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ABSTRACT

We study the interplay of superconductivity, ferromagnetism, and the Kondo effect in a single system, using vertical geometry and planar
magnetic tunnel junction devices, in which a thin CoFe layer is inserted in the middle of the MgO layer, forming a quantum dot like system. It is
shown that the Kondo resonance peak at the zero bias coexists with a sharp Bardeen-Cooper-Schrieffer gap on double tunnel junctions, Al/MgO/
CoFe nanodot/MgO/Al. It is also found that the competition between superconductivity and the Kondo effect is tunable with magnetic fields and
the temperature. The coexistence of Kondo screening and superconductivity survives long range magnetic order in CoFe nanodots with a spin
polarization of 0.2; however, it disappears when the CoFe layer becomes a continuous film with a spin polarization of 0.5. The competition
between SC and the Kondo effect in the presence of magnetic ordering opens exciting possibilities to control information in nanomagnets.
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The transport characteristics of spin-polarized carriers in magnetic
nanostructures have long been of great interest. For example, the inter-
action of superconductivity (SC) and ferromagnetism (FM) has been
studied by the proximity effect, when a ferromagnet is placed in contact
with a superconductor.1,2 By the insertion of a tunnel barrier between
the ferromagnet and the superconductor, spin-charge separation leads
to the extremely long quasiparticle spin lifetimes.3,4 It is generally
known that the Kondo effect cannot be found in ferromagnetically
ordered systems, the Kondo effect competes with superconductivity
(SC), and ferromagnetism (FM) tends to suppress both the Kondo
effect and the SC. However, it has been shown recently that the Kondo
effect can interact with either ferromagnetism or superconductivity,
especially at the nanoscale, as reported from studies on interplay among
SC, FM, and Kondo phenomena.5–8 In addition, Kondo systems have
particularly attracted a great deal of attention since it was discovered
from the Kondo insulator, SmB6, that topological conductive states are
formed on the surfaces, while the interior bulk is insulating.9

Typical tunneling Kondo experiments have been carried out
through single electron transistors using artificial GaAs atoms10 and
carbon nanotube quantum dots,11 or break junctions with single
molecular quantum dots.6 Kondo-assisted tunneling has also been

studied using the planar tunnel junctions doped with paramagnetic
impurities, in which the zero-bias anomaly of the conductance around
zero bias arises due to the Kondo resonance.12–14

In this work, we study the triad interplay of SC-FM-Kondo and
report that a Kondo zero-bias anomaly coexists with SC in the pres-
ence of the ferromagnetic nanodots using double tunnel junctions
(DTJs), SC/insulator/FM/insulator/SC. It is found that the Kondo cor-
relation can survive with a spin polarization of 0.2, whereas it is fully
suppressed when the nanodots are sufficiently large to make a ferro-
magnetic state with a spin polarization of�0.5. We also provide a the-
oretical foundation to understand the exotic Kondo phenomena in
superconducting-magnetic systems considering a finite spin polariza-
tion and multi-level quantum dots. Our experiments report the inter-
play of superconductivity and the Kondo effect in magnetic quantum
dots, which brings a third phenomenon, namely, magnetism into the
intriguing interplay between superconductivity and quantum dots.
Our findings not only provide a rich platform to understand the exotic
triad interplay of SC-FM-Kondo but also promote the development of
new types of devices, in which the superconductivity can be controlled
by Kondo interaction and magnetic information can be manipulated
by the Kondo resonance.
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We use a vertical geometry and planar magnetic tunnel junction
(MTJ) device in Fig. 1(a) composed of Al superconducting electrodes
and MgO tunnel barriers. Magnetic and superconducting tunnel junc-
tions of the 700lm� 700lm junction area were deposited on Si sub-
strate/SiO2 (25 nm) using high vacuum (�2� 10�9Torr) dc
magnetron sputtering at ambient temperature and were patterned
using a sequence of in situ metal shadow masks. The junction struc-
tures without nanodots were 5 Al/3.4 MgO/6.5 Al (thicknesses in nm).
Junctions with a nanodot layer were formed from 5.5 Al/2.5 MgO/
0.75 Co70Fe30/2.5 MgO/6.5 Al (thicknesses in nm). MgO barriers are
formed by reactive magnetron sputtering in an Ar–O2 mixture.15,16

Conductance measurements were carried out in a 3He refrigerator
using standard ac lock-in four-probe techniques.

A thin CoFe layer is inserted in the middle of the MgO layer,
which forms a discontinuous layer of nanodots, as revealed by plan-
view transmission electron microscopy (TEM) shown in Fig. 1(b). A
clear ferromagnetic loop was measured from nanodot multilayers of
the form [MgO/0.75 nm CoFe]20 using a superconducting quantum
interference device (SQUID) magnetometer at 5K as shown in Fig.
1(c). Strong Coulomb repulsion on nanodots also suppresses the direct
proximity effects, as demonstrated by the Cooper-pair splitter experi-
ments.17,18 The competition between superconductivity and the
Kondo effect can be determined by the relative strength kBTK/D of the
Kondo temperature (TK� 20K) vs the superconducting gap energy
(D¼ 0.35meV), where kB is the Boltzmann constant, and can be
tuned by the temperature and an external magnetic field. The energy
level schematic diagram of a nanodot between two Al superconducting
leads is shown in Fig. 1(d).

Due to a Coulomb blockade effect, as the temperature and bias
voltage are reduced below 50K and 27meV, respectively, the dc

resistance of the Al/MgO/CoFe dot/MgO/Al MTJ increases rapidly as
shown in Fig. 2(a) as similarly found in other reports.19–22 When the
temperature further decreases below �20K, a peak centered at zero
voltage in the tunneling conductance vs bias voltage curve appears as
shown in Fig. 2(b). These features are due to the Kondo resonance pre-
viously observed in MTJs with magnetic and nonmagnetic electrodes,
in which the temperature dependence of the conductance peak can be
fitted to the empirical Kondo formula.20,23,24 Similar to other tunneling
Kondo experiments, the conductance peak, observed in Fig. 2(b)
around zero bias at low bias voltage and low temperatures, gradually
disappears as the temperature increases. At lower temperatures, a
double-peak structure is observed with a small splitting between them,
which is in contrast to the observation of a single conductance peak
for a single magnetic grain.25

Figure 3(a) shows the conductance data from the Al/MgO/CoFe
dot/MgO/Al junction, when the sample temperature is further reduced
below the superconducting transition temperature of Al (TC �2K).
Clearly, two peaks at 62DAl are superimposed on a broad double con-
ductance peak around zero bias. For reference, a sample without nano-
dots (Al/MgO/Al) in Fig. 3(e) does not show any broad conductance
peak, in which negligible conductance within the gap and very sharp
conductance peaks at D1þD2, corresponding to the sum of the gap
energies from the bottom (D1) and top (D2) superconducting electro-
des, show that the junction is of good quality without any pinholes.
Therefore, we can conclude that a broad double conductance peak is
due to the Kondo resonance and two sharp peaks at 62DAl are from
superconductivity of Al in Fig. 3(a).

Without the Kondo effect, the strong tunnel barriers and strong
Coulomb repulsion suppress the transport through the quantum dot.
However, once the Kondo effect arises, the Kondo resonance level is
developed at the Fermi energy. This Kondo resonance level is effec-
tively non-interacting although the bare level has strong Coulomb
interaction. This Fermi-liquid picture of the Kondo resonance level
has been well established.26,27 Therefore, the Cooper pairs in the super-
conducting electrodes can pass through the quantum dot via the
Kondo resonance level. This is only possible due to the fact that in the
Kondo regime, the system approaches the strong coupling limit and
the conductance is much enhanced compared to the direct tunneling
limit. The direct tunneling through two MgO barriers (total 5 nm
thick) can be ruled out, as its contribution to the conductance
(0.68� 10�4 e2/h) would be 4 orders of magnitude smaller than that
of higher order tunneling.28 We report the interplay of superconduc-
tivity and the Kondo effect in magnetic nanodots, which brings a third
effect (magnetism) to the intriguing interplay as we discuss later. Due
to strong tunnel barriers and junction asymmetry, we do not observe
the Josephson effect nor Andreev scattering processes in our samples.
The finite subgap conductance in Figs. 3(a)–3(d) suggests that the
devices are in the intermediate regime between the overdamped and
underdamped regime. In the Kondo-mediated proximity effect, the
induced gap is almost the same as that in the superconducting electro-
des.29,30 For example, the sum of the gap energies of 1.448mV in Fig.
3(b) is the same as that in Fig. 3(e). The asymmetric bias voltage
dependence of the conductance in Figs. 3(a) and 3(c) is attributed to
the difference in the capacitances and resistances over the two tunnel
barriers, which is typical for asymmetric junction geometry.6

Thermally excited quasiparticles featured as a peak at zero bias sub-
stantiate the existence of superconductivity at the elevated temperature

FIG. 1. (a) Diagram showing the measurement geometry, in which a discontinuous
layer of CoFe nanodots is inserted in the middle of the MgO tunnel barrier. (b) A
plane view TEM image when a nominal thickness 0.75 nm CoFe layer is deposited.
Black color represents MgO, and white regions correspond to CoFe nanodots. (c)
Magnetization vs magnetic field curve of the form [MgO/0.75 nm CoFe]20 at 5 K
showing that the CoFe nanodots have a long range magnetic ordering. (d)
Schematic energy diagram in the regime kBTK > D showing a resonance state of a
dot with Al superconducting electrodes. D is the superconducting gap and the
Kondo temperature TK is proportional to the width of the resonance level.
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of 1.4K as shown in Figs. 3(d) and 3(f) for the samples with and with-
out nanodots, respectively.31

The magnetization curve of Fig. 1(c) implies that CoFe nanodots
have a large macroscopic magnetic moment. However, as elaborated
theoretically and demonstrated experimentally, ferromagnetism itself
does not necessarily destroy the Kondo effect.6,32–34 The transport
phenomenon is governed only by the states near the Fermi energy of
the magnetic dot, and the spin-polarized electrons far below the Fermi
level contribute only to the magnetization but not to the transport.
The most crucial factor is, thus, the spin polarization (P) at the Fermi
surface.6,32–34 The spin polarization at the Fermi level of CoFe nano-
dots is estimated to be 0.2,20,35,36 and it turns out that the Kondo corre-
lation can survive with a spin polarization of 0.2 as we show below.

We examine the effects of the spin polarization in the magnetic
nanodot on the Kondo correlation. The s-band in CoFe nanodots is
quantized into discrete levels due to spatial confinement. The average
level spacing is estimated to be 0.3� 1meV for nanodots of diameter
3.2nm. In order to focus on the effects of a finite spin polarization,
P ¼ ðC" � C#Þ=ðC" þ C#Þ ¼ 0:2, we assume three spin up quantized
levels and two spin down levels in the nanodot, all with the same
energy ed. This simplified picture of the magnetic nanodot is described
by the following Anderson-like Hamiltonian equation:

HD ¼
X
r¼";#

Xgr

j¼1
edd

†
jrdjr þ

1
2
Unðn� 1Þ; (1)

where U is the interaction energy of the order of the Coulomb charg-
ing energy Ec and n ¼

P
r

Pgr
j d†jrdjr is the total number of electrons

occupying the dot levels. In Eq. (1), the spin polarization is effectively
manifested by the spin-dependent degeneracy factor gr (we have
assumed g"¼ 3 and g#¼ 2).

If the magnetic nanodot is coupled to a (spin-unpolarized) con-
duction band of an electrode, the total Hamiltonian takes the form
H¼HCþHDþHT, where HC ¼

P
kr ekc

†
krckr describes the conduc-

tion band and HT ¼ t
P

kr

Pgr
j ðc†krdjr þ d†jrckrÞ is responsible for

the tunneling between the dot and the conduction band, where we
have assumed energy-independent tunneling amplitude t.

If we change the basis and define new operators a0" ¼ d1"þd2"þd3#ffiffi
3
p ;

a1" ¼ d1"þd2"�2d3#ffiffi
3
p ; a2" ¼ d1"�d2"ffiffi

2
p ; a0# ¼ d1#þd2#ffiffi

2
p ; a1# ¼ d1#�d2#ffiffi

2
p , HT

becomes HT ¼
P

k½
ffiffiffi
3
p

tðc†k"a0" þ a†0"ck"Þ þ
ffiffiffi
2
p

tðc†k#a0# þ a†0#ck#Þ�.
Only a0r electrons are tunnel-coupled to the conduction band with
a1"; a2"; a1# all decoupled (the latter are still coupled through the
U-term in HD, but the effect is negligible). The crucial point is that the
tunneling amplitudes

ffiffiffi
3
p

t and
ffiffiffi
2
p

t for a0" and a0#, respectively, are dif-
ferent from each other. Let C" ¼ 3C0;C# ¼ 2C0;C0 ¼ pjtj2N0, with
N0 being the density of states of the conduction band at the Fermi level.
Then, the model is equivalent to a non-magnetic quantum dot coupled
to ferromagnetic leads with (parallel) polarization,32,34 P¼ 0.2.

As in a quantum dot coupled to ferromagnetic leads, the Kondo
temperature depends on the polarization32 given by TKðPÞ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðC"þC#ÞU

4

q
exp ½ ped

C"þC#
1þ ed

U

� � tanh�1ðPÞ
P �. A finite polarization P tends

to suppress the Kondo temperature TK. However, in our case, the spin
polarization (P¼ 0.2) is rather small, and its effect is relatively small
compared with the multilevel effects. While the polarization increases
the (negative) exponent by a factor of 1.014, the multilevel effect
decreases it by a factor of 2/5. This can explain the high Kondo tem-
perature observed in our experiment even in the presence of a finite
spin polarization.

Controlling the spin polarization value provides an opportunity
to control the strength of the Kondo effect and the superconductivity.
For example, Kondo features are fully suppressed when the CoFe
nanodot layer is thickened to make a continuous ferromagnetic layer,
in which the spin polarization is �0.5.20,23 Figure 4(a) shows the con-
ductance from an MTJ with a 2 nm CoFe layer in the middle of the
structure (Al/MgO/2nm CoFe film/MgO/Al), which does not show
any conductance peak or double-peaked structure, as a strong mag-
netic ordering completely suppresses the Kondo effect. We, thus, iden-
tify the unpaired electrons on the nanodots to be responsible for the
Kondo effect. The mechanism of our Kondo effect is distinguished
from that in the Co adatom on a metal surface, in which the 4s elec-
trons of Co are strongly and chemically hybridized with host metals
and one of the d orbitals is involved in the Kondo effect.25 The average

FIG. 2. DC resistance (a) and conductance (b) of an MTJ with a structure of Al/MgO/CoFe dot/MgO/Al. A magnetic field of 1 T was applied to an MTJ. Due to a Coulomb block-
ade effect, the junction resistance in (a) increases at a greater rate, when the temperature is reduced below 50 K or the bias voltage is smaller than 27 mV. The conductance
peak is observed in (b) around zero bias at low bias voltage and low temperatures, which gradually disappear as the temperature increases.
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discrete level spacing in CoFe nanodots is estimated to be 0.3–1meV
from the mean diameter (�3.2nm).19,37 The tunneling broadening
C � 3meV is consistent with other results.23 The level spacing is, thus,
likely to be smaller than or comparable to at most the tunnel broaden-
ing. It is known that the Kondo temperature can be enhanced by sev-
eral orders of magnitude in multi-level quantum dots,38–40 which can
explain the observed strong Kondo phenomena in magnetic systems.

The Kondo-mediated proximity effect has been demonstrated
previously in three different types of experiments. The first one is the

conductance characteristics through an SC/dot/SC junction,7,11,41–44

which is consistent with Fig. 3. The second example is a direct mea-
surement of supercurrent, which usually involves interferometry.8,45

The third case is a probe of the local density of states (LDOS) by
means of the conductance in FM/dot/SC junctions.46 In the last type
of device, the Kondo-mediated proximity effect is induced by the
superconducting electrode, and the ferromagnetic electrode probes the
LDOS on the dot. In this sense, the ferromagnetic electrode plays a
role of a scanning tunneling microscope tip. Figure 4(b) shows the

FIG. 3. Conductance data for an MTJ device of Al/2.5 nm MgO/CoFe dot/2.5 nm MgO/Al for a wide [(a) and (c)] and narrow [(b) and (d)] range of bias voltages at 0.25 K and
1.4 K, respectively. Two clear superconducting gap peaks at 62DAl superimpose a broad Kondo conductance peak around zero bias. [(e) and (f)] Conductance data for an
MTJ device without a nanodot layer (Al/3.4 nm MgO/Al) at 0.25 K and 1.4 K. At 1.4 K, thermally excited quasiparticles lead to an additional peak at zero bias in (d) and (f). The
legend in (b) indicates the applied magnetic field.
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conductance characteristics on our FM/MgO/dot/MgO/SC device,
which falls into this type of devices as recounted below in more detail.

It exhibits a conductance enhancement in the bias range of 0.35
< jVj < 2.5meV, which can be attributed to the Kondo resonance
peak in the LDOS on the dot. As the bias voltage decreases further, the
conductance is eventually suppressed in the range of jVj < 0.35meV.
The same suppression exactly in the same bias range is observed in an
FM/(continuous film)/SC device (i.e., without dot) as illustrated in Fig.
4(a) at 0T. Considering the superconducting gap D¼ 0.35meV, it is
clear that this suppression is due to the proximity-induced supercon-
ductivity on the dot, which suppresses the LDOS below the supercon-
ducting gap. On applying 2T in Fig. 4(a), the superconducting
tunneling spectroscopy data mimic that of a ferromagnetic-insulator-
superconductor tunnel junction with a tunneling spin polarization of
�0.5 due to a continuous CoFe thin film.47 Figure 4(b), thus, demon-
strates clearly that the Kondo-mediated proximity effect indeed sur-
vives even in the presence of the magnetic ordering on the nanodot. A
step in the conductance in Fig. 4(b) shifts to a higher bias voltage by
glBB upon increasing the magnetic field (B) from 4 to 8T, where lB is
the Bohr magneton and g factor (g) is 2. This characteristic step corre-
sponds to the voltage at which an inelastic spin-flip cotunneling pro-
cess is activated.23

In summary, we have studied the magneto-transport in double
tunnel junctions (Al/MgO/CoFe nanodot/MgO/Al). A clear supercon-
ductivity feature superimposed on top of the broad conductance
enhancement due to the Kondo effect is observed. The measured con-
ductance data show the competition between superconductivity and
the Kondo effect in the presence of ferromagnetic nanodots depending
on magnetic fields and the temperature. The Kondo correlation can
survive with a spin polarization of 0.2, whereas Kondo features are
fully suppressed with the spin polarization of�0.5. Our findings dem-
onstrate that a superconducting tunnel junction with magnetic nano-
dots serves as a rich platform to understand the interplay of
superconductivity, ferromagnetism, and the Kondo effect and to
explore superconductor-based spin devices.
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