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Single-walled carbon nanotube weak links in Kondo regime with zero-field splitting
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We have investigated proximity-induced supercurrents in single-walled carbon nanotubes in the Kondo
regime and compared them with supercurrents obtained on the same tube with Fabry-Pérot resonances. Our
data display a wide distribution of Kondo temperatures Tx=1-14 K, and the measured critical current /-y Vs
Tk displays two distinct branches; these branches, distinguished by zero-field splitting of the normal-state
Kondo conductance peak, differ by an order of magnitude at large values of Tk. Evidence for renormalization

of Andreev levels in Kondo regime is also found.
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An odd unpaired electron in a strongly coupled quantum
dot makes the dot to behave as a magnetic impurity screened
by delocalized electrons. Such a Kondo impurity creates a
peak in the density of states at the Fermi level, thereby lead-
ing to characteristic Kondo resonances with enhanced con-
ductance around zero bias, which has been observed in vari-
ous quantum dot systems during the recent years.'” By
studying low-bias transport and multiple Andreev reflections
(MAR) in multiwalled carbon nanotubes (MWNTSs) con-
tacted by superconducting leads, it has been demonstrated
that the Kondo resonances survive the superconductivity of
the leads when the Kondo temperature 7y exceeds the super-
conducting gap A (Ref. 4); thus, intricate interplay between
Kondo behavior and superconductivity can be studied in
nanotube quantum dots.

In quantum dots made out of singlewalled carbon nano-
tubes (SWNTs), contacts play a crucial role in their transport
properties: in the highly transparent regime, Fabry-Pérot
(FP) interference patterns in the differential conductance can
be observed,” whereas in the less transparent case, Coulomb-
blockade peaks occur.® In the intermediate regime, zero-bias
conductance peaks alternate with Coulomb-blockaded val-
leys, highlighting Kondo resonances below Kondo tempera-
ture T due to odd numbers of spin in the cotunneling pro-
cess between the dot and the leads.’

Gate-controlled proximity-induced supercurrent has been
reported both in SWNTs’~!2 and in MWNTs.!?!4 Reasonable
agreement with resonant quantum dot weak link theories'
has been reached in best of the samples (see, e.g., Ref. 9). In
some of the experiments, Kondo-restored supercurrents were
found'""!® in the otherwise Coulomb-blockaded Josephson-
junction case. In addition, when Tx <A, 7 Josephson junc-
tions have been observed.!%!!

Here we report a study of gate-tunable proximity-induced
supercurrents of an individual SWNT. We compare supercur-
rents in Fabry-Pérot and Kondo regimes at the same normal-
state conductance and find smaller critical currents in the
Kondo regime up to Tx~ 10A. In addition, we find that not
just Ty but also the shape of the Kondo resonance conduc-
tance peak affects the magnitude of the supercurrent: reso-
nances with zero-field splitting, which appear in about every
second of our Kondo peaks, result in a smaller critical cur-
rent than for the regular Kondo maxima.

Our nanotube samples were made using surface chemical-
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vapor deposition (CVD) growth with Fe catalyst directly on
oxidized heavily doped SiO,/Si wafer. The electrically con-
ducting substrate works as a back gate, separated from the
sample by 150 nm of SiO,. A sample with L=0.7 wm length
and ¢=2 nm diameter was located using an atomic force
microscope and the contacts on the SWNT were made using
standard e-beam overlay lithography. For the contacts, 10 nm
of Ti was first evaporated, followed by 70 nm of Al, in order
to facilitate proximity-induced superconductivity in Ti. Last,
5 nm of Ti was deposited to prevent the Al layer from oxi-
dation. The width of the two contacts was 200 nm and the
separation between the them was 0.3 wm.

The measurement leads were filtered using an RC filter
with time constant of 10 us at 1 K, followed by twisted
pairs with tight, grounded electrical shields for filtering be-
tween the still and the mixing chamber, while the final sec-
tion was provided by a 0.7-m-long Thermocoax cable on the
sample holder. In the measurements, differential conductance
G,=dl/dV was recorded using standard lock-in techniques.
Voltage bias was imposed via a room-temperature voltage
divider. The normal-state data were obtained by applying a
magnetic field of B~70 mT perpendicular to the nanotube.
The superconducting gap of the device was taken from the
2A quasiparticle peak in voltage-biasing transport measure-
ment, which gives A=125 ueV, and gate capacitance C,
=1.6 aF was estimated from the measured gate period of 0.1
V.

The data presented in this Brief Report have been mea-
sured in several cool downs, thermal cycles, that have
changed the contact conditions on our sample. In the first
cool down, the sample showed a strongly asymmetric Fabry-
Pérot pattern with one low-transmission (spin-degenerate)
channel and another one with high transmission; the zero-
bias conductance was limited to 2¢?/h as a consequence.'” A
scan of differential conductance G,(V,;,,V,) versus bias volt-
age V,, and gate voltage V, is shown in Fig. 1(a) at B
~70 mT. In the absence of magnetic field, a gate-voltage-
dependent supercurrent is observed in the SWNT. The mea-
sured critical supercurrent /-y varies periodically with the
gate voltage V,, reaching a maximum of 4.8 nA at zero-bias
normal-state  conductance Gy= Gd|VdY=0=2-O3€2/ h. The
IcmRy product is V, dependent and it changes in a similar
fashion as Iy and the inverse of the normal-state resistance
Gy. This result is similar to what has been observed in a
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FIG. 1. (Color online) Normal-state differential conductance G,
on the plane spanned by bias voltage V,, and gate voltage V, in (a)
Fabry-Pérot regime and (b) Kondo regime both at 7=30 mK. Nor-
mal states were achieved in all the cases with a magnetic field B
=70 mT. Red (light gray) and blue (dark gray) arrows in (b) refer
to two types of resonance peaks, which have one magnitude differ-
ence in Iy with similar Kondo temperature Ty. See text for more
details.

superconducting SWNT in Fabry-Pérot regime.’

After a few thermal cycles, the transport of SWNT
changed from Fabry-Pérot into Kondo type of behavior as
seen in Fig. 1(b). The G, map displays a series of Coulomb-
blockade diamonds (even number of electrons) alternating
with Kondo ridges, marked by the arrows (odd number of
electrons). The Kondo ridges are rather wide and the Kondo
temperatures, which are deduced from the half-width at half
maximum of the resonant conductance peaks versus bias
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voltage G,(V,,) (see below) range over Tx=1-14 K. We
find that both the critical current and zero-bias conductance
are smaller compared with Fabry-Pérot regime, even in the
Kondo resonances with the highest T.

The superconducting state /V curves in both Fabry-Pérot
and Kondo regimes are shown in Fig. 2. As the sample is
voltage-biased, negative differential resistance (NDR) is ob-
servable in Fabry-Pérot regime. However, in Kondo regime,
NDR occurs only at small measured critical current Iy and
it disappears around the maximum of the Kondo resonance
peak where I is large. We note that zero-bias resistance
and the IV curves evolve smoothly with V, around the
Kondo resonance without any sudden jumps, and that Ty
> A so that there is no 0— phase transition observed.'!!8
We ascribe the disappearance of NDR to the presence of
large MAR-induced subgap current, which is stronger with
respect to the supercurrent in the Kondo regime than in the
FP case."

The nanotube together with superconducting leads can be
considered as a resonant-level quantum dot, and thus the
two-barrier Breit-Wigner model is applicable to model the
behavior.!> In our case, the measured Iy is nearly 1 order of
magnitude smaller than the theoretical prediction Iy=eA/#%
~30 nA with one resonant spin-degenerate level.? Taking
into account the phase diffusion in an underdamped voltage-
biased Josephson junction,?' the measured Iqy > Ej [z
With the Breit-Wigner model for wide resonance limit AT’
>A and transmission probability agw, we have Io-=Ij[1
—(1-agw)"?] so the Ioy—Gy relation can be written as

1122
Iem=Ioy 1—<1—58n> , (1)

where Iy,, denotes the maximum measurable critical current
when the scaled conductance g,=Gy/(e*/h) — 2. This equa-
tion is written for one spin-degenerate channel (the Kondo
case) where the transmission coefficient is obtained from
%gn, and the prefactor depends on T%; in our case it also
applies approximately to the asymmetric FP conduction as
one of the spin-degenerate transmission channels is greatly
suppressed.'” The fit of Eq. (1) to our data is displayed in
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FIG. 2. (Color online) Superconducting I-V curves at a few gate voltage values in (a) Fabry-Pérot regime and (b) Kondo regime. The
circles on each I-V curve show how the measured critical current Iy was determined (Ref. 22). Iy versus zero-bias normal-state
conductance Gy, measured for a resonance with Tx=14 K, is displayed in (c) where the black dots and red (light gray) triangles refer to
Fabry-Pérot (several resonances) and Kondo data, respectively. Data in (a) were measured in the same cool down as Fig. 1(a) at T
=60 mK; data in (b) were taken from another cool down after Fig. 1(b) at 7=60 mK with unchanged Gy. The current of the smallest /-y
curve in (b) has been amplified by a factor of 5 for clarity. Black and red (light gray) solid lines in (c) are theoretical fits using Eq. (1).
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FIG. 3. (Color online) Measured critical current Iy versus
scaled Kondo energy kzTx/A for Kondo resonances marked by red
(light gray) and blue (dark gray) arrows in Fig. 1. Peaks with zero-
field splitting are denoted by blue circles, while red dots refer to
nonsplit peaks in Fig. 1(b). The two solid curves are to guide the
eyes. The inset shows two typical Gy-V,; relations for the different
kinds of conductance peaks and their Lorentzian fits. The curve for
nonsplit peak has been shifted downwards by 0.3 units for clarity.

Fig. 2(c), with I),=5.3 and 3.3 nA corresponding to Fabry-
Pérot and Kondo regimes, respectively (the latter at Ty
=14 K).

As in the FP regime, the largest critical current over a
Kondo resonance corresponds to the peak value of the
normal-state conductance. In addition, the magnitude of Iy
depends on the width of the resonance in bias voltage, i.e.,
on Tx. We have fitted the conductance peaks G,(V,,) with a
Lorentzian function in order to extract the Kondo tempera-
ture Tx. The resulting I-\-T correlation is plotted in Fig. 3
which displays two branches, instead of a single-valued cor-
relation as observed by Grove-Rasmussen et al.'® The upper
and lower branches involve the resonance peaks marked in
Fig. 1 by red and blue arrows, respectively. Due to the prob-
lem of trapped charge fluctuating on the back gate, we have
been forced to present only data on which we are sure of the
identification between critical current and normal-state con-
ductance. As shown in the inset of Fig. 3, in the data of the
lower branch, there is a small dip on the zero-bias conduc-
tance peak signifying zero-field splitting of the Kondo reso-
nances marked by blue arrows. The Lorentzian fitting on the
split peaks is somewhat approximative, and the fitted T re-
mains a bit smaller than from the true half width. Neverthe-
less, this uncertainty is insignificant on the scale of separa-
tion of the upper and lower branches in Fig. 3. Notice that
kpTx~E->A>kgT is valid for all of the measured reso-
nance peaks, which indicates that the transport mechanism is
dominated by Kondo effect and Coulomb blockade.

Zero-field splitting seems to take place in our data in ev-
ery second Kondo resonance, as seen in the nearly alternat-
ing sequence of red and blue arrows in Fig. 1(b). Previously
zero-field Kondo-peak splitting has been reported in Ref. 23,
where the splitting originates from magnetic impurity, which
is different from our case as the splitting should then be seen
at all the Kondo resonances. Using the standard fourfold
shell-filling sequence, it is hard to explain our findings. Split
Kondo ridges may be observable when the dot is occupied
by two electrons (N=2),*?* and the energy scale of the split-
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FIG. 4. (Color online) Excess current I, of one Kondo reso-
nance with Tx=14 K at 7=90 mK versus (a) transmission coeffi-
cient a=Gy/gy=Gy/(2¢%/h) and (b) measured critical current Iqy.
The blue (dark gray) line in (a) is the theoretical curve from Eq. (2)
with A=100 ueV and red (light gray) line in (b) gives linear fit of
L/ Toy=4.3

ting equals to the gap between singlet ground state and triplet
excited state. This, however, should be bordered from both
sides by standard spin-half Kondo peaks, a sequence that we
cannot identify in our data. From the normal-state bias maps,
the characteristic zero-field splitting energy can be estimated
as Aygs~0.4 meV, which is well above MAR peak of su-
perconducting electrodes 2A=0.25 meV and the typical
singlet-triplet excitation energy as found in Ref. 3. We con-
jecture that the observed zero-field splitting is related to the
SU(4) Kondo effect which is peculiar to carbon
nanotubes®>?% and which has been shown to lead to a dip in
the density of states at small energies,>” which can also sup-
press the superconducting critical current. Alternatively,
zero-field splitting may be related with the recent observa-
tion of non-negligible spin-orbit coupling in SWNTs?® which
can result in the large splitting energy we observed. In any
case, SU(4) Kondo can explain the unusually high Tk by the
enhanced degeneracy of a multiple-level quantum dot.?
According to theory,?® the width of Andreev levels can be
substantially renormalized by the Kondo effect, which would
also modify the /V curve. In order to look for the gap renor-
malization, we have extracted the excess current I, as a
function of normal-state transmission coefficient «, which is
displayed in Fig. 4, with « calculated from a=Gy/(2¢*/h),
and [, determined by the difference of integration from
GV, curves in superconducting/normal state like in Ref.
31. The relation between I, and « in a quantum point
contact’>3* can be written as I.,=1.,;+I.x,, Where

A, @ 1n|:1+[2\"1—a/(2—a)]}’
h Q-aNl-a [1-[2V1-a/(2-0a)]

P2 Yo 2-a 1<l—vl—a> )
= + n——m——— .
ex2 h @ -« 2(1—6!)3/2 1+\/1—a’

exl =

The blue curve in Fig. 4(a) illustrates Eq. (2) with AgEZ

=100 weV, indicating a gap renormalization of A/A=028.
We have also investigated the relation between [, and Iy at
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different gate voltages. The data are shown in Fig. 4(b),
which yield a linear relation with I, /Icy=4.3 at Txy=14 K;
this arises because both are proportional to a?. MAR-
induced current at large bias voltage gives I,g=4eA/h.% By
taking into account that IOM~%IO, we get Iar/Iopm~ 7
which is close to the measured I.,/Icy value.

In summary, we have investigated experimentally the
proximity-effect-induced supercurrents in SWNTs in the
Kondo regime and compared them with results in the Fabry-
Pérot regime with equivalent conductance. In the Kondo re-
gime, two different types of resonances, either split or non-
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split at zero-bias, were observed and this behavior reflected
also in the magnitude of supercurrent that displayed two
branches vs Tk. The excess current in Kondo regime was
analyzed using MAR theory and renormalization of Andreev
levels by 80% was obtained.
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