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Crossing the ballistic-ohmic transition via high energy electron irradiation
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The delafossite metal PtCoO2 is among the highest-purity materials known, with low-temperature mean free
path up to 5 μm in the best as-grown single crystals. It exhibits a strongly faceted, nearly hexagonal Fermi
surface. This property has profound consequences for nonlocal transport within this material, such as in the
classic ballistic-regime measurement of bend resistance in mesoscopic squares. Here, we report the results
of experiments in which high-energy electron irradiation was used to introduce pointlike disorder into such
squares, reducing the mean free path and therefore the strength of the ballistic-regime transport phenomena.
We demonstrate that high-energy electron irradiation is a well-controlled technique to cross from nonlocal to
local transport behavior and therefore determine the nature and extent of unconventional transport regimes.
Using this technique, we confirm the origins of the directional ballistic effects observed in delafossite metals
and demonstrate how the strongly faceted Fermi surface both leads to unconventional transport behavior and
enhances the length scale over which such effects are important.

DOI: 10.1103/PhysRevB.107.094203

I. INTRODUCTION

The ballistic regime, within which the electron mean free
path between internal scattering events exceeds the minimum
sample dimensions, can only be observed within intrinsically
ultrapure materials or highly purified metallic and semicon-
ducting crystals [1,2]. In materials with simple, highly faceted
Fermi surfaces, it can become strongly directional [3,4] with
an easy direction for transport. The conductivity of suitably
oriented channels can be reduced below either that available
in channels of any material with an isotropic Fermi surface
and the same channel parameters and carrier mobility. This
directional transport has potential implications for future mi-
croelectronic technologies, as well as being of fundamental
interest for the study of non-local transport regimes, so it is
desirable to explore its range of validity. That is the goal of
this paper.

The delafossite metals PtCoO2 and PdCoO2 have been
shown to be ideal material hosts for directional ballistics
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[3–5]. Their extremely high purity (with defect levels as
low as 1 in 105 in the conducting Pd/Pt layers [6]), is
unique among oxide metals. Due to this high purity, transport
mean free paths as long as 20 μm can be observed at low
temperature [7]. One of the attractive properties of the de-
lafossite metals is their simplicity: only one highly dispersive
band crosses the Fermi level, giving a single, quasi-two-
dimensional Fermi surface, as demonstrated experimentally
by angle-resolved photoemission and measurements of the de
Haasvan Alphen effect [8–12].

Electronic transport behavior is typically determined by
the momentum-relaxing scattering of the conduction electrons
and is usually described semiclassically. If the momentum
relaxing mean free path is much smaller than any of the other
characteristic length scales of the system, as happens in an
overwhelming number of materials, it is in the Ohmic regime.
The relationship between current and electric field is local,
even on microscopic scales, and Ohm’s law holds everywhere.
If, however, the mean free path becomes long enough, a
nonlocal relationship can, in principle, be observed on experi-
mentally accessible mesoscopic length scales. The majority of
ballistic regime studies have concentrated on semiconductor
heterostructures or monolayer graphene [13–18] rather than
metals. However, recent studies of PtCoO2 and PdCoO2 [3,4]
have shown the strongest directional ballistics observed to
date.

One of the key ways to study these unconventional trans-
port regimes is to observe the transition from nonlocal to
Ohmic transport. However, in metallic systems, changing
the transport regime by gating or doping, as is typical for
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semiconductors, is not possible. Variation of the mean free
path, and therefore the transport regime for PtCoO2 and
PdCoO2, is achievable instead by directly changing the num-
ber of scattering centers.

Crucially for the ballistic-Ohmic crossover, these scatter-
ing centers should be pointlike defects; no large voids or
columnar defects should be created, nor should foreign atoms
be implanted in the crystal. High-energy electron irradiation
is the ideal technique to achieve this type of disorder. The
collision kinetics of 2.5 MeV electrons with much heavier
atoms are close to elastic, i.e., they enable displacement of the
atom from its lattice site but do not allow the displaced atom
to create a significant number of additional defects. Therefore,
each collision creates an individual vacancy and an interstitial
atom, known as a Frenkel pair. 2.5 MeV electrons have a
significant penetration depth, estimated to be ≈ 1.8 mm in
delafossite metals [6]. Hence, in our typical devices, which
are less than ten microns thick, the probability of any electron
sustaining more than one collision is negligible [6].

A standard method to examine materials in the ballistic
regime is to study electrical transport in four-terminal junc-
tions. Within square-shaped devices, unconventional effects
can occur, such as a negative nonlocal bend resistance [19,20].
In our previous work [3] we observed novel directional ballis-
tic phenomena by varying the size of focused-ion-beam (FIB)
sculpted PtCoO2 squares with two different Fermi surface ori-
entations: an enhanced orientation (where the Fermi surface
is symmetric about the square diagonals) and a “diminished”
orientation (where the Fermi surface is not symmetric about
the diagonals). However, this method introduces uncertainties
into the experiment, as the geometry of the sample changes
between measurements. Together with the interest in di-
rectly observing the ballistic-Ohmic crossover, this drawback
motivated us to perform a high energy electron irradiation
experiment with ballistic-regime PtCoO2 squares, as reported
in this paper.

II. ELECTRON IRRADIATION
AND DEVICE FABRICATION

Irradiation with electrons with a kinetic energy of 2.5 MeV
was performed at the SIRIUS Pelletron linear accelerator op-
erated by the Laboratoire des Solides Irradiés (LSI) at the
Ecole Polytechnique in Palaiseau, France. During the irradi-
ation, the sample was immersed in a bath of liquid hydrogen
at a temperature of 22 K to ensure that the introduced defects
were not mobile. As discussed above and in our previous work
[6], due to the small electron mass, only pointlike Frenkel pair
defects are introduced by this 2.5 MeV electron irradiation.
No additional larger defects, such as columnal defects, can
be created. Fourpoint in situ resistivity measurements were
performed as described in Ref. [6].

As discussed above, PtCoO2 has a predominately hexag-
onal Fermi surface [8,9,11]. In our previously reported
ballistic-regime studies of delafossite square junctions, low-
ering/varying the symmetry of the Fermi surface orientation
about the square diagonals resulted in novel phenomena not
possible with a circular Fermi surface [3]. Here we retain the
nomenclature introduced in Ref. [3], with two orientations of
the square edges relative to the crystal axes termed enhanced

and diminished due to their different effects on the bend
resistance. In the current studies, we chose to concentrate on
the diminished orientation from these previous studies [see
inset of Fig. 1(a)], as the behavior of an enhanced orientation
square is similar to that of a material with a circular Fermi
surface. In total, we fabricated three diminished orientation
PtCoO2 squares; two squares, I1 and I2, with 15 μm side; and
one square, I3, with a 10 μm side length. All squares had a
contact width around 5 μm. Our previous results, reported in
Ref. [3], suggested that all three squares would show ballistic
behavior.

We sculpted the square devices from PtCoO2 crystals
grown via methods discussed in [11,21]. The standard sample
mounting method for FIB sculpting requires using a layer of
epoxy to attach the crystal to a substrate, as carried out in
previous transport studies of delafossite metals [5,22]. How-
ever, the high energy electron beam degrades glue quickly,
motivating us to use an “epoxy-free” mounting method sim-
ilar to the method in Ref [6]. A PtCoO2 crystal, held on a
∼25 μm thick mica substrate by electrostatic forces, was
covered by a 150 nm thick sputtered gold layer. Pt contacts
were then deposited in the FIB using focused ion beam in-
duced deposition, ensuring a mechanical connection between
the crystal and the substrate. To achieve a better contact resis-
tance, a second layer of gold was sputtered over the sample,
the Pt contacts, and the substrate. Crystals mounted in this
way were then FIB structured into square junctions using the
standard techniques described in detail in [23,24].

III. BEND VOLTAGE BEFORE IRRADIATION

To determine the strength of the ballistic behavior in the
squares and inspired by the Montgomery [25] and van der
Pauw [26] methods used to measure resistivity anisotropy in
the Ohmic regime, we performed bend voltage measurements
with two different contact configurations, as shown in the
inset of Fig. 1. Bend voltage measurements in the squares
can be labeled by Vi j,kl , where the current flows between two
adjacent contacts, i and j, and the voltage difference V =
Vk − Vl is measured across the other contacts. Thus, in the
bend 1 measurement (VB1 = V12,43), the current contacts and
the voltage contacts are linked by a horizontal translation,
whereas for the bend 2 configuration (VB2 = V23,14), they are
linked vertically. A simple initial measurement of the square
I3, Fig. 1, compares the temperature dependence of the two
bend voltages, Fig. 1(a), and the magnetoresistance of these
voltages at low temperature, Fig. 1(b).

In the Ohmic regime, where the mean free path is much
smaller than the device size, the triangular lattice symmetry of
the conductive layer in delafossite metals ensures an isotropic
in-plane resistivity. Therefore, the two bend voltages are iden-
tical [see data above 50 K in Fig. 1(a)] and follow the van der
Pauw equation:

VB1,B2 = ln2ρI

tπ
, (1)

where I is the applied current, t is the thickness of the device,
and ρ is the resistivity of the material. According to this
equation, the bend voltages are always equal, positive, and do
not depend on the square side length. Across three PtCoO2

squares, the resistivity measured at 300 K by this van der
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FIG. 1. (a) Temperature dependence of the bend resistance of the square I3 before irradiation below 80 K with (inset) a diagram of the
contact configurations used to measure the bend voltages, bend 1 (VB1) and bend 2 (VB2), shown on a diminished orientation square. (b) Magnetic
field dependence of the bend resistance at 5 K before irradiation.

Pauw technique before irradiation was ρ (300 K) = 1.8 Â±
0.1 μ�cm, in good agreement with the accepted value of
1.82 μ�cm [7]. However, Eq. (1) is not valid within the bal-
listic regime due to its highly nonlocal nature. Indeed, in this
regime, when the majority of the injected electrons pass along
the square diagonal to the negative voltage contact, the bend
voltages VB1,B2 become negative. These voltages also need
not be equal: our previous study with PtCoO2 and PdCoO2

[3] reported the first dependence of the bend voltage on the
orientation of the contacts within a material with isotropic
conductivity in the Ohmic regime, made possible due to the
lower symmetry of their Fermi surfaces. Since we are no
longer measuring the resistivity in the traditional sense, we
label the y axes in Fig. 1 as V t/I rather than ρ, although the
two quantities have the same units, and we refer to both as
resistivity when describing them narratively. All square de-
vices have different intrinsic thicknesses from crystal growth;
therefore, unit V t/I includes the thickness, t , to automatically
account for these differences and allow for numerical compar-
ison between squares.

As expected within the Ohmic regime, at temperatures
above 70 K, there is little dependence of the voltage on
the contact configuration. As shown in Fig. 1(a), at low
temperatures, where the diagonal transport is reduced, the
bend 2 voltage becomes negative, showing similar behavior
to materials with circular Fermi surfaces deep within the
nonlocal ballistic regime. However, the bend 1 data increase
as the temperature is reduced, and show peak at zero field
at low temperatures [Fig. 1(b)], signifying a strong trans-
port anisotropy present only within the ballistic regime. This
anisotropy between the two bend measurements cannot be
observed in materials with circular Fermi surfaces or with a
Fermi surface orientation which is symmetric about the square
diagonals. The advantageous combination of an extremely
long mean free path and a hexagonal Fermi surface in delafos-
site metals opens a nonlocal transport regime. Our goal here
is to study the limits of that regime at low temperatures.

IV. IN SITU MEASUREMENTS

The critical parameter that determines the strength of the
ballistic behavior in our squares is w/l , where l is the mean
free path of the device and w is the width of the square.

Although the Ohmic-ballistic crossover can in principle be ex-
amined by varying w, as carried out in our previous work [3]
where the square width was gradually reduced using a FIB, the
inevitable uncertainties in geometry between thinning down
steps can cause significant inaccuracy in measurements, par-
ticularly at smaller square sizes, and there is always a question
of whether to simultaneously scale down the width of the con-
tacts to the squares [27]. Our goal in this work was to use high
energy electron irradiation to obtain a direct measurement
of the effect of extra elastic scattering and a reduced mean
free path on the ballistic phenomena and hence, observe the
ballistic-Ohmic changeover. Using this method, the geometri-
cal factors are determined during the initial microsculpting of
the sample and do not change during the experiment.

The SIRIUS Pelletron linear accelerator allows us to per-
form four-point in situ resistance measurements and therefore
monitor changes to the resistivity as a function of electron
dose. However, only one voltage pair can be measured during
irradiation. As the bend 1 voltage shows unusual ballistic-
regime behavior most distinct from that in the Ohmic regime,
we chose this pair for the in situ measurements.

V. EX SITU MEASUREMENTS

For many of the experiments that we wished to perform,
in situ measurement was not sufficient, either because we
wished to study magnetoresistance (requiring a different cryo-
stat) or because we needed to perform a sequential cycle of
ex situ study followed by further irradiation in order to reach
high levels of disorder. Any ex situ measurement requires
warming the devices up to room temperature, which leads
to the annealing out of approximately 30% of the defects
created by the low-temperature irradiation. Having measured
this previously, we were able to take it into account when
comparing ex situ measurements as a function of dose with
others done in situ. For most of our ex situ data, however, we
parametrize the effect of the irradiation in terms of the mean
free path during the ex situ measurement, which automatically
takes the annealing into account.

VI. DOSE DEPENDENCE OF THE RESISTIVITY

In Fig. 2, we compare, as a function of electron dose, the
change in the resistivity of a larger PtCoO2 sample, S1, which
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FIG. 2. (a) Resistivity increment of three PtCoO2 samples: the bulk sample S1 and the bend 1 measurement for two diminished squares, I1
and I3. For the square I3, the data is normalized due to annealing between irradiation periods. (b) Magnetoresistance at 5 K for the diminished
square I2 (with side length 15 μm) at several irradiation doses (values do not include annealing correction), normalized by the initial value at
high magnetic fields. (c and (d) The decay of �V t/I , where �V = VB1 - VB2 at zero field, as a function of the ratio of square side length w to
the mean free path l (c) for the two diminished irradiated squares I2 and I3 and (d) including four nonirradiated diminished squares D1 to D4
[3].

is in the Ohmic regime and the bend 1 measurement of two
diminished-orientation squares (I1 and I3). The dependence
of the resistivity on dose for the S1 sample is linear. Our
detailed defect studies of bulk PtCoO2 in Ref. [6] prove that
this resistivity increase during irradiation is dominated by the
defects in the conductive Pt planes, as expected in such a
strongly quasi-two-dimensional system. However, the in situ
measurement on the larger diminished square, I1, is surpris-
ing. Before irradiation, it is in the the ballistic regime, and
in contrast to the behavior of the large sample, its resistivity
decreases slightly on initial irradiation. To investigate this
further, we performed a series of ex situ measurements on a
smaller square, I3, correcting for the around 30% of annealed
defects mentioned above. I3 is deeper in the ballistic regime
than I1, and the decrease in resistivity upon dose is larger.

Even though these results seem at first glance counter-
intuitive, they prove the above assumption that the induced
anisotropy in the ballistic regime is a result of the nonlo-
cal transport combined with the symmetry lowering by the
sample shape and the symmetry of the Fermi surface. The
introduced pointlike defects decrease the mean free path of
the electrons, and therefore, we observe the ballistic-Ohmic
crossover. The initial drop in resistivity at small dose oc-
curs because the bend 1 resistance was enhanced over the
Ohmic-regime value by ballistic effects which are suppressed
by irradiation. As the defect concentration increases, the

resistivity begins to increase for both squares, and at higher
electron doses, the behavior becomes linear with a slope close
to that of the bulk sample, suggesting the transport is becom-
ing more Ohmic. Thus, the anisotropy should be suppressed,
with the characteristic peak and trough in the bend 1 and
bend 2 voltages in the magnetoresistance shown in Fig. 1(b)
moving closer during irradiation. The fact that the effect is
more pronounced in the smaller square further confirms its
ballistic origin.

VII. DECAY OF ANISOTROPY IN THE
MAGNETORESISTANCE

To examine the suppression of the ballistic anisotropy more
quantitatively, we performed ex situ measurements of mag-
netoresistance of both bend resistances simultaneously, on
squares I2 and I3. After electron irradiation, the sample was
warmed to room temperature and then cooled down to 5 K ex
situ for magneto transport measurements. In order to consider
only the ballistic contribution, the additional ohmic resistance
acquired during irradiation was subtracted from both sets of
bend measurements. This subtraction also takes annealing
after in situ measurements into account. The next steps of
irradiation were performed in the same way. Our previous
studies of bulk PtCoO2 [6] showed that further thermal cycles
of the irradiated samples do not cause the defects’ annealing.
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Thus, after the magnetoresistance measurements, we contin-
ued electron irradiation of the sample, considering that the
defects’ annealing happened only once in each of the mea-
surement steps (after the first warmup to room temperature).
To observe the smooth ballistic-Ohmic transition, we required
several steps of the ex situ magnetoresistance measurements
between electron irradiation runs; the experiment required a
total of six months.

The ex situ magnetoresistance data from square I2 at 5 K
are shown in Fig. 2(b). In the unirradiated square, the bend
resistivities exhibit strong ballistic behavior dramatically dif-
ferent from the bulk magnetoresistance [6,22]. The bend 1
measurement peaks at zero magnetic field, and the bend 2 re-
sistance has a trough. For the bend 2 resistance measurement,
the trough becomes smaller as the dose increases. The bend 1
resistance peak at zero field also weakens dramatically with
increasing dose, and, at sufficiently higher doses, becomes
closer to a bulk magnetoresistance trough. However, there is
still a significant difference between the two bend measure-
ments. At high doses of electron irradiation, the trough in
both measurements broadens in the magnetic field and has
a magnetoresistance closer to that of a bulk, Ohmic-regime
sample. This broadening of the magnetoresistance with irradi-
ation at higher irradiation doses is similar to that observed and
understood as an Ohmic-regime effect in our previous work
with bulk samples [6], further suggesting that the heavily-
irradiated squares are close to the Ohmic regime. At the final
dose of electron irradiation without annealing correction of
0.06 C/cm2 which equates to a Frenkel pair concentration
around 0.02% [6], the two bend voltages still differ, even
though they have a qualitatively similar magnetoresistance.
Therefore, the I1 square was irradiated to a significantly
higher dose of 1.2 C/cm2, resulting in the two bend voltages
becoming equal and indicating a complete suppression of the
ballistic anisotropy (see Appendix A below). At large field
values, above around B ≈ 3 T, the behavior of both bend
voltages becomes nearly identical, independent of irradiation
dose. This suggests that electrons have tiny cyclotron orbits
compared to the device size and transport becomes Ohmic.

The limits of the ballistic behavior can be still better char-
acterized by quantifying how the anisotropy decays as a func-
tion of w/l . Estimating l in the squares has some subtleties be-
cause it should be the value that would exist in a large sample
of the same purity, but careful cross-checks between several
methods (see Appendix B) give consistent and, we believe,
trustworthy values. The zero-field difference at 5 K between
the bend voltages �V t/I = VB1(B = 0) - VB2(B = 0)]/I
is an ideal parameter to characterize the strength of the bal-
listic regime in our square devices as it is equal to zero in
the Ohmic regime, ensuring the automatic subtraction of any
Ohmic background. Figure 2 shows the variation of �V t/I
with the ratio, w/l for the two irradiated squares I2 and I3.
The decay rate is similar between these two squares. However,
there are two distinct regimes. At small values of w/l , the
decay is more rapid. When w/l ≈ 5, the decay becomes
slower. The decay exhibits a slower rate to at least w/l ≈
13, far beyond the traditional limits of the ballistic regime of
w/l ≈ 1. There is also a good agreement between the data
from the irradiated squares and an exponential decay with
two fitted constants: �V t/I ≈ e−bw/l , providing b has two

different constant values, bS and bF , in the two distinct decay
regimes w/l < 5 and w/l > 5.

Figure 2(d) is a comparison of the ballistic decay between
the irradiated squares and our previous studies [3]. The param-
eter �V t/I for squares D1 to D4 is defined in the same way
as in Fig. 2(c) and the orientation of the Fermi surface within
these squares is the same as that of the I2 and I3 squares. The
only difference between the D squares and two I squares is
the method used to vary the ratio w/l . In the D squares, the
mean free path was constant, and we changed the width w of
the squares in stages using a FIB. Despite the vastly different
experimental methods, the ballistic decay is similar between
the D squares and the irradiated I squares. In particular, at the
value of w/l ≈ 5, the decay changes rate in both square types.

The slopes of the decay in the two distinct regimes are also
comparable, and independent of the method used to change
w/l . For the rapid decay, when w/l < 5, the fitting constants
bF for irradiated squares I2 and I3 are 0.65 Â± 0.06 and 0.70
Â± 0.06 respectively, which is in good agreement with the
result from the nonirradiated D squares [3]. At w/l > 5, the
decay is a factor of three slower, with bS = 0.23 Â± 0.02
for the irradiated I2 square and bS = 0.21 Â± 0.02 for the
D2 square. It is important to note that, in previous studies
on other materials, the characteristic decay length, l/b, was
always smaller than the mean free path l . However, in PtCoO2,
this length is around 1.5 l for the rapid decay and 4.8 l for the
slow decay. As discussed in [3] the transfer junction studies
reported before have been performed on materials with circu-
lar Fermi surfaces. If an electron with a circular Fermi surface
is scattered by a defect in the bulk of the device, there is a
vanishing chance that the direction of motion stays the same.
However, there are only six primary electron directions on a
hexagonal Fermi surface. Thus, the chance of the direction of
motion not changing significantly after scattering increases.
The observed behavior highlights the importance of carefully
considering the Fermi surface symmetry when studying trans-
port within ultrapure materials.

A further surprising aspect of these results is that the bal-
listic effects are not eliminated even after reaching a defect
concentration of 0.02%, where the PtCoO2 mean free path
is more than a factor of 10 shorter than the square side.
This is partly due to the sensitivity of having a different
measurement to pick out the ballistic signature. However, a
possible origin of such long-lasting ballistic effects is the
presence of small-angle scattering. This scattering contributes
little to the resistivity but affects electron trajectories and,
therefore, strongly constrains the range of the ballistic regime
in metals with circular Fermi surfaces. In PtCoO2, however,
small-angle scattering has a far smaller effect on the zero-field
trajectory as, after scattering, the electron will typically be
in a state on the same facet of the hexagonal Fermi surface.
This suggests that small angle scattering is likely less effective
in suppressing ballistic effects in PtCoO2 than in materials
with circular Fermi surfaces. The faceted Fermi surfaces of
the delafossite metals therefore not only lead to previously
unobserved nonlocal transport effects, but also allow them to
be observed even when the mean free path falls considerably
below the characteristic device size.

In conclusion, by direct variation of the mean free path
via high energy electron irradiation, we have confirmed the
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origins of the novel ballistic effects first observed in de-
lafossite metals. We have introduced high energy electron
irradiation as a well-controlled technique to cross from non-
local to local transport behavior in metals and therefore
determine the nature and extent of unconventional nonlocal
transport behavior. This technique is general and applicable
not only to delafossite metals, but a wide range of other high-
lyconductive materials. The results of our experiment have
shown how the strongly faceted Fermi surface leads both to
unconventional transport responses and to an enhanced range
of parameters over which nonlocal effects are important, a
finding which is expected to apply to other ultrapure materials
with faceted Fermi surfaces, including those used in techno-
logical applications. In that sense we believe that our findings
open novel regimes in mesoscopic physics.
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APPENDIX A: HIGH-DOSE IRRADIATION OF SQUARE I1

During this irradiation experiment, the mean free path
of the square I3 was decreased almost by a factor of four.
However, this dose did not eliminate the ballistic anisotropy
completely. Thus, square I1 was irradiated to a total dose of
approximately 1.2 C/cm2. This took around twelve hours of
high energy electron irradiation, and the dose is almost twenty
times higher than the total irradiation dose of square I3.

Before irradiation, the magnetoresistance shown in Fig. 3,
exhibited strong ballistic behavior, similar to all of the
diminished-orientation squares. However, both the bend mea-
surements are identical after irradiation, indicating that the
higher dose of irradiation has completely eliminated the
anisotropic ballistic effect. This reaffirms that the observed
anisotropy originates a combination of the extreme mean free
path and the lowered symmetry due to the device’s geometry
and the symmetry of the Fermi surface.

APPENDIX B: ESTIMATE OF THE MEAN FREE PATH
OF IRRADIATED SQUARES

To compare the geometric and electronic transport length
scales during irradiation and also between nonirradiated

FIG. 3. Magnetoresistance at 5 K (a) before and (b) after a high
dose of irradiation (1.2 C/cm2) for the I1 diminished square.

squares from our previous work [3], it is crucial to accurately
determine the mean free path within each irradiation step. The
derivation of the mean free path from the Drude formula

l = m∗vF

ne2ρ
, (B1)

where m∗ is the effective mass of the transport electrons,
vF is the Fermi velocity, e is the electronic charge, and n
is the density of carriers, relies upon the existence of a lo-
cal relationship between the current density and the electric
field. However, this relationship does not exist in the ballistic
regime, therefore, estimating the mean free path in the square
devices during irradiation is quite challenging as the formula
(B1) is invalid, and the mean free path cannot be calculated
directly.

The effective mass, Fermi velocity, and density of the trans-
port electrons are well known in PtCoO2 [7–12]. The mean
free path in an irradiated square device should be calculated
for an equivalent bulk sample (with Ohmic transport behavior)
with the same intrinsic purity and irradiation dose. The resis-
tivity of such a bulk sample also increases during irradiation
from ρ0 by an additive �ρ, which is directly proportional to
the total electron dose [6].

Suppose, at high magnetic field, the transport behavior is
assumed to be Ohmic. In that case, the high-field resistance
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FIG. 4. Resistivity increment at 3 T for the bulk PtCoO2 sample
and ballistic square as the function of irradiation dose after annealing.

and bulk sample magnetoresistance can be used to estimate
the Ohmic contribution to the resistivity of a square at zero
field. This assumption is supported by the fact that the cy-
clotron radius above 4 T is below 1.3 μm, much less than half
of the irradiation square contacts’ width, thus suggesting that
the electrons are less able to sense the confined experimental
geometry. Figure 4 comparesthe resistivity increment at 3 T
between the bulk PtCoO2 sample and ballistic square device
as a function of irradiation dose. The similarity of the slopes
proves that the transport behavior at high magnetic field is
Ohmic.

If the high-field behavior is Ohmic, the zero-field resistivity
calculated in reverse from the high field resistivity of the
square (using the bulk magnetoresistance values) would be the
zero-field resistivity for a bulk sample of the same intrinsic

TABLE I. The calculated mean free paths of the samples I2 and
I3 at each intermediate irradiation step.

I2 I3
Total dose,
C/cm2 l (μm) w/l

Total dose,
C/cm2 l (μm) w/l

0 5.60.1 2.680.09 0 7.40.2 1.350.03
0.006 4.30.2 3.490.15 0.003 6.00.3 1.600.03
0.009 3.70.3 4.050.20 0.007 5.10.3 1.960.09
0.015 3.00.2 5.00.2 0.010 4.20.2 2.40.1
0.023 2.30.3 6.50.5 0.0235 2.70.2 3.70.2
0.042 1.70.2 8.80.8
0.059 1.30.2 11.51.2

purity but where ballistic effects are negligible. The Ohmic-
regime expression (B1) can then be used with this value to
determine the mean free path. However, the value of the mag-
netoresistance also changes during irradiation. Thus, we used
previous high energy irradiation studies of bulk PtCoO2 [6] to
calculate the bulk equivalent of the magnetoresistance under
irradiation.

The described approach using high-field data is proven
to be valid in [27] by direct comparison with applica-
tion of the Ohmic formula (B1) at zero field for large
95 μm PtCoO2 squares, yielding accurate estimates of the
mean free path. This method also automatically takes the
annealing between irradiation periods into account, as the
mean free path is calculated from ex situ resistivity data at
high magnetic field post this annealing. The calculated mean
free paths of the samples I2 and I3 at each intermediate
irradiation step, as estimated by this method, are shown in
Table I.
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