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ABSTRACT

Quantum interference has been intensively pursued in molecular electronics to investigate and utilize coherent electron transport at the ultra-
small level. An essential type of quantum interference with drastic destructive-constructive switching, known as Fano interference, has been
widely reported in various kinds of nanoelectronics electronic systems, but not yet been electrostatically gating in a single-molecule device.
Here, we fabricate the three-terminal single-molecule transistors based on the molecule with a long backbone and a side group to demonstrate
the gate-controllable Fano interference. By applying bias and gate voltages, the two-dimensional differential conductance map shows the non-
centrosymmetrical Fano patterns. Combined with the electron transport model and the first principles calculations, the resonant parameters
of the Fano interference can unveil the coupling geometry of the junction and the spatial distribution of the resonant states. Our findings pro-
vide an instrumental method to induce and utilize the quantum interference behaviors at the molecular level.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0254457

Quantum interference (QI) at the molecular scale attracts
considerable attention in terms of the quantum theories at the

Fano interference is a specific and essential type of QI that occurs
between a discrete state and a continuous state.”” It is remarkable for
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ultra-small scale and its practical utility in microelectronics.' > The
control of QI has been demonstrated in various kinds of molecular
electronics systems through the design of molecular structures,” '
contact configurations,'’'* or electrical gating.'”'® The molecular
structure determines the paths of electron transport, forming the
basis of QI. The contact configuration to the electrodes influences
the phase difference among electron paths, which is crucial for the
effect of QI. The electrical field introduced by a gate can be used to
tune the energy levels of molecular states, bringing with it the possi-
bility of changing the phase difference that determines the status
of QL

its characteristic asymmetrical resonant profile and drastic destructive-
constructive QI switching. Having been realized in many mesoscopic
electronics devices,” * it is now highly sought after in molecular elec-
tronics, for the demonstration of a typical quantum effect and the
potential applications in conductance controlling and thermoelectric-
ity.*>'7 717> The experimental feasibility of single-molecule elec-
tronic Fano interference has been proved by Zheng et al. using
scanning tunneling microscopy.”' However, the lack of Fano asym-
metrical factor g makes it confusing to understand some important
details of the QI mechanism.”****” This still awaits to be demonstrated
in robust device-oriented single-molecule electronics.
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The problems can be tackled in the single-molecule transistor
(SMT) devices with the schematic as Fig. 1(a). The molecule consists
of a long backbone anchored on the gold leads and an atomic group
hanging on the side of the backbone. This configuration produces a
quasi-continuous state on the backbone and a discrete state on the side
group, which could induce Fano interference.'>"* The energy levels of
the states can be tuned by the gate (V) and the bias (Viq) voltages,
making it feasible to manipulate the Fano interference and present the
two-dimensional interference pattern.”””"

Experimentally, it is hard to prepare such a device because it
requires a well-designed molecular structure to produce the states and
a well-controlled fabrication process to introduce an effective electro-
static field."”***” We synthesize the 2,7-di(4-pyridyl)-9,9'-spirobifluor-
ene (DPSBF) molecule and 2,7-di(pyridin-4-yl)-fluoren-9-one (DPFO)
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FIG. 1. Differential conductance pattern showing Fano resonance of device 1. (a)
Schematic of the SMT device. The molecule has a long backbone anchored on the
leads and an atomic group hanging on the side of the backbone, producing a quasi-
continuous state and a discrete state to realize Fano interference. (b) Experimental
differential conductance (G) maps plotted against the bias voltage Vg4 and the gate
Vy voltage of device 1 at temperature T=3K. (c) G-V, curves extracted from (b) at
V=0mV. (d) Globally optimal fitted results of the G maps, showing consistent
asymmetries with (b). The black and white dashed crossed lines shown on the
maps denote the conditions when er and egyy align with the source/drain levels,
namely, the Fano and BW resonant conditions. The intersection points are degener-
ate points, and their Vg values are indicated by vertical dashed lines. (e) G-V
curves extracted from (d) at V=0mV, correspond to the transmission probability
spectra: the total fitted curve is the sum of a symmetrical BW curve, an asymmetri-
cal Fano curve, and a constant off-resonant value.
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molecule with nitrogen anchor sites on the terminals of the backbone
to make this configuration possible in practical fabrication. The side
groups in DPSBF and DPFO molecules provide the discrete states to
join the Fano interference between the quasi-continuous backbone
states. The devices are fabricated by feedback-controlled electromigra-
tion break junction (FCEBJ) technique.'®"” The process of the device
fabrication is provided in Sec. 1 of the supplementary material.
Moreover, we combine the transport models of Fano interference in
mesoscopic devices”” and in molecular junctions™ to obtain the Fano
factor g, which is crucial to describe the features of the interfered states
and the coupling configurations of the device. These features are all
corroborated by the first principles calculations.

We perform experiments on 3 devices. Devices 1 and 2 are based
on the DPSBF molecule, while device 3 is based on the DPFO mole-
cule. Both molecules consist of a long backbone and a side group, but
the side groups are different in each kind of molecule. In the main text,
we mainly focus on device 1. The detailed results of devices 2 and 3 are
shown in Sec. 5 of the supplementary material.

Figure 1(b) shows the map of differential conductance (G = dI 4/
dVq, where I is the bias current) of device 1 as the functions of V,
and Vg at a fixed temperature 3K. G (V) curves extracted from the
maps when V4 =0 is plotted in Fig. 1(c). The crossing patterns in the
G (Vg Viq) maps and peaks in the zero-bias G (V) curve manifest that
we have accessed and manipulated the molecular orbitals."*** The
obvious noncentrosymmetrical distributions in the G (Vg, Vq) maps
and the asymmetric shapes of the zero-bias G (V) curves differ from
ordinary symmetrical Coulomb Dimond phenomena but can be pro-
duced by Fano interference.”””"**"

The transmission spectrum can be fitted by the Fano
formula:ZZ,Z:'v,} 1,52

E— (&3] 2
( 2 " q) 1
©(E) = Ap 5>+ Apw 5
E—cr 2(E — epw)
+1 —) +1
(F v/ 2) < I'pw )

It is a linear sum of an asymmetrical Fano resonant term, a sym-
metrical Breit-Wigner (BW) resonant term, and an off-resonant term,
where Ay, Agw, and A are the coefficients of the three terms; e and
epw are the Fano and BW resonant levels, respectively; I'r and I'gw
are the Fano and BW resonant widths, respectively; g is the Fano
asymmetry factor. Based on Landauer formalism,”” 7 (E) gives an ana-
lytical solution of G (V,, Viq) at 0K, in which G (Vj, V) is also a lin-
ear sum of a Fano term, a BW term, and an off-resonant term [see Eq.
(S6) in the supplementary material]. The optimal fitting parameters
are listed in Table 1.

The fitted G (Vg Via) map in Fig. 1(d) and the zero-bias G (V)
curve in Fig. 1(e) exhibit the asymmetry consistent with the experi-
ment ones. The Fano term of the zero-bias G (V) curve has an asym-
metric shape with a peak and a dip. Moreover, g = 0.374 corresponds
to a more pronounced dip than the peak. We also observe such Fano
interference patterns in devices 2 and 3, thus proving the reproducibil-
ity of this phenomenon. The fitting parameters of devices 2 and 3 are
also listed in Table I, and their conductance data are provided in Sec. 5
of the supplementary material.

The information in the table includes: The name of the molecule;
the kind of the side group; the coefficients of terms in transmission

+Aoff~ (1)
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TABLE . Fitting parameters of the devices.

Device 1 2 3
Molecule DPSBF DPSBF DPFO

Side group Biphenyl Biphenyl Oxygen

I'r 6.79 = 0.35meV  2.86 = 0.21 meV 4.80 = 0.07 meV
I'pw 1191 £ 0.64meV 578 = 0.45meV 991 = 0.49 meV
Ag 0.093 = 0.0022 0.070 =£0.0038  0.019 % 0.0031
Apw 0.299 = 0.017 0.227 £ 0.0093 0.104 = 0.012
Aofe —0.057 = 0.0017 —0.053 £0.022 —0.012 *0.011

€F — EBW 8.04 £0.36 meV  6.26 = 0.33meV —6.90 = 0.28 meV
q 0.374 £0.013  —0.385 % 0.007 1.87 = 0.022

probability: Ag, Agw, and Ay the Fano and BW resonant widths in
transmission probability: I'r and I'gy; the distance between the Fano
and BW resonant levels: €; — €, = € — €pw; the Fano asymmetry fac-
tor: q.

In addition, we perform experiments at different temperatures to
investigate the temperature response of the Fano interference. Figure
2(a) shows the difference between G at 12 and 3K (G|,x — Gl3x). It
can be found that the value of G increases with the temperature in the
Fano region (red color), distinctly different from that in the BW region
(blue color), strongly confirming the existence of distinct resonant
modes. We then calculate the theoretical results of G at 9 and 12K
when all the transmission parameters are the same as those at 3 K. The
theoretical G|,k — G|sk [Fig. 2(b)] is in good agreement with the
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experimental results in Fig. 2(a). The origin of the positive temperature
response of G near the Fano region can be explained by the evolution
of the dip-dominated Fano line shape.

As shown in Fig. 2(c), the dip-dominated Fano line shape
becomes shallower when the temperature increases, resulting in an
enhancement of G at the degenerate point. Moreover, the values of G
at the Fano degenerate point (Gy) exhibit a linear response with T2
[Fig. 2(d)]. This square law indicates a preserved interference mecha-
nism, which means that the temperature response in G is mainly due
to the variation of the Fermi-Dirac distribution functions of the gold
electrodes™ (see the discussion in Sec. 2.3 of the supplementary
material).

We then analyze the mechanism of this Fano interference behav-
ior. Previous studies have proposed a transport model to describe the
Fano interference in the molecular junction with a long backbone and
a side group.”* However, the Fano form of this model only presents a
dip-peak profile without a g factor, making it difficult to clearly charac-
terize the features of the interfered states. Inspired by the studies of
mesoscopic electronic Fano interference,” * we consider a finite cou-
pling between the side group and the leads, thus introducing the g fac-
tor into the form that relates to the relative intensities and phases of
the two transmission pathways. The detailed derivation of our model
and the comparison between the models are provided in Sec. 3.1 of the
supplementary material.

Here, we briefly introduce our model to characterize the features
of the interfered states and the coupling configurations of the device.
As shown in Fig. 3(a), the molecular backbone directly couples to the
left and right leads, described by the coupling strength ¢, (in energy
unit). In contrast, the side group does not directly couple to the leads

o
[N}
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i 023 =
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FIG. 2. Temperature response. (a) The difference between the experimental G at 12 and 3K (G| 12k—G| 3k)- The regions in red on the maps indicate the value at 12K is
larger than that at 3 K, while those in blue mean it is smaller. The BW crossing is located in the blue region, and the Fano crossing is located in the red region. (b) The theoreti-
cal map of (G| 12k — G| 3x) when 7 remains invariant, showing consistent distribution with (a). (c) Zero-bias G-V curves of the Fano component at different temperatures,
exhibiting a shallower dip-dominated Fano line shape when the temperature increases. (d) The experimental and theoretical values of G at the Fano degenerate point (Gg) are
plotted against the temperature squared 72. The linear relation between G and T? indicates the variation of Fermi-Dirac distribution functions of the gold electrodes when the

temperature increases, but the transmission parameters remain invariant.
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FIG. 3. Mechanism of Fano interference. (a) Models of the device. The states on
the backbone and side group contribute to a transmission pathway. The backbone
state has direct couplings c, to the left and rights leads, while the side state has
indirect couplings ¢, to the leads by the way of the backbone. (b) Transmission
phases plotted against the energy for the side group (¢s) and the molecular back-
bone (¢s,) obtained from the interferometry when Vg =0 and Vg =0.

but can establish indirect couplings c; to the leads by the way of the
backbone. It is natural that ¢, > c,, corresponding to the charge state
contributed by the backbone more sufficiently hybridized with the
leads than that is contributed by the side group. This makes the trans-
mission pathway through the backbone state tends to be a quasi-
continuous state with a larger intensity, a wider broadening, and a less
sensitive phase-energy response than that through the side state.

QI between such a pair of quasi-continuous and discrete states
produces Fano resonance in the transmission spectrum as the forms of
Eq. (1).”” The positions and widths of the resonances are determined
by the levels and broadening of the side and backbone states: e
— epw =€ — €, I'pw=1"p, and I'r=I';. The Fano q factor describes
the relative intensity of the discrete state and the continuum. Here,
combined with the resonant widths and coefficients, it can be used to
characterize the relative strength of the backbone-lead and side-lead

4 AT}
i (9 — ABWZ pw H .
couplings (cs) =g and the phase difference at the Fano reso

nant level: ¢, — ¢,|;_ = arcsin A1

Apw (m)2+1'

T2

The backbone state has a larger broadening than the side one,
agreeing with the quasi-continuous property. The energy level of the
side state is higher than the backbone state in device 1. The value of

(z—f)4 is 70.4, indicating that the backbone-lead coupling is much

stronger than the side-lead coupling. The phases-energy dependences
of the transmission pathways in the range (¢, — I'y/2, €, + I'J/2) are
plotted in Fig. 3(b), and one can see that the phase of the backbone
pathway changes slower than the side pathway, also agreeing with the
quasi-continuous property. The value of ¢, — ¢[z_, = 69.7° is just
the phase of quasi-continuous state ¢qc when ¢,|;_, is set to be zero.
The value of () is 90.8 in device 2 and 6.87 in device 3. The
value of ¢, — |, “is 65.2° in device 2 and 46.4° in device 3. One

ARTICLE pubs.aip.org/aip/apl

can see the results in devices 1 and 2 are relatively close to each other,
while those in device 3 are significantly different. This is caused by the
different side groups. In devices 1 and 2, the relatively large biphenyl
side group in the DPSBF molecule contributes to a relatively indepen-
dent side state from the backbone one. While in device 3, the small
oxygen side group is closely attached on the backbone, contributing to
the side state overlaps a lot with the backbone one. The side and back-
bone pathways are relatively separated in devices 1 and 2, while are rel-

4
atively overlapped in device 3. Therefore, the values of () and

¢y — ¢l that reflect the difference between the side and backbone
pathways are larger in devices 1 and 2 than in device 3.

We implement first principles calculations (see further details of
the calculation setting that are shown in Sec. 4 of the supplementary
material) to understand the mechanism of the Fano interference phe-
nomena and the characterized features in depth. We first investigate
the molecular orbital characteristics of the bare molecule, shown in
Fig. 4(a), with a focus on the levels closest to the Fermi energy of the
gold leads. The lowest unoccupied molecular orbital (LUMO) level
contributes to a quasi-continuous state that extends from one nitrogen
anchor to the other one through a 7 state of the molecular backbone,
while the LUMO + 2 level contributes to a discrete state that concen-
trates on the biphenyl side group. These correspond to a quasi-
continuous transmission path with a large broadening I';, and a strong
coupling ¢, than the side one. Although these two states are not neigh-
bored to each other for the bare molecule, they can be closed enough
to induce Fano interference when the molecule is connected into the
junction due to the hybridization of the states.

We then perform NEGF-DFT simulations to assess the conduc-
tance within the device architectures illustrated in Fig. 4(b). We calcu-
late the transmission spectrum of the device shown in Fig. 4(c) in
which the dashed box marks the range related to the Fano interference
we concern about. Integrating the calculated spectrum, we obtain the
calculated zero-bias conductance as the function of the gate voltage,
plotted in Fig. 4(d). This result shows an asymmetrical curve that
aligns finely with the experimental result depicted in Fig. 1(c). The
result is decomposed using Eq. (1), corresponding to the curves dis-
played in Fig. 4(e) with the parameters,

I'y =4.243meV, Iy = 4.243meV,
eg —eBW = 2.55meV, and ¢ =0.803.

The relative positions of the BW and Fano components and the
magnitudes of the g factors show a high degree of consistency with the
experimental data.

In summary, we construct SMTs based on the molecule with a
long backbone and a side group to gate Fano interference. By applying
bias and gate voltages, we observe noncentrosymmetrical patterns of
the differential conductance, which are finely fitted by ordinary Fano
formula with the g factor. The experiments in different temperatures
and different devices prove the robustness and reproducibility of such
behavior. Based on a promotion of the previously reported transport
model, the mechanism can be interpreted by the QI between a quasi-
continuous transmission pathway through the backbone and a discrete
transmission pathway through the side group. The ¢ factor and other
parameters help us to characterize the features of the interfered states
and the coupling configurations. First principles calculations confirm
the existence and features of the interfered states and prove that these
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FIG. 4. The corroboration of Fano interference by first principles calculations. (a) Energy levels of the bare DPSBF molecule, and the spatial distribution of the states involving
Fano interference. (b) Schematic of the simulated device. (c) Calculated transmission spectrum of the device. The range related to the Fano interference is marked by the
dashed box, whose details are illustrated as the inset. (d) Calculated zero-bias conductance G as the functions of the gate voltages V. (€) BW and Fano components of fitted

calculated conductance using Eq. (1) as the functions of the gate voltages V.

states can induce the asymmetrical Fano signals we observe in the
experiments. As a result, our findings demonstrate an essential type of
QI in three-terminal molecular devices, showing an instrumental
method to observe, manipulate, and utilize the QI effect at the ultra-
miniatured scale.

See the supplementary material for the preparation of the mole-
cules and the devices, the derivation of the transport model, the details
of the data fitting, the differential conductance data of devices 2 and 3,
and the methods for the first principles calculations.
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