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Intense work studying the ballistic regime of electron transport in
two-dimensional systems based on semiconductors and graphene
had been thought to have established most of the key exper-
imental facts of the field. In recent years, however, additional
forms of ballistic transport have become accessible in the quasi-
two-dimensional delafossite metals, whose Fermi wavelength is a
factor of 100 shorter than those typically studied in the previous
work and whose Fermi surfaces are nearly hexagonal in shape and
therefore strongly faceted. This has some profound consequences
for results obtained from the classic ballistic transport experiment
of studying bend and Hall resistances in mesoscopic squares fab-
ricated from delafossite single crystals. We observe pronounced
anisotropies in bend resistances and even a Hall voltage that
is strongly asymmetric in magnetic field. Although some of our
observations are nonintuitive at first sight, we show that they
can be understood within a nonlocal Landauer-Biittiker analysis
tailored to the symmetries of the square/hexagonal geometries of
our combined device/Fermi surface system. Signatures of nonlocal
transport can be resolved for squares of linear dimension of nearly
100 um, approximately a factor of 15 larger than the bulk mean
free path of the crystal from which the device was fabricated.
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he ballistic regime, in which the electron mean free path is

larger than a characteristic geometric length scale, is an un-
conventional regime of nonlocal electrical transport that occurs
only within ultrapure materials. A common method to examine
materials in this regime is to study electrical transport in four-
terminal junctions that are smaller than the electron mean free
path. Within cross- or square-shaped devices, unconventional
effects can occur, such as a negative nonlocal “bend” resistance
(1-3) and an enhanced, suppressed, or even negative Hall resis-
tance (4-7). Estimates of the characteristic length scales of the
ballistic regime can also be made by examining the suppression
of these effects with increasing device size (8-11).

The majority of four-terminal ballistic regime studies,
however, have concentrated on semiconductor heterostructures
(6, 8, 12, 13) or monolayer graphene (14-17) rather than metals,
primarily because the electronic mean free path in quasi-two-
dimensional metals is typically less than 100 nm. In recent years,
however, it has become clear that the delafossite metals PACoO-
and PtCoO; (18-20) have the potential to be ideal hosts for
the study of nonlocal transport effects. Almost uniquely among
oxide metals, they have an extremely high purity as grown, with
defect levels as low as 1 in 10° in the conducting Pd/Pt layers (21).
They also bring the benefit of simplicity, because only one highly
dispersive band crosses the Fermi level, giving a single, quasi—
two-dimensional Fermi surface as established experimentally
by angle-resolved photoemission and measurements of the
de Haas-van Alphen effect (22-25). Due to the high purity,
momentum-relaxing mean free paths as long as 20 um can
be achieved at low temperature (19, 23, 24, 26), enabling the
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observation of multiple unconventional transport and quantum
interference effects in mesoscopic samples (27-29).

For various nonlocal in-plane transport properties, the shape
of the Fermi surface of PdCoO, has been demonstrated to
strongly influence observations. In particular, its nearly hexago-
nal cross-section leads to a high level of directionality of transport
properties once the nonlocal regime is entered at low temper-
atures (30, 31). This pronounced Fermi surface faceting is one
way in which nonlocal transport measurements on delafossite
metals differ from those on semiconductor two-dimensional elec-
tron gases or monolayer graphene, for both of which Fermi
surfaces are close to circular. A second noteworthy feature is that,
since the carrier density per layer in the delafossites is metallic
(1.5 x 10" cm~?2), the Fermi wavelength is two orders of magni-
tude shorter than that of typical doped semiconductors, placing
the delafossites in a new regime of two-dimensional transport.
For these reasons it is interesting to make contact between the
two fields by performing nonlocal transport measurements in

Significance

The strongly two-dimensional delafossite metals are among
the highest-purity compounds known. Their huge low-
temperature electron mean free paths of up to 20 um allow
fabrication of devices in the ballistic regime, in which the
characteristic device dimension is shorter than the average
distance between scattering events. Unlike any previous case
in which this regime has been reached, the faceting of the
nearly hexagonal Fermi surfaces leads to extremely strong
directional effects. Remarkably, in the ballistic regime, this
results in the transport response of squares sculpted from
delafossite crystals not showing full fourfold symmetry. Al-
though seemingly counterintuitive, our observations are con-
sistent with the overall symmetry of the device-Fermi surface
combination and fully obey the Onsager-Biittiker relations for
nonlocal transport.
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some of the “classic” device geometries of mesoscopic physics,
to investigate similarities and differences between the behavior
of the delafossite metals and the previously studied low carrier
density systems. In this paper we report on experiments designed
to do this, studying the bend and Hall resistances of four-terminal
microstructured squares.

Results

Device Fabrication. We fabricated our square devices from crys-
tals of the ultrapure metallic delafossites PtCoO2 and PdCoO»
grown in quartz tubes via methods discussed in refs. 24 and 32.
The average low-temperature mean free path within the crystals
studied was around 5 pm for PtCoO2 and 20 um for PdCoO-,
highlighting their extreme purity. Due to the noncircular Fermi
surface, which, importantly, belongs to a higher-order D¢ sym-
metry group than the D4 of the square device, the crystal ori-
entation relative to the square becomes a potentially important
parameter. The hexagonal symmetry ensures that there are only
six predominant electron directions compared to a continuum for
a circular Fermi surface, as illustrated in Fig. 14-C.

In the previously reported work on semiconductors, trans-
mission of electrons along the square diagonal led to electrical
transport features considered to be indicative of the ballistic
regime. We therefore constructed squares with two different
Fermi surface orientations: the “enhanced” orientation (Fig.
1B) in which two of the six electron directions are parallel to
the square diagonal, enhancing transmission along this diagonal
compared to a circular Fermi surface, and the “diminished”
orientation (Fig. 1C) in which none of the directions are parallel
to the diagonal, reducing diagonal transmission compared to a
circular Fermi surface. In both orientations, the combination
of the square and Fermi surface has D, symmetry, but only
in the enhanced orientation are two of the mirror planes of
the Fermi surface aligned along the square diagonals. In the
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Fig. 1. Design and orientation of square microstructures. (A—-C) Diagrams of
the orientation of the Fermi surface (FS) relative to a square of side length w
and contact width ¢ for (A) a circular FS and the PtCoO, Fermi surface with
(B) an enhanced orientation where the Fermi surface is symmetric about
the square diagonals, designed to increase diagonal transport, and (C) a
diminished orientation where the Fermi surface is not symmetric about the
diagonals and where the diagonal transport is reduced. (D and E) False color
scanning electron microscope images, at the same scale, of a PtCoO; square
structured using a FIB with (D) side length 95 um and (E) the side length
reduced to 25 um using the FIB.
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diminished orientation, there is no symmetry along the square
diagonals, with two of the mirror planes instead being horizontal
and vertical and therefore aligned parallel to the square edges.

In total, we fabricated six PtCoO. squares, one with the en-
hanced orientation and five with the diminished orientation, and
one PdCoO; diminished-orientation square using a focused ion
beam (FIB) and standard microstructuring techniques similar to
those described in refs. 28, 33, and 34. An advantage of using FIB-
based microstructuring is that, by alternating electrical transport
measurements and further FIB steps to reduce the dimensions,
many different square sizes can be studied using the same con-
tacts and section of crystal. This reduces uncertainty introduced
by a variation in purity within or between crystals. The initial side
lengths of the fabricated squares ranged between 40 and 95 um,
with final values being as small as 7 pm. We chose to concentrate
our studies primarily on PtCoO; rather than PdCoO, as the
shorter mean free path enables a larger ratio of the square size
to the mean free path to be reached within the limited available
crystal size. Fig. 1 D and E shows scanning electron microscope
images of a PtCoO; device before and after several cycles of
FIB processing to reduce the dimensions. Vestiges of several
intermediate square sizes can be seen from the trenches in the
epoxy surrounding the smaller square.

Bend Voltage. Inspired by the Montgomery (35) and van der
Pauw (36) methods used to measure resistivity anisotropy in the
Ohmic regime, we began by performing voltage measurements
with two different contact configurations, as displayed in Fig. 24,
which are related by a 90° rotation of all contacts. These are
conventionally referred to as bend voltage measurements, as the
current path bends around a corner in a cross device. Although
the geometry is different, the nomenclature is also used for
squares. They can be labeled as Vj; 1, where the current flows
among two adjacent contacts, i and j, and the voltage difference
V = Vi, — Vi is measured between the other contacts. In the
bend 1 configuration (Vp1 = Vi243) the current contacts, and
hence also the voltage contacts, are linked by a horizontal trans-
lation whereas for the bend 2 measurement (Vg2 = Va3,14) they
are linked vertically.

For delafossite metals in the Ohmic regime, where the mean
free path is much smaller than the device size, the underlying tri-
angular lattice symmetry ensures an isotropic in-plane resistivity.
The bend voltages are therefore identical and follow the van der
Pauw equation (36),

In(2)pl
tm

VB1,B2 = , [1]
where [ is the applied current, p is the material resistivity, and ¢ is
the thickness of the device, between 1 and 5 um in our squares.
Importantly, this quantity is always positive and does not depend
on the square side length. Across all our PtCoO- squares, the
300-K resistivity measured by this van der Pauw technique is p
(300K) = 1.8 £ 0.1 uQcm, in good agreement with the accepted
value of 1.82 uQcm (37).

Eq. 1 does not remain valid within the ballistic regime due to its
highly nonlocal nature and, in other materials, the bend voltage
becomes negative in this regime, as the majority of injected
electrons pass along the square diagonal to the negative voltage
contact. However, no dependence of the bend voltage on the
orientation of the contacts has been reported in any previous
study of ballistic transport in four-terminal devices: Vg1 and Vgs
were always identical.

In Fig. 2 we show the variation of Vg1,s2¢/I with temperature
for two different PtCoO; squares, the enhanced-orientation E1
and the diminished-orientation D1. The voltage was measured
using standard lock-in techniques at a frequency of 123 Hz.
Typical currents were between 1 and 9 mA, although the volt-
age was linear over a current range of at least 0.09 to 9 mA
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Temperature dependence of bend resistance. (A) Diagram of the contact configurations used to measure the bend voltages, bend 1 (V1) and

bend 2 (V4), shown on an enhanced-orientation square. (B) The temperature dependence below 100 K of Vg g,t/l, where t is the square thickness and
I is the current, for an enhanced-orientation square, E1, with side lengths between 10 and 35 um. Although this quantity has the units of resistivity, it
gives only the true resistivity in the Ohmic regime and becomes strongly size and orientation dependent in the nonlocal regime. Its primary function is to
normalize variations in thickness or measurement current between squares. (C) The contact configurations for both bend voltage measurements shown on
a diminished-orientation square. (D) The temperature dependence below 100 K of Vgq,5,t// for a diminished-orientation square, D1.

(SI Appendix, Fig. S1). For each square, several cycles occurred
in which the square size was reduced using the FIB and then the
bend voltage measurements were repeated, resulting in the range
of side lengths shown.

At temperatures above 80 K, there is little dependence of the
voltage on the size of the square, the orientation of the Fermi
surface, or the choice of bend measurement, as expected within
the Ohmic regime and Eq. 1. At low temperature, however, the
voltage is strongly affected by all three of these quantities.

In the enhanced orientation (Fig. 2B) at low temperature both
bend voltages decrease rapidly as the square size decreases, even-
tually becoming negative at a square size of 15 um and below.
The two bend measurements are very similar, as expected from
the symmetry of the Fermi surface about the diagonal shown in
Fig. 24, with only a small difference due to slight fabrication
asymmetries. These observations are qualitatively consistent with
what was found in semiconductor devices with circular Fermi
surfaces (10, 13).

However, other features of our measurements differ starkly
from what was previously known. In particular, the behavior
of the bend 1 voltage profoundly changes between the Fermi
surface orientations: In the diminished-orientation square (Fig.
2D) this voltage rapidly increases as the square size decreases,
opposite to the enhanced-orientation behavior. In contrast, the
bend 2 voltage decreases with square size, similar to the behavior
in the enhanced orientation. This anisotropy between the two
bend measurements has never been observed before and indeed
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cannot be observed in materials with a circular Fermi surface.
The scale of the effect is also significant: In the 7-pm square, the
difference between the bend resistances is as large as the total
Ohmic resistivity at 90 K.

A strong dissimilarity is also seen in the magnetotransport of
the two devices at 5 K, as shown in Fig. 3. Cyclotron orbits in
these delafossites are hexagonal, but the cyclotron radius varies
by less than 10% from its average value across the whole orbit,
so this value is a useful length scale for the problem. We define
the average cyclotron radius r. = hkr/eB, where k is Planck’s
constant divided by 27, kr the average Fermi wave vector, e the
electronic charge, and B the magnetic field. The dimensionless
ratio w/r. is therefore proportional to magnetic field and often
determines the scale of magnetoresistance effects in the ballistic
regime, so we use it for the x axis of Fig. 3.

In the enhanced orientation (Fig. 3B) there is a dip at low field
and a negative zero-field voltage in small squares for both bend
measurements. In a finite magnetic field, the electron trajectories
are curved, which decreases the fraction of electrons passing
along the square diagonal and increases the voltage. The width of
the central dip as a function of w/r. is constant across multiple
square sizes. At w/r. ~ 2, there is a peak in the voltage, most
visible at the smallest square sizes. This peak and the harmonic
at w/r. ~ 4 are likely to be due to resonances similar to trans-
verse electron focusing, where the cyclotron diameter and w
are commensurate and the majority of the electron trajectories
are focused into an adjacent contact by the field (38, 39). An
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Magnetic-field dependence of bend resistance. (A-C) The variation at 5 K of Vgq 2t/ with w/rc, a quantity proportional to magnetic field, within

(A) two diminished-orientation squares, D1 and D2, at side lengths from 7 to 20 um and 40 to 95 pum, respectively; (B) the enhanced-orientation square
E1 for side lengths between 10 and 35 um; and (C) only the larger diminished-orientation D2 for side lengths 40 um and larger. The magnetic field was
applied parallel to the c axis and therefore perpendicular to the square. Negative values of w/rc indicate negative magnetic fields. (D) The decay of AVt/I,
where AV = Vg1 — Vp; at zero field, as a function of the ratio of the square side length w to the mean free path / for four diminished-orientation squares,

D1 to D4.

enhancement of this effect due to the hexagonal Fermi surface
has been previously demonstrated in delafossite metals (27).

For the diminished-orientation square, as shown in Fig. 34, the
bend 2 voltage follows similar behavior to that of the enhanced
orientation, with a dip at zero field and a peak around 2w /r, and
at multiples of this value. For the bend 1 measurements, however,
there is a peak at zero field, signifying the strong transport
anisotropy present only within the ballistic regime. There are two
small peaks located around w/r. = 0.12 in the smallest square
sizes. Since these peaks occur at the same w/r. independent
of square size, they clearly stem from a geometric resonance
between the square geometry and r.. Although the physical
origin of the resonances is likely similar to that of the focusing
peaks, detailed simulations beyond the scope of this paper would
be required to identify the precise electron trajectories involved.
The anisotropy rapidly weakens as the square size is increased,
but, surprisingly, there is still a visible peak for a 20-pum square,
which has a side length around four times the typical mean free
path. Data from even larger square sizes are also shown for
comparison purposes but will be discussed in more detail later. In
neither square is evidence observed of the fluctuations expected
from the presence of quantum interference effects previously
seen in semiconductors (3, 40).

At the largest values of w/r., the dependence of the voltage
on the square size, the bend measurement, and the Fermi surface
orientation is weak. The small cyclotron radius at these field val-
ues ensures that the dominant electron trajectories are “guiding”
trajectories, which involve repeatedly scattering along the square
boundary and eventually reaching an adjacent contact regardless
of the square size or Fermi surface orientation.

The observation that significant bend voltage anisotropy still
exists at a square size that is several multiples of the mean free
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path motivated us to examine the behavior at larger length scales
in more detail. In Fig. 3C we show the magnetotransport in
a diminished-orientation square, D2, for only the largest side
lengths in Fig. 34, between 40 and 95 um. A distinct peak and
dip remain present only up to 50 um, but even at 95 pum there
is a clear difference at zero field between the two bend voltages.
The mean free path of this square was 6 um, so the largest ratio
of square width to mean free path is over 15:1, far outside the
ratio of 1:1 that would signify the most strictly defined limit of
the ballistic regime.

Decay of Anisotropy in Bend Voltage. The limits of this ballistic
behavior can be better characterized by quantifying how the
anisotropy decays as a function of square size. In previous studies,
the depth of the dip in the magnetoresistance at zero field has
been used as a gauge of the strength of the ballistic effects
(9, 10, 41). Here, we use the zero-field difference at 5 K be-
tween the bend voltages in the diminished-orientation squares,
AVt/I =1t[Vei1(B =0) — Ve2(B =0)]/I. This parameter has
the advantage of being zero within the Ohmic regime, as the bend
resistances must be equal in this regime by symmetry, ensuring
automatic subtraction of any Ohmic background.

The variation of this quantity as a function of w/I, where
[ is the mean free path of each square, is shown in Fig. 3D.
With this choice of parameter, the effects of any variance in
purity, and therefore /, between different devices, which causes
different decay rates as a function of w alone, are eliminated. To
determine / without influence from ballistic effects, the resistivity
at high w/r., where these effects are suppressed, was calculated
using Eq. 1. The known bulk magnetoresistance (37) was used
to compute the zero-field resistivity, with / then determined via
standard Ohmic regime equations.
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As demonstrated in Fig. 3D, there is good agreement between
the decay and the exponential fit AVt /I = Ae~*"/' where 4 and
b are fitted constants, providing that the decay constant b has two
different values, bp and bg, in two regions of w/I. When w/[ < 5,
there is a rapid decay in AV as the square size is increased,
with bp = 0.59 + 0.05. This is evidence of the expected strong
dependence of these ballistic effects on the sample geometry.
The decay rate is consistent between different squares. When
w/1 > 5, there is a slower decay with bs = 0.21 & 0.02, around a
factor of 3 smaller than bg. Intriguingly, we can track this much
weaker ballistic decay to ratios of w/! above 20. Even the rapid
decay, however, is slower than those reported in semiconductor
cross and square devices, which report single decays with equiva-
lent values of b ranging from 1.1 to 1.6 (8-10). A decay with two
decay constants has previously been observed in semiconductor
heterostructures within the ballistic regime (11, 42, 43) although
the geometry was different and only the region with length scales
smaller than the mean free path was considered. In contrast,
for all our squares w/l > 1, demonstrating that strong ballistic
effects can be observed far outside the region where the device
geometry is smaller than the mean free path.

Performing the same procedure with the PACoO2 square (with
a longer mean free path of 20 um) (SI Appendix, Fig. S2) and a
PtCoO; square of a significantly lower growth purity and hence
with a mean free path of 3 pm results in observed decay rates
as a function of w/l within 10% of the value for the higher-
purity PtCoO; squares (SI Appendix, Fig. S3), even though the
anisotropy appears at a very different absolute square size in both
cases. The difference in A-site cation and curvature of the facets
of the Fermi surface that exists between PtCoO2 and PdCoO.
does not seem to significantly affect the decay rate as a function
of w/I. This implies that, once the overall symmetry of the Fermi
surface is determined, this ratio determines the rate of decay. In
addition, varying / by changing the temperature also produces

double decay behavior consistent with that in the size-dependent
studies, providing further evidence that w/! controls this rate
(SI Appendix, Fig. S4).

Hall Voltage. To complement the bend voltage studies, we also
performed a number of Hall voltage measurements, with the
configuration Vi = Vi3 49, as shown in Fig. 44 and B, Insets. The
Hall voltage at 5 K as a function of magnetic field, normalized by
current and sample thickness, is shown in Fig. 44 and B for E1
and D1, respectively, at a number of different side lengths.

Remarkably, in the diminished orientation, the Hall voltage is
finite at zero field and increases as the square size is decreased.
For materials with the Dg symmetry of the delafossites within the
Ohmic regime, and even within the ballistic regime for materials
with a circular Fermi surface, this voltage must be zero at zero
field. Here, the combination of the asymmetry of the Fermi
surface about the square diagonals and the intrinsic nonlocality
of the ballistic regime enables nonzero values to be observed in
a material without intrinsic Ohmic conductivity anisotropy. This
behavior can even be controlled by varying the symmetry: In
the enhanced orientation, where the Fermi surface orientation
is symmetric along the square diagonals, the zero-field voltage
remains zero.

At small magnetic field, unlike in some other ballistic-regime
studies (7), no quenching (suppression) of the Hall voltage is
observed in either orientation; we note that other previous ex-
periments and calculations in this regime have shown a variety
of low-field behavior highly dependent on the junction geometry
and the level of collimation (5, 44—46). However, both of our
measurements show a clear deviation at low field from the lin-
ear relationship seen in the Ohmic regime at low temperature
and present at high field, most strongly in smaller squares. In
addition, the Hall voltage is antisymmetric in magnetic field in
the enhanced orientation, but is clearly not antisymmetric in the
diminished orientation.
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Fig. 4. Hall voltage. (A and B) The variation at 5 K of Vi;t/I, where V is the Hall voltage, with magnetic field, measured with the configuration shown in

A and C, Insets for (A) the enhanced-orientation square E1 at side lengths between 15 and 35 um and (B) the diminished-orientation square D1 at square
side lengths between 7 and 35 um. (C and D) The data from A and B, respectively, rescaled as a function of w/r. with an offset of 0.8 mQ um for clarity
and a linear fit to data at high field for each side length. () The data for the 7-um side length of square D1 (V4 = V13,42) alongside a measurement for the
same square but with the current and voltage contacts switched (Vay,13). (F) The data from E but with the data for the second contact configuration flipped
in the field B to demonstrate a perfect agreement with the Onsager relations.
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To shed light on the origin of the peaks in the Hall voltage, in
Fig. 4C and D we show the same data as in Fig. 44 and B, but
rescaled as a function of w/r. and offset for clarity. It is clear
that the peaks occur at the same value of w/r., meaning that
they stem from commensurability between the side length and
cyclotron radius, similar to the peaks seen in the bend voltage.
In particular, for both orientations there is evidence of a voltage
plateau around w/r. = 2, at the same position as a peak in the
bend resistance and that grows as the square size decreases. This
likely corresponds to the “last plateau” reported in other studies,
where the magnetic field ensures the electron trajectories are
predominately guided into a contact adjacent to the injection
contact (5, 7, 47).

At first sight, the finite Hall voltage at zero field and the
pronounced asymmetry in the diminished orientation look like
evidence for a violation of the Onsager relations or even a
breaking of time reversal symmetry. However, neither of these
possibilities is true. While the Onsager relations were originally
derived for the conductivity in the Ohmic regime, Biittiker (48)
famously showed that one equivalent relation, Vi, ca(B)/I =
Vea,av(—B)/I, holds true even when transport becomes nonlo-
cal. We checked this by performing the appropriate measurement
combinations in our device. As seen in Fig. 4F and F, the Biittiker
relation is precisely obeyed in our data, even in this highly nonlo-
cal regime, and even when the symmetry of our device plus Fermi
surface combination is so low that the Hall voltage is completely
asymmetric in field. Indeed, our measurements are a “text-book”
verification of the Onsager—Biittiker predictions.

Discussion

Arguably the key feature of our experimental findings is the
pronounced effect of setting up a situation in which the overall
symmetry of a ballistic device is lowered from the fourfold square
symmetry of the device itself, despite the fact that we are working
with a material whose bulk Ohmic conductivity is isotropic by
symmetry. To better understand the overall pattern of symmetries
across our dataset, we performed an analysis using the Landauer—
Biittiker multiprobe formula (49) while assuming both current
conservation and time-reversal symmetry. This method frames
the problem in terms of the transmission probability between
pairs of contacts and is a common approach for circular Fermi
surface materials (6, 10, 40) but here we lower the symmetry
from fourfold to twofold to reflect the lower symmetry of the
hexagonal Fermi surface. Our primary aim in this modeling is
to understand the consequences of time-reversal symmetry and
current conservation for the electronic transport in this lower-
symmetry case. Further details of the calculation are given in
SI Appendix.

Within this model, the bend resistances, Rg1 = V1// and
Rp2 = VB2/1, are calculated to be

d h TyT32 — T31 Ty

= 2
3tN 2¢2 D(Ty1 + To1) 121

B1

_ d h TsyTo — Ts1Tyo
3tN 22 D(Tu1 + To1)

where T3; is the probability of an electron emitted from contact j
being absorbed by contact i, N is the number of one-dimensional
channels at the Fermi energy within each of the contacts, d is the
c-axis lattice parameter, and D is a positive-definite collection of
transmission coefficients that is symmetric in the field. With the
assumed symmetries and conservation laws, both bend voltages
are field symmetric within this model, as is the case within the
data (SI Appendix, Fig. S5), even though the electron injection in
the diminished orientation is not symmetric with respect to the
square diagonal and such symmetry in the transport is therefore
not obvious.

[3]

Rgpo
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In addition, it is clear that the sign of the bend voltage is
determined by the relative probability of electron transmission
between diagonally linked contacts in Fig. 1 versus those hori-
zontally linked for bend 1 and vertically linked for bend 2. In
materials with a circular Fermi surface and in the enhanced
orientation for our hexagonal Fermi surface, there is a collimated
beam of electrons directed along the square diagonal. Therefore,
Ts1 T42 becomes larger than the first numerator term and the
bend voltage is negative. In the limit that horizontal and vertical
transmission are equally likely, which is always applicable in these
two situations, Ty1 T32 = 154721 and the bend 1 and bend 2
voltages are equal.

In the diminished orientation, there is a beam of electrons
aligned to the vertical direction and no such corresponding hor-
izontal or diagonal beam. Therefore, at zero magnetic field, ver-
tical transmission is significantly more probable than horizontal
or even diagonal transmission, the 741 T3> term dominates, and
Rg1 is positive. Conversely, T34 T21 is smaller than T3 T42 and
Rpy is negative.

For both orientations, in larger magnetic fields, the trajecto-
ries are significantly curved by the field, which reduces 731 T42
and results in a positive voltage. When w is a multiple of the
cyclotron diameter, 2r., T41 T32 and T34 T2 are large compared
to T31 Ta2, leading to the transverse focusing peaks in the mag-
netoresistance.

The Hall resistance calculated in this model, Ru(B) = Vu/I,
is
_d h Tu(B)— Txu(B)
T 3t 2e2N D(B)

The Hall voltage is therefore, as is logical, determined by the
relative probability of transmission to the contact clockwise of
the emission contact compared to that anticlockwise. At negative
fields, Ru(B) is

Ru(B) [4]

_4_h
3t 2e2N

T21(—B) — Ta1(—B)

il D(B)

B)= [5]

Even taking into account the time-reversal symmetry that is as-
sumed in the model, Ru(—B) is only equal to — Ry (B), meaning
the Hall voltage is antisymmetric, if 741 (B) = T21(—B), which
is equivalent to stating that the transmission coefficients for
clockwise and anticlockwise transmission are related by inverting
the field. This antisymmetry condition is satisfied only if there is
a line of symmetry of the Fermi surface along the diagonal of
the square. For the enhanced orientation, this is the case, but
it is not true for the diminished orientation, explaining the lack
of antisymmetry in the Hall data in Fig. 4B and, in addition,
demonstrating that asymmetry is possible without a violation of
time-reversal symmetry. Furthermore, in all cases, as is shown
in SI Appendix, the Biittiker—Onsager relations are adhered to
within the model.

The analysis therefore shows that the anisotropy observed in
the ballistic regime junctions can be explained by an anisotropy
in the probability of transmission of electrons between contacts,
stemming from the hexagonal Fermi surface. This can result in
anisotropy in the bend voltage and a lack of antisymmetry of the
Hall voltage in an applied magnetic field. Important constraints,
from both current conservation and time-reversal symmetry,
lead to the bend voltage being symmetric in the field and the
Hall resistance obeying the Onsager relations, in their nonlocal
form. Crucially, pronounced asymmetry in the Hall signal in the
diminished orientation does not violate any of these fundamental
symmetries, demonstrating their continued existence even in this
highly nonlocal regime.

Although the main aim of our Landauer-Biittiker analysis was
to understand the overall patterns and symmetries seen in our
data, it can also provide quantitative insight into the scale of the
effects that we observe. If a system is two-dimensional and fully
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ballistic, the minimum two-terminal resistance R for any given
configuration is

h 1
2¢2N Ny,
in which N is the number of conductance channels in the current
contacts and N, = 3¢/d is the number of Pt/Pd layers in parallel.
For contacts modeled with square well potentials, N = kpc/m,
where c is the width of the contact channel (50). In typical exper-
iments on semiconductor squares and crosses, there is a single
conducting layer and N is usually of order 10 or less. In contrast,
for the devices and contact sizes used in the current work, the
large kr in our delafossite devices ensures that N ~ 12,000 per
Pt/Pd layer and there are Ny, ~ 3,000 layers in parallel, possibly
accounting for the lack of conductance fluctuations noted above
in relation to the data shown in Fig. 3. This leads to Ror &2
0.3 mS2.

In our experiments on these squares we have not directly
measured this two-point resistance, but our measured bend and
Hall voltages and the model grant the opportunity to benchmark
our results against values predicted in the ballistic limit within
the Landauer-Biittiker quantum transport formalism. Within
this formalism, as shown in SI Appendix, if all of the electron
trajectories are presumed to be guided into an adjacent contact
by the magnetic field, as occurs on the last plateau around w/r. =
2, Ry = Ror. As can be seen in Fig. 44, for the 15-um enhanced-
orientation square, Rut = 0.4 mQum on this plateau, leading to
Ru = 0.16 m§2, within a factor of 2 of the fully ballistic prediction
for Ror. Fully quantitative analysis of the bend resistance data
would require assumptions about transmission coefficients. How-
ever, we note that the difference between the bend voltages in
the diminished orientation is approximately double that between
the 7- and 35-pum enhanced-orientation squares, providing an
estimate for a ballistic bend resistance R =2 0.12 mS2, within a
factor of 2.5 of Rar.

Our squares are not fully in the ballistic limit, but the above
estimates further confirm that the ballistic effects predicted by
the Landauer-Biittiker quantum transport formalism play a ma-
jor role in the behavior we observe in the size-restricted squares,
even though all of our squares are larger than the typical 5-
um low-temperature mean free path. This can also be seen by
examination of Fig. 3D. The form of signal decay is exp(—bL/1),
where L is a sample length scale and / the mean free path.
Definitions and prefactors will of course vary with precise device
geometry, but the exponential can sensibly be extrapolated to
the true ballistic limit in which the mean free path is much
longer than the device size and w/! approaches zero. For the
diminished-orientation experiments summarized in Fig. 3D this
shows that our smallest squares allow us to observe ~50% of
the fully ballistic signal, fully consistent with the above ballistic
resistance estimates.

Our findings, therefore, provide an empirical verification that
transport within a metal microstructure with >10* quantum
channels per layer can still be well described using Landauer—
Biittiker theory, despite the significant difference in energy scales
compared to those of semiconductor devices. We can further
profit from the strong anisotropies of our system to follow the
signatures of ballistic physics into a regime that one might in-
tuitively have expected to be out of reach. As seen in Fig. 3C,
there remains a difference between the two bend voltages even
at a side length of 95 pum, more than 15 times the mean free
path in this PtCoO; square. This is partly due to the sensitivity
of having a difference measurement with which to pick out the

Ror = [6]
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ballistic signature, but we speculate that there may be other
physics at play in this regime (that of the slower decay in Fig.
3D) as well. In materials with a circular Fermi surface, mean free
paths extracted from ballistic phenomena are often shorter than
those determined from the resistivity. This is often attributed
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resistivity, but significantly affects the electron trajectories and
therefore ballistic regime behavior. In PtCoO., however, small-
angle scattering frequently does not appreciably change the zero-
field trajectory as the postscattering state will typically be on
the same facet of the hexagonal Fermi surface. This may mean
that bulk scattering is less effective in suppressing ballistic effects
than in materials with a circular Fermi surface, leading to effects
persisting over longer length scales and smaller decay constants;
our observations strongly motivate future theoretical work on
this issue.

In conclusion, we have shown here how some effects previously
assumed to lie exclusively in the realm of ultrapure semiconduc-
tor devices can be observed in sufficiently pure two-dimensional
metals. Arguably more interesting still, we have shown how the
existence of a strongly faceted Fermi surface leads to phenomena
not previously observed in any system, opening the possibility of
additional regimes of mesoscopic physics.

Materials and Methods

Crystal Growth. Single crystals of PdCoO, (PtCoO,) were grown in an evacu-
ated quartz ampule with a mixture of PdCl, (PtCl,) and CoO by the following
methathetical reaction: PdCl, (PtCl;) + 2CoO — 2PdCo0O, (PtCo0,) + CoCl,.
The ampule was heated at 1,000 °C for 12 h and stayed at 700 to 750 °C for
5d (20 d). To remove CoCl, the resultant product was washed with distilled
water and ethanol.

Device Fabrication. The FIB microstructuring was performed using a Ga-ion
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removed from the surface of the square and the meanders and separated
into four electrical contact pads by FIB irradiation.

Transport Measurements. All electrical transport measurements were made
using a bespoke low-noise probe placed within a Quantum Design Phys-
ical Property Measurement System. Standard alternating current lock-in
techniques were used for the voltage measurements at a frequency of
123 Hz and with currents between 3 and 9 mA, using a bespoke dual-
end current source providing high common mode rejection and a Synktek
MCL1-540 multichannel lock-in. The transverse magnetic field in the bend
magnetoresistance and Hall measurements ranged between —9 and +9 T.

Data Availability. The data underpinning this paper has been uploaded
to the University of St. Andrews PURE repository, https:/doi.org/10.17630/
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