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When charge flows through a molecular circuit, it induces a magnetic field that
allows the circuit to behave as a nanoscale electromagnet. However, in single-
molecule circuits this magnetic field is usually weak. Here we show that radially
Tt-conjugated carbon structures can support amplified circulating currents
that generate local magnetic fields. Within tight-binding and density functional
theory (DFT) frameworks, we first study cycloparaphenylene (CPP) junctions
where both electrodes are attached to the same phenylene unit on the nano-
hoop. We observe an energy-dependent ring current component that tra-
verses the whole macrocycle by mapping the local current density.
Importantly, we find that destructive interference near degenerate resonances
can reverse the ring current direction and amplify it strongly relative to the
source—drain current. We show that this interference-driven design principle is
general, and also carries over to Ceg junctions. In fullerene, lower-lying
degenerate resonances are more easily accessible through electrostatic gat-
ing, reaching a magnetic field of 14.2 mT under a 100 mV source-drain bias.
This work thus provides new insights into ring currents in radially -
conjugated carbon structures and highlights their potential as design plat-
forms for single-molecule electromagnets.

M Check for updates

When current flows through a macroscopic loop, it produces an axial
magnetic field that is given by the Biot-Savart law. The same law holds
for ballistic charge transport at the single-molecule scale. Yet in single-
molecule junctions, the magnetic field is usually very small and in the
microtesla (uT) range’. One intuitive route to increase the magnitude
of this field is to simply shrink the diameter of the molecular loop,
since the field strength is inversely proportional to loop diameter?.
However, this strategy is also not ideal; the ring size cannot be infinitely
small, and the attainable magnetic dipole moment (m =1/ x A) is limited
due to the reduced loop area. Another approach is to boost the current
through the loop. While the conductance across a single-channel is

restricted to G, = 2€2/h, limiting the junction current, the local current
distribution in a multipath structure can be larger’. Therefore, a single-
molecule junction can sustain a ring current that far exceeds the net
source-drain current**°. Engineering an amplified ring current in a
single-molecule macrocycle could therefore lead to a magnetic field
that is significant across a relatively large area.

Molecules with radial m-conjugation include 2D rings such as
cycloparaphenylenes (CPPs) and 3D spheres such as fullerenes. CPPs
are carbon nanohoops in which benzene rings are joined at their para
positions to create radially conjugated, cyclic macrocycles®. Since
2008’, synthesis of CPPs has expanded to small, highly strained rings
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such as [S]CPP and to gram-scale quantities, enabling systematic size-
property studies® ™. Their unique curved t-systems and radial con-
jugation yield strong, predictable trends in electronic structure and
optical properties, including size-dependent gaps between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) and bright, tunable emission"™. Fullerenes
provide a 3D realization of radial t-conjugation. In particular, C4g is a
prototypical fullerene with a highly symmetric cage and low-lying
electron-accepting states®". Together, CPPs and fullerenes offer
closed, radially m-conjugated carbon networks in which bias-driven
circulating currents may be amplified by quantum interference.

At the single-molecule level, previous studies have shown that
radial T-conjugation modulates conductance in ways distinct from
linear oligoparaphenylenes, yet nearly all prior transport measure-
ments have probed current across the hoop between diametrically
opposed sites?® %, Conductance through Ceo-based molecular junc-
tions has also been measured®**, and gate-controlled charge transport
has been demonstrated in single-Cq, transistor devices®. It remains
unexplored whether radially t-conjugated carbon structures can be
engineered to sustain circulating currents strong enough to generate
experimentally relevant local magnetic fields.

Here, we provide design principles for single-molecule electro-
magnets, i.e., a single-molecule device whose bias-driven current
density contains a net circulating component, with calculated mag-
netic fields that can exceed established nanoscale magnetometry
detection thresholds at nanometer standoff distances. We first present
calculations using CPPs as prototypical radially Ti-conjugated systems
and then illustrate that the same principles apply to C¢o-based mole-
cular junctions. We use a nearest-neighbor tight-binding model to
illustrate the basic principles and then carry out DFT electronic struc-
ture calculations with nonequilibrium Green’s function (NEGF) method
to analyze charge transport, ring currents, and magnetic response. The
two electrodes are attached to the molecule, and we decompose the
net source-drain transmission into local current density maps,
exposing a nonzero ring current component that circulates around the
CPP and quantifying how its magnitude depends on CPP size and
energy. We find that delocalized frontier orbitals amplify the circulat-
ing component, whereas states localized on the contact phenylene
dominate the net current while contributing essentially zero to the ring
current. Interestingly, near doubly degenerate resonances that inter-
fere destructively, we observe an energy-dependent reversal of the ring
current direction along with a large increase in its magnitude. Through
electrostatic gating, we show that it becomes possible to switch the
direction of the ring current and enhance its magnitude strongly
relative to the net current. Finally, we show that the same interference-
driven design principle also applies to single-C¢o junctions, where a
14.2 mT can be generated with a source—-drain bias of 100 mV.

Results

Orbital structure of cycloparaphenylenes

To elucidate charge transport of m-conjugated CPPs, we start with a
Hickel (tight-binding) model to understand the physical impacts of
structure on transmission and ring currents. In this model, each carbon
atom in the conjugated structure contributes a single p, orbital with
on-site energy &. Since all carbon atoms are chemically equivalent, we
set £¢=0 for simplicity and without loss of generality. Interactions
between neighboring atomic sites are represented by the hopping
integral ¢, and only nearest-neighbor interactions are considered.
Following this approach, the Hamiltonian matrix for an isolated CPP
structure can be expressed as:

n 6 n
Hepp= =YY |p,q)(p,(gmod 6) +1| — £ > "|p,4)((pmod n)+1,1| + H.C.
p=1

p=1g=1

@

Here, n represents the number of phenylene units within the ring,
and the indices (p, ¢) denote the atomic site g in phenylene p. The first
term represents the bonds that define each individual phenylene unit,
while the second term connects ring p to ring p+1 through para
positions, closing the conjugated macrocycle.

At the single-molecule scale, charge transport is coherent, and
electrons tunnel through the bridge ballistically via discrete molecular
orbitals®®. We therefore begin by analyzing the orbitals of an isolated
[n]CPP (Fig. 1a). Since the molecule is a periodic chain of identical
phenylene units, we first treat an infinite CPP and work in k-space. The
Bloch Hamiltonian is

6
Hky= =t} 1q)((qmod 6)+ 1|+ H.c.) — t(14) (1 + |1)(4]e7*%) (2)
g=1
where the phase factors, e*4, arise directly from the Bloch’s theorem.
Diagonalizing H(k) yields the electronic band structure of the infinite
polymer shown in Fig. 1b:

Ey 5 54(k)= £t\/322V2cos(ka/2),Eg ¢(k) = £t 3)

To obtain the molecular orbitals of a finite [n]JCPP molecule, a
cyclic boundary condition is imposed on the system that implies the
following selection rules:

kna=2mm;meZ 4)

they restrict the wavevector to a discrete set, i.e., k,, =2mrm/na, that
satisfies the cyclic symmetry of the [n]CPP molecule.

Taking [SICPP as an example, five k values, i.e.,
0, +2m/5a, +4m/5a, are allowed within the first Brillouin zone, gen-
erating 30 discrete eigenvalues, as illustrated in Fig. 1b. The corre-
sponding wavefunctions are also calculated (four samples are shown in
Fig. 1c-f and the others in Supplementary Fig. 1; see also Supplemen-
tary Note 1). The LUMO and HOMO are non-degenerate with energies
E=+(J/2- 12)1’. The energies of these frontier orbitals are size-
independent because the wavevector k =0 always satisfies the cyclic
boundary condition. Their wavefunctions are uniformly delocalized
along the whole CPP cycle and have the same phase on every ring
accordingly (Fig. 1c, d). It is worth noting, however, that experimentally
the HOMO-LUMO gap of [n]CPPs increases modestly with ring size, a
trend our highly simplified tight-binding model misses because it
neglects factors such as strain and the torsional twist between adjacent
phenylene rings, etc.”?’. In contrast, the bands at E = + t are perfectly
flat, indicating localized states. For [S]CPP, the orbitals related to these
flat bands are five-fold degenerate and only the orbital with amplitude
on the ring contacted to the electrodes is displayed (Fig. 1e, f), as this
state contributes to the transmission. The remaining degenerate
orbitals are provided in Supplementary Fig. 1. Except for the k=0 and
the flat-band orbitals, the others are all doubly degenerate, owing to
the + k pairs as a result of the cyclic boundary conditions and the band
structure symmetry E(k) = E(—k). Figure 1g, h shows examples of such
doubly degenerate states, where the wavefunction amplitudes alter-
nate in sign around the CPP ring.

Charge transport through cycloparaphenylene junctions

To model a single-molecule junction, the CPP needs to be contacted at
the source (S) and drain (D) electrodes. The para connection pattern
breaks the mirror symmetry of the isolated CPP (Fig. 1a). The electrode
couplings break the mirror symmetry since the carbon atoms linked to
the S and D leads are no longer equivalent to the others, resulting in a
handedness to the junction. In other words, the electronic structure of
the single-molecule junction becomes chiral even though the bare CPP
molecule is not. When this mirror symmetry is broken, a net clockwise
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Fig. 1| Tight-binding orbitals of cycloparaphenylene. a Schematic of a single
cycloparaphenylene (CPP) junction with n=5. Gray spheres represent carbon
atoms; the green sphere denotes the source electrode, and the orange sphere the
drain. b Band structure of a [oc]CPP. Pink dots mark the discrete wavevector values
that satisfy the cyclic boundary condition for [S]CPP. ¢ Real-space amplitude of the
lowest unoccupied molecular orbital (LUMO) at energy 0.414¢, where ¢ is the

e 9

nearest-neighbor hopping integral. d Real-space amplitude for the highest occu-
pied molecular orbital (HOMO) at energy —0.414t¢. e, f Flat band states with energy
+t with nonzero amplitude on the phenylene ring connected to the electrodes. The
other degenerate orbitals at £ = + ¢ are provided in Supplementary Fig. 1. g, h Dou-
bly degenerate states at energy 0.844¢, which originate from the k= +2m/5a
solutions of the conduction band.
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Fig. 2 | Source-drain transmission through cycloparaphenylene junctions.

a Energy-dependent source-drain transmission T(£) for [SICPP, [6]CPP, [7]CPP,
and [8]CPP (colored curves) compared with a single-benzene junction (gray). The
inset shows the region near the Fermi energy £. b Transmission at £, as a function
of ring size. The gray dashed line marks the reference value for a single para-
connected benzene junction. ¢ Energy-resolved local current density maps at £ for
a [S]CPP junction. Arrow widths are scaled with a power-law normalization,

8 10 12 14 16
[n]CPP

(K yo/ K max)®>, ensuring small values remain visible while the thickest arrow has the
same width in every figure. Here, K, denotes the energy-resolved local current
density from atom w to atom v, and K ., is the maximum magnitude in the cor-
responding map. Arrows representing source-drain transmission are colored red.
Currents that traverse the CPP loop are color-coded by direction: yellow for
clockwise (CW) and blue for counter-clockwise (CCW) circulation.

or counter-clockwise ring current is no longer forbidden by symmetry.
The transport model used for these contacted junctions is described in
“Methods”.

Electron transport through a single-molecule junction is cap-
tured by the energy-dependent source-drain transmission func-
tion. We perform the transmission calculations on CPP junctions
following the NEGF formalism described in “Methods”. The trans-
mission functions for [n]JCPP rings with five to eight phenyl units are
presented in Fig. 2a. For comparison, we also calculated a single-
benzene junction using the same set of parameters. The

transmission spectra of CPP junctions show that resonances at an
energy of E=+t persist across all sizes, though their narrower
widths indicate a weaker coupling between the conducting orbitals
and the electrodes than that of a single benzene junction. More-
over, additional resonance peaks appear in the transmission spec-
tra. Specifically, the HOMO and LUMO levels appear as peaks at an
energy of E = + (+/2 — 1)¢, which remains constant regardless of the
size of the CPP macrodcycle. In contrast, the doubly degenerate
resonances shift with the ring size, reflecting the size dependence
of their associated wavevectors.
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We next focus on the transmission value at the Fermi energy (Ef),
which is proportional to the conductance at low bias. As shown in the
inset of Fig. 2a and detailed further in Fig. 2b, T (E;) decreases as the
size of the CPP ring increases. Despite this decrease, for finite n, T (Ey)
remains higher than that of a single benzene junction. The trend in
Fig. 2b suggests that the transmission approaches an asymptotic limit
for large rings. To determine this limit, we obtained analytical
expressions for T (E). For the single benzene junction, the expression
is:

64y*t2

T genzene (E F ) D E—
(y2 + 16t2>

(©)

As for the single [n]CPP junction, the expression is (see Supple-
mentary Note 2 and Supplementary Table 1 for details):

64r2y2t? 2"
e ) oy " T ©

By substituting the numerical parameters, we validate the accu-
racy of the analytical expressions (Fig. 2b). In the limit where n
approaches infinity, the ratio factor r goes to 1, and the expression for
the [n]CPP junction converges exactly to that of the single benzene
junction.

To determine whether the excess transmission of a CPP relative to
benzene stems merely from attaching additional phenylene rings on
the side of the conductive pathway or instead from the nanohoop’s
unique closed-loop topology, we “unwrapped” the CPP into its
open-chain analog by eliminating the cyclic boundary condition and
examined a phenyl unit embedded in linear para-oligophenylenes of
increasing length. As detailed in Supplementary Note 3 and Supple-
mentary Fig. 2, T(E;) remains length independent, indicating that
adding phenylene rings in an open geometry does not enhance T (Ef),
and the surplus transmission observed in finite CPPs must therefore
originate from closing the linear chain into a loop. This finding implies
that, besides the direct para pathway, a second channel that threads
through the nanohoop contributes to the conductance.

Local currents in cycloparaphenylene

A phenyl ring with a t-conjugated framework usually offers more than
one quantum path between the two electrodes. In para-benzene, for
instance, an electron can travel through two identical parallel path-
ways, while larger systems such as the CPPs provide many more paths.
However, the transmission function T(E) contains only the total tun-
neling probability from source to drain. It does not reveal how the
current is partitioned among individual paths. To address this short-
coming, we calculate the local current from atoms w to v, /,,, by
integrating the energy-resolved local current density**°:

2
="y | AEUFSE) = FoE)K,, (E) )

Here, f s p(E) are the Fermi-Dirac distribution functions of source
and drain electrodes, e is the magnitude of the electron charge, & is
Planck’s constant, and K, (E) is the local current density from atoms w
to v at OK. K,,(E) is obtained using the lesser Green’s function
formalism*>**%, The lesser Green’s function implementation is descri-
bed in “Methods,” with the full derivation provided in the Supple-
mentary Method 2. We note that K, (E) plays the same role in the local
current formula as T(E) does in the source-drain current in

Landauer-Biittiker formalism**,
2e
I5p="% [ dECFSE) ~FoE)TE) ®

Therefore, the magnitudes of K, (E) and T(E) can be compared
directly. We calculate local current density distribution maps at E for
the [7]CPP junctions with five to eight phenylene units, K, (E5). This
map for [S]CPP is shown in Fig. 2¢, while the others are shown in
Supplementary Fig. 3. For visualization, each K ,,(E) element is drawn
as an arrow overlayed on the molecular framework. The transmission is
represented by arrows that enter the molecule from the source elec-
trode and exit toward the drain electrode. Since this tight-binding
model contains only nearest-neighbor couplings, current is restricted
to flow through bonds.

The local current density maps clearly show that in addition to the
expected direct pathway across the phenylene ring that contacted to
electrodes, a distinct macrocyclic pathway exists, which manifests as a
ring current circulating around the CPP. This ring current diverges
from the main transport path at the ortho-position of the injecting
linker atom and rejoins it at the meta-position. The direction of this
ring current is dictated by the structural asymmetry of the junction. In
other words, coupling the electrodes in this manner induces a specific
chirality in the system, which determines the current’s circulation.
Notably, as shown in Supplementary Fig. 3, the magnitude of this ring
current component diminishes as the CPP size increases. This provides
a physical explanation for our previous observation: as the CPP mac-
rocycle grows, the influence of the secondary pathway diminishes, and
the overall transport becomes increasingly dominated by the pheny-
lene ring directly connected to the electrodes. Consequently, the net
transmission converges to the limit of an isolated benzene junction,
which lacks the macrocyclic pathway entirely.

We next examine the energy dependence of the ring current
density Kp;pg(E) to understand how an electrostatic gating of the
junction could alter the ring currents. Figure 3a shows the net trans-
mission along with the ring component for the [SICPP junction. To
visualize how the current is distributed after injecting into the hoop,
we plot local current density maps at the energies marked by black
arrows (Fig. 3b-g). The representative energies are all taken from the
E >0 side, keeping in mind that the spectra are symmetric about £ . At

the LUMO resonance, E = <ﬁ—1>t (Fig. 3b), Kping(E) is strongly

enhanced, reaching a maximum of 0.34, demonstrating that roughly a
third of the current carried by the frontier orbital circulates around the
hoop rather than flowing solely across the phenylene connected to the
leads. By contrast, the ring current vanishes at £ =+t (Fig. 3g). The
orbital at this energy is strongly localized on the phenylene directly
attached to the electrodes, leading to a broad resonance peak in the
net transmission but contributing no circulating component around
the macrocycle.

Distinctive behavior emerges near doubly degenerate resonances,
which originate from the paired states with wavevectors +k and —k
both satisfying the cyclic boundary condition as discussed above. For
instance, at E ~ 0.843 — 0.844t (Fig. 3e, ), within a very narrow energy
window around this resonance pair, destructive interference causes an
abrupt change of the local current pattern and reversal of the ring
current direction. We discuss the origin of such abrupt energy-
dependent ring current reversal in the Supplementary Method 2.
Beyond these resonances, the relative weight of the ring pathway
varies with energy. Kp;,.(E) can exceed, fall below, or equal T(£). Two
examples occur at £ ~ 0.443¢ and E ~ 0.780¢ (Fig. 3¢, d), where cur-
rent is exclusively through the CPP ring while the contact phenylene is
bypassed, with clockwise (CW) circulation at the former and counter
clockwise (CCW) at the latter.
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Fig. 3 | Energy-dependent local current density maps of [S]CPP junction.
a Energy-dependent transmission function (red) and ring current density circulat-
ing the [SICPP cycle. The ring current can circulate clockwise (CW, yellow) or

counter-clockwise (CCW, blue), depending on energy. Black arrows label the
energy positions of the corresponding local current density maps. b-g Local cur-
rent density maps for [S]CPP junctions at different energies indicated.

Atomistic currents in a gold cycloparaphenylene junction
While the tight-binding model represents a minimal model that
effectively captures the transport trends and provides a detailed
understanding of the underlying mechanisms, it is a vast simplification.
Unless an ab-initio-based parametrization is used, its results cannot
quantitatively be compared with experiments: generic tight-binding
calculations use a very simple basis, which only includes one single p,
orbital per carbon atom and only considers nearest-neighbor hopping.
Consequently, it neglects the contributions of other orbitals, structural
distortions, and long-range electronic couplings. To overcome these
limitations, we now turn to ab initio transport calculations. Unlike the
tight-binding model, a DFT Hamiltonian accounts for the orbital
hybridization and long-range interactions specific of a given molecule
that are critical in radially conjugated, highly curved CPPs. We carried
out the transport calculations for the Au-CPP-Au junction shown in
Fig. 4a within the NEGF framework. The workflow is described in
“Methods”.

As shown in Fig. 4b, the DFT transmission spectrum validates the
basic features we observed in the tight-binding model while introdu-
cing the complexity characteristic of a realistic junction. In the off-
resonant regime near £, transport is predominantly driven by the
HOMO resonance. Such hole-type transport is a typical feature of Au-
contacted m-conjugated systems. We observe the HOMO and LUMO
resonances as singly degenerate peaks positioned at -0.28 eV and
2.16 eV. At energies further away from E, some resonances tend to
group into quasi-degenerate pairs. If the CPP were idealized and highly
symmetric, these states would be degenerate. In DFT, the cyclic sym-
metry is lifted. Both the inter-phenylene structural distortions and the
strong coupling to the electrodes contribute to this effect, broadening
and splitting the degenerate energy levels.

Since the DFT Hamiltonian includes multi-orbital basis sets and
long-range couplings, current flow is not strictly confined through
bonds that link adjacent atoms. Instead, the local current distributes
across a complex network that includes non-nearest-neighbor
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Fig. 4 | DFT local currents in a gold [S]CPP junction. a Geometry of the Au,,-[5]
CPP-Auy, junction used for density functional theory (DFT) calculations. The green
arrow marks the bond between atom 15 and 21 used to monitor the circulating
component. b Energy-dependent source-drain transmission and the local current
density component K5 ,; across the highlighted bond. The red curve shows the
source-drain transmission T g, on the left axis. The yellow and blue curves show the
magnitude of K5 5 on the right axis for clockwise (CW) and counter-clockwise
(CCW) circulation around the [SICPP macrocycle, respectively. Black arrows label
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the energies used for the local current density maps in (c, d). ¢, d Local current
density maps at the energies marked in (b). For clarity, only the two Au atoms
bonded to the [SICPP are shown in green and orange, indicating the source and
drain Au atoms, and components smaller than 10% of the maximum are omitted.
Note that charge conservation is strictly satisfied, and any apparent current
imbalance is a visualization artifact of this 10% cutoff (see Supplementary Fig. 4 for
the complete 0% threshold maps).

pathways. To quantitatively evaluate the circulating current compo-
nent within this network, we extracted the local current element
K15 51 (E) across the C15-C21 bond (as indicated by the green arrow in
Fig. 4a) as a representative probe. Figure 4b shows K5 5 (E), which
changes sign as a function of energy when crossing resonances, con-
firming the reversal of the ring current direction predicted by the tight-
binding calculation. Near the quasi-degenerate states around 3.47 eV,
the magnitude |K5 ,;(E)| exceeds the total source-drain transmission
Tsp(E), confirming that quantum interference can strongly amplify
circulating currents. To visualize this effect, we plot the local current
density maps at two representative energies with amplified circulating
currents, £=3.47 eV and 3.60 eV (Fig. 4c, d). For clarity, current com-
ponents below 10% of the maximum component magnitude in the
corresponding map, and the bulk Au electrode atoms (except for the
adatoms) are omitted. We emphasize that strict charge conservation is
satisfied in the calculations, and the current imbalance in Fig. 4c, d is
just a visualization artifact arising from this 10% threshold. The com-
plete current networks plotted with a 0% threshold, along with maps at
the HOMO and LUMO resonances, are provided in Supplementary
Fig. 4. These maps reveal that there are persistent ring currents flowing
around the entire macrocycle. Furthermore, the DFT calculated maps
clearly show localized current vortices within individual phenylene
units, alongside distinct non-nearest-neighbor current components.
The localized loops arise naturally from the complex intra-ring quan-
tum interference enabled by the full orbital basis and long-range
electronic couplings. We can conclude that ring current signatures are
also clearly seen in the ab initio Au-CPP-Au junction.

To quantify how the electrostatic gating can modulate the local
current distribution and magnetic field in a single CPP junction, we
convert the K(E) into a gate voltage (V,.) dependent local current
network by integrating the Landauer-type formulas Egs. (7) and (8)
given above. A fixed experimentally relevant bias voltage of 100 mV
was applied symmetrically between the two electrodes. Ve
is included as a shift of the electrochemical potential in
the Fermi-Dirac functions, i.e., f5 p(E — eV ,). In practice, gating
the junction across a molecular resonance may alter the
transmission, particularly if the single-particle model breaks down
because of charging, image-charge effects, electron-electron
interactions, and electron-vibrational coupling®*. Within an
interacting Green’s-function description, these effects enter
through self-energy corrections that can shift and broaden
molecule-derived spectral features®**. The phase structure of
the corresponding matrix elements/residues, which determines
constructive or destructive interference between transport
channels, is expected to change more smoothly unless the relevant
molecular symmetry or orbital ordering is modified. We therefore
expect these effects to shift the gate voltage at which the
enhancement occurs and to renormalize the absolute current and
magnetic-field magnitude, rather than eliminate the circulating
current or the field reversal. The near-resonant fields should thus
be regarded as coherent-transport estimates for the design of
single-molecule electromagnets. Notably, coherent many-body
transport in gated molecular devices is well established, as evi-
denced by phenomena such as the Kondo effect®®*. A quantitative
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Fig. 5 | Magnetic field response in a gold fullerene junction. a Geometry of the
Au-Cgo-Au junction used for the calculations, where the electrodes are coupled
across the C¢o molecule to induce chirality. b Energy-dependent source-drain
transmission together with the induced energy-resolved magnetic field density.
Black arrow marks the energy used for the local current density maps in (d).
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¢ Three Cartesian components of the induced energy-resolved magnetic field
density. d DFT local current density map at £=0.76 eV, showing multiple local
current vortices distributed across the fullerene cage. e Calculated magnetic-field
magnitude as a function of gate voltage under a constant 100 mV source-drain
bias at OK.

treatment of this regime would require explicit interacting
nonequilibrium approaches, such as nonequilibrium dynamical
mean-field theory*°, which are beyond the scope of the present
atomistic DFT-NEGF/AITRANSS workflow.

The gate-tunable axial magnetic fields in a single [SICPP junction
under OK and 300K are shown in Supplementary Fig. 5. These cal-
culations show that, in principle, the axial magnetic field could be
boosted as large as 21mT when E; is gated to the nearly doubly
degenerate resonances around 3.47 eV. However, such an electrostatic
gating condition could be difficult to achieve experimentally, since the
effective gate coupling is often limited by electrostatic screening from
the source and drain electrodes**%.

Magnetic fields in a gold fullerene junction
To validate whether our design principles extend to a radially
m-conjugated molecule with a more accessible gating window, we
perform calculations for an Au-Cgp-Au single-molecule junction, as
shown in Fig. 5. Single-molecule C4 devices provide a relevant compu-
tational test case here, because charge transport through such junctions
has been measured experimentally and gate-controlled charge states
have already been demonstrated in single-C¢ transistor devices™ .
The single-C4o junction geometry we considered is shown in
Fig. 5a, and the corresponding source-drain transmission together
with the induced energy-resolved magnetic field density are shown in
Fig. 5b. In the junction, the LUMO resonance appears at ~-0.1 eV above
E ¢, well within an energy range closer to those accessed in gated single-
molecule devices than the higher-energy CPP resonances considered
above. The magnetic field is enhanced near this resonance but not very

strongly, because the LUMO resonance is non-degenerate. In contrast,
at the higher-lying degenerate resonances around 0.76 eV, the mag-
netic field strength is amplified by quantum interference between the
degenerate channels, yielding a -15-fold enhancement relative to the
LUMO peak, which is fully consistent with the mechanism established
using CPPs as prototypes.

Because Cqp is a closed cage rather than a planar ring like the
CPPs, it does not have a unique ring plane that could be used to define
a physically meaningful normal magnetic field component. Accord-
ingly, for C4o, we analyze the full vector magnetic-field response rather
than assigning a single axial component. We therefore plot the three
Cartesian components separately in Fig. 5c, which reveals a rapid
orientation switch of the induced field within a narrow energy window
of -0.01 eV. In Fig. 5d, the DFT-computed local current density map at
0.76 eV exhibits multiple local current vortices distributed across the
cage, generating the enhanced magnetic field. Figure 5e shows the
magnetic field under a constant 100 mV source-drain bias and gate
voltage sweep at 0 K. Given the low-lying LUMO resonance, the cal-
culated magnetic field at E; is around 3.1mT. As the gate voltage
approaches the LUMO resonance, the magnetic field is enhanced to
3.7 mT. After reaching the degenerate resonances around 0.76 eV, the
magnetic field reaches 14.2 mT. This field is notably stronger than a
common refrigerator magnet (-5mT)’.. Compared with the CPP
junction, the key advantage of fullerene is therefore not a qualitatively
different mechanism, but a lower-energy window for the same
calculated interference-driven enhancement. In this sense, the
Au-Cgo-Au calculation provides a test case for the design principles
established above.
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Discussion

In conclusion, we demonstrate the potential of utilizing radially -
conjugated carbon structures as design platforms for effective single-
molecule electromagnets. Using CPP junctions as prototypical sys-
tems, we show that bias-driven transport can contain a substantial
circulating component in addition to the direct source-drain pathway.
Tight-binding, NEGF, and local current calculations show the ring
current is dependent on loop size and the electrostatic gate. NEGF-DFT
calculations on an Au-[5]CPP-Au junction confirm that this ring current
persists beyond the idealized and simplified tight-binding model. We
further show that the same interference-driven design principle also
applies to Au-Cgp—Au junctions, whose lower-lying degenerate reso-
nances make the calculated enhancement less demanding in gate
energy than in CPPs. By evaluating the magnetic field at the C¢o geo-
metric center using the Biot-Savart law, we obtain gate-tunable fields
that reach up to 14.2 mT under a100 mV bias. These findings unveil the
potential of radially -conjugated carbon structures as electronically
tunable, atomically precise sources of nanoscale magnetic flux and
provide a simple method for designing single-molecule devices with
inductive functionality.

Methods

Molecular junction model

Source and drain electrodes were incorporated through non-
Hermitian self-energies, giving the open system Hamiltonian:

Hjunction = Hlsolate + z:S + ZD (9)

where X; and X, are the self-energy terms of source and drain
electrodes, respectively. The electrode coupling matrices were defined
by the anti-Hermitian part of the self-energies,

Tsp =i<ZS,D - ZZ,D) = —2Im[% p| 10)

For the tight-binding calculations, the couplings were treated as
energy independent in the wide-band limit. Each electrode was cou-
pled to a single p, orbital on the contacted linker atom, so the source
and drain coupling matrices were rank-one projectors. The coupling
strengths were set to y = 0.1¢, giving symmetrically and weakly coupled
junctions.

Junction transmission
The retarded Green’s function was calculated as:

o i(Fg+Tp) "
G(E ) = [EI - Hjunction} = {E - Hlsolate + M} (H)

2
The source-drain transmission was then evaluated within the
Landauer-Biittiker formalism as:
TE)=Tr [I'SGI'DG"] 12)
The same coupling convention was used for benzene, [n]CPP, and
para-oligophenylene junctions. Analytical expressions for T (E) were
obtained by keeping ¢ and y symbolic in Mathematica. The full coef-

ficient table and simplification are provided in the Supplementary
Note 2 and Supplementary Table 1.

Local current density
The energy-resolved local current density from atom w to atom v was
evaluated with the lesser Green’s function formalism as

K, (E)=2H,,Im [(G(E)rSGT(E)) ] 13)

vw,

Full derivation details are provided in the Supplementary
Method 2. For the nearest-neighbor tight-binding Hamiltonian, non-
zero local current elements are distributed only on adjacent carbon-
carbon bonds. Ring-current densities were extracted from the K, (E)
elements that traverse the CPP macrocycle. In the current-density
maps, each element is drawn as an arrow on the molecular framework.

First principles transport calculations

The ab initio DFT-based calculations were carried out using the FHI-
aims and AITRANSS packages” 5. We employed the B3LYP hybrid
exchange-correlation functional and accounted for scalar relativistic
corrections to the kinetic energy at the atomic zeroth-order regular
approximation level***2, The calculations utilized standard “light”
numeric atom-centered orbital basis sets with the “first tier” of addi-
tional basis functions enabled. Specifically, the basis set for Au com-
prised the minimal valence functions (6s, 5p, 5d, 4f) augmented by the
active first-tier functions (ionic 6s, 6p, and hydrogenic 3d, 4f). For C,
the minimal basis (2s, 2p) was augmented by hydrogenic 2s, 2p, and 3d
functions. For H, the minimal basis (1s) was augmented by hydrogenic
2s and 2p functions.

We initially relax the geometry of a molecule coupled to a single
Au atom on both sides. Following this optimization, each Au atom was
expanded into a 4-layer Au,, pyramid to model the electrode, as shown
in Fig. 4a in the manuscript. For all subsequent transport calculations,
the junction geometry was kept frozen without any further structural
relaxation.

In AITRANSS, each junction was partitioned into source and drain
electrodes and an extended molecule. Electrode coupling was inclu-
ded through energy-dependent self-energies, and the resulting non-
Hermitian effective Hamiltonian was diagonalized to obtain complex
poles and biorthogonal eigenvectors. The source-injected density
matrix was reconstructed (see Supplementary Method 3) as
P(E)=G(E) §(E)G' (E). The atomic orbital resolved local current density
matrix was then calculated as

14)

K3 (E)=2H)01m [, (E)|

The orbital resolved matrix was aggregated into an atom-resolved
matrix according to

Ko™ (E)=>" > Ku (E) (15)
Hev vew

Here, u and v run over atomic orbitals on atoms v and w, respec-
tively. Finite bias atom-to-atom local currents were obtained by inte-
grating Ko™ (E) with the Fermi-Dirac distribution as in Eq. (7). Unlike in
the nearest-neighbor tight-binding model, the DFT-based Hamiltonian
contains a multi-orbital basis and long-range couplings, so the resulting
local current network is not restricted to adjacent bonds.

Magpnetic field calculation
The atom-resolved local current matrix was converted into a three-
dimensional spatial current network using the optimized atomic
coordinates. For CPP and Co, the observation point was the geometric
center of the carbon backbone. Before applying the Biot-Savart
summation, all atomic coordinates were translated so that the selected
observation point was at the origin. For a current element from atom w
to atom v, the element position was defined as 7,;q = (F, +7,) /2. The
magnetic field at the selected observation point was evaluated with the
discretized Biot-Savart summation:
5_ Ho ryxry,
B=72 ;;I Ly (16)

w S 3
|rmid‘
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Here, I, is the finite-bias current from atom w to atom v, and p is
the vacuum permeability. Current pathways involving Au electrode
atoms were excluded from the summation to isolate the molecular
response.

The CPP plane was determined by principal component analysis
of the carbon positions, and the axial field was obtained by projecting
B onto the corresponding normal vector. For Ceg, the three Cartesian
field components and the field magnitude were evaluated instead of
assigning a single axial component.

Data availability

The data generated in this study have been deposited in the Code
Ocean capsule. The capsule contains the FHI-aims and AITRANSS
output matrices used for post-processing, precomputed cache files,
and optimized atomic coordinate files. These data are sufficient to
reproduce the results reported in the paper.

Code availability

The code used to reproduce the local-current and magnetic-field
analyses is available in the Code Ocean capsule. The capsule includes
Python scripts for post-processing DFT output matrices and Mathe-
matica notebooks for tight-binding calculations and reproducing
visualizations.
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