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Measurement of Quantum Noise in a Carbon Nanotube Quantum Dot in the Kondo Regime
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The current emission noise of a carbon nanotube quantum dot in the Kondo regime is measured at
frequencies v of the order or higher than the frequency associated with the Kondo effect kzTx /h, with T
the Kondo temperature. The carbon nanotube is coupled via an on-chip resonant circuit to a quantum noise
detector, a superconductor-insulator-superconductor junction. We find for hv = kzTx a Kondo effect
related singularity at a voltage bias eV = hv, and a strong reduction of this singularity for hv = 3kpTk, in
good agreement with theory. Our experiment constitutes a new original tool for the investigation of the

nonequilibrium dynamics of many-body phenomena in nanoscale devices.
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How does a correlated quantum system react when
probed at frequencies comparable to its intrinsic energy
scales? Thanks to progress in on-chip detection of high
frequency electronic properties, exploring the nonequilib-
rium fast dynamics of correlated nanosystems is now ac-
cessible though delicate. In this respect, the Kondo effect in
quantum dots is a model many-body system, where the
spin of the dot is screened by the contacts’ conduction
electrons below the Kondo temperature T [1-3]. The
Kondo effect can then be probed at a single spin level
and in out-of-equilibrium situations. It leads to a strong
increase of the conductance of the quantum dot at zero bias
due to the opening of a spin degenerate conducting chan-
nel, the transmission of which can reach unity. This effect
has been extensively studied by transport and noise experi-
ments in the low frequency limit [4-11]. However, the
noise in the high frequency limit has not been explored
experimentally despite the fact that it allows us to probe the
system at frequencies of the order of or smaller than
kgTx/h characteristic of the Kondo effect [12]. In this
Letter we present the first high frequency noise measure-
ments of a carbon nanotube quantum dot in the Kondo
regime. We find for hv = kzTx a Kondo effect related
singularity at a voltage bias eV = hv, and a strong reduc-
tion of it for hv = 3kzTk. These results are compared to
recent theoretical predictions.

The high frequency current fluctuations are measured by
coupling the carbon nanotube (CNT) to a quantum noise
detector, a superconductor-insulator-superconductor (SIS)
junction, via a superconducting resonant circuit [see
Fig. 1(a)]. This allows us to probe the emission noise of
the CNT at the resonance frequencies of the coupling
circuit (29.5 and 78 GHz) by measuring the photoassisted
tunneling current through the detector [13]. The probed
sample consists of two coupled coplanar transmission
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lines. One line is connected to the ground plane via a
carbon nanotube and the other via a superconducting tun-
nel junction of size 240 X 150 nm? (Fig. 1). Each trans-
mission line consists of two sections of same length / but
different widths, thus different characteristic impedances
Z, = 110Q and Z, = 25 [Fig. 1(a)]. Because of the
impedance mismatch, the transmission line acts as a quar-
ter wavelength resonator, with resonances at frequencies
v, = nv/4l = ny,, with v the propagation velocity and n
an odd integer [13]. The two transmission lines are close to
one another to provide a good coupling at resonance and
are terminated by on-chip Pd resistors. The junction has a
SQUID geometry to tune its critical current with a mag-
netic flux. The carbon nanotube (CNT) is first grown by
chemical vapor deposition on an oxidized undoped silicon
wafer [14]. An individual CNT is located relative to pre-
defined markers and contacted to palladium leads using
electron-beam lithography. The junction and the resonator
are then fabricated in aluminum (superconducting gap
A =182 peV). A nearby side gate allows us to change
the electrostatic state of the nanotube. The system is ther-
mally anchored to the cold finger of a dilution refrigerator
of base temperature 20 mK and measured through low-pass
filtered lines with a standard low frequency lock-in ampli-
fier technique.

To characterize the CNT-quantum dot, we first measure
its differential conductance dI/dV as a function of dc bias
voltage Vg and gate voltage Vs [Fig. 1(c)]. For a gate
voltage between 3.05 and 3.2 V the CNT’s conductance
at zero bias strongly increases, a signature of the Kondo
effect. The half width at half maximum (HWHM) of the
Kondo ridge yields the Kondo temperature 7y = 1.4 K in
the center of the ridge [1]. This value is also consistent with
the temperature dependence of the zero bias conductance.
The Kondo temperature is related to the charging energy U
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FIG. 1 (color online). (a) Sketch of the sample: a carbon
nanotube (bottom electron microscope picture) is coupled to a
superconductor-insulator-superconductor (SIS) junction (top
electron microscope picture), used as a quantum detector, by a
superconducting resonant circuit. This circuit is constituted by
two transmission lines, placed close to one another, made of
aluminum and terminated by on-chip Pd resistors. The SIS
junction is fabricated by shadow angle evaporation. The carbon
nanotube is CVD grown, connected with palladium contacts and
side gated. (b) Lower curve: I(V) of the detector in the subgap
region. Upper curve: the real part of the impedance seen by the
detector exhibits several resonances. (c) Differential conduc-
tance dI/dVy of the carbon nanotube as a function of voltage
bias Vg and gate voltage V. It exhibits a Kondo ridge for gate
voltage between 3.05 and 3.20 V with an increase of conductance
at zero bias.

of the CNT-quantum dot, the coupling I to the electrodes,
and the position € of the energy level measured from
the center of the Kondo ridge, according to Bethe
ansatz [15,16]:

T, = \/UF/Zexp[—%Mez - U2|]. )

From U = 2.5 meV, deduced from the size of the
Coulomb diamond, and Tx = 1.4 K, we obtain I' =
0.51 meV. The asymmetry A = (I';, — T'y)/(T', +T'x) =
0.67 of the contacts is deduced from the zero bias
conductance.

To characterize the superconducting resonant circuit
which couples the detector junction to the CNT, we mea-
sure the subgap I(V) characteristic of the junction which
depends on the impedance of its electromagnetic environ-
ment [17]. In the case of a superconducting transmission
line resonator [13,18], resonances appear in the subgap
region V, <2A/e due to the excitation of the resonator
modes by the ac Josephson effect [19]. These resonances

are related to the real part of the impedance Z(v) seen by
the junction

1(Vp) = Re[Z(2eVp/m)]IZ/2V, 2

with I = wA/(2eRy) the critical current [19], Ry =
28.6k{) the normal state resistance of the junction, and A
the superconducting gap of the electrodes. Equation (2)
accounts for the effect of the electromagnetic environment
on the tunneling of Cooper pairs through the Josephson
junction [17]. Figure 1(b) shows the I(V) of the junction in
the subgap region for /- maximized with magnetic flux.
The subgap resonances thus yield via Eq. (2) Re[Z(v)]
[Fig. 1(b)] which is peaked at frequencies »; = 29.5 and
v3 = 78 GHz. Using the height and width of the resonance
peaks of Re[Z(v)], we infer the coupling between the
junction and the CNT [13]. We then translate a photo-
assisted tunneling (PAT) quasiparticles current measure-
ment into a current emission noise measurement for the
frequencies v, and »5. The ratio r, between the measured
PAT current through the detector and the current emission
noise of the CNT at a given resonance frequency is esti-
mated as follows. r, is given at the resonant frequency v,
by €2|Z,(v,)1?8v,,/(hv,)*1yp (V) + ) with Z, the tran-
simpedance of the coupling circuit, defined as the ratio
between the voltage fluctuations across the detector and the
current fluctuations through the source, 6v, the width of
the resonance peak, and /,p ((V) the I-V characteristic of
the detector [13]. This value has been calibrated in a
previous experiment with the same design as the one
used in the present work [13]. 7, is then calculated using
the ratio of the calibrated sample corrected according to the
square area under the corresponding peak of Re[Z(v)]
[Fig. 1(b)], the value of v,, the superconducting gap and
the tunnel resistance of the detector junction.

To measure the quantum noise of the CNT, we modulate
its bias voltage V¢ and monitor the modulated part of the
PAT current through the detector for a given detector bias
voltage V. Vp selects the frequency range of the mea-
surement [13]. We have thus access to the derivative of the
PAT current versus CNT bias voltage dlpar/dV at a given
frequency. Using the previously estimated coupling coef-
ficient, we translate this quantity into the derivative of the
current noise S; at one of the resonance frequencies versus
Vs, dS;/dV. This quantity is plotted in the center of the
Kondo ridge, i.e., € = 0 at two frequencies [Figs. 2(a) and
2(b)]. For each frequency, the data exhibit a region close to
V¢ = 0 where dS;/dVs = 0. This corresponds to |eVg| <
hv, where the system does not have enough energy to emit
noise at a frequency ». The observation of this zero noise
region is a strong evidence that we are indeed only mea-
suring the emission noise of the CNT. For |eV| > hv the
system emits noise at v. For the first resonance frequency
v = 29.5 GHz, with hv; = kpTy, the measured deriva-
tive of the noise shows a singularity for bias voltages close
to the measured frequency. At higher bias voltages
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FIG. 2 (color online). (a) Derivative of the current noise and
differential conductance of the CNT versus Vg in the center of
the Kondo ridge. Left axis: measured dS;/dVg (in red) at
29.5 GHz as a function of bias voltage V. The black solid
line corresponds to the calculated dS;/dVg with a fitted deco-
herence rate incorporating both intrinsic and extrinsic decoher-
ence (see text), while the dashed line is the theoretical prediction
with the intrinsic decoherence rate. Right axis: Differential
conductance dI/dVg of the CNT in units of ¢?/h. (b) Same
data at 78 GHz. Inset: measured conductance, symmetrized with
respect to the bias voltage, in units of e?/h. The black solid line
corresponds to the FRG calculation of the conductance with the
same fitted decoherence rate as the one used for the noise
measurements. (¢) Schematic picture of a quantum dot in the
out-of-equilibrium Kondo regime together with the density of
states for two distinct bias voltages. When the quantum dot is
voltage biased, the Kondo resonance splits in two with a splitting
given by the applied bias voltage. This leads to an increase of the
emission at frequency eVg = hv. The amplitude of the reso-
nance peaks, and thus the emission noise at eVg = hv, can be
reduced by decoherence effects induced by the applied bias
voltage.

dS;/dVyg is much smoother. For hvsy = 2.7kzTy the pre-
vious singularity is nearly absent and dS;/dV versus Vy is
practically flat.

The high frequency noise of quantum dots in the Kondo
regime has been studied theoretically at equilibrium using
the numerical renormalization group (NRG) technique
[20]. Nonequilibrium results for the finite-frequency noise
are theoretically much more demanding. They were ob-
tained only for peculiar values of parameters (strongly
anisotropic exchange couplings) of the Kondo problem
using bosonization methods [21], and by using nonequi-
librium real time renormalization group approaches
[22,23]. The latter approaches assume hv, eV > kzTRC,
with 7R the Kondo temperature defined from the renor-
malization group. Importantly, 7R differs from Ty (de-
fined experimentally as the HWHM of the differential
conductance) by a numerical factor, which has to be de-
termined (see below). Here we employ the real time

functional renormalization group (FRG) approach
developed in Ref. [23] to compute the nonequilibrium
frequency-dependent noise and compare it to the experi-
mental results. We perform the nonequilibrium calcula-
tions using the Kondo Hamiltonian, given by

1
Hg = 5 Z Z jaﬁwlffs ’ 00’0”'10[30" (3)

a,B=L,R g,0'

Here the j, g denote the Kondo couplings, a, B are indices
for the left (L) and right (R) leads, o stands for the three
Pauli matrices, and the operator ¢, destroys an electron
of spin ¢ in lead a € {L, R}. We parametrize the dimen-
sionless exchange couplings j,g as j, 3 = jv,vg, With the
factors {v,, v} = {cos(¢/2), sin(¢/2)} accounting for the
asymmetry of the quantum dot, cos(¢) = A, and ¢ related
to the T = 0 conductance as G(T = 0) = (2¢2/h)sin*(¢).

The Kondo Hamiltonian assumes that charge fluctua-
tions in the CNT-quantum dot are frozen. Therefore, the
theoretical results based on (3) can and shall be compared
with experimental ones only for bias voltages V¢ << U/e.
As a first step, to determine the ratio TRS /Ty, we com-
puted the equilibrium conductance by using NRG [24] and
compared it to experimental data in the center of the Kondo
ridge (€ = 0). This enabled us to establish Tx =~ 3.7TRC
(see the Supplemental Material [25]). Therefore, the con-
dition hv > kzTRC for our FRG approach to apply is
certainly met for the frequency v;, and still reasonably
satisfied for »,.

Within the Kondo model, we can express the Fourier
transform of the emission noise S; as

eVS hv T

2

e
S;(Vg, v) = —k TRGS(i,iyi,
1V, v) Blk kpTRG kyTRG® TRG

- A) @
where s is a dimensionless function, which we calculate by
solving numerically the FRG equation (see [25]). Since the
measurement temperature satisfies 7 << T, we have taken
T = 0 in the calculations and checked that a finite but
small temperature does not affect our results. Note that
no fitting parameter has been included at this level, since
the asymmetry parameter A and TXC =~ 0.38 K were ex-
tracted from the experimental data. The dashed lines in
Figs. 2(a) and 2(b) show the calculated dS;/d Vg curves for
frequencies v = 29.5 GHz and v»; = 78 GHz, respec-
tively. The computed curves are only shown in the bias
range |Vg| <1 mV, where the Kondo Hamiltonian in
Eq. (3) is appropriate to describe the physics of the CNT-
quantum dot. For both frequencies, the theoretical curves
exhibit sharp singularities at eVg = hv, much more pro-
nounced than the experimental ones. This especially holds
for the resonance frequency, v; = 78 GHz, where the
resonance is almost completely absent experimentally.
The singularity at the threshold eV = hv is related to
the existence of two Kondo resonances associated with
the Fermi levels of the two contacts. Inelastic transitions
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between them lead to an increase of dS;/dVy for frequen-
cies corresponding to the energy separation, hy = eVy
[Fig. 2(c)].

To compute the dashed curves in Fig. 2, an intrinsic spin
decoherence time 7g induced by the large bias was in-
cluded and calculated self-consistently in the FRG ap-
proach [26] (see SM). The decoherence of the Kondo
effect induced by a large dc voltage bias is a well-known
feature which has indeed been measured [27,28], and has
been predicted to lead to a strong reduction of the Kondo
resonance due to inelastic processes [26,29,30]. Since the
singularity in the noise at hv = eV is associated with the
transitions between the two Kondo resonances pinned at
the Fermi levels of the contacts, this singularity is also
affected by decoherence.

However, as shown in Fig. 2, the computed intrinsic
decoherence time is insufficient to explain the experimen-
tally observed suppression of the peak in dS;/dVs.
Therefore, we incorporated a voltage-dependent spin re-
laxation rate in our calculations, TEI(VS), which includes
external decoherence. The consistency of this approach can
be checked against the experiments: a single choice of
Ty (V) must simultaneously reproduce the voltage depen-
dence of the differential conductance through the dot
dl/dV¢(Vy), and those of the v = 29.5 GHz and v, =
78 GHz noise spectra, dS;/dVg(Vs). Furthermore, 7g!
should be suppressed for Vg < TRG. We found that a
bias-dependent decoherence rate of the form h/7g =
akgTRO arctan(BeVg/kgTRC) (similar in shape to the cal-
culated intrinsic spin relaxation rates), with a = 14 and
B = 0.15 satisfied all criteria above. The continuous lines
in Fig. 2 show the dS;/dV curves computed with this form
of h/7g, and fit fairly well the experimental data for both
resonator frequencies. As a final consistency check, we
also computed the differential conductance through the dot
(taking into account the above form of 7!) and compared
it to the measured dI/dVy curves. A very good agreement
is found without any other adjustable parameter in the
voltage range V > 0.1 mV, where the FRG approach is
appropriate [inset of Fig. 2(b)].

From the theoretical fits we infer that the experimentally
observed noise spectra and differential conductance can be
understood in terms of a decoherence rate, which is about a
factor of 2 larger than the theoretically computed intrinsic
rate (see [25]). One possibility for this discrepancy is that
the experimentally observed decoherence is intrinsic, and
FRG—which is a perturbative approach—underestimates
the spin relaxation rate in this regime (which is indeed
almost out of the range of perturbation theory). Another
possibility is that the experimental setup leads to additional
decoherence.

The experiment also allows us to draw a complete map
of the noise in the region of the Kondo ridge. We define
F(Vg) = [dS;/dVs(Vs)]/[edl/dV¢(Vs — hv/e)], ie., the
ratio of the derivative of the noise to the differential
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FIG. 3 (color online). F(Vg)=[dS;/dV¢l/[edl/dV

(Vs —hv/e)] as a function of the bias voltage Vg and the gate
voltage Vi at v; = 29.5 GHz (a) and v3 = 78 GHz (b). F(Vy) is
arbitrarily fixed to zero for e|Vg| < hv. The gray curves on top
of the color plot correspond to the bias voltage dependence of
F(Vg) at Vg =23.12V and V; = 3.21 V. The black arrow
indicates a value of the F(Vy) equal to 1. When the conductance
is low, F(Vy) is close to 1 while it is reduced in the highly
conducting regions.

conductance shifted in voltage by an amount correspond-
ing to the measured frequency. For both linear and non-
linear systems with energy independent transmission at
low temperature this quantity is equal to the Fano factor
[31]. We have plotted F(Vy) for v, = 29.5 GHz [Fig. 3(a)]
and v3; = 78 GHz [Fig. 3(b)]. For |eV| < hv, where the
emission noise is zero, F(Vy) is arbitrarily fixed to zero.
For both frequencies the noise is found to be sub-
Poissonian, with F(Vy) close to 1 in the poorly conducting
regions and a strong decrease of F(V) along the conduct-
ing regions. This is qualitatively consistent with the reduc-
tion of the Fano factor for a conducting channels of
transmission close to 1. This result has to be contrasted
with backscattering noise measurements in the Kondo
regime at low frequency and low bias voltage where the
Fano factor was found to be higher than one [10,11].
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In conclusion, we have measured the high frequency
current fluctuations of a carbon nanotube quantum dot in
the Kondo regime by coupling it to a quantum detector via
a superconducting resonant circuit. We find that the noise
exhibits strong resonances when the voltage bias is of the
order of the measurement frequency in good agreement
with theory provided that an additional decoherence rate is
included which prevents the full formation of the out-of-
equilibrium Kondo resonances. Our experiment constitutes
a new original tool for the investigation of the nonequilib-
rium dynamics of many-body phenomena in nanodevices.
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