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Gate-Controlled Quantum Interference Effects in a Clean Single-Wall
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The precise control and deep understanding of quantum interference in carbon nanotube (CNT) devices
are particularly crucial not only for exploring quantum coherent phenomena in clean one-dimensional
electronic systems, but also for developing carbon-based nanoelectronics or quantum devices. Here, we
construct a double split-gate structure to explore the Aharonov-Bohm (AB) interference effect in individual
single-wall CNT p — n junction devices. For the first time, we achieve the AB modulation of conductance
with coaxial magnetic fields as low as 3 T, where the flux through the tube is much smaller than the flux
quantum. We further demonstrate direct electric-field control of the nonmonotonic magnetoconductance
through a gate-tunable built-in electric field, which can be quantitatively understood in combination with
the AB phase effect and Landau-Zener tunneling in a CNT p — n junction. Moreover, the nonmonotonic
magnetoconductance behavior can be strongly enhanced in the presence of Fabry-Pérot resonances. Our
Letter paves the way for exploring and manipulating quantum interference effects with combining magnetic

and electric field controls.
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Owing to their specific electronic structures and proper-
ties, carbon nanotubes (CNTs) have offered an attractive
platform to explore intriguing quantum phenomena in one-
dimensional (1D) electronic systems, as well as for the
development of quantum computing devices and integrated
circuits [1-8]. Depending on the chirality, CNTs can
exhibit either metallic or semiconducting behavior charac-
terized by the energy gap E, between conduction and
valence bands. The cylindrical geometry of a CNT provides
a unique structure for enabling the tunability of the energy
spectrum with a magnetic field B parallel to the tube axis
due to the Aharonov-Bohm (AB) effect [9]. This provides
an additional dimensionality to modulate the electronic
properties of CNT devices. As illustrated in Fig. 1(a), the
AB phase tunes the quantized line-cut of the Dirac cone
along the k| direction in k space, resulting in the change of
E,, AE, = 2hv®/RD [9]. Here, & is the reduced Planck
constant, v is the group velocity, ® is flux resulting
from BH’ R is the radius of the CNT, and ®, is the quan-
tum flux. Thus, the application of B| would result in a
®,-periodic modulation of the energy gap, causing the
corresponding response of conductance. However, the
observation of this phenomenon requires ultrahigh mag-
netic fields to reach one flux quantum ®, such as 50 T for a
CNT with 10 nm diameter, being challenging to achieve
experimentally [10].
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AB interference magnetoresistance oscillations in indi-
vidual CNT were first observed in large diameter multi-
walled carbon nanotubes (MWCNTSs) [11]. However, it has
been a long-standing controversy in the context of the role
of the inner CNTs and the interplay between band structure
and quantum interference in the diffusive regime [12-14].
In the Coulomb blockade regime, flux modulation of the
energy spectrum and orbital magnetic moments of nano-
tubes have been investigated by using single electron
tunneling transistors [15,16]. Furthermore, Cao et al
[17] considered the effect of By on interference pattern
for single-walled carbon nanotubes (SWCNTSs) in the
ballistic regime. Despite these investigations, the direct
electrical control of the AB effect and strong magneto-
response at low field in CNT devices remain challenging to
achieve. Experimentally, by means of Schottky barriers
(SBs) formed at the interface between electrodes and nano-
tube, the conductance exhibits a modulation with fields
[10,18,19]. This band bending profile at the interface is
usually determined by the work functions of the contact
metal and band structure of nanotube, indicating nearly a
fixed SB once the device is fabricated. Moreover, the width of
SB is only roughly modulated by the potential, limiting the
research of the device transport and physical mechanism in a
controllable manner.
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FIG. 1. (a) Energy spectrum of CNT in parallel magnetic field B
near the Dirac cone. (b) Schematics of the double split-gate device
geometry. (c) False-colored SEM image of a representative
device. The individual nanotube (gray) is contacted by Pd/Au
electrodes (orange) with side gates (brown). Scale bar is 100 nm.
(d) Schematic of the potential profile along the channel controlled
by Vi and V, illustrating the formation of the p — n junction.
Landau-Zener tunneling exists in a CNT device under a
given bias.

Andreev proposed theoretically a band tunneling model
in the CNT p —n junction, in which the conductance
modulations can be sensitive to the variation of E, through
the AB effect. Depending on the built-in electric field E;,
across the junction, the conductance can be tuned by the
joint effect of the Landau-Zener tunneling process and AB
interference, according to the following relation [20]:
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where j is the different valleys, A is the energy gap at zero
magnetic field (4 from the full energy gap). As a result, a
flux modulated magnetoconductance can be achieved at
lower field. So far, most AB-modulated transport experi-
ments in SWCNT were still limited in very high magnetic
fields, and there is not yet an experimental demonstration of
the gate tunable AB effect in a clean CNT device.

In this Letter, we report a low-temperature magnetotran-
sport study in individual CNT p —n junction devices.
Being different from the global bottom gate devices in
previous works, we design a double split-gate structure to
construct an adjustable p — n junction, as depicted sche-
matically in Fig. 1(b). The potential distribution along the
channel can be controlled with electrostatic gates, allowing
the tunability of electric field across junctions. We observe
amodulation of the conductance in parallel magnetic fields,
which can be tuned by means of gate voltages. Further
angle-dependent measurements provide unambiguous

evidence that the observed magnetotransport phenomena
is originated from the effect of magnetic flux on the
electronic band structure. In addition, we find that the
nonmonotonic magnetoconductance response is enhanced
due to the presence of Fabry-Pérot resonances.

In this study, CNTs were first grown on Si/SiO,
substrates by means of chemical vapor deposition
(CVD) method [21-23]. The diameters of the CNTs range
from 1.5-5.5 nm, determined from atomic force micro-
scope (AFM) height profile (Fig. S1 [24]). Two Pd/Au
contact electrodes were defined on the top of the tubes
using standard electron-beam lithography and electron-
beam evaporation. Finally, four Ti/Au gate electrodes were
deposited on the side of the CNT and aligned in pairs to
enhance the gate efficiency. Figure 1(c) shows a represen-
tative scanning electron micrograph (SEM) of a fabricated
device. The distance between the gates and nanotube is
varied between 50 and 150 nm. The four CNT devices
presented here are all the small gap nanotubes, confirmed
by the fitting of the transfer characteristics data using a
Landauer model (see Sec. I in the Supplemental Material
[24]) [25-28]. During the measurements, the voltages were
applied to the split gates to tune the electrostatic potentials
on the tube. The structural parameters of the devices can be
found in Table I of the Supplemental Material [24]. The
electrical transport measurements were performed at a base
temperature of 1.9 K equipped with a rotating probe. The
magnetic field was applied along the nanotube axis, except
for the angle-dependent magnetotransport measurements.

In Fig. 2(a), we display the device conductance as a
function of V; and V . It can be seen that this conduct-
ance map exhibits a skewed pattern, dividing into four
distinct regions. By employing a double split gate structure,
we can achieve independent control of carrier density in
two adjacent regions. As both V;; and V , are applied with
opposite polarity (V,; x V5, < 0), the average conductance
of the device is lower than that at the region applied with
the same polarity (V; * V, > 0), indicating the formation
of a p — n junction. The conductance fringes in the figure
indicate the existence of the interference-enhanced reso-
nances near the junction region as will be discussed later.

Having established the split gates-controlled p —n
junction in our CNT device, we now focus on the
magnetotransport behavior of the CNT p —n junction.
Figure 2(b) shows the evolution of magnetoconductance
(MC) for various intensities of the built-in electric field E;,
near the p — n boundary region. The measurement points
of gate voltage are indicated by colored marks on the
conductance map in Fig. 2(a). The strength of E;, can be
tuned by the difference between V, and V, and the
rainbow-colored arrow denotes the enhancement of Ej,.
With the increase of the magnetic field from zero, the
conductance starts to rise, showing a positive MC, and
reaches a maximum at a certain magnetic field. This
nonmonotonic behavior is observed for the overall MC
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FIG. 2. (a) Conductance G as a function of V,; and V, at
B=0T and T =3.2 K. Labels denote the charge carrier
configuration of the four quadrants defined by split gates.
(b) Magnetoconductance traces for different gate voltages,
located near the p —n boundary region and indicated by the
colored lines in (a). With increasing built-in electric field E;,, the
magnetoconductance peak moves towards lower magnetic fields.
Inset: Temperature evolution of nonmonotonic magnetoconduc-
tance. The red line represents the fitting to Eq. (1). (¢c) E;,
dependence of calculated magnetoconductance based on the band
tunneling model. The hollow circles mark the magnetic field
position B, of conductance maximum. (d) / — V characteristics in
a p —n junction region at various temperatures. Inset: a fit of
typical /7 —V curve based on the model of Landau-Zener
tunneling.

curves in the vicinity of the p — n configuration region.
With increasing E;,, the field positions of these MC peaks
shift gradually to lower field from 4.5 to 3 T, as indicated by
arrows. The same phenomenon can be seen in other devices
shown in Fig. S4 [24]. This nonmonotonic MC behavior is
highly unusual for 1D conductors. Most previous experi-
ments on CNT devices have observed a monotonic
dependence of conductance with field over this low-field
range, where the magnetic flux penetrating the nanotube is
much smaller than the flux quantum [18,19]. Since the
conductance of our individual CNT-based devices is greater
than 10 pS, the observed MC behavior cannot also be
attributed to a resonance effect caused by the magnetic
field-modulated energy level shift in the double quantum
dots [8].

The inset of Fig. 2(b) presents the MC at various
temperatures. The overall conductance gradually increases
with rising temperature, while the peak in MC around 6 T
stays nearly unchanged up to ~10 K. Similar evolution of
MC with temperature has been reported before in CNTs,
and been related to the effect of spin-orbit interaction (SOI)
for small diameter nanotubes [29]. However, such a SOI
scenario is inconsistent with our results, which shows a

nearly unchanged position of conductance peak at low
temperature and then a monotonic positive MC developed
at high temperature. Based on the gate-induced p —n
junction and related features of magnetotransport behavior,
here we propose that the nonmonotonic MC can be
understood in terms of an interplay between tunneling
through the junction and magnetic flux-induced modula-
tion of the electronic band structure. In the presence of the
p — n junction, a tilted potential imposed by split gates is
built with the width of xy = E,/eE;,. When the barrier
thickness of junction is thin enough, the Landau-Zener
tunneling process across the junction can be enabled under
the biasing condition, and contribute significantly to the
device conductance as illustrated in Fig. 1(d).

Andreev has considered the effect of the magnetic field
on the Landau-Zener tunneling process in a clean nanotube
p — n junction, and predicted a nonmonotonic MC for
small gap tubes [20]. Similar nonmonotonic band gap
dependence of tunneling current has also been revealed
previously in the theoretical study of nanoribbon p —n
junctions by considering the band structure and 1D
quantum confinement effect in carbon-based nanostruc-
tures [30]. In such a scenario, the Landau-Zener tunneling
probabilities through junction are strongly dependent on E,,
and E;,. At given E;,, the observed magnetic field depend-
ence of conductance can be understood in terms of the
variation of E, owing to the unidirectional shift of the
momentum of electrons by B|. Considering the effect of Ej,
on the junction conductance, the potential induced by
gating is assumed to be smooth and linear for simplicity
[20]. Figure 2(c) demonstrates the calculated conductance
at various E;, from Eq. (1). Obviously, the enhancement of
the E;, can drift the characteristic magnetic field B, for
conductance maximum to the lower field, which is con-
sistent with our experimental results shown in Fig. 2(b).
The influence of R and A, is also shown in Fig. S5.
Interestingly, even a little change in E;, as small as
0.01 mV/nm can result in a significant variation of B,,
significantly enhancing the magnetic response of conduct-
ance. The origin of this effect is that the AB phase acts not
only on the energy gap by E, = Ay & 2Av®/R®d, but also
on the effective length of the Zener tunneling by
xo = E,/eE;,. Therefore, a nonmonotonic magnetocon-
ductance response can be achieved in this Letter at a much
lower magnetic field by manipulating AB interference
effects with combining magnetic and electric field controls.

Because of the competition between thermal activation
and tunneling process, the temperature regime for the
appearance of nonmonotonic MC is given in the form, 7' <
eE; R [20]. Therefore, we can estimate the characteristic
temperature scale 7 ~ 9.5 K from the fitting to Eq. (1),
being consistent with the observed temperature evolution of
MC, as shown in the inset of Fig. 2(b). A similar effect of
the flux on electronic band structure has been also
demonstrated in terms of the field dependent SBs [19].
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FIG. 3. (a) Magnetoconductance for different titled angles 6.
The traces are vertically offset for clarity. (b) The variation of
magnetoconductance AG = G(B) — G(0), plotted as a function
of axial field, B = Bcos®. The peak position of magneto-
conductance is found only related to the parallel component of
the field. Inset: Schematic of the measurement configuration.

To experimentally fulfill the tunneling potential,
they set the measuring point of the devices near the
Dirac point, where the injection current dominates the
transport. Being distinguished from these studies, the AB-
modulated conductance in our devices occur in the doping
regions away from the Dirac point. The split-gate geometry
allows us to effectively modify the local doping and realize
electric control of magnetotransport behavior in CNT
devices, compared to other studies using conventional
FET structure (summary in Table II and benchmarking
in Fig. S6 of Supplemental Material [24]).

Figure 2(d) shows the current-voltage / — V character-
istics in a p — n junction region at various temperatures. At
high temperatures, the / — V curves are linear with nearly
Ohmic characteristics. With decreasing temperatures below
100 K, the I — V behavior becomes apparently non-linear
at low bias and develops a weak rectifying behavior, a
characteristic of Landau-Zener tunneling. As discussed
above, we study the devices with small gap tubes in order
to amplify the effect of built-in electric field, which can
explain the observed weak rectification characteristic.
Thus, the thermal excitation dominates the transport and
shunts the tunneling mechanism as k3T ~ E, leading to the
disappearance of nonlinear / — V and nonmonotonic MC at
high temperatures. We model the p — n junction by calcu-
lating the tunneling probability based on the Wentzel-
Kramer-Brillouin (WKB) approximation [30-32]. The inset
of Fig. 2(d) shows a fit of typical /[ —V curve, which
corroborates our experimental data and confirms the occur-
rence of Zener tunneling in the CNT devices (for details, see
Sec. II of the Supplemental Material [24]).

In order to verify the observed nonmonotonic MC
originating from the AB phase, we have carried out the
angle-dependent measurements. Figure 3(a) displays a
series of MC curves for Dev. II at different angles from
the same cooldown, taken at 7 = 1.9 K. The angle 6 is
defined as the tilt angle between the magnetic field and the
axial direction of the CNT shown in the inset of Fig. 3(b).
As can be seen, when the magnetic field is titled toward
the normal direction, the peak of MC gradually moves to
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FIG. 4. (a) Color scale plot of dI/dV as a function of V and
Vg1, taken at fixed V = =2.5 Vand T = 2.9 K. The spectros-
copy exhibits a typical checkerboard pattern for the FP interfer-
ence. (b) Magnetoconductance traces obtained at different gate
voltages corresponding to colored circles in the inset. Inset:
Conductance as a function of V ;. The red dotted circles indicate
the resonance peaks associated with the appearance of the
nonmonotonic magnetoconductance. (c¢) Calculated differential
of total transmission coefficient T, and magnetic field B as a
function of B and Ej,. The red line is dT/dB = 0, namely, B,.
(d) Calculated transmission coefficient of the CNT device,
showing an enhancement near the Fermi level in the presence
of Zener tunneling. Inset: The transmission coefficient is strongly
modulated by varying the length of the doping region.

the higher field. When the magnetic field is applied
perpendicular to the CNT (6 = 90°), the MC remains
nearly unchanged up to B =8 T, indicating that the
vertical field has a negligible effect on magnetotransport.
In Fig. 3(b), we plot the variation of conductance AG as a
function of the parallel component of magnetic field. It can
be found that the MC peaks appear at the same magnetic
field intensity, while the curve coincides with the others
at low fields. Such angle dependence of MC provides
unambiguous evidence that only the parallel magnetic field
associated with the AB phase contributes to the non-
monotonic magnetotransport behavior, rather than other
directionally independent magnetic effects such as weak
localization or Zeeman effect. The same angle dependent
MC measurement for Dev. I is shown in Fig. S9.
Finally, we investigate the magnetotransport behavior in
the Fabry-Pérot (FP) interference regime. Figure S10 shows
the conductance as a function of V5, at varying temper-
atures and zero magnetic field. As can be seen, the
conductance exhibits clearly quasiperiodic oscillations with
gating. Considering the high value of conductance (~e?/h)
for our devices, the observed oscillation features can be
understood by phase-coherent transport within the nano-
tube, leading to resonances in transmission due to quantum
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interference. In Fig. 4(a), we display a color scale plot
of differential conductance dI/dV as a function of bias
voltage V and V ;. The transport spectroscopy exhibits a
checkerboardlike pattern, which is characteristic of FP
interference in 1D ballistic conductors [33,35-37]. From
the quantitative analysis of the observed FP resonance (see
Sec. I in Supplemental Material [24]), the spatial length of
interference &~ 200—400 nm is in good agreement with the
geometrical length of gate electrodes. With the double-gate
geometry, we can tune the spatial length of FP interference
from 100 to 230 nm by varying V, at fixed V.

Figure 4(b) displays the representative MC traces taken
at indicated gate voltage points in the inset in which the
conductance exhibits FP oscillations. We can find that the
feature of MC modulation significantly depends on the
resonant states. The nonmonotonic MC is observed only at
the gate voltages where the conductance exhibits a resonant
peak, whereas the MC evolves monotonically as the gate
voltages move to off-resonance positions. The magnitude
of AG depends also strongly on gate voltage. These results
suggest that the nonmonotonic MC could be enhanced in
the presence of the resonant transport through junction. So
far, most reported studies have demonstrated the AB-
related transport phenomena outside the FP region [13—
15,18,20]. Our result is also significantly different from the
work of Cao et al., in which the MC modulations at the FP
resonance are monotonous at low fields, namely, beating
effect [17]. We also observed similar FP beating effect in
the regime where there is no formation of the p —n
junction, while no nonmonotonic MC was observed, as
shown in Fig. S13 [24].

In such CNT p — n junction devices, the junction region
not only acts as the tunneling barriers, but also introduces a
potential step for partially transmitting interface forming FP
cavity. For deep analysis, we generalized Andreevs model
using multichannel Landauer-Buttiker formalism and §
matrices [17,33], where we consider the effect of SOI and
FP interference (for details see Sec. IV of the Supplemental
Material [24]). We reproduce the experimental data and the
simulation result that B, decreases with the enhancement of
E;, in Fig. 4(c). Moreover, a damping oscillation character-
istics of B, as a function of V, with the same period of FP
interference can be found shown in Fig. S14 [24].
Therefore, we demonstrate that the presence of FP inter-
ference may significantly affect the magnetic response of
conductance due to the AB effect, which goes beyond
Andreev’s model. As gate voltage is located at the resonant
position, the electron wave propagates back and forth
through the p — n junction interface, where the tunneling
probability across the junction is largely increased. As a
result, one would expect an enhanced transmission due to
constructive interference, amplifying the MC response. The
MC response enhanced by the presence of FP interference
is also demonstrated in Fig. S16 [24], where B, decreases
as the V, is close to the resonant peak in one FP period. To

demonstrate resonant modulated tunneling, we performed a
simulation of individual CNT in the presence of doping
region based on non-equilibrium Greens function approach
and the density functional theory (NEGF-DFT) [34], as
shown in Fig. 4(d). Compared to the intrinsic CNT device,
the transmission coefficient near the Fermi level is found
to be largely increased by an order of magnitude in the
presence of Landau-Zener tunneling through p — n junc-
tion. In order to model the resonant modulated transport
behavior, the transmission spectrum is calculated with the
variable length of n-type doping region and given length of
the whole device (for details see Sec. V of the Supplemental
Material [24]). As shown in the inset of Fig. 4(d), the
transmission coefficient exhibits an oscillating feature with
the length of doping region varied by 2 orders of magni-
tude. These results confirm that FP resonance can enhance
the transmission of Landau-Zener tunneling in CNT p —n
junction. We also note that a characteristic zero-bias peak
(ZBP) structure from the bias dependence of dI/dV was
also found at the gates where the nonmonotonic MC occurs
shown in Fig. S9 [24]. The formation of ZBP indicates the
presence of resonant states, which is further evidence of
enhanced transmission coefficients.

In summary, we have demonstrated electrical control of
the magnetotransport behavior in clean CNT p — n junction
devices. By using a double split-gate geometry, we realized
gate-tunable CNT p — n junctions and observed for the first
time the Aharonov-Bohm modulation of conductance at
low magnetic fields where the flux is much smaller than the
flux quantum. The dependence of nonmonotonic magneto-
conductance on the built-in electric field and temperature is
in qualitative agreement with theoretical prediction.
Moreover, we find that the presence of Fabry-Pérot
resonances further enhances the magnetic response of
conductance. Our Letter not only opens a new way of
exploring the quantum interference effect by combining
magnetic and electric field controls in 1D electronic
systems, but also enables the development of novel
electromagnetic CNT devices.
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