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ARTICLE INFO ABSTRACT

Keywords: The performance of carbon nanotube (CNT) cables, a contender for copper-wire replacement, is tied to its
Carbon nanotube metallic and semi-conducting-like conductivity responses with temperature; the origin of the semi-conducting-
Bundles

like response however is an underappreciated incongruity in literature. With controlled aspect-ratio and
doping-degree, over 61 unique cryogenic experiments including anisotropy and Hall measurements, CNT cable
performance is explored at extreme temperatures (65 mK) and magnetic-fields (60 T). A semi-conducting-like
conductivity response with temperature becomes temperature-independent approaching absolute-zero,
uniquely demonstrating for the first time the necessity of heterogeneous fluctuation induced tunneling; com-
plete de-doping leads to localized hopping, contrasting graphite’s pure metallic-like response. High-field
magneto-resistance (including novel +22 % longitudinal magneto-resistance near room-temperature) is
analyzed with hopping and classical two-band models, both yielding a similar parameter useful for conductor
development. Varying field-orientation angle uncovers significant two- and four-fold symmetries that are shown
to be from Aharonov-Bohm-like corrections to the curvature-induced bandgap, a first for macroscale CNT fibers.
Tight-binding calculations using Green’s Function formalism model the largest, coherent transport to-date in
commensurate CNT bundles in magnetic-field, revealing non-uniform transmission across bundle cross-sections
with doping restoring uniformity; independent of doping, transport in bundle-junction-bundle systems are pre-
dominantly from CNTs adjacent to the other bundle—demonstrating that smaller bundles are more efficient for
electronic transport. The final impact is predicting the ultimate conductivity of heterogeneous CNT cables using
temperature and field-dependent transport, surpassing conductivity of traditional metals.
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J. Bulmer et al.
1. Introduction

The performance of carbon nanotube (CNT) conductors is steadily
improving and now approaches [1-10] copper’s specific conductivity
and conventional carbon-fiber’s tensile-strength [11-13], with
continued development expected with greater aspect-ratio [14-16] and
incorporating dopants with large-scale order [17]. Older, more fragile,
carbon-based conductors however, such as graphitic-intercalation-
compounds (GICs) [18], have higher conductivities (50 % greater than
copper in absolute terms [19,20]) and, along with its highly-ordered
graphite host, have a completely metallic-like resistance R tempera-
ture T response (dR/dT > 0) down to liquid-helium temperatures [18].
Despite individual metallic CNTs [21] and some CNT bundles [22] also
having this full metallic-like dR/dT > 0, it is established [15,23-27] that
CNT materials with aligned microstructure typically have both a
semi-conducting-like response (dR/dT < 0) at colder temperatures and a
metallic-like response at higher temperatures (dR/dT > 0), forming a
u-shaped R vs T plot. Moderately ordered graphite [18,28,29] and
conductive-polymers [23,30,31] also have this u-shaped response,
where the semi-conducting component is from extrinsic factors (junc-
tions, voids and misalignment); when minimized, higher
room-temperature conductivity is achieved [23,31]. When finally a
conductive-polymer was fabricated with full dR/dT > 0, its conductivity
was regarded as a pinnacle limit [32,33]. Despite 25 years of
CNT-conductor development, a CNT-conductor with a full dR/dT > 0 is
not yet realized.

The semi-conducting-like dR/dT < 0 contribution in CNT-conductors
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is an underappreciated controversy in literature, where studies pick
from either homogeneous transport (variable-range-hopping, insulator-
to metal-transition, or weak-localization) or heterogeneous transport
(fluctuation-induced-tunneling combined with metallic conduction)
without possibly full consideration of other mechanisms. Homogeneous
transport, prevalently applied to disordered materials, assumes disor-
dered uniformity with one governing characteristic length. With
variable-range-hopping (VRH) for example, widely applied for lower
conductivity CNT materials, charge carriers are localized over the
characteristic length a and tunnel to distant sites with matching energies
(opposed to nearest neighbors with phonon exchange) resulting in
exponentially diverging R as T—0 according to [34-39].

wo-son[ ()]

where R is a fitting prefactor, D is the dimensionality, and Ty is the
Mott temperature (Fig. 1a). Ty is the maximum temperature where VRH
applies with Ty = C/(kbN(eF)aD) and C = 18.2 for D = 3 [40,41], C =
13.8 for D = 2 [42], kp is Boltzmann’s constant, and N(ep) is the density
of states at the Fermi level. Above Ty, the semi-conducting-like
component becomes Arrhenius thermal-activation. As material order
improves (say, by increasing chemical doping [25] or CNT metallicity
[43]), a— oo and the material undergoes an insulator to metal transition.
Now, the homogeneous transport is weak-localization (WL) where the
phase-coherence length (Lpngs) becomes the limiting characteristic
length. Here, electron backscatter from crystal defects adds coherently
over Lppgse and leads to a small resistance increase (<1 % for 8 nm thin
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Fig. 1. Proposed heterogeneous CNT network. a, de-doped bundles of mixed semi-conducting (dead-weight, dark blue) and metallic CNTs (light blue); junctions are
modeled as variable-range-hopping (VRH) where localized charge carriers tunnel to distant locations with matching energy. b, With as-is (doped), all CNTs
participate and junctions are modeled with fluctuation-induced-tunneling (FIT), where long delocalized conduction paths are separated by small insulating gaps.
Thermal fluctuations enhance transmission, but are not necessary. c, cartoon of the models’ temperature-dependent resistances, with inset showing conductivity. d,
SEM photograph of CNT ribbon superimposed by a sketch of metallic conduction paths (with and against microstructure-alignment) with interrupting yellow semi-
conducting junctions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Cu films at 4 K [44], <3 % for pre-graphitic carbon-fibers at 4 K [45]).
Temperature impedes the phase-coherence leading to a gradual dR/dT
< 0. Weak-localization originally explained the anomalous resistance
correction and -MR in metal thin-films [44,46], and later carbon-fiber
[45,47], graphitic-intercalation-compounds [48], and CNTs [25,27,43,
49-55].

Other CNT studies, somewhat separately, use heterogeneous trans-
port models, comprised of independent mechanisms that combine in
some way, for more complex R/T responses. Substantiated by thermo-
power measurements [56], the R/T u-shape is extrinsically-tunable
based on heterogeneous composition, opposed to an intrinsically-fixed
material property. The room-temperature resistance of transparent,
unaligned CNT films, for example, was estimated by series addition of
CNT resistance with CNT junction resistance [57-61].
Temperature-dependent resistance was modeled for unaligned armchair
CNT films [62] by a phonon-assisted tunneling term added in series with
a hopping term. Fluctuation induced tunneling (FIT) [63] is another
empirical-based heterogeneous transport mechanism typically used for
u-shape R/T responses where small insulating junctions separate long
conductive structures (Fig. 1b). If junction capacitance is sufficiently
small, relative to the long conductive structure capacitance, thermal
noise voltage fluctuations become sufficient to modify the tunneling
potential. This results in the temperature-dependent resistance [23,63]:

T
T+T,

R(T) :Rc exp |: :| + Rmemllic [T] (2)

with fitting constant R., kpT; the approximate energy barrier of the
junction, T, is the temperature above which thermal noise becomes
important, and Ryeqquic[T] is the system-specific long conductive struc-
ture resistance. Note that FIT represents junctions between CNT struc-
tures and has the simplest mathematical form to generate constant
resistance when T << Ty (signaling temperature-independent
tunneling), while generating Arrhenius-style thermal-activation when
T >> T,. Equation (2) has been applied to conductive-polymers [64],
CNT-conductors [24,27,37,55,65], and individualized metal-nanowires
(where controlled metal-nanowires form a single junction for FIT model
validation [66,67]). Magnetic-field dependence is not yet established
[37] and, anecdotally, FIT is not widely utilized outside of the polymer
community. A sketch of R(T) for the metallic (bundle transport) and
junction (VRH and FIT for de-doped and as-is CNTs, respectively) is
shown in Fig. 1¢, with an inset showing the junctions’ conductance G(T).
A schematic illustration of the CNT fiber with the conducting regions
separated by junctions is shown in Fig. 1d. Considering more extreme
conditions (to include ultracold temperatures, high magnetic field, and
completely de-doped CNTs) could enable more decisive selection of
transport mechanisms that is largely split in literature (as discussed
above) and identify bottlenecks for continued improvement in
CNT-conductors.

In this work, we systematically vary aspect-ratio and doping-degree
in the latest CNT-conductors (solution-spun fiber and ribbon, over 61
distinct cryogenic measurements) and uniquely explore the most
extreme temperatures (<65 mK) and magnetic-fields (60 T, multiple
orientations) that have ever been attempted in this CNT-conductor class.
Experiments are compared with coherent tight-binding transport simu-
lations for an individual CNT rotating in magnetic-field, as well as the
largest-ever simulations of coherent transport in spatially-extensive CNT
bundles. We systematically compared empirical homogeneous and het-
erogeneous transport models, contrasting most literature that generally
selects some transport models without full consideration of others
(broadly speaking, there is an underappreciated rivalry between VRH/
WL vs. FIT as discussed above). This work is noteworthy because, for the
first time: 1) Correlations between CNT-conductor performance, struc-
ture, and temperature-response are now thoroughly established;
underscoring that understanding and control of transport mechanisms is
possible and desirable. 2) While conceptually proposed long ago,
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heterogeneous transport (in particular, FIT) is experimentally demon-
strated as an unavoidable necessity as the dominant contribution to
CNT-conductor resistance, with heterogeneous resistance terms adding
in series; this opens a method to determine the ultimate CNT-conductor
conductivity. 3) We discover high-field (60 T) positive quadratic
magneto-resistance without saturation; likely classical in nature, this is
relevant as more traditional Hall measurements struggle with hetero-
geneous materials. 4) Rotating the CNT-conductor in magnetic field
reveals novel two- and four-fold symmetries in the magneto-resistance
oscillation, convincingly attributed to quantum Aharonov-Bohm (AB)
corrections never before applied to bulk CNT materials. 5) First-ever
simulations on large bundles show complex cross-sectional trans-
mission distributions, while doping makes transmission uniform inde-
pendent of CNT electronic species. For a bundle-junction-bundle series,
independent of the doping level, only adjacent CNTs in the other bundle
participate in the transport. Importantly, this demonstrates how smaller
diameter bundles are more efficient within a CNT conductor. A well-
narrated database [68] exhaustively provides the complete cryogenic
and room-temperature property data, as well as model-fitting, correla-
tion tables, and literature-based compendium of MR mechanisms.

2. Methods

Database. All data is organized and provided in this database [68].
Also included are material property correlation tables (p-values <0.05
were statistically significant) and a compilation of the transport models
fits. Linear regression and non-linear curve fitting was accomplished in
OriginPro where error was propagated to calculate a reduced X? for
model comparison.

Materials. Provided from Dexmat, aligned CNT ribbons and fibers
were made from the established [1,14] method of wet-spinning solu-
tions of chlorosulfuric acid (CSA) and CNTs through a spinneret into a
coagulant, such as acetone or water. The CNTs were few-walled and of
high graphitic quality; this was verified by Raman spectroscopy showing
radial breathing modes (RBMs) and a high G:D ratio
(supplemental-Fig. 1.2-1). After the 1000 °C Hy bakeout, Raman spectra
became sharper and there was no degradation of the G:D ratio. Scanning
electron microscopy shows the degree of microstructure-alignment
(supplemental-Fig. 1.1-1). Thermogravimetric analysis (TGA) showed
residual iron content <0.6 % and X-ray fluorescence showed surface iron
contamination was <0.1 % (Supplemental-Fig. 1.3-1-2). CNT ribbons
and fibers were composed of CNTs with company-controlled molecular
aspect-ratios, to include 5600, 4800, 3100, and 1200. These
aspect-ratios were verified by dissolving the CNTs back into CSA solu-
tion and conducting extensional rheometry [69].

Physical Property Measurement System. CNT-conductors were
measured in a Quantum Design Physical Property Measurement System
(PPMS) using a standard four-wire resistance technique with probe-
wires mounted with silver paint (ribbons were typically 1 cm long,
1-2 mm wide, 4-5 mm between inner leads). Sample resistances ranged
from 0.02 to 0.16 Q (as-is ribbons), 0.1-2 Q (de-doped ribbons), 0.5-37
Q (CNT fibers, as-is and de-doped) with temperatures ranging from 1.9
to 373 K. Different probe-currents were used for a sample run (20 pA,
100 pA and 1000 pA) where trace overlap indicated sample heating was
not an issue; the DC current switched directions to remove thermo-
electric effects. When used, the DC magnetic-field (9 T max) was applied
normal to the surface of the CNT sample and consequentially perpen-
dicular to both the probe-current and CNT microstructure-alignment. In
some circumstances a specialized probe holder was used to continuously
rotate the CNT sample in the static magnetic-field. 0° indicates that the
magnetic-field is perpendicular to the sample surface, 90° indicates the
magnetic-field is parallel to the sample surface. The sample first rotated
without any magnetic-field to generate a base line (supplemental-
Fig. 4.3-10). For resistance measurement for temperatures between 0.05
and 3.8 K, select CNT ribbons were measured using a separate Quantum
Design Dynacool PPMS equipped with a dilution refrigerator (DR) insert
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and Electrical Transport Option (ETO) module. An in-situ cryo-clean was
made for optimal performance of the DR, especially to stabilize the
temperature at ultra-low temperatures. Probe-currents ranged from 10
to 50 mA without signs of heating. Temperature ramp rate was 0.025 K/
min to ensure sample thermo-equilibrium. Both 0 T and 14 T were
applied with magnetic-field normal to the CNT ribbon surface.

High-Pulsed Field. Four-wire probe magneto-resistance measure-
ments up to 60 T (~9 ms rise, 30 ms fall) were accomplished with a pulse
magnet at the National High Magnetic Field Laboratory (NHMFL), Los
Alamos National Laboratory (LANL). Two samples of each CNT ribbon
category were measured simultaneously for redundancy. Samples were
hooked up to fine magnet wires with silver paint, with care taken to
minimize wire loops and anchor wires to the supporting structure with
GE varnish, to minimize vibration. Probe-current was always in the di-
rection of microstructure-alignment and the magnetic-field was typi-
cally perpendicular to the sample surface (transverse MR) and one
sample run had magnetic-field parallel to the probe-current and
microstructure-alignment (longitudinal MR). The magnetic-field was
measured by a calibrated B-dot probe inductor, which was also used to
precisely align the sample in the magnet’s center when installing the
sample. Supplemental-Fig. 3.1-1 shows the measurement circuit. An AC
signal with frequency above the magnet noise (typically either 32 kHz or
175 kHz) drove current through the sample, with sample voltage sent
through a Stanford Instruments SR560 Preamp (typically 1000x ampli-
fication, 10-300 kHz bandpass), before digitization recording (3.2 MS/
s). A 10.2 Q was put in series with the sample to probe the sample
current, where its voltage drop was measured in a similar way. A post-
process lock-in amplifier technique isolated the sample resistance from
electromagnetic noise. A magnetic pulse measurement was accom-
plished for multiple temperature setpoints from 1.45 to 270 K. For the
de-doped CNT ribbons, before measurement, a bake-out for ~100 °C, 1 h
under vacuum was also accomplished within their measurement
housing.

Model of orbital response in magnetic-field. The construction of
the appropriate effective Hamiltonian, describing the physics of the
bands close to the charge-neutrality point, is discussed in the Supple-
mental-section 5.1. Its main parameters are the initial small bandgap
(2.2 meV) and the magnitude of the orbital magnetic moment (0.323
meV/T); they were estimated from the fact that at high temperature the
strongest -MR in de-doped fibers occurs at H|,o ~ 3.4 T (Fig. 4a and b)
and from the value of d ~ 1.5 nm measured in Raman spectroscopy. The
reason why we used high temperature data for parameter extraction is
that the experimental situation may be complicated by an additional
contribution to MR from weak-localization; but between 30 K and 60 K
the strongest -MR remains at 45°, so the weak-localization is likely
already suppressed. The conduction through an individual nanotube,
needed to assess the magneto-resistance, has been calculated using the
Landauer-Biittiker approach with the energy spectrum given by the
effective model.

Tight-binding bundle modelling. The spin-unpolarised tight-
binding calculations of SWCNT bundles and bundle junctions were
carried out using the sisl Python library [70] and TBtrans [71].
Together, these codes enable the construction of tight-binding Hamil-
tonians and the use of Peierls substitution to account for the orbital ef-
fects of strong magnetic fields, while TBtrans employs the
non-equilibrium Green’s function (NEGF) formalism for transport cal-
culations. In our work we employed a locally modified version of
TBtrans, based on version 5.2.0-alpha of SIESTA code [71], to enable full
Peierls substitution in both the Hamiltonian and overlap matrices (H and
S) of the device and electrodes. This modification is essential for
reproducing all results presented here. The complete implementation
details are provided in Supplemental Section 5.2.

3. Results

We obtained ribbons and fiber composed of high-quality few-wall
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CNTs with aligned microstructures from Dexmat using the established
acid-solution spinning-process [1,14] with different molecular
aspect-ratios (AR: 1200, 3100, 4800, and 5600). These CNT materials
are p-doped from their acid-based production process (labeled “as-is”),
which we can remove with a 1000 °C 1-h bakeout in flowing Hy. Af-
terwards laboratory air and moisture re-exposure lightly p-dopes the
de-doped CNT-conductor [72,73], so we also implemented a 100 °C
vacuum bake-out within every electrical characterization apparatus to
remove the physisorbed species [43,74] (Labeled “de-doped”, further
details in supplemental-section 1.0). Four-wire resistance, either with or
perpendicular to the microstructure-alignment, was measured in
Quantum Design Physical Properties Measurement System (PPMS) from
room-temperature down to 1.9 K, with magnetic-field up to 9 T and the
ability to change sample orientation in field. In two cases, a different
PPMS system enabled measurement down to <65 mK and fields up to 14
T. Resistance was converted to a specific-conductivity for easier com-
parisons across samples, which is a more useful metric than standard
conductivity because a cross-sectional area, which is variable in porous
materials, is not required for calculation [15].

Temperature-dependent conductivity. Compiling all 28 zero-field
cryogenic resistance measurements, Fig. 2a plots the room-temperature
specific-conductivity ¢ across all samples (ribbon, fibers, as-is, and de-
doped) against their cryogenic-resistance-ratio (resistance at 300 K
divided by resistance at 10 K). Specific-conductivity values measured
either in parallel or perpendicular microstructure-alignment have the
same linear relationship, although parallel is on average 20x higher
(Supplemental-Fig. 2.2-4). A CNT meta-analysis also demonstrated
similar correlation across many studies [15]. These correlations
demonstrate that understanding and controlling the metallic-like and
semi-conducting-like temperature responses leads to improved perfor-
mance. Fig. 2b plots aspect-ratio versus cryogenic-resistance-ratio,
showing positive correlation for as-is (r>90 %). These aspect-ratios
correspond to CNT lengths 1.8, 4.65, 6.75, and 8.4 pm (assuming a
1.5 nm diameter CNT), which is greater than the characteristic lengths
in homogeneous transport models: an individual CNT’s phonon-limited
mean-free-path ¢! pm at room-temperature [75D);
phase-coherence-length (10-40 nm from 100 to 2 K[76]) in
weak-localization; localization lengths (<6 nm [41,76]) in VRH. This
supports the thesis that the cryogenic-resistance-ratio is dictated by a
heterogeneous network of CNT structures and junctions, opposed to
homogeneous transport mechanisms. De-doping categorically decreases
the cryogenic-resistance-ratio (on average, by a factor of 3, Fig. 2b and
Supplemental-Fig. 2.2-3), while any upward trends with aspect-ratio are
no longer statistically significant. This correlation loss indicates a
different transport regime primarily controlled just by junctions.

Fig. 2c shows specific examples of specific-conductivity (parallel
microstructure-alignment) versus temperature with aspect-ratio and
doping-status indicated, all showing the upside-down “u” profile
familiar from literature [15,23-27]. The as-is has a pronounced
metallic-like  component (do/dT < 0) compared to its
semi-conducting-like component (do/dT > 0), where the
semi-conducting component notably levels-off to a constant value
approaching absolute-zero. This conclusive level-off, shown for the first
time for these high-performance CNT-conductors at particularly low
temperatures (<65 mK), validates their fundamentally metallic nature.
Transverse DC magnetic-field (H, depicted up to 14 T with different
colors) shows a small positive conductivity contribution. The
semi-conducting component under field still remains, however,
implying an origin not from weak-localization (which is suppressed by
field).

The dependence on aspect-ratio, with CNT length far greater than
typical homogeneous characteristic lengths, implies heterogeneous
transport with independent terms for CNT structures and their junctions;
further, the upside-down u-shape with one maximum implies a total
resistance that is the series sum of one metallic-like resistance term and
one semi-conducting-like resistance term. The heterogeneous transport
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Fig. 2. Conductivity temperature dependence. a, zero-field room-temperature specific-conductivity versus cryogenic-resistance-ratio (R at 300 K/R at 10 K) across all
materials, with partitioning according to microstructure-alignment, with power-law exponent. b, cryogenic-resistance-ratio versus aspect-ratio (AR) partitioned by
doping-status and microstructure-alignment, with correlation indicated for as-is. ¢, Specific examples of parallel-alignment specific-conductivity vs temperature for
various AR and doping-status. Colors represent the transverse magnetic-field H. d, temperature-dependence of the specific-conductivity anisotropy. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

model FIT (equation (2)) is consistent with the conductivity level-off
approaching absolute-zero. The best FIT fits were with adding a
metallic power-law resistivity term (Rpewaric[T]1 « T with exponent x
between 1.4 and 2.5), opposed to a more standard linear or quasi-1D
metallic term [77]. Correlations with the heterogeneous fits are shown
in Supplemental-section 2.3.

De-doped CNT-conductors are less conductive (on average, 6x lower,
Supplemental-Fig. 2.2-2) and have a greater semi-conducting compo-
nent that, rather than level-off, rapidly approaches zero conductivity

approaching absolute-zero. Reduced-activation-energy analysis and
fitting to specific VRH models (Supplemental section 2.1) indicates the
insulator side of the metal/insulator transition with typically 3D VRH. If
the de-doped sample was not vacuum-baked within the measurement
apparatus, it would be on the metal/insulator transition (indicated by
power-law dependence between conductivity and temperature
approaching absolute-zero), rather than hopping conduction [25]. This
is similar to earlier reports on de-doped CNT fibers [25] and contrasts
the fully metallic temperature response of high-quality graphite
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[78-80]. Note that the de-doping post-process does not negatively
impact the CNT structure itself (Supplemental-section 1.0). Despite VRH
at colder temperatures, above =200 K a small metallic-like component
appears (do/dT < 0). Similar to as-is, the u-shaped mixed
metallic/semi-conducting components indicate a heterogeneous
mixture of junctions and CNT structures, which is expected considering
the CNT lengths and typical VRH localization lengths (4.6-9 nm [34,36,
39,41]). Dissimilar to as-is, we saw that the cryogenic-resistance-ratio
was not significantly correlated to aspect-ratio and this indicates a dif-
ference in junction mechanisms. As suggested in Ref. [43], the
completely de-doped semi-conducting CNTs are essentially always
insulating (for d = 1.5 nm, semi-conducting bandgap ~233 meV, cor-
responding to a thermal-activation of 2700 K); therefore, the de-doped
metallic CNTs are always responsible for electrical conductivity over
the temperature range of interest (65 mK-300 K) and the network is now
more sparse and percolative relative to the as-is/highly-doped case
where all CNTs can contribute.

Fig. 2d shows the specific-conductivity anisotropy versus tempera-
ture for CNT ribbons, defined as the ratio of specific conductivity with
the current flowing with-grain to that with the current flowing across-
grain. With decreasing temperature for as-is, the specific-conductivity
anisotropy first increases and then becomes constant below ~100 K.
This level-off is also reflected in the fitted parameters for FIT, where T,
and T, do not differ significantly between parallel and perpendicular
cases (Supplemental-section 2.3). De-doped changed gradually with
temperature without this level-off. The change of anisotropy all-together
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however was never large (from 300 K to 2 K, the change was <33 %).
Temperature independence of conductivity anisotropy has been
observed before in aligned CNT materials [81]; it was concluded there
was no fundamental difference in junction or CNT transport in different
directions and that anisotropy manifested by the extrinsic differences in
the parallel and perpendicular geometries of the larger percolating
network. This contrasts graphite where conductivity anisotropy, in one
case, was 12.5 at room-temperature and increased to 54 at cryogenic
temperatures [82]; this also contrasts the quasi-1D metal tetrathio-
fulvalinium tetracyanoquinodimethan (TTF)(TCNQ) going from 500 at
room-temperature to 10,000 at cryogenic temperatures [83]. Consid-
ering our anisotropy changes little with temperature implies the current
distribution through the CNT structure-junction network is also chang-
ing little with temperature. In other words, if tributary parallel con-
nections became relevant at higher temperature, less tortuous paths
against-the-grain would be taken at higher temperature; then, the
anisotropy would be closer to 1 at higher temperature and more extreme
at cold temperature. Indeed, this behavior is observed on a small scale,
relative to the overall resistance change, and demonstrates the impact of
tributary parallel connections is small. This smallness in anisotropy
change supports heterogeneous transport models where CNT-conductor
resistance is a series sum of CNT structure resistors and junction re-
sistors, without tributary parallel connections (e.g., equation (2)). See
supplemental-section 2.2 for additional correlations,
reduced-activation-energy-analysis, VRH and FIT fitting.

High-field positive (4-) MR. High-field magneto-resistance (MR(H)
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Fig. 3. High-field magneto-resistance (MR(%) = 100 % (R(H)-R(0))/R(0)) versus magnetic-field H, for select temperatures T for short (AR: 1200, red) and long (AR:
4800, blue) aspect-ratios (AR) and probe-current always || CNT alignment. a, de-doped with H 1 CNTs. b, as-is with H L CNTs. ¢, de-doped now with H || CNTs. d,
just for de-doped, plotting the fitted slope of MR vs H? coefficient against T, which is useful for VRH and classical two-band analysis. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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= 100 %*(R(H)-R(0))/R(0), sweeping magnetic-field H up to 60 T and
measuring four-wire resistance R) was accomplished with a pulse
magnet at National High Magnetic Field Laboratory; Fig. 3 shows MR
versus H for select aspect-ratios (AR) and temperature T. De-doped CNT-
conductors under transverse-field (Fig. 3a) have an initially negative (—)
MR, followed by + MR to an inflection point at ~10 T, where + MR
continues and is broadly quadratic (MR: 48 % at 1.5 K, 60 T) without
saturation. Near room-temperature, the +MR is smaller though still
present (MR: 0.8 % at 270 K, 50 T). In contrast, as-is (Fig. 3b) lacks
positive quadratic MR. Further, for as-is and de-doped, there is no
obvious qualitative difference between the 4800 and 1200 aspect-ratios.
These results resemble our previous high-field MR of CNT-conductors
from direct spinning, where CNTs are considerably longer [27,84],
although are more heterogeneous and porous; this highlights that our
MR response applies to varieties of CNT-conductors. Notably, large
longitudinal MR (Fig. 3¢, H now parallel to current and CNT alignment,
MR goes up to 41 % at 1.5 K and 22 % at 270 K) matches or exceeds the
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transverse MR (H perpendicular to current). While this particular lon-
gitudinal sample was de-doped by our standard 1000 °C hydrogen
treatment, because of logistical constraints, our 100 °C vacuum bake-out
within the magnet did not occur. This means there was some
light-doping from atmosphere physisorption and the +MR could be even
greater if fully de-doped. Compiling all de-doped results onto one graph,
Fig. 3d plots temperature against the fitted straight-line slope of +MR vs
H2. This fitted slope monotonically decreases with temperature where
transverse MR subsides faster than longitudinal (unabridged high-field
MR, Supplemental-section 3.0).

High-field + MR under VRH. The high-field + MR increases
quadratically without saturation and this discourages explanations
using anisotropic magneto-resistance (AMR) dealing with magnetic
impurities [85-87] or field-induced spin polarization mechanisms [27,
88]. Zeeman splitting becomes relevant when gugH > kT, where g~ 2 is
the g-factor, and up is the Bohr magneton; increased charge carrier
interaction from Zeeman splitting causes + MR for other carbon-based
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Fig. 4. a, MR modulation of a de-doped CNT fiber as it continuously rotates in steady field H = 4.5 T, with probe-current always || CNT microstructure-alignment.
0° represents HLCNTs and 90° represents ||. b, the same except at 9 T. ¢, tight-binding simulation of the AB-modified curvature-induced bandgap versus field-angle,
for an individual non-armchair metallic single-wall CNT, with H = 4.5 T and T = 3.5 K. Color represents transmission in units of quantum conductance (G = e2/h). d,
the same except H = 9 T. e, Slicing the band-diagram at the Fermi level (Ef = 0) allows MR (%) calculation, qualitatively reproducing the experimental results. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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conductors [54,89-91], although is regarded as a liquid-helium phe-
nomena and does not explain the +MR near room-temperature. With
transverse MR, for our CNT diameters (d ~ 1.5 nm), H is too small for
Landau levels where ~1000 T is required for significant + MR [92-96].
Note that only CNT-conductors with high-field + MR, the de-doped
ones, also follow VRH. A well-known [40,97-99] VRH MR mechanism
predicts approximately quadratic + MR via H-induced constriction of
the localized wavefunction; this leads to reduced hopping and lower
conductivity, with a power-law temperature-dependence [40,42]:

2 4 s
MR (%) =100%" (@> B 3)
n T

where a is the charge carrier localization-length, e electron charge, 7 is
reduced Plank’s constant, t = 0.00248, and s = 3/4 for 3D VRH [40] and
1 for 2D VRH [42]. In this picture, for the de-doped heterogeneous
mixture of CNT junctions and CNT structures adding in series, the
de-doped CNT junctions contribute to the VRH behavior while the
de-doped metallic CNTs are not significantly contributing to MR. Best
fits of VRH hoping models leads to a temperature-independent local-
ization-length between 5 and 9 nm, which concurs with some CNT re-
ports (4.6-9 nm [34,36,39,41]). However, the MR’s temperature
dependence does not have the predicted power-law form (Fig. 3d does
not follow a power-law), nor do the most charitable fits for exponent s
(0.25-0.27 for T < Ty or 0.33-0.36 for all T) agree with the temperature
power-law value in (equation (3)). Further, for VRH, MR should
decrease going from transverse to longitudinal H orientations [97-99]
(where field and electron-propagation are parallel, the resultant electron
wave constriction does not hinder forward propagation); this decrease in
longitudinal MR is not observed. While other mechanisms could be
obfuscating the pure VRH response, our + MR also occurs near
room-temperature, well above Ty where VRH no longer applies; both
transverse and longitudinal + MR is present when there is a metallic-like
dR/dT > 0 response.

Classical High-field + MR. A classical two-band model accounts for
the curved trajectory of free-carriers from the Lorentz force and models
the +MR response of graphite [100], carbon-fiber [101,102], and CNT
materials [27,51] according to:

MR(%) = 100% p>H> 4

where p is temperature-dependent electronic mobility, with equal
numbers of holes and electrons, with equal y, and with 4 H < 1. The
cyclotron radius r. can be calculated with conservative values [27] of
effective mass m* (7.8x10’32 kg) and Fermi velocity vy (8x10° m/s)
according to r. = m* vy e IH!, yielding r. values 6.5 nm-39 nm for
magnetic-fields 60 to 10 T, respectively, and is small enough to fit within
CNT bundles. This opens the possibility that anisotropic CNT bundles
could support two-band MR between junctions. More complicated
classical two-band variations account for unbalanced carriers (with
electron n, and hole ny carrier densities) and angle © between the
graphitic-plane and H [101-103]:
Al 12 Cos?[6)

(ne-+np)

2
<;—2 + (71:;::) H2 Cos? [a})

Here, the MR is initially quadratic with H, although saturates
depending on hole/electron imbalances; as shown in (5), domination of
one carrier leads to no MR (because the Hall voltage exactly balances the
Lorentz force [104]) and this explains the lack of +MR in as-is
CNT-conductors. Supporting this, Hall measurements on as-is (Supple-
mental-section 4.4) demonstrate holes are dominant with a relatively
temperature-independent carrier-density. Alternatively, the +MR of
de-doped CNT-conductors is quadratic without saturation, so it fits best
to the simpler (equation (4)), supporting that electron/hole carrier
densities are practically equal/compensated. Hall measurements for

MR(%) = 100%

)
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de-doped (Supplemental-section 4.4) had a Hall voltage that fit less
reliably with field; further, the Hall sign would sporadically flip between
hole and electrons, followed by a dramatic and consistent change to
electron conduction over 300 K. A Hall sign change indicates competi-
tion between electron and hole conduction (weighted by mobility and
number  density). Similar  results were observed  with
graphitic-intercalation-compounds, where the pristine graphite has
large quadratic + MR (~10° at 4.2 K and 2.3 T) [100], which can be
partly [18,105] or fully [106,107] suppressed after doping.

Applying (4) on de-doped MR, fitted y ranged from ~20 to 110 cm?/
V s for 270 to 1.5 K respectively (Fig. 3d plots y? versus T); this fitted y is
a composite mobility affected by both junctions, as well as CNT struc-
tures interactions. y is on-par with unaligned CNT networks (2-200
em?/V s [57,106]) and direct-spun CNT fibers measured similarly
(~120-210 cm?/V s [271), though is well lower than the best individual
CNTs (10,000 cm?/V s [108]), graphitized carbon-fiber (~7000 to 50,
000 cm?/V s [1011), and graphite (15,000 to 1,300,000 cm?/V s [100]).
Using our room-temperature y from the transverse field (20 cm?/V s)
and typical SWCNT film carrier densities from literature (0.5-1.3 x10%°
cm ) [109,110], this arrives at a conductivity of ~0.04 MSm ™! and is
closer to our de-doped ribbon conductivities measured perpendicular to
the microstructure-alignment (0.01-0.02 MSm™ D). According to Mat-
thiessen’s rule, mobilities from different scattering mechanisms add in
parallel: one mobility for elastic interaction (T independent) and, in
parallel, another mobility for phonon interaction (T-power-law with
exponent x). We get [27,101]:

B(T) = (pEtastic + HprononT ~ 97! 6)

Fits to this model (which are superior to our VRH fits) are shown in
Fig. 3d with fitted x of 0.70. This x is greater than direct spun CNT fibers
(x = 0.5) [27], although less than graphitized carbon-fiber [101] and
individual CNTs [21,57,111-114] (x = 1, from thermal phonon scat-
tering). Using MR for p-characterization has proven useful for graphi-
tized carbon-fiber where differences in graphitic perfection can no
longer be resolved by Raman spectroscopy or X-ray diffraction [115].
Further, quantitative Hall measurements are difficult in heterogeneous
systems like CNT films (as demonstrated by others [110] and us,
Supplemental-sections 4.4 and 4.5), where the obscuration of the
intrinsic Hall voltage amongst the heterogeneous conduction system
over-estimates the carrier-density by several orders of magnitude.

Longitudinal High-field MR. Our de-doped CNT fibers also had
significant longitudinal MR and, near room-temperature, this was greater
than the transverse MR. While Lorentz force is zero with H parallel to
current, classical two-band anisotropic semimetals can still have longi-
tudinal MR from off-diagonals in the mobility matrix [116-118],
notably such as graphite’s large longitudinal MR when H and
probe-current are normal the graphite plane (MR = 1200 % at 8 T and
4.2 K [119]). Beyond classical MR, another contender for longitudinal +
MR can be bandgap modulation from the Aharonov-Bohm effect (dis-
cussed in the next section). It is likely both quantum and classical effects
simultaneously contribute to longitudinal MR in varying degrees, which
obfuscates longitudinal high-field analysis compared to the simpler
transverse orientation.

It is interesting that both transverse two-band and VRH models pre-
dict similar characteristic lengths: distance between elastic scatter
(4-4.7 nm, approximately calculated by ugrastic V¢ m*/e) or VRH’s
localization length (5-9 nm). While our MR results largely favor classical
two-band over VRH, independent of the selected mechanism, the
quadratic + MR response in transverse high-field is correlated to
improved conductivity of pristine CNT materials.

Angular MR. Our PPMS more precisely explored angle-dependent
MR across a wider sample set by continuously rotating the sample in
static field, albeit lower strength (<9T). Starting with typical transverse
MR, where the angle is fixed with low-field perpendicular to the sample,
our results concur with literature [25,27,41,76,86,89]; that is, a -MR
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that becomes more negative with lower temperature (for T < 10 K, MR:
-15 - > -3 % (asis) and -4 - > -6 % (de-doped),
supplemental-Fig. 4.1-1-4). Then, just for de-doped below ~5 K, a
positive + MR component appears at higher field. Agreeing with mul-
tiple CNT studies [27,43,49,50,52,53,89], our -MR for all
CNT-conductors (as-is/de-doped; ||/L alignment; various aspect-ratios,
Supplemental-section 4.2) fits best to 2D weak-localization with
electron-electron dephasing; a somewhat worse fit is obtained from 1D
weak-localization (used in InAs nanowires [120-123] and suggested for
CNTs in Ref. [76]) and no significant fit with 3D weak-localization [25,
49,54,124,125]. For all categories, our fitted 2D phase-coherence length
ranges from ~51 to 10 nm for temperatures 1.9-100 K respectively
(supplemental-Fig. 4.2-1), similar to other CNT reports [27,89].
De-doped’s closely-matching 2D weak-localization response was not
expected; typically, -MR in VRH is from a conceptually similar inter-
ference mechanism for localized -carriers, the so-called Sivan
Entin-Wohlman Imry model (SEI) [40,126-128] used in multiple CNT
studies [25,34-39,41,129]. Note that, because of the low-field + MR
present in de-doped for T < 5 K, we only considered de-doped weak--
localization when T > 10 K (where + MR influence is assumed small).
All-together, 2D weak-localization suggests charge carrier confinement.
This confinement is possibly on CNT bundles surface [49]; conductive
atomic force microscope (AFM) studies demonstrated thinner bundles
are intrinsically more conductive than wider ones [58,60,61,113,130].
Alternatively, contiguous sheets of metallic CNTs embedded in the
bundle, together with non-participating semi-conducting ones, also form
a crumpled-sheet where 2D-confinement could apply. The distribution
of current within a CNT bundle is explored in the tight-binding simu-
lations in the next section. Supplemental-section 4.2 has the complete
fitted weak-localization parameters and phase-coherence plots.

To now explore angle-dependent MR, which is less addressed in
carbon-conductor literature (with exceptions [86,115]), we mechani-
cally rotated the CNT-conductor orientation continuously in a steady DC
magnetic-field H. Fig. 4a and supplemental-Fig. 4.3-3-4 shows MR
modulation of a de-doped CNT fiber at 4.5 T: sweeping from angle
0° (HLCNT), through 90° (H||CNTs), all the way around to 360°. In this
particular run, the probe-current is fixed to parallel the
microstructure-alignment. Multiple temperatures are shown. At higher
temperatures (=60 K), MR at 0° (H_LCNTSs) starts negative and, moving
away from 0°, plateaus to more negative MR, then repeats at 180°. At
colder temperatures (~3.5 K), a +MR component now develops
approaching 90° (H||CNTs). With higher field (9 T, Fig. 4b), the +MR
component at 90° now dominates across all temperatures. As-is has a
similar response, although the MR modulation is smaller (MR <1.5 %,
compared to de-dope’s 6-20 %, supplemental-Fig. 4.3-5). Fourier
analysis of the periodic traces (Supplemental-section 4.3-6) shows the
180° Fourier component is largest, corresponds to two-fold symmetry as
expected from fiber morphology. 90° Fourier components are the next
largest, corresponding to four-fold symmetry. Note that a constant and
higher-order components are present, although are notably smaller.
Supplemental-section 4.3.7-8 shows another angle-dependent MR with
probe-current now perpendicular to the microstructure-alignment; the
MR modulation is again similar to the original, supporting no intrinsic
transport difference between with or against-the-grain.

Similar two and four-fold symmetry was also observed in the earlier
angular-dependent MR study [86], which was attributed to significant
residual iron catalyst; our case has only small traces of residual iron
catalyst (supplemental-Fig. 1.3-1-2). Alternatively, classical two-band
MR could contribute at low-field too; considering the greatest fitted
high-field mobilities (1.5 K, transverse MR y = 94-112 em?/Vs and
longitudinal MR y = 117 cm?/Vs), this yielded MR ~ 50 % at 60 T,
although at 9 T this is an insignificant MR ~ 1 %. Within
weak-localization theory, with only inelastic dephasing (electro-
n-electron/phonon) and no spin terms, MR is negative. When 3D, it is
angle-independent. When 2D, it is most negative at
0° (H_Lconfining-2D-plane) and MR should approach 0 % for 90° (H]||

Carbon 248 (2026) 121162

confining-2D-plane). Clearly, the angle-dependent MR differs from this
simple weak-localization picture.

Due to CNT’s cylindrical topology, their band-structure is sensitive to
magnetic-flux threading the CNT diameter ¢ = Hn(d/2)?, with their 1D
subbands shifting with field via the Aharonov-Bohm (AB) effect. This
phenomenon is caused by coupling of the orbital motion to the
magnetic-field, and is periodic with period ¢ = h/e, where ¢y is the flux
quantum with Planck’s constant h. In gapless CNTs at low-fields this
response results in the gradual opening of a bandgap, and in initially
gapped CNTs in its closing [96,131-133], which we propose as the main
source of our -MR in parallel magnetic-field. The closing of
semi-conducting bandgaps requires >100 T fields, but it is established
that in metallic non-armchair CNTs the curvature of the atomic lattice
opens a smaller bandgap, proportional to c0s(3%)/d? where 9 is chiral
angle [134]. This gap ranges from a few to a few tens of meV and is
easily closed by experimentally available magnetic-fields. In Ref. [135],
for example, an individual CNT (with small bandgap and d = 1.5 nm) is
brought near the charge neutrality point with a gate-electrode and then
subjected to pulsed, parallel-oriented 60 T magnetic-field. At 82 K, the
conductance increases by 14 % from 0 to 5.9 T and, from there, the
conductance plummets to ~0 by 40 T. This modulation is a possible
quantum contribution to our angle-dependent MR and classical
longitudinal-MR in our high-field (hinted previously, Fig. 3c), and
motivated the following effective model simulation.

Calculation of the orbital response in magnetic-field. The
bandgap modulation via the Aharonov-Bohm mechanism is primarily
caused by the coupling of the parallel component of the field to the
orbital degree of freedom, which in CNTs corresponds to the valley,
inherited from the CNTs parent graphene. This coupling has opposite
sign for the K and K’ valley, corresponding to clockwise and counter-
clockwise motion of the electron around the CNTs perimeter. The spin in
turn couples to the full magnetic-field through the Zeeman effect, but
the orbital response is usually several times stronger. Model details are
found in methods and Supplemental-section 5.1. The linear conductance
through the infinite CNT with field-modulated band-structure is shown
in Fig. 4c and d as a function of the field-orientation, with the dashed
white lines marking the position of the band edges and the color back-
ground encoding the linear conductance smeared by the temperature at
3.5 K (other temperatures are explored in supplemental-Fig. 5.1-1-2). In
this calculation the leads are formed by the left and right semi-infinite
parts of the CNT, while the central part is finite. The bandgap varies
periodically with a dominant 180° period, but it has also a weaker 90°-
periodic component (more visible for H|| = 4.5 T). This subdominant
component is caused by the fact that the gap closes at four positions: at
H|| = +H|| 0 and at H|| = £H||,0 +180°. At 4.5 T the gap closes near 45°,
which leads to the apparent 90° periodicity. At H=9 T the opened gap is
so wide that H)| reaches H|| o only close to 22°.

Slicing these data at Er = 0 at different temperatures yields the MR of
a single CNT in the de-doped state. Similar to our experimental angle-
dependent MR, in Fig. 4e and f we see that at 4.5 T the MR at 0° is
negative and decreasing with temperature; it features four dips spaced
by ~ 90° and flattens out towards higher temperatures. At 9 T the
distinct + MR at 90° dominates the response. Other doping-levels are
explored in supplemental-Fig. 5.1-3; this lowers the magnitude of the
MR modulation, which was another experimental observation.

While the qualitative agreement between the experimental and
theoretical result is quite good, there are some quantitative discrep-
ancies. Firstly, the values for MR are unrealistically high. This is to be
expected, since the calculation deals with a single CNT while the fiber is
a composite of many CNTs with varying diameters and helicities, con-
nected in parallel and in series — proper ensemble averaging would yield
much lower MR magnitudes. Secondly, some features of the MR behave
differently in the experiment and in theory. For instance, at H = 4.5 T the
value of MR near 90° changes very little with temperature, but the
theoretical result varies very strongly, to the point of the MR becoming
positive at high temperatures. There again the collective nature of the
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CNT fiber certainly comes into play, and with it likely weak-localization,
missing in the single CNT calculation.

CNT Bundle Simulations. The CNT bundle is fundamental to the
heterogeneous conductive network yet its distributed behavior is not
fully understood. To investigate the electronic-transport distribution
within a CNT bundle, with magnetic-field, we performed large-scale
quantum transport calculations using tight-binding non-equilibrium
Green'’s function (TB-NEGF) formalism. We modeled bundles composed
of seven CNTs arranged in a flower-like, hexagonal configuration with
the same or mixed helicity (either (9,9), (21,0), (12,3) or (20,0) or a
mixture, see supplemental table 5.2-1 for geometry and selected trans-
mission distribution). To match the experimental semi-conducting
fraction (=~2/3), mixed bundles were carefully constructed with com-
parable composition and symmetry. We also modeled a large bundle of
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nineteen (9,9) CNTs arranged with hexagonal close-packed geometry, as
well two CNT bundles separated by a junction (forcing inter-bundle
tunnelling for conduction).

Our approach leverages TBtrans and the sisl Python library, both
extended and customized for this work. To capture magneto-transport at
high magnetic fields—where perturbative approaches break down—we
implemented the Peierls substitution directly into both the Hamiltonian
and the overlap matrices across the entire system, including electrodes.
This modification allows a fully gauge-consistent treatment of external
magnetic-fields up to 60 T, oriented perpendicular to the CNT bundle
(Supplemental Table 5.2-1, Supplementary Figure 5.2-4). Importantly,
all systems span more than 10 nm in length and contain thousands of
atoms, making this study among the first to achieve such transport
simulations at this scale and level of theory, while retaining full
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Fig. 5. CNT-resolved, individualized transmission for various CNT bundles versus doping level; the insets show side and cross-sectional views of the hexagonal CNT
bundle arrangement where all CNTs are connected to semi-infinite electrodes (blue). a, Metallic bundle composed of seven (9,9) CNTs at H = 0 T; due to the
symmetry CNTs 1, 2, 3, 4, 5, and 6 have the same transmission (red line). b, Larger metallic-bundle composed of nineteen (9,9) CNTs at H = 0 T; inset shows a central
CNT is surrounded by six in a middle layer and twelve in an outer layer, forming a finite hexagonal close-packed (HCP) arrangement; due to the symmetry, the
transmission is the same for CNTs 1, 2, 3, 4, 5, and 6 (blue line), CNTs 7, 8,9, 10, 11, and 12 (yellow line) and CNTs 13, 14, 15, 16, 17, and 18 (red line). ¢, Junction
composed of two metallic bundles of seven (9,9) CNTs each at H = 0 T; the inset demonstrates how electron tunnelling between bundles is required for conduction;
due to the symmetry, the transmission is the same for CNTs 0 and 7 (black line), 1 and 11 (dark-orange line), 2 and 12 (light-red line), 3 and 13 (dark-red line), 4 and
8 (green line), 5 and 9 (yellow line), and 6 and 10 (light-orange line). d, Mixed bundle consisting of three metallic (18,0) CNTs (CNTs: 0, 1, and 4), two semi-
conducting (19,0) CNTs (CNTs: 2 and 5), and two semiconducting (17,0) CNTs (CNTs: 3 and 6) at H = 0 T. e, Metallic (9,9) CNT bundle with H = 9 T perpendicular to
the bundle (along the x-axis, as indicated). f, Mixed CNT bundle with H = 9 T perpendicular to the bundle (along the x-axis as indicated). Semiconducting CNTs are
labeled with lighter-colored numbers and metallic with darker-colored numbers. CNTs are plotted to scale, so differences in cross-sectional size reflect actual
diameter variations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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quantum coherence.

We first consider individual CNT bundles composed of all-metallic,
identical CNTs with each CNT end uniformly connected to electrodes,
without magnetic-field. When evaluated near the Fermi level Ef = 0 (un-
doped), the transmission is frequently lower in the bundle core; this is
shown in a seven-armchair bundle (Fig. 5a), particularly very close to
Fermi level Ef = 0 at the pseudo-gap formed by armchair interaction
(5.6 % core vs 15.7 % outer, supplemental table 5.2-1). Lower core
transmission is also for the seven-(12,3) bundle (0.33 % core vs 16.5 %
outer, supplemental table 5.2-1). Near-zero transmission is also present
in the center CNT of an un-doped, large 19-armchair bundle (0.25 %
core vs 3-7 % outer, Fig. 5b and supplemental table 5.2-1). Structural
relaxation of the bundle slightly deforms the central CNT from circular
to off-circular, but largely does not alter the overall transmission profile.
This demonstrates that our primary conclusions, even if drawn from
mostly unrelaxed systems, remain valid and physically meaningful.

There are exceptions to lower core transmission in de-doped CNTs. A
de-doped seven-(21,0) bundle has instead near uniform bundle trans-
mission (supplemental table 5.2-1). This was a relatively large diameter
and, in this isolated case, incorporating relaxation resulted in return to
lower core transmission (6.5 % core vs 15.5 % outer, supplemental table
5.2-1 and Figs. 5.2-2). Further, when in a seven-(9,9)-armchair bundle,
the center CNT was individually axially rotated by 20° (Supplemental-
Fig. 5.2-2-3), the transmission through the rotated central CNT greatly
exceeded the outer CNTs at Ef = 0 (75.3 % core vs 4.1 % outer). How-
ever, geometry optimization reveals that this rotated configuration is
energetically less favorable (Supplemental Table 5.2-2), suggesting that
the outer-conducting configuration is more likely in realistic conditions.
For the large 19-armchair bundle, while the central CNT has near-zero
de-doped transmission (0.25 %), the adjacent CNT middle layer
carries a larger de-doped transmission density (7.2 %) than the surface
layer CNT (3.3-6.2 %). Critically however, after even small doping
(>0.1 eV), the transmission across any metallic-bundle becomes near
uniform and overall greatly increases; the doped bundle conductivity
converges to the sum of ballistic metallic CNT conductivity (each
contributing two Gog = 4¢%/h) or greater (for seven-(21,0) bundle, 50 %
greater from sub-band doping). This underscores doping’s importance,
even for all-metallic CNT bundles.

Now consider bundles with semi-conducting CNTs. For un-doped
bundles of mixed metallicities, metal CNTs carry the transmission at
Er= 0. For a mixed seven-CNT bundle with three (18,0) metallic CNTs in
a row (Fig. 5d), the bundle transport is concentrated across the metallic
CNTs with less transmission in the middle (29.89 % core vs 34.88 % and
35.63 % for outer metallic CNTs). Although the outer values are not
identical, due to local atomic arrangements and inter-tube interactions,
the trend remains: outer CNTs have higher transmission. Exploring this
further, we simulated a 7-mixed bundle composed of two outer and
opposing metallic CNTs with five interchangeable semi-conducting
CNTs (Supplementary Figure 5.2-1). These semi-conducting CNTs
were composed of two different semi-conducting helicities ((19,0) and
(20,0)), where their bundle position was swapped without changing
composition. In the de-doped case, the metallic CNTs always dominated
the transport as expected, although metallic CNT-4 had a lion’s share of
the metallic transmission over metallic CNT-1 due to the inter-tube in-
teractions. Swapping the positions of the semi-conducting helicities did
quantitatively change the overall bundle transmission and somewhat
modify the transmission partitioning across the metallic CNTs; qualita-
tively however, CNT-4 still captured most of the transport independent
of adjacent semi-conducting helicities. This swapping observation, along
with our other core bundle results, supports our previous case of the
mixed bundle where transmission is less in the middle metallic CNT;
therefore, the lower core transmission is better explained by its central
location opposed to interaction from particular adjacent semiconducting
CNTs. A de-doped fully semi-conducting seven-(20,0) bundle
(Supplementary Figure 5.2-3d), due to its bandgap, exhibits zero
transmission and the first non-zero contributions appear only at higher

11

Carbon 248 (2026) 121162

energies. As such, the CNT-resolved transmission profile at low energies
is not directly representative of conducting behavior and should not be
interpreted in the same way as metallic systems. Contrasting all-
metallic-bundles, greater doping (0.6 eV) is required to make uniform
non-zero transmission. Once activated however, the mixed or all-semi-
conducting bundles (supplemental table 5.2-1) can have transmission
greater than the equivalent doped metallic bundle of similar diameter
(compare the results for a seven-(21,0) versus seven-(20,0) zigzag
bundles); this illustrates that sufficiently doped semi-conducting CNTs
can be better conductors then metallic CNTs, doped or un-doped.

Now consider two parallel seven-armchair CNT bundles separated by
a junction; the bundles’ far-ends uniformly connect to electrodes and the
bundles’ close-ends overlap (10.33 nm overlap with 0.34 nm separation,
Fig. 5c¢), forcing transmission across the junction. Despite uniform
electrode connection, and independent of the doping level, only CNTs
directly adjacent to the other bundle participate in conduction (four out
of 14, Fig. 5¢). This is the only studied situation resulting in low bundle
cross-section utilization, independent of doping-level. This key result
implies that, for real-world CNT fibers with bundle junctions, thinner
CNT bundles always have greater cross-sectional utilization.

Next, magnetic-field is considered for CNT bundle transport. Fig. Se
and f shows transmission under a 9 T perpendicular field for a metallic
(9,9) bundle and a mixed bundle, respectively. A direct comparison with
the zero-field configurations (Fig. 5a and d) reveals the spatial trans-
mission distribution remains largely unchanged from field. In Fig. Se
and Supplementary Figures 5.2-4 a—c however, we observe spikes in the
individual transmission curves for outer tubes when field is applied,
particularly within the energy range —0.2 eV to 0 eV. These spikes
highlight the sensitivity of coherent transport in metallic systems to
magnetic phase effects and inter-tube interference. Despite these local
doping spikes for individual CNTs, the overall bundle transmission is not
significantly modulated for perpendicular magnetic-field (from 4.5 to
60 T), the seven-armchair or mixed bundle cases, across the doping
energy continuum (supplemental table 5.2-1, Figs. 5.2-4).

4. Discussion

Heterogeneous FIT has long been proposed [56] for CNT-conductors,
although is often overlooked in authoritative CNT transport papers [25],
and here we uniquely show its unavoidable relevance with the
semi-conducting-like temperature response leveling-off to a constant
value approaching absolute-zero. Further support includes 1) the
well-established mixed metallic-like and semi-conducting-like temper-
ature responses; 2) the dependence of cryogenic-resistance-ratio on CNT
length, which is longer than any homogeneous characteristic length; and
3) Drude conduction signatures with high-field MR and Hall measure-
ments. Homogeneous mechanisms still, however, contribute: 1)
weak-localization causes transverse -MR and 2) de-doping leads to VRH.
Further, considering the conductivity anisotropy does not change
significantly temperature implies that: 1) the anisotropy is created by
the extrinsic difference in path lengths between “with-grain” and
“against-the-grain”; 2) that current distribution across the various
network paths does not change much with temperature. 3) Thus, a
simple series sum of CNT structure and junction resistances are sufficient
for network modeling and tributary pathways that open up at higher
temperature, while present to some degree, are not overall significant.
Similar extrinsic network geometry narratives [81,136] and simple
resistance series sums [24,27,37,55,65] have been found in other CNT
materials.

What are the consequences of accepting a heterogeneous system
where resistance components simply sum in series? At sufficiently warm
temperatures, both VRH and FIT become Arrhenius style thermal-

activation Rgemicond(T) = Rc exp (’%) with fitting factors R, and K. This

Arrhenius region may be identified as a straight segment on an Arrhe-
nius plot (InR vs T~1) before the upswing from metallic resistance. Using
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the heterogeneous model R(T) = Rsemicond(T) + Ruetar (T) and just
considering the warmer region where Arrhenius style thermal-activation
applies, the semi-conducting contribution may be subtracted-out after
fitting. This leaves the intrinsic metallic resistance without specifying
the semi-conducting form and is shown in Fig. 6 below. Fig. 6a shows the
relative metallic contribution to the total resistance at room-

Ruetat (300K)

temperature (100% R(300K)

) versus aspect-ratio. For as-is with par-

allel microstructure-alignment, this relative metallic contribution
(~16-55 %) increases almost linearly with aspect-ratio (power-law 0.85

+0.11), because junctions take less share of network resistance with

longer CNTs; extrapolating, 100 % metallic conduction requires an
aspect-ratio of at least ~12000. De-doped have lower metallic fractions
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(~4-12 %) without correlation to aspect-ratio, because junctions here
dominate network resistance independent of CNT length. Cross-grain
samples have similar metallic fractions and correlations as their coun-
terparts, despite a ~20x difference in conductivity; its network path has
the same junction/structure relationship as for the parallel-alignment,
although the cumulative network path is meandering and much longer
(in this framework, 20x longer).

Fig. 6b shows the room-temperature, metallic component specific-
conductivity of as-is and de-doped CNT-conductors if extrinsic junc-
tions were eliminated, compared against relevant benchmarks. This
calculation assumes that the network path length is minimized; for
parallel microstructure-alignment this is approximately true, while
perpendicular are not considered here. As shown, metallic component
specific-conductivity are well above copper and some as-is fibers are

Aluminum

mo W

As-Is CNT Alignment || Ribbon
De-doped, CNT Alignment || Ribbon

O I:[}

Single-crystal Graphite

T T T 1
3000 4000 5000 6000

Aspect Ratio

T T
1000 2000

Various CNT Fibers
0000000
10 7] CNT Ribbons
I AR 5600 )
i maragoo  MMASis
1 M AR 3100 0 pe-
4 M AR 1200 doped
i
|
100 150 200 250

Temperature (K)

300

Fig. 6. Estimating metallic component conductivity. Subtracting the fitted component of Arrhenius thermal-activation leaves the metallic component with relatively
few assumptions on transport mechanisms. a, aspect-ratio (AR) versus the metallic percentage of total room-temperature resistance. b, The room-temperature
specific-conductivity of the metallic component compared to copper and aluminum. ¢, temperature-dependent specific-conductivity of metallic components with
different aspect-ratios (AR) and doping status, alongside relevant benchmarks [137,138].
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above aluminum (the highest practical specific-conductivity metal).
There is no correlation with aspect-ratio, reflecting its intrinsic nature.
The metallic component specific-conductivity of de-doped and as-is are
comparable at room-temperature. Conductive AFM studies on sparse
CNT networks show that doping both enhances transmission across
junctions as well as increases carrier-density [61,139], contrasting
graphitic-intercalation-compounds (GICs) where doping just increases
carrier-density [18]. In our case, the doping-enhanced carrier-density
and improved junction transmission may be partially countered by
increased scattering within bundles. Fig. 6¢ shows the
temperature-dependence of the metallic component
specific-conductivity with different aspect-ratio and doping-status.
Other advanced carbon conductors (GICs, individual metal CNTs) and
metal benchmarks (copper, aluminum) are shown based on their re-
ported resistance vs temperature plots and room-temperature specific--
conductivity. As-is is between copper and aluminum. De-doped traces
have a steeper temperature-dependence, likely from a decrease in the
proposed doping induced scattering.

In conclusion, the quantitative understanding and controlling of the
semi-conducting-like and metallic like conductivity responses to tem-
perature is practical and necessary for overall conductivity improve-
ment. Were it not for the junctions, the conductivity of CNT-conductors
already exceeds copper and aluminum. For both as-is and de-doped,
increasing aspect-ratio decreases the junctions’ impact; a 12000
aspect-ratio should then lead to significant junction suppression at
room-temperature. Increasing aspect ratio further will have diminishing
returns at room-temperature, although could lead to a completely
metallic-like conductivity response down to liquid-helium temperatures
(do/dT < O for all T). From that point, continued conductivity
improvement is now reliant on improving the intrinsic metallic structure
(thinner bundles, less defects, and optimally doped semi-conducting
CNTs). Fully de-doped CNT-conductor electrons become localized at
cryogenic temperatures, despite the relatively favorable degree of
microstructure-alignment, graphitic quality, and aspect-ratio. This
contrasts the behavior of their older analog single-crystal graphite which
already has the full metallic-like temperature response. A fundamental
difference is that single-crystal graphite has planes in registry and this
order does not easily exist for CNTs within a bundle; further, fully de-
doped semi-conducting CNTs are simply deadweight. Notably large
tight-binding calculations showed complex current distributions within
a de-doped bundle, where transmission tended to be lower in the core of
metallic CNTs; doping universally increased the uniformity and overall
transmission of bundles of mixed, fully-semi-conducting, and fully-
metallic CNT composition. Critically, they demonstrated that when
one bundle is connected to another in series, only the CNTs adjacent to
the other bundle participate in the transport, independent of the doping-
level. This favors thinner bundles with more connections for higher
conductivity. The impact of the perpendicular magnetic field in on
transmission distribution within a bundle is small.

The low-field negative MR across all samples best follows 2D weak-
localization; we conclude that the main components of the network are
not individual CNTs but their bundles, and that bundle transport is at
least partially coherent. As found by others, the 2D character hints that
the transport occurs either at the bundle surface or in contiguous
crumpled-sheets of metallic CNTs embedded in the bundle. The
magnetic-field orientation study, including substantial longitudinal MR
near room-temperature, indicates that the transport response carries a
strong signature due to the individual components, in the form of the
gap modulation via the Aharonov-Bohm effect due to the parallel
component of the field. We found that the positive quadratic MR at high-
field for de-doped CNT materials is governed by a characteristic
parameter related to higher conductivity, likely classical in nature. As
conductivity and the characteristic length increases, this + MR signal
will become more accessible at lower field; this is particularly useful as
Raman and X-Ray diffraction lose resolution for highly graphitic systems
and Hall measurements are less effective for heterogeneous systems.
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Recent advances [1-10,14-17] in CNT-conductor conductivity are
encouraging and could reach the level of the best graphitic intercalated
compounds (50 % greater than copper), although stronger and bend-
able. Understanding and controlling their temperature and magnetic
field-dependent electronic transport will aid in this development. The
socio-economic impact of copper-to-carbon replacement in wires would
be transformational [140-144], encouraging movement away from
copper supply chains and movement towards carbon-capture [145],
allowing light-weight and sag-free power transmission-cables [141,146,
147], high-performance all-carbon electric machines [140,143,148],
and electricity delivery in demanding aerospace [141,144,149],
high-radiation [150], and chemically harsh [151,152] environments.
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