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We report the observation of an intriguing behavior in the transport properties of nanodevices operating
in a regime between the Fabry-Pérot and the Kondo limits. Using ultrahigh quality nanotube devices, we
study how the conductance oscillates when sweeping the gate voltage. Surprisingly, we observe a fourfold
enhancement of the oscillation period upon decreasing temperature, signaling a crossover from single-
electron tunneling to Fabry-Pérot interference. These results suggest that the Fabry-Pérot interference
occurs in a regime where electrons are correlated. The link between the measured correlated Fabry-Pérot

oscillations and the SU(4) Kondo effect is discussed.
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Electron interactions and quantum interference are
central in mesoscopic devices. The former are due to the
electronic charge and give rise to many-body effects; the
latter emerges due to the wavelike properties of an electron.
Resonant ballistic devices with a few conduction modes
and moderate coupling to electrodes are sensitive to both of
these electronic properties. On one hand, quantum inter-
ference between electron waves backscattered at the boun-
daries between the mesoscopic system and the metallic
electrodes gives rise to resonant features in the trans-
mission, analogous to the light transmission in an optical
Fabry-Pérot cavity [1]. On the other hand, if the electron
spends enough time in the mesoscopic device before being
transmitted, Coulomb repulsion can also become impor-
tant, giving rise to Coulomb blockade and single-charge
tunneling effects [2]. Despite considerable efforts, the
interplay between electron interactions and quantum inter-
ference remains poorly understood from both an experi-
mental and a theoretical point of view due to the
many-body character of the problem. This is the topic of
the present Letter.

Carbon nanotubes (CNTs), semiconducting nanowires,
and edge channels of the quantum Hall effect are ideal
quasi-one-dimensional (1D) systems to study both electron
correlations and quantum interference. In fact, various
many-body effects, including Coulomb blockade [3-5],
Wigner phases [6-9], and Kondo physics [10-21], as well
as Fabry-Pérot and Mach-Zehnder oscillations resulting
from electron interference [22—-28], have been observed in
these multimode 1D systems. It is possible to switch from
interaction- to interference-governed transport regimes by
tuning the tunnel couplings at the interface between the
wire and the electrodes, I'g and I'p, for the source (S) and
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drain (D) electrodes. Which transport regime dominates
crucially depends on how large the tunneling broadening
Al' = i(['s + T'p) is compared to other energy scales, in
particular, to the charging energy E, being the electrostatic
cost to add another (charged) electron to the wire [29]. In
the so-called quantum dot limit, characterized by A" < E,
tunneling events in and out of the wire are rare and
Coulomb charging effects are dominant. They give rise
to Coulomb blockade phenomena and incoherent single-
electron tunneling in the regime Al < k3T < Ec. By
decreasing temperature, one expects coherent single-elec-
tron tunneling for kzT ~ Al < E, where the width of the
Coulomb peaks is determined by I'; at even lower temper-
atures, when spin-fluctuations become relevant, the Kondo
effect emerges as the dominant transport mechanism. In the
opposite limit of large transmission, A" > E, interference
effects give rise to the characteristic Fabry-Pérot patterns,
which can be easily calculated from a noninteracting
single-particle scattering approach [22]. The focus of this
Letter is the intermediate transmission regime Al ~ E- >
kT when no clear hierarchy of energy scales exists.

An experimental hallmark of both interaction- and
interference-dominated transport is the modulation of the
conductance when sweeping the electrochemical potential,
that is, by varying the gate voltage V. In the incoherent
tunneling regime, the alternance of single-electron tunnel-
ing and Coulomb blockade physics results in finite con-
ductance peaks with a period in V, of about e¢/C, [2],
where —e is the (negative) electron charge, and C,, is the
capacitance between the nanotube and the gate electrode;
see Fig. 1(a). In contrast, in the interference-dominated
regime, the conductance modulation of the Fabry-
Pérot oscillations arises from the electron wave phase
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FIG. 1. Schematics of the device and low-temperature transport

characteristics. (a) The three-terminal device with a suspended
CNT contacted to source (), drain (D), and gate (G) electrodes.
(b) Gate voltage dependence of the conductance at zero-source-
drain voltage of device I at T = 15 mK. An oscillating voltage
with amplitude smaller than kzT/e is applied to measure the
differential conductance.

accumulated during a round trip along the wire. The
presence of valley and spin degrees of freedom in CNTs
gives rise to interferometers with oscillation period AV, =
de/C, [22].

In this Letter, we improve the quality of nanotube
devices to an unprecedented level. We discover a crossover
of the conductance oscillation period between e/C, and
4e/C, upon sweeping temperature. Above liquid helium
temperature, the period is e/C, with oscillation amplitudes
pointing to coherent single-electron tunneling in an open
quantum dot configuration. At low temperature, the period
becomes 4e¢/C,, and the oscillations feature typical char-
acteristics of Fabry-Pérot interference. These unexpected
data are a clear signature of the interplay between inter-
action and quantum interference.

Experimental results.—We grow nanotubes by chemical
vapor deposition on prepatterned electrodes [30]. The
nanotube is suspended between two metal electrodes;
see Fig. 1. We clean the nanotube in the dilution fridge
at base temperature by applying a high constant source-
drain voltage V for a few minutes (see Sec. I of the
Supplemental Material [31]). This current-annealing
step cleans the nanotube surface from contamination
molecules adsorbed when the device is in contact with
air. The energy gap of the two nanotubes discussed in this
Letter is on the order of 10 meV (for details, see the
Supplemental Material [31]). The length of the two
suspended nanotubes inferred by scanning electron micros-
copy (SEM) is about 1.5 um.

Figure 1(b) shows the modulation of the differential
conductance G of device I as a function of V, in the

hole-side regime at 15 mK. Rapid conductance oscillations
are superimposed on slow modulations. Since the conduct-
ance remains always large, that is, above e?/h, we attribute
the rapid oscillation to the Fabry-Pérot interference with
period in gate voltage being AV, =4e/C,. The slow
modulation may be caused by the Sagnac interference
[25,26], the additional backscattering due to a few residual
adatoms on the CNT, the symmetry breaking of the
electronic wave function by the planar contacts of the
device, or any combination of these (for further discussion,
see Sec. I and IT A of the Supplemental Material [31]).

A crossover to a regime dominated by the charging effect
in an open interacting quantum dot is observed upon
increasing temperature. Specifically, by sweeping the
temperature from 15 mK to 8 K, the amplitude of the
oscillations gets smaller. Further, the oscillation period gets
four times lower, changing from 4¢/C,at 15 mKto e/C, at
8 K; see Figs. 2(a) and 2(c)-2(e). The period in V,, is
calibrated in units of e/C, using the measurements in the
electron-side regime, where regular Coulomb oscillations
are observed at 8 K, as shown in Fig. 2(b). The same
behavior is observed in device II; Figs. 3(a) and 3(b). The
4e/C,, oscillations vanish at ~3 K in both devices, whereas
the e/C, oscillation amplitude is suppressed to almost zero
below ~1 K in device I and below ~0.1 K in device II; see
Figs. 2(f) and 3(b).

Our interpretation of a temperature-induced crossover
between two seemingly distinct transport regimes is con-
firmed by measured maps of the differential conductance as
a function of source-drain and gate voltages at T = 15 mK
and 7' = 8 K, as shown in Figs. 4(a) and 4(d), respectively.
The low-temperature data feature the regular chess-board-
like Fabry-Pérot interference pattern [22], while the
high-temperature data show smeared Coulomb diamonds.
Such measurements further allow us to extract important
energy scales for our device. The characteristic bias
V?, indicated by the arrow in Fig. 4(a) yields a single-
particle excitation energy AE = eV}, ~1.7 meV. This
value is consistent with what is expected from a nanotube
with length L ~ 1.5 ym. Assuming the linear dispersion
e(k) = hvgk, with longitudinal quantization k, = nz/L
and the Fermi velocity vp = 10°m/s, it yields
AE = e(k, ) — €(k,) = hvgn/L ~ 1.4 meV. The charg-
ing energy is estimated from the charge stability diagram
measurements at 8 K, Fig. 4(d); from the Coulomb
diamond, indicated by the dashed lines, a charging energy
E-~3.6 meV is extracted. Further, we estimate A" ~ E¢
because of the strong smearing of the diamonds in Fig. 4(d)
and the weak conductance modulation at 8 K in
Fig. 2(a). The energy hierarchy in our experiment is
thus Eqc ~ Al' >~ AE > kpT.

The evolution of the 15 mK conductance oscillations as a
function of the source-drain bias shows that both oscil-
lations coexist over a large bias range, albeit with modu-
lated strengths; see Figs. 4(a)—4(c). The main trend is that
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FIG. 2. Temperature-induced crossover from an interference-dominated to a charging-controlled regime in device I. (a),(b) Oscillations
of the conductance G versus gate voltage V, in the hole- and electron-doped regimes. (¢) Evolution of the oscillation period for a
series of different temperatures. The range of V, shown in this figure is highlighted in panel (a) by a dashed rectangle. (d) Temperature
dependence of the conductance associated with a peak and a dip, as indicated by arrows in (c). (e) Fast Fourier transform (FFT) of the
Gt (V) traces at 15 mK and 8 K measured for V,, between -1.0 V and -0.3 V. (f) Temperature dependence of the FFT amplitude
associated with the 4e/C, period oscillations and the e/C, period oscillations.

the oscillation period changes from 4e/C, at zero bias to
e/C, at high bias. By contrast, the evolution in the
perpendicular magnetic field shows that the conductance
peaks are split in two, with the splitting in gate voltage
being linear in magnetic field; see Figs. 3(c) and 3(d).
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FIG. 3. Measurements on device II. (a) Conductance traces for
a series of different temperatures. (b) Temperature dependence of
the FFT amplitude associated with the 4¢/C, and the e/C, period
oscillations. (c¢) Conductance traces for different perpendicular
magnetic fields at 15 mK. (d) Peak splitting as a function of
magnetic field for the conductance peaks at different gate
voltages.

This is attributed to the Zeeman splitting, since the
associated g factor is 2.4 &£ 0.4. The error in the estimation
arises from the uncertainty in the lever arm. These data
indicate degeneracy of the four electron levels associated to
the spin and valley degrees of freedom.

Discussion.—We examine possible origins of the
temperature-induced period change. Let us first assume that
interactions are not important. Then, upon lowering
temperature, noninteracting Fabry-Pérot oscillations are
expected to emerge when the thermal smearing becomes
smaller than the single-particle excitation energy. However,
thermal smearing is associated to a characteristic temperature
Tw~AE/kp ~20 K, which is rather different from the
measured crossover temperature 7o ~ 3 K in Figs. 2(f)
and 3(c). In addition, thermal smearing cannot explain the
emergence at temperatures above T'¢- of the e/ C, oscillations
due to coherent single-electron tunneling. Therefore, thermal
decoherence is not at the origin of the measured
period change. This is further supported by single-particle
Fabry-Pérot interference calculations, based on an accurate
tight-binding modeling of CNTs, that we carried out.
We also considered the complementary regime and
investigated whether charge fluctuations could be the cause
of our finding. However, when using an interacting
multilevel quantum dot with fourfold degenerate energy
levels in the regime E. ~ Ail", we could not reproduce the
measured fourfold variation of the period. Both the
single-particle and the interacting calculations are described
in the Sec. II of the Supplemental Material [31].
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FIG. 4. From Fabry-Pérot patterns to blurred Coulomb dia-
monds in device 1. (a) Map of the differential conductance as a
function of V4 and V, at 15 mK. From the position of the arrow,
the single-particle excitation energy is extracted. (b) Differential
conductance traces for a series of different source-drain voltages
at 15 mK. (c¢) Source-drain voltage dependence of the FFT
amplitude associated with the 4e/C, and the e/C, period
oscillations at 15 mK. The curves are obtained by doing a
FFT of the Gy (V) trace for each V value. (d) A map of the
differential conductance as a function of V4 and V, at 8 K. The
dashed lines highlight the contours of the Coulomb diamonds.

The high-temperature measurement of the charging
effect in an open quantum dot indicates electron correla-
tion. When reducing temperature, the associated e/C,
conductance oscillations disappear smoothly to give rise
to the 4e/C oscillations. The smoothness of the crossover
suggests that the Fabry-Pérot-like oscillations also occur in
a regime where electrons are correlated. This smooth
change of periodicity bears similarities but also differences
compared to the SU(4) Kondo effect in carbon nanotubes,
occurring in the weak tunneling regime Ec > Al' > kpT
[18,38]. In the Kondo effect, the tunneling coupling is low
enough compared to the charging energy to allow full
localization of the charge within the dot, but it is large
enough compared to the Kondo energy to enable both spin

and valley fluctuations [11]. This results in a crossover
from charging effects at high temperature to the increased
conductance of Kondo resonances at zero temperature, with
a fourfold enhancement of the oscillation period [13,29,38].
In contrast to our observations, though, in the SU(4) Kondo
effect, the conductance alternates between large values
close to 4e?/h at oscillation maxima and almost zero at
minima [18,38]; see also Sec. Ib of the Supplemental
Material [31]. In our annealed devices, the tunneling
coupling is large; Al'~ E-. The charge is no longer
strongly localized within the dot. As a result, our devices
are in a regime where there are also charge fluctuations in
the nanotube, in addition to spin and valley fluctuations.
This might be at the origin of the crossover of the
conductance oscillation period observed in this Letter,
similar to what happens in the SU(4) Kondo regime
[13,29,38], but with conductance minima clearly distinct
from zero. We emphasize that the zero-source-drain bias,
low-temperature Gg;(V,) data alone do not allow one to
distinguish between noninteracting and correlated Fabry-
Pérot oscillations. However, the smooth modulation
between e¢/C, and 4e/C, oscillations upon increasing
the bias [see Fig. 4(c)] further supports our hypothesis
of correlated Fabry-Pérot regime.

Conclusion.—Our Letter provides a comprehensible
phenomenology of transport in nanotubes when both
interference and interaction are involved. The findings
presented in this Letter have been possible thanks to the
high quality of the devices, since otherwise disorder leads
to irregular Ggi(V,) modulations that are difficult to
interpret. The main results are summarized as follows:
(1) We measure a fourfold enhancement of the oscillation
period of G (V,) upon decreasing temperature, signaling
a crossover from coherent single-electron tunneling to
Fabry-Pérot interference; both oscillations coexist at the
crossover temperature. (ii) Upon increasing the source-
drain bias at low temperature, both oscillations coexist
over a large bias range. (iii) The Sagnac-like modulation
pinpoints the quantum interference nature of the Fabry-
Pérot oscillations at zero bias. (iv) The magnetic field data
suggest a fourfold spin and orbital degeneracy at zero-
magnetic field.

The unexpected temperature-induced crossover, possibly
related to charge, spin, and valley fluctuations, raises an
important question: How does the strength of charge
fluctuations compare to that of spin and valley fluctuations
in our experiment? Indeed, when the electron transmission
approaches one in open fermion channels, the electron shot
noise is suppressed to zero [39], indicating that there are no
longer any charge, spin, and valley fluctuations in nano-
tubes; by contrast, in the lower I" limit of SU(4) Kondo,
spin and valley fluctuate, but not the charge. It is then
natural to ask how the crossover temperature in our devices
compares with the well-known Kondo temperature of
closed quantum dots. However, a quantitative description
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of our experiment constitutes a theoretical challenge. It will
be interesting to measure shot noise [40-43] and
the backaction of the electromechanical coupling [44,45]
to further characterize these correlated Fabry-Pérot
oscillations.
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