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Kondo-enhanced Andreev transport in single self-assembled InAs quantum dots
contacted with normal and superconducting leads
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We study transport in self-assembled InAs quantum dots contacted with one superconducting and one
normal-metal electrode. Low bias transport is dominated by Andreev processes which are sensitive to local
correlations such as electron-electron interaction and the Kondo effect. We identify that, for appropriate tunnel
coupling with normal and superconducting leads, Andreev transport is enhanced by the Kondo effect and that
the Kondo temperature is reduced relative to the normal state due to lack of low-energy excitations with the

superconducting lead.
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Recently the fabrication of single quantum dots (QDs)
coupled to superconducting leads has allowed study of the
interplay between the Kondo effect and superconductivity in
a gate tunable system.'”” While the QD Josephson junction
has been studied in many systems,'~*7 hybrid normal-QD-
superconductor (N-QD-S) devices have only been tackled
in a few experimental studies®'? despite a wide range of
theoretical treatments.'3~1¢ The N-QD-S system allows study
of the interplay between Kondo effect and superconducting
proximity effect from a new standpoint using a system
with transport dominated by single Andreev reflection
from which the local energy spectrum may be more easily
deduced, in contrast to the complex multiple Andreev reflec-
tions which dominate in the superconductor-QD-
superconductor (S-QD-S) system.!” In a previous report® we
used a weakly coupled N lead to probe Andreev energy lev-
els formed with a strongly coupled S lead and studied the
competition between superconducting pairing and electron-
electron interactions. In the present study we focus on less
asymmetrically coupled devices and observe that the Kondo
singlet state may, for appropriate tunnel coupling with
normal and superconducting leads, enhance the Andreev
transport.

The Kondo effect arises at low temperatures when a lo-
calized unpaired electron spin is screened by delocalized
conduction electrons and manifests as a dynamical singlet
state, universally characterized by the Kondo temperature
Tk. In a BCS s-wave superconductor electrons condense into
a singlet state characterized by the superconducting energy
gap A. In the S-QD-S system Kondo screening requires the
breaking of Cooper pairs and is therefore in competition with
the superconducting pairing. In this case a universal quantum
phase transition is predicted in the system ground state from
a BCS-like singlet state to a Kondo-like singlet state when
kpTx/A=1.""22 With finite coupling to a N lead the compe-
tition between proximity effect upon the QD and the N-lead
Kondo screening must be considered.'#~'® The observation of
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the Kondo state in Andreev transport requires not only low
temperature but also an appropriate tunnel coupling asymme-
try between S and N leads.'® The tunnel coupling asymmetry
(x=I'g/I'y in the S state) is determined from tunnel rates
with the S lead (I'g/%) and N lead (I'y/#) which indicate the
influence of single-particle processes and Andreev (coherent
two-particle) processes, respectively. In one limiting case for
I'g<TI'y the Kondo state is formed in the local density of
states, at temperatures below the Kondo temperature (Tf( for
the system in the S state), but the corresponding resonance in
Andreev transport is strongly suppressed as the S lead is
effectively decoupled [Fig. 1(a)]. While in the limit I'¢>T"y
particle-hole mixing induced by strong proximity effect
drives the QD into a mixed-valence regime and the Kondo
effect itself is suppressed. Strong particle-hole hybridization
of the discrete QD energy levels results in a pair of Andreev
energy levels in the single-particle energy spectrum® [Fig.
1(b)]. These indicate excitation between system ground state
and excited state through the addition of an electron or hole
at energy E, relative to the Fermi energy. In the absence of
Kondo screening the system ground state and excited state
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FIG. 1. (Color online) Schematics of the QD single-particle en-
ergy spectrum in limiting cases based on the tunnel coupling asym-
metry. (a) If ['¢<TI'y the Kondo effect dominates but low S-lead
coupling limits the Andreev transport. (b) If I'¢>T"y strong prox-
imity effect suppresses the Kondo state. Andreev energy levels at
*E,;, dominate. In both schematics the bare QD energy level (g,) is
drawn slightly below the fermi energy.
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TABLE I. Relevant parameters for the regions considered. All
values are estimated for the center of the odd electron occupation
region. Note that y for a-I exceeds the prediction in reference 9 due
to the different method used.

U T r
(meV) X (K) (meV) lg"]
a-1 1.9 0.045 1.1£0.2 ~0.9 7.7%0.1
a-111 2.0 25 1.2+£0.2 ~0.9 54+0.2
a-1V 2.0 8.0 1.2+0.5 ~1.0 55+0.2
y-1V 2.4 8.0 2.8+0.3 ~1.5 7.6+x04

can be either a degenerate, so-called “magnetic”’ doublet or
BCS-like singlet or vice versa depending on the specifics of
the bare QD energy level g,, charging energy U, A, and I's.
As the system is not fully gapped due to finite coupling with
the N lead the Andreev energy levels have a width of ~T"y
and are only well resolved if I'y<<A and T'.

Measurements are performed on single uncapped
self-assembled InAs QDs contacted with one normal
(Ti 10 nm /Au 50 nm) and one superconducting
(Ti 5 nm /Al 150 nm) lead. The fabrication method is dis-
cussed elsewhere.® All measurements were performed in a
He3-He* dilution refrigerator (7),,, ~30 mK) with conven-
tional lock-in measurement techniques (V,.~3u V). We
measure a wide range of transport regions with typical
U~1-3 meV and energy-level spacings in the range
Ae~2-8 meV. The tunnel coupling with the leads is deter-
mined by the overlap of the confined electron wave function
with that of conduction electrons in the leads and is highly
sensitive to the specific orbital state occupied.?® In a single
device a range of tunnel couplings may therefore be accessed
simply by changing the charge state. Using two devices (la-
beled « and y) we study four different odd electron occupa-
tion regions with parameters as summarized in Table I. The
labels used to identify the device and roman numerals indi-
cating regions with an odd electron occupation number are
maintained from a previous publication’ for continuity. Note
that the roman numerals are used for convenience and do not
denote the number of electrons occupying the QD, which we
estimate to be a few tens.

Devices are characterized in the N state by applying an
in-plane magnetic field greater than the Al lead critical field
(B.~220 mT). An example of an N state charge stability
diagram is plotted in Fig. 2(a) for region a-III, where we
estimate U~ 2.0 meV. In the N state the zero-bias conduc-
tance at the symmetry point (center of the odd occupation
region) may be expressed as?* Gy=(2¢>/h)[(4x)/(1+x)*].
While estimates of y are easily extracted, estimates of the
total tunnel coupling are nontrivial. From the width of
N-state Coulomb peaks we crudely estimate the total tunnel
rate on/off of the QD I'=Tg+T .

Figure 2(b) shows G(V,;, V) in the S state (B=0 T).
With one lead in the S state the key transport processes at
low bias are Andreev reflections in which electron-hole pairs
in the QD are converted to Cooper pairs in the S lead and
vice versa. Such Andreev transport processes dominate all
transport within the subgap region where |eV,,|<A. In the
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FIG. 2. (Color online) (a) Plots of differential conductance
(G=dI/dV) in the N-state (B=220 mT) for region a-III. Even (e)
and odd (o) electron occupation regions are indicated. (b) Plot of
G(Vy4, V) in the S state (B=0 mT). Solid horizontal lines indicate
the subgap region and dashed lines indicate Andreev energy-level
resonances. Black arrows indicate points at which the Andreev en-
ergy levels cross. (c) G(V,,) traces at the center of the odd electron
occupation region in the N and S states and Coulomb blockade
regime in the S state. (d) Scanning electron micrograph of device a.

even electron occupation regions, where energy levels are far
from the superconducting gap and Coulomb blockade domi-
nates, the subgap Andreev transport is strongly suppressed
and the junction behaves as a conventional N-S tunnel junc-
tion in the weak tunneling limit? [Fig. 2(c)]. Here prominent
transport resonances are attributed to single quasiparticle
tunneling which is resonant with the high density of states at
the edge of the superconducting energy gap when
leV,4~ A. From such features observed far from resonances
with the discrete QD energy levels we estimate
A~152 wpeV, which corresponds with a temperature of
T~1.76 K. The superconducting transition temperature 7,
is evaluated using A=1.76kT, indicating 7,~1 K.

In the odd electron occupation region a pair of subgap
transport features which are symmetric in V,,, [dashed lines
in Fig. 2(b)] are attributed to the spectrum of Andreev energy
levels on the QD,?® providing clear evidence of strong prox-
imity effect. Andreev reflection requires electron-hole pairs
such that both Andreev energy levels [pictured in Fig. 1(b)]
are probed in Andreev transport. In a previous report® with
weakly coupled N-lead devices (where I'y<<I'y and the
Kondo effect is suppressed) it was shown that the crossing of
subgap Andreev transport resonances indicated the position
of a phase transition between the BCS-like singlet and mag-
netic doublet ground states.?” Following this phase transition
the excited state (singlet or doublet) of the new phase is the
ground state (doublet or singlet) of the previous and vice
versa. In region «-III the subgap Andreev transport reso-
nances cross at points indicated with black triangles in Fig.
2(b). Following the crossing the subgap transport displays a
three-peak structure [Fig. 2(c)] with suppressed transport at
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FIG. 3. (Color online) Plots of G(V,,) for a range of B in the
center of three odd occupation regions (a)a-I, (b) a-IV, and
(c)y-IV. Note that the V, scales are different and that curves are
offset for clarity. (d) Schematic of the symmetrically coupled device
at the symmetry point with V;=0 V showing Andreev energy lev-
els at = F;, and Kondo singlet state at the Fermi energy. (e) Plot of
zero-bias conductance (@) and resonance conductance (O) as a
function of B field. Solid lines indicate fitting for B> B, used to
extract the B=0 mT N-state conductance. (f) Plot of extracted zero-
bias N-state conductance (O) and S-state conductance (@) in region
y-IV.

the edge of the superconducting gap [Fig. 2(c)]. Simulations
of the noninteracting N-QD-S system with a QD energy level
within the superconducting energy gap3>33 reveal that in the
limit I'¢>1", Andreev energy-level transport resonances are
prominent while features are |eV,,| ~ A are suppressed due to
strong hybridization. The zero-bias conductance peak is con-
sistent with Andreev transport enhanced by the Kondo sin-
glet state in the local QD energy spectrum'® [shown sche-
matically in Fig. 3(d)] and the crossing Andreev energy-level
resonances therefore indicates a crossover between BCS sin-
glet state and Kondo singlet state!’ as the magnetic doublet is
screened through Kondo processes. We note that the feature
exhibits excellent qualitative agreement with a recent theo-
retical treatment by Domanski et al.'® in which the Andreev
conductance peaks indicating the Kondo singlet feature and
Andreev energy levels were predicted to coexist in the trans-
port for appropriate parameters. The half width at half maxi-
mum (HWHM) (HWHM=kzTy) of the N-state Kondo zero-
bias anomaly gives an indication of the N-state Kondo
temperature T. In the S state the conductance from Andreev
processes is roughly proportional to the convolution of elec-
tron and hole density of states and as such the Lorentzian
Kondo peak in the local density of states may be approxi-
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mated in Andreev transport conductance with a squared
Lorentzian fit of the Kondo zero-bias anomaly to extract an
estimate of Ty. We estimate T/ Ty ~0.065+ 0.01 indicating
a significant reduction of Kondo temperature when one lead
undergoes a transition to the superconducting phase and its
contributions to the Kondo screening are suppressed. The S
state T is therefore expected to always be lower than that in
the N state.!*

For the remainder of this Rapid Communication we com-
pare transport in three odd electron occupation regions?
which all display Kondo effect in the N state but different
behavior in the S-state transport due to variation in y and I'.
The evolution of G(V,;) for increasing B measured in the
center of the three odd electron occupation regions is dis-
played in Figs. 3(a)-3(c). In Fig. 3(e) we plot zero-bias con-
ductance (@) as a function of applied magnetic field for re-
gions a-I, a-IV and y-IV. For comparison we also plot the
conductance of the additional transport resonances (O) at
low B<B, that is the single quasiparticle tunneling
(|leV~A) and subgap Andreev energy-level feature
(leVy|<A) for a-1 and -1V, respectively. x has been
extracted by fitting a Lorentzian expression to data for
B>B, and extrapolating to B=0 mT to estimate the
conductance in the N state. We also estimate T% from the
temperature dependence of the evaluated normal-state con-
ductance using the conventional empirical function??
G(N)=Gy/[1+ Q2" =1)(T/TY)*}*+G,, where G, is the
T=0 K conductance, s=0.21 for a spin—% system and G, is
a correction to account for elastic cotunneling processes.’”
An example of such analysis is presented in Fig. 3(f) for
region y-IV.

First we consider region a-1 [Fig. 3(a)] in which y is
relatively low and favors the N lead. Here subgap Andreev
transport is strongly suppressed when B <B,_. and prominent
single quasiparticle tunneling features are observed at
|eV,4| ~ A. The observed resonances are consistent with ex-
pectations from simulation of the noninteracting system?3>33
in the limit I'y;>I'g for which Andreev energy-level transport
resonances are suppressed while single quasiparticle tunnel-
ing features at |eV,,|~ A are prominent. As B is increased A
decreases, shifting the single quasiparticle tunneling reso-
nances to lower V,,;. For B> B, the system enters the N-state
and a conventional Kondo zero-bias anomaly which is split
through the Zeeman effect is observed. Dashed lines in Fig.
3(a) indicate the evolution of the quasi-particle tunneling
features to the Zeeman split Kondo feature. From the split-
ting of the Kondo zero-bias anomaly (AE=2|g*|uzB, where
g* is the Landé g factor and uy the Bohr magneton) we
estimate |g*| as summarized in Table 1. It is likely that in
region a-I the Kondo singlet state formed by N-lead screen-
ing is present in the local density of states, as T’,\é is high and
the N-lead coupling dominates, but that the low S-lead tunnel
coupling precludes observation of the Kondo feature in the
Andreev transport. Note that the Andreev tunneling rate with
the S lead will be reduced relative to the single-particle tun-
neling in the N state due to the strong electron-electron
interaction.' In contrast to region a-I the other regions con-
sidered in this report have nominally dominant S-lead cou-
pling and display pronounced subgap Andreev transport
resonances in the S state.
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For low B in region a-IV [Fig. 3(b)] we observe a pair of
Andreev energy-level transport resonances and a narrow
zero-bias peak which we attribute to Kondo-enhanced An-
dreev transport. The reduction of A with increasing B shifts
the Andreev energy-level transport resonances to lower V,
until B> B,. where Zeeman split Kondo features are ob-
served. In Fig. 3(b) the dashed line indicates the evolution of
Andreev energy-level resonances to Zeeman split Kondo fea-
tures. The rapid suppression of the zero-bias peak as B is
increased indicates a small T; which is quickly exceeded by
the Zeeman splitting. Compared with region a-III discussed
earlier (Fig. 2) we find that Andreev energy-level resonances
are poorly resolved in region a-IV which we may attribute to
the stronger I'y (smaller y) which results in broader features
in the local energy spectrum. Graber et al.'” investigated a
N-QD-S device fabricated using a multiwalled carbon nano-
tube QD and observed a Kondo zero-bias anomaly in the
Andreev transport when kBTIIZ> A. In the present study we
observe Kondo-enhanced transport in regions a-III/a-IV
even for kBY{KV< A. Our results display good qualitative
agreement with theoretical treatments'*~'® which predict
Kondo-enhanced transport only for y close to unity.

Finally, the effects of very large I' may be observed in
region y-IV [Fig. 3(c)] in which k,zT% significantly exceeds
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A. Here a single broad conductance peak is observed in the §
state with a clear enhancement of the zero-bias conductance
at the N-S phase transition [Figs. 3(e) and 3(f)]. Features
indicating the Andreev energy levels are unclear, but the
broad conductance peak is observed to narrow as B is in-
creased, contrary to behavior expected of a Zeeman split
Kondo zero-bias anomaly. We attribute this behavior to the
presence of broad subgap Andreev energy levels which are
shifted toward the Fermi energy with increasing B (decreas-
ing A). Here the large I'y does not allow the Andreev energy
levels to be resolved in transport. High TZ indicates that the
S lead may also contribute to screening the localized spin.
Theoretical treatments of the QD-S system for kgTx> A in-
dicate that the Kondo singlet state feature in the local density
of states is enhanced at the expense of subgap Andreev en-
ergy levels?”3! which may also affect the visibility of these
features in region y-IV.
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