including defect, bound-
ary, and Umklapp scattering, resulting in a separation of MC
and MR time scales. Since MR scattering occurs very slowly
relative to MC scattering, momentum is considered to be
“quasiconserved,” and the relevant conservation equations of
hydrodynamics can be used to describe transport.

Such hydrodynamic effects have been studied extensively
in graphene [1-6]. However, recent experimental studies have
revealed similar signatures in layered metal PdCoO; [7], and
Dirac semimetal PtSny [8], and type-II Weyl semimetal tung-
sten phosphide (WP,). In these newly identified materials, a
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number of theoretical questions remain in regard to the micro-
scopic interactions that drive a transition to the hydrodynamic
regime. Ongoing discussion centers around similarities in the
crystal structure and Fermi surfaces of WP,, PdCoO,, and
PtSny [7-9], the impact of phonon drag and other thermo-
electric effects, related deviations from the Wiedemann-Franz
law [10], and the significance of electron-phonon interactions
including the potential importance of small-angle scattering to
the onset of hydrodynamic flow [8].

To address these questions, we present a direct evaluation
of the microscopic scattering rates in WP, using ab initio cal-
culations of the electron and phonon states to study electron-
phonon coupling in the material. We evaluate relevant
scattering rates, such as those for electron-electron and
electron-phonon processes, in addition to the momentum
relaxing scattering rates measured in experiment. From
these calculations, we present a microscopic perspective of
scattering in WP,.

II. COMPUTATIONAL METHODS

WP, forms a bulk orthorhombic (Cmc2;) structure and
manifests four pairs of type-II Weyl points in the k, =0
plane [11,12]. In experimental transport measurements, WP,
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 PdCoO, and PtSny [9].

Figure 1 shows the crystal structure, the calculated electron
and phonon band structures, and indicates the location of
Weyl points in the Brillouin zone. In our calculations, we

©2018 American Physical Society
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FIG. 1. Electronic structure and phonon dispersion of WP;. (a)
Electronic band structure and (b) phonon dispersion, with corre-
sponding densities of states, for the orthorhombic WP, structure
shown in (c) calculated using fully relativistic ab initio calculations
(including 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.

locate a pair of Weyl points at [k, k,] = [—0.282, 0.302] and

[—0.238, 0.283](1/A) at energies of —0.504 and —0.301 eV,
respectively, showing our electronic structure agrees with
experimental reports [11,12] with all eight Weyl points visible
in the contour map of Fig. 1(d).

From these electron and phonon states, we calculate
electron-phonon and electron-electron scattering rates (27 x
corresponding imaginary part of self-energy) using Fermi’s
golden rule and the random-phase approximation, respec-
tively, following our previously established methodology
[13-17]. We calculate net transport coefficients including re-
sistivity and mobility based on the linearized Boltzmann equa-
tion with an all-bands relaxation-time approximation [15].

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 contri-
bution using the rate of electron-electron scattering mediated
by a virtual phonon, rather than the conventional Coulomb-

mediated scattering. Within the random-phase approximation,
we find
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where @z, = wjq(1 + in Gj,) are complex phonon frequen-
cies including the linewidth due to phonon-electron scattering,

ey

B = (kgT)~!, and g(er) is the density of states at the Fermi
level. Above,
Qdk 2
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ab
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is the weight of each phonon mode in the Eliashberg spectral
function, calculated from first-principles electron energies &z,

and electron-phonon matrix elements gg: b (see appendix for

further details).

All quantities are derived from relativistic ab initio calcu-
lations with self-consistent spin-orbit coupling and implicitly
treat processes such as Umklapp scattering [15].

III. SCATTERING RATES AND TRANSPORT PROPERTIES
FROM FIRST PRINCIPLES

Hydrodynamic transport requires MC scattering rates to
dominate over MR scattering rates (i.e., correspondingly
™C « t™R) " conventionally ascribed to electron-electron
(ee) and electron-phonon (e-ph) scattering, respectively. From
our calculations, we can directly evaluate the contributions of
various microscopic mechanisms to MC and MR scattering,
as shown in Fig. 2(a).

The calculated electron-phonon MR scattering time T, ph is
in excellent agreement with experimental data [9], implying
that our computational methods correctly capture the physics
of this material. Some separation from experiment occurs at
2 K, where it is likely that small effects from defects or
sample boundaries, which are not present in an idealized elec-
tronic structure calculation, could contribute to MR scattering
and cause discrepancy between prediction and experiment.
However, there is experimental evidence of both Wiedemann-
Franz deviation [18] and possible hydrodynamic behavior at
10 K [9], 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 experiment,
we also determine that contrary to current understanding 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
responsible for hydrodynamic behavior in WP,.

We instead predict that phonons dominate the momentum-
conserving scattering processes. At temperatures below
100 K, overall electron-phonon scattering (with time Te.pp)
is much faster than its momentum-relaxing component (with
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FIG. 2. Predicted temperature dependent lifetimes to distinguish the momentum-relaxing and momentum conserving processes. (a)

Calculations for WP, reveal that the momentum-relaxing electron-phonon (e-ph) scattering time re“_’g;, is in agreement with experiment

MR
rexpl

[9], and is longer than the total e-ph scattering time T..,,. The Coulomb-mediated electron-electron (ee) scattering time .. is much longer than
the phonon-mediated ee scattering time 2. Phonons determine both the MC and MR processes in WP,, 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 — cos ) drops off with decreasing temperatures (small-angle scattering increases). Dashed lines
denote where experiment [9] reports onset of a “hybrid” ballistic/hydrodynamic regime at 150 K and “pure” hydrodynamics at 20 K. (c) and
(d) The same calculations for copper to highlight the faster e-ph rates in WP, and also the behavioral difference in o

time rg‘ﬁ). This is because low energy acoustic phonons
that dominate scattering at lower temperatures predominantly
change the electron momenta by small angles, as shown by
the average value of (1 —cosf) dramatically reducing in
magnitude with decreasing temperature in Fig. 2(b). Within a
Debye model for the scattering time, Tepn o¢ 7~ and 7} o

T for T « Tp, the Debye temperature, while both are
o T~! for T > Tp. Figure 2(a) also shows the excellent
Debye model fits to the ab initio predictions for T, and
) confirming the acoustic phonon energy explanation for
small-angle scattering.

To understand WP; in comparison to traditional metals, we
present an identical set of calculations for copper in Fig. 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 conventional Coulomb-
mediated electron-electron scattering. We observe a poten-
tially interesting feature of the phonon drag lifetime. As
temperature decreases, the phonon drag scattering rate slows
near ~10 K in Fig 2(a). In Fig. 2(c), we can see that this
behavior does not appear in copper.

We also evaluate the conductivity tensor from first prin-
ciples, shown in Fig. 3, where we present the calculated
resistivity overlaid with the corresponding experimental data,
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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 approximation predicts (a) resistivity and
(b) mobilities, in excellent agreement with experiment [9,19]. This
agreement establishes the reliability of first-principles predictions of
lifetimes in this material and strongly indicates that electron-electron
scattering is not a dominant contributor to electrical conductivity in
WP,.

with mobility from Ref. [9] and resistivity from [19]. For both
of these calculated transport properties, we find that our cal-
culations are in excellent agreement with experimental reports
presented as a function of temperature, indicating that our
methods appropriately describe the microscopic properties
of this material. Again, this strongly suggests that Coulomb
mediated electron-electron interactions do not dominate the
transport in WP,, as in systems where electron-electron scat-
tering is very strong, the electrical conductivity would not be
reproducible 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 lifetime values across the Fermi
surface.

The basic form of these surfaces is consistent with the
“bowtie” electron and quasi-2D “tube” hole pockets observed
via ARPES [12,20]. As shown in Fig. 4(a), 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 determine
the magnetotransport anisotropy for WP,, feature particularly
high lifetime 7., regions, as shown in Fig. 4(d).

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 2 K 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 .pn over the hole and electron pockets in
Fig. 4(b), as well as the ratio of the maximum and minimum
lifetime values on the hole and electron pockets to quantify
how the distribution of lifetimes changes with temperature
in Fig. 4(c). We find that between 20 and 50 K the overall
shape of the distributions changes, and these long-lived states
appear in the tail of the distributions of the hole pockets in
Fig. 4(c). 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 Fig. 2(b) shifts to nearly
all small-angle scattering.

These results, along with recent discussion suggesting
Wiedemann-Franz departure in WP, could stem from abun-
dant small-angle scattering [18], warrant a deeper investiga-
tion of specific scattering mechanisms in WP, and similar
materials. In addition, while we find WP, to be a well-
behaved Fermi liquid, 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 systems [10], and indicates
that future investigation should further probe the nature of
available scattering states in hydrodynamic materials.

V. CONCLUSIONS

These predictions present a microscopic perspective of
the role of scattering in a system exhibiting hydrodynamic
transport. The study of electron-phonon coupling and related
scattering rates in WP, 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 measure-
ments 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 presented in
comparison to experiment, calculated Fermi surface projected
lifetimes show a distinct departure from behavior in traditional
metals such as copper, making further investigation of scatter-
ing 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
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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 50 K, and below 20 K, the maximum values of the hole pocket lifetime distributions continue to increase, representing
the emergence of high lifetime regions. (c) Shows the ratio of the maximum and minimum values of .., 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 50 K, identifying the Fermi-surface linked features of hydrodynamic
transport, which is reported to fully onset at 20 K. In (d) we visualize the appearance of the high lifetime regions across the Fermi surface with

decreasing temperature.

violation in WP,, and may present an avenue to connect hy-
drodynamic materials and strongly correlated systems. Under-
standing the full implications of this effect could strengthen
the growing link between hydrodynamic materials and trans-
port behavior in unconventional metals.

Further, from our calculations of a scattering rate represent-
ing phonon drag, a normal, intravalley electron-electron scat-
tering rate involving primarily small wave-vector phonons,
and the apparent slowing of this rate around 15 K, we
also propose that competition for small wave-vector phonons
could emerge in this material at low temperatures. This, in
conjunction with our observation of very long-lived states
at Eg, may imply a mechanism such as phonon bottleneck,
in which electrons lack available small wave-vector phonons
to relax fully, resulting in slowed electronic relaxation and
impaired heat dissipation, could play a role in this system.
This result motivates deeper consideration of the semimetallic
band structure and Fermi surface character of the recently
investigated hydrodynamic compounds.

This work also serves as a foundation for further study
of scattering rates in hydrodynamic materials. Predictions of
phonon lifetimes, thermal conductivity, and the contributions
of the electronic and lattice components of thermal prop-

erties of WP, 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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APPENDIX
1. Lifetime Evaluation

We use first-principles density-functional theory calcula-
tions of electrons, phonons, and their coupling matrix ele-
ments in the open-source JDFTX software [13]. To accurately
and self-consistently capture the strong spin-orbit effects
present in WP,, our calculations employ fully relativistic
ultrasoft pseudopotentials [21,22] for the PBEsol exchange-
correlation functional [23]. We obtain well-converged results
for a 6 x 6 x 4 k-point mesh, a plane-wave energy cutoff of
25 E;, (Hartrees), Fermi-Dirac smearing with 0.01 E; 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*-~10°
wave vectors from high to low temperature) for the subsequent
perturbation theory results discussed below.

a. Electron-phonon lifetime

From these initial DFT calculations, we then calculate
an ab initio temperature-dependent electron-phonon lifetime
using Fermi’s golden rule [15]:

2 QdK’
-1
Te- = E 8(Exy — Exn F hoy —x o
(eph)kn /Z (27[)2 2 ( IR k k'—k, )

1 ka2
X <nk/ ko T 3 > F ( - fk’n’>)|gll:’n’f(];n’ (AD)

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 T..,n, weighted by
the square of the velocity since that determines contribution
to electron transport, given by

-/BZ (Zn)’ n gﬁn |Ukn|2(7:e—ph)kn

f Ofn
BZ (271)3 n den

Teph = (A2)

|vkn|2

b. Momentum-relaxing electron-phonon lifetime

The momentum-relaxing scattering time is also calculated
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 [15],

vl 2T [ QdK
(Teph)in = 0 /BZ @y 4 Z 8(Epw — Exn F hoow ko)

1 1 2
X | i —k,e + 5 F 5~ Sew ’gk/n ‘
% (l - Ukn * Uk'n’ )
|Ukn||vk/n’|

(A3)

As before, we then report the Fermi-surface averaged te

ph
weighted by the square of the velocity, given by
3fion MR
MR _ JBZ (2;1)3 Zn dek | vk | ( eph)kn (Ad)

e-ph — 0fin 2
fBZ (2;1)3 n e | Vkn

c. Electron-electron lifetime

We calculate the electron-electron lifetime from the imagi-
nary part of the electron self-energy within the random phase
approximation (RPA) as

2 dk’
(ree)™ 1_ 7 /BZ Gn Y ZZpk'n k1 (G 1n (G

n GG’

1 47 e? 1o
X ;Im mSGG/(k - kv Ekn — Ek’n’) 5
(A5)

where Py, k, are the density matrices expressed in the plane-
wave basis and egg (K’ — K, €, — €x) is the RPA dielectric
function. See Ref. [15] for further details.

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

-1 D, 2 2
Tee (8 Te) ~ —=1(e — £r) + (mkpTe)"].  (AO)
We extract D, by fitting the 7,,! from Eq. (A5), then by adding
(D, /l)(kp)*(T? — T¢) to the room temperature results. See
Ref. [16] for more details.

2. 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

- ?dk <~ 3fin
o=p= /Bz (2m)3 Z sl; (11 @ V) (Fe )y (A7)

We then evaluate mobility using u = o/(ne), where n is the
carrier density.

3. Phonon-mediated electron-electron scattering

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

my—1 _ 27 Qdq ngdk 9K |2
(& = = bed
e Jka @y | @y Mo
X [fxe forqp + fow+qa(l = five = fatqn)]
X 8(Eka + Eq+q)d — EWc — Ektq)b)s (A8)
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with a second-order matrix element,

qox

Z 8ka (k+q)bgk’c (K'+q)d
hwge + &ka — Egrqp + 1IN

Mg = (A9)

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

py—1 _ 2 / qu ngdk qkk’
(tee ) - hg(SF) [; (27'[ )3 )3 | abecd
X (= f'(eka D fre fikqp

+ fawqd(l = fiee —

X 8(&ka + E+q)d — Ekc — Ektq)b)-

Joxrqw)]
(A10)

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

(rph),l B 271,8_1 dw
ee - . Bhow
g(er) J sinch?*(£32)
Qd Goy
<Y [ ot (Al
- 2r)? |h(wge — @) +in]
where B = (kzT)~" and sinch(x) = sinh(x)/x. Above,
ngdk qa 2
qo‘ Z/ (271, )3 ka,(kJrq)b

X 8(eka — €F)S(Ektqp — EF) (A12)

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,

5 1 /qu B
o F(‘”)_g@F)Xa: @~ @a) G

(A13)
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FIG. 5. Electron-phonon lifetimes projected onto the Fermi sur-
faces of (a) WP, and (b) copper at 10 and 2 K are shown to highlight
the contrast in lifetime distribution order of magnitude between WP,
and Cu.

In this form, we can use the standard Wannier e-ph ap-
proach to collect G4, for each phonon mode, analogous to the
calculations of electron-phonon rates above. Using the col-
lected G4 values, we can then evaluate the phonon-mediated
electron-electron scattering rate using (Al1l), also using the
phonon linewidth n = Im&gy = T Wea G qa-

4. Comparison of Fermi surfaces

In addition to the averaged lifetime calculations in the main
text, we consider the lifetime projected Fermi surfaces for
copper corresponding to those reported in the manuscript for
WP;. In Fig. 5, we see that copper does feature high lifetime
spots similar to those seen in WP, but distributed more evenly
across the surface. We note that the particular difference 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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