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Abstract

Driven by the pursuit of high-performance electronic devices and the exploration of quantum
phenomena, research into two-dimensional (2D) systems and materials, has unveiled their
exceptional properties and potential applications. While extensive efforts have centered on
minimizing contact resistance, reducing the intrinsic channel resistance within the conducting
material remains a formidable challenge. Research in this direction has focused on investigating
superconductivity and ballistic transport. However, the practical applications of these phenomena
are usually constrained by the requirement for cryogenic conditions. Charge transport in the
hydrodynamic regime emerges as a versatile alternative, offering enhanced resilience to these
challenges, and making it a promising avenue for effectively reducing channel resistance in 2D
systems. The current perspective delves into charge hydrodynamics, exploring its mechanisms,
recent advancements, enduring challenges, and its potential in reducing the channel resistance.

1. Introduction

1.1. Low resistance systems in two-dimensions

Channel resistance in bulk and two-dimensional
(2D) systems can be reduced in certain conditions,
when transport phenomena take place at extremes
of the interaction spectrum for charges. At the non-
interacting end of the spectrum lies ballistic trans-
port. This phenomenon is observed in ultra-clean
channels of bulk and 2D systems when all relev-
ant interaction length scales for charges are lar-
ger than the device dimensions. Ballistic transport
is characterized by the scattering-free transport of
charges within the channel, resulting in minimal
resistance. Alternatively, strong attractive interac-
tions between charges can lead to the formation
of Cooper pairs, resulting in superconductivity or
charge transport with zero resistance. This remark-
able macroscopic quantum phenomenon is observed
in bulk systems [1] as well as 2D materials such as
NbSe, [2-4] and bilayer graphene at a specific twist

© 2024 The Author(s). Published by IOP Publishing Ltd

angle [5-7], and is driven by quantum coherence,
holding the promise of dissipation-free current trans-
port and more energy-efficient electronics. However,
both these transport mechanisms have limitations.
An optimal functionality of ballistic transport is con-
tingent upon constant channel dimensions, present-
ing a challenge in practical applications where these
dimensions vary [8, 9]. Superconductivity is gener-
ally observed at cryogenic temperatures, sometimes
also requiring high pressure.

In response to these challenges, hydrodynamic
transport emerges as a versatile alternative for
reducing channel resistance with enhanced toler-
ance to variations in dimension. Furthermore, this
transport regime remains viable at or near room
temperature, presenting a promising avenue for prac-
tical applications [10-13].

1.2. Hydrodynamic transport
In the presence of strong interactions between
charges, the independent electron approximation
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breaks down and charge carriers, rather than behav-
ing as isolated particles, exhibit collective motion
akin to a viscous fluid. In this regime, the only dis-
sipation mechanism is due to boundary scattering
and, remarkably, an increasing interaction between
charges leads to enhanced conductivity. This fas-
cinating charge transport regime is referred to as
hydrodynamic transport and possesses many analo-
gies with classical fluid dynamics described by the
Navier—Stokes equations [14-20] .

Central to this phenomenon are the scatter-
ing mechanisms that charge carriers encounter.
These can be broadly classified into two groups,
momentum-conserving and momentum-relaxing
scattering  processes. Non-Umklapp
electron (e—e) interactions characterized by an asso-
ciated length-scale .. are momentum conserving.
While individual electrons exchange momentum,
the overall momentum of the system remains con-
served. Momentum non-conserving scattering mech-
anisms on the other hand generally include electron—
phonon (e-ph) interactions, scattering from lattice
defects, and impurities. These interactions relax the
momentum of electrons and in the process gener-
ate resistance to the flow of charges. In the current
perspective, we assign the length scale Iy for this
ensemble of momentum-relaxing scattering pro-
cesses. Hydrodynamic transport emerges when e—e
interactions are responsible for the dominant scatter-
ing mechanism. In terms of scattering length scales,
hydrodynamic transport corresponds to the condi-
tion lee < lgifr, w, where w is the smallest channel
dimension. Meeting this requirement experiment-
ally is challenging as it requires a balanced control of
multiple physical parameters. At low temperatures,
e—ph scattering is largely reduced, with the remaining
momentum-relaxing scattering mechanism being the
interaction between electrons and impurities. Using
exceptionally clean materials, also these scattering
events can be significantly suppressed. However, e—
e interactions also tend to weaken with decreasing
temperature. Finding a temperature regime where e—
e interactions remain significant while avoiding e—ph
scattering to play a predominant role is thus chal-
lenging. Engineering the different scattering length
scales to solve this conundrum therefore requires
additional tuning knobs beyond temperature. Several
approaches can be envisioned. First, while e-ph inter-
actions are determined by the lattice temperature,
e—e scattering is mostly influenced by the electron
temperature. An attractive approach would thus
consist of disentangling these two, i.e. minimizing
the lattice temperature while enhancing the electron
temperature. Second, at any given temperature, the
strength of the e—e scattering is affected by the car-
rier concentration in the channel, with higher charge
carrier densities leading to a reduced e—e scatter-
ing [21]. Control over the charge carrier density can
for example be achieved using an electrostatic gate.

electron—
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Overall, due this intricate interplay between differ-
ent scattering mechanisms, satisfying the condition
lee < lgigr,w is challenging and, as a result, charge
hydrodynamics has been an elusive phenomenon,
with only few and mostly recent experimental obser-
vations being reported [21-26]. Since de Jong and
Molenkamp observed one of the first evidence of
electron hydrodynamic transport in high-mobility
two-dimensional electron gases (2DEGs) [15], this
relatively novel direction has witnessed substan-
tial progress, spurred on by advancements in fab-
rication techniques and availability of high-quality
crystals [17, 27-29]. Clearly, accessing this transport
regime experimentally requires working with devices
combining ultra-clean channel materials with pre-
cise control over both the lattice and electron tem-
perature, as well as control over the charge carrier
density. In this perspective, we briefly discuss specific
experiments, current challenges, and potential future
applications within the domain of hydrodynamic
transport, with a specific focus on the reduction of
channel resistance.

2. Hydrodynamic transport for reduced
channel resistance

In ballistic devices, the Landauer—Sharvin (LS) resist-
ance, Rpg, dominates transport and is inversely pro-
portional to the number of conduction channels/
modes (M) within the material:

h 1

“eM =

Ris
where h and e are the Planck constant and electronic
charge, respectively. In a rectangular geometry, with
a constant value of M inside the channel, R; s remains
the lowest attainable device resistance. However, one
of the drawbacks of ballistic transport remains the
sensitivity to channel geometry. Specifically, in device
geometries with a varying value of M in the chan-
nel, ballistic transport no longer remains an efficient
method of charge flow. This case arises for instance
in a channel with constrictions [10, 30]. For ballistic
systems, some of the transport modes originating at
the source or the drain will be reflected at the con-
striction, see figure 1(a) top, leading to the chan-
nel resistance being limited by the constriction size.
In the hydrodynamic regime, strong electronic inter-
actions allow charge flow to naturally organize into
streams with varying velocities, forming ‘sheaths’ of
slower-moving fluid along the edges of the constric-
tion. This cooperative behavior assists charge carriers
in navigating the edges of the geometry, where elec-
trons would otherwise lose their overall momentum
(figure 1(a) bottom). This leads to a reduction of res-
istance below the LS limit and is commonly termed
as superballistic transport. Superballistic transport
has been reported in constrictions of graphene as
well as 2DEGs [10, 30]. The authors of [30] report
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Figure 1. Hydrodynamic transport to eliminate channel resistance. (a) Top: Schematic of ballistic electronic flow in a point
contact (PC), dashed lines indicate the reflected modes. Bottom: viscous electronic flow in a point contact. Adapted from [10],
with permission from Springer Nature. (b) PC resistance for a 0.5 ;zm constriction at representative carrier densities. Dots:
experimental data. Horizontal lines: ballistic resistance given by equation (1). Dashed curves: theoretical predictions for a viscous
electron fluid. Adapted from [10], with permission from Springer Nature. (c) Spatial distribution of the Landauer Sharvin
resistance in the Corbino Disk (Top Panel) geometry. The bottom panel shows the resistance as a function of position for ballistic
(solid line) and hydrodynamic (dashed line) transport in the Corbino geometry. (d) The local bulk resistance, measured in a
single-layer graphene Corbino disk is plotted as a function of channel position r for different values of temperature (T). The
vanishing of the electric field in the bulk at elevated temperatures is indicative of hydrodynamic charge flow [31, 32]. Adapted
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that graphene constrictions in the hydrodynamic
regime exhibit channel resistance (closed circles in
figure 1(b)) that are below the expected ballistic res-
istance (solid lines in figure 1(b)). The deviations are
even starker in the circular symmetric Corbino Disk
(CD) geometry. In the CD geometry (figure 1(c)),
the value of M (determined by the radii of the circle)
varies continuously within the channel. For ballistic
transport, Rig is spread across the entire channel
while hydrodynamic transport allows an almost com-
plete elimination of Rig in the channel region [13].
This effect has been experimentally verified in [12]
using current flow imaging in a graphene CD geo-
metry (figure 1(d)). The reduced channel resistance at
elevated temperatures is indicative of a larger number
of transport modes being accessible due to electronic
interactions.

3. Challenges towards an exploitation of
hydrodynamic charge transport

The hydrodynamic charge transport regime remains
delicate to reach experimentally and poses experi-
mental challenges which we discuss below.

3.1. Materials and nanofabrication

To make hydrodynamic transport viable for prac-
tical applications, it is imperative to expand its
applicability up to room temperature. Achieving this
necessitates the development of devices with spe-
cific attributes, including high mobility (i.e. very
few moment-relaxing scattering events) and strong
electronic interactions. 2DEGs [33, 34], bulk semi-
metals like WP, [20], MoP [35] and delafossites
like PdCoO, [18] fulfill the criteria of charge
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hydrodynamics at temperatures below 100 K. In these
materials, e-ph scattering predominantly determines
the transport at higher temperatures. To the best of
our knowledge, graphene is currently the only mater-
ial capable of demonstrating hydrodynamic transport
near room temperature (T > 150 K). The specific
reasons are threefold. First, the scattering of elec-
trons with acoustic phonons is intrinsically weak [36]
allowing for large diffusive mean free paths. Second,
the e—e interaction strength is enhanced due to the
2D confinement effects and weaker mutual screening
of charges in graphene when compared to metals [37,
38]. Third, advancements in fabrication techniques,
including the use of hexagonal Boron Nitride (h-BN)
encapsulation combined with edge contacts, allow
for high-quality graphene-based device platforms. A
combination of the above has led to several reports
of hydrodynamic transport in single layer and bilayer
graphene beyond 150 K [17, 21, 27-29].

Itis interesting to note that, in this picture of a vis-
cous charge flow in graphene, the extracted viscosit-
ies are larger than that of honey [16, 17], correspond-
ing to a low Reynolds number (Re) regime and lim-
iting charge transport to a laminar flow. Reaching a
regime of operation in which a turbulent charge flow
can take place would be extremely interesting from a
fundamental point of view as well as from an applic-
ation perspective. This would however require the
discovery of new materials with stronger electronic
interactions and lower viscosities, which represents a
strong driver in the ongoing search for new materi-
als that can meet these demanding requirements. In
this regard, Kagome metals showing strong e—e inter-
action [39] emerge as promising candidates for future
research.

3.2. Differentiating the hydrodynamic transport
from ballistic transport

Hydrodynamic charge flow exhibits distinct prop-
erties, but distinguishing it from ballistic transport
can be challenging due to shared transport signa-
tures [32, 33, 40—45]. For instance, both ballistic and
hydrodynamic transport can produce current vor-
tices reminiscent of those in viscous flow [33, 46,
47]. Nevertheless, subtle differences can arise. For
example, a double vortex state is predicted in the
transition from a hydrodynamic regime to a lam-
inar regime, while this state is absent in the bal-
listic to laminar regime transition [48]. Another chal-
lenge is that the parabolic current density character-
istic of hydrodynamic charge flow can be replicated
in ballistic transport [32]. In [32], the authors recom-
mend measuring the local Hall field across the trans-
port channel as an alternative to current density to
differentiate between these transport regimes. Other
methods typically involve considering the temperat-
ure and number density dependence of the relevant
physical quantities. Ballistic transport tends to occur
at low temperatures, while hydrodynamic transport
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is more likely to dominate at higher temperatures.
Additionally, in contrast to ballistic transport, hydro-
dynamic charge flow is generally observed at inter-
mediate number densities because, at higher num-
ber densities, e—e scattering is effectively screened.
Distinguishing the hydrodynamic from the ballistic
regime can be supported with computational tech-
niques by modeling charge transport in both regimes,
solving the Boltzmann transport equation in the
measured device geometry [22, 27].

3.3. Boundary roughness

The interaction of charge carriers with device bound-
ary plays an important role in hydrodynamic trans-
port. Several signatures of hydrodynamic transport
arising from the parabolic Poiseuille flow profile, like
the Gurzhi effect [16] and geometry dependence of
conductivity [16, 19], are sensitive to the details of the
interaction between charges and boundaries, as quan-
tified by the slip length. The current understanding
of this parameter is however far from comprehensive
[17, 49], and controlling the device boundaries is a
formidable challenge that will need to be overcome to
provide robust signatures of hydrodynamic behavior.
The development of improved fabrication techniques
is a very active area of interest, not only for charge
hydrodynamics but also for the wider 2D materials
research [50], and will certainly help reduce device-
to-device variability and improve device boundar-
ies control. Also, characterization techniques that can
provide a direct measurement of the boundary slip
length, such as transverse magnetic focusing, provide
a very useful insight [34].

4. Outlook and potential application

4.1. Interconnection

Low resistance interconnects are essential for energy-
efficient integrated circuits. In this regard, hydro-
dynamic charge transport has several benefits over
other transport mechanisms. First, resistance in
hydrodynamic charge flow is at most similar (rect-
angular devices) and mostly lower (CD or constric-
tion geometries) than the Landauer Sharvin resist-
ance. Second, hydrodynamic charge flow is robust
against variations in channel geometry such as the
reduction of the number of modes throughout the
channel. Finally, hydrodynamic charge flow is gen-
erally observed at higher temperatures when com-
pared to ballistic transport, making it more favorable
for future applications. Materials with strong elec-
tronic interactions and weak e—ph and defect scat-
tering, like graphene, are ideal candidates for low-
resistance interconnects. With interconnects operat-
ing in the hydrodynamic regime promising efficient
and reliable electron transport, their applications will
range from high-speed data transmission to energy-
efficient electronics, see figure 2.
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Figure 2. Hydrodynamic transport for future applications. Illustration of potential future applications of hydrodynamic electron
flow: interconnects, rectifiers, and amplifiers operating within the hydrodynamic transport regime.

4.2. Others

Rectification using semiconductor diodes or switches
has limited applicability when applied to high-
frequency signals. Interestingly, rectification using
charge hydrodynamics is predicted to be able to over-
come this limitation. When Re is large, the con-
vective term of the Navier—Stokes equation domin-
ates. Combined with an appropriate device geometry,
this can lead to a flow resistance that is direction-
dependent and therefore rectification up to tera-
hertz frequencies [51-53]. An example of such a
geometry is the Tesla Valve (figure 2). In [54, 55],
efforts were made to adapt this geometry for charge
flow. However, the rectification ratio remains limited,
primarily due to the low Re characterizing the elec-
tron fluid [16, 27, 56]. To enhance future applications,
it is imperative to develop electron flow with higher
Re, attainable with material systems demonstrating
lower viscosity.

The nonlinearity of the Navier—Stokes equations
allows for non-linear, beyond ohmic transport prop-
erties in the hydrodynamic regime. For example,
a drag effect stemming from a focused stream of
particles has the capacity to induce a charge cur-
rent within a hydrodynamic system. This effect draws
parallels to the Venturi effect, which arises from

Bernoulli’s equations. Initial demonstrations of this
concept have been carried out in 2DEGs [57, 58]. The
characteristic non-linearity in transport arising from
particle—particle (e—e) interactions is not only use-
ful for distinguishing hydrodynamic charge flow but
also can be utilized for designing analog amplifiers
(figure 2) [59].

5. Conclusion

Despite the increasing number of studies in this
field, hydrodynamic transport remains a nascent
area with numerous unanswered questions. A com-
prehensive understanding of the physical principles
behind hydrodynamic effects, including in particu-
lar a deeper insight into the tuning of the various
scattering mechanisms, remains a critical aspect for a
successful experimental implementation of this trans-
port regime. In addition, finding material systems
with strong electronic interactions and high mobil-
ity, coupled with advancements in fabrication cap-
abilities to reduce device-to-device variations is crit-
ical for exploring all the potential applications of
hydrodynamic electronics. Several novel material sys-
tems are promising, with twisted 2D heterostructures
being particularly attractive. Indeed, the combination
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of geometric confinement and a high degree of con-
trol over the Moiré potential provided by twisted het-
erostructures allows for a large tunability of the elec-
tronic interactions, making 2D heterostructures ideal
candidates for investigating charge hydrodynamics [5,
60]. We note that interaction-driven correlations can
also lead to an insulating behavior in twisted devices,
showing the need for a proper selection of charge
density to tune the devices in the transport regime of
interest [61, 62].
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