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Kondo Effect: Quantum Dots 

D. Goldhaber-Gordon 
Nature 39, (1998)

M. A. Kastner, Single electron transistor and artificial atoms 887
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Fig. 2 Sketch of the electrostatic potential energy experienced by an electron moving at the
interface between GaAs and AlGaAs in Fig. 1.

Fig. 3 Electronmicrograph of the top surface of the SET used in the experiments of
Goldhaber-Gordon et al. [6, 7]. See also Fig. 1.
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for a noninteracting QD, while

!1!!!;"~""" #
X

k2L;R

jVkj2fL=R!"k #!!"
!$ !"~""$ "k #!! % i #h=2# #!!

(9)

appears for interacting QDs only. The average occupation
of the QD with spin ! is obtained from hn!i #
$!i=2$"

R

d!G<
! !!". Extending the standard derivation

[12], we replaced on the right-hand side of Eq. (9) "" !
"~"", where ~""! is found self-consistently from the relation

~"" ! # "! % Re&!0!!~""!" % !1!!~""!;"~"""' ; (10)

which describes the renormalized dot-level energy,
where the real part of the denominator of Eq. (8) van-
ishes [1]. We emphasize that without this self-consistency
relation the Kondo resonances will, in general, appear
at different positions, which disagree with the conclu-
sions from the scaling analysis [19]. The procedure
simulates higher-order contributions and the influence of
the renormalization of the dot-level on spin fluctuations.
Following Ref. [12] we introduce, in a heuristic way, a
lifetime #!!%L;%R; ~"""; ~""#" which describes decoherence
due to a finite bias voltage V or level splitting "~"". It is
obtained in second-order perturbation theory and de-
pends on the electrochemical potentials in the leads,
%L!R", and the level positions. Again, we replace the
bare levels by the renormalized ones. In the numeri-
cal results presented below we use Lorentzian bands of
width D # 100$.

For nonmagnetic leads, P # 0, and zero magnetic field,
B # 0, the proposed approximation is identical to the
standard EOM scheme [12]. For finite magnetic field,
B ! 0, the self-consistency condition yields a splitting
of the Kondo resonances which is slightly smaller than
2g%BB, in agreement with both experimental [2] and
theoretical findings [20,21]. For B # 0 and P > 0 in the
parallel configuration, we obtain a value of the splitting
"~"" comparable to the result from scaling, Eq. (2).

In Fig. 1 we plot the DOS of the QD for spins in AP and
P configurations with spin polarization P # 0:2 in the
leads. In the AP configuration there is one Kondo reso-
nance [Fig. 1(a)] and the DOS is the same as for the case
of nonmagnetic leads. For the P configuration, however,
the Kondo resonance splits [Fig. 1(c)], which can be com-
pensated by an external magnetic field B [Fig. 1(d)]. In the
latter case, the amplitude of the Kondo resonance for
spin-down significantly exceeds that for spin-up (as dis-
cussed above). A finite bias voltage, %R $%L # eV > 0,
again leads to a splitting for both the AP and the P con-
figurations [Figs. 1(b) and 1(e)]. In the AP configuration,
the amplitudes of the upper and the lower Kondo peaks
appear asymmetric [Fig. 1(b)].

In Fig. 2 we show the differential conductance as a
function of the transport voltage. For nonmagnetic leads,
there is a pronounced zero-bias maximum [Fig. 2(a)],
which splits in the presence of a magnetic field
[Fig. 2(b)]. For magnetic leads and parallel alignment,

we find a splitting of the peak in the absence of a mag-
netic field [Fig. 2(c)], which can be tuned away by an
appropriate magnetic field [Fig. 2(d)]. In the AP configu-
ration, the opposite happens, no splitting at B # 0
[Fig. 2(e)] but finite splitting at B > 0 [Fig. 2(f)] with
an additional asymmetry in the peak amplitudes as a
function of the bias voltage. This asymmetry is related
to the asymmetry in the amplitude of DOS [Fig. 1(b)]. All
these findings are in good agreement with our scaling
analysis. In Fig. 2(g) we show the tunnel magnetoresis-
tance (TMR) which can be much larger than for conven-
tional TMR systems. Finally, we find that the positions of
the peaks in the AP configuration in the presence of a
magnetic field are slightly shifted as a function of the
polarization P [Fig. 2(h)]. This can be explained in the
similar way as in Ref. [7] by an additional level splitting
&"~"" # !1=4$"P$=~"" eV at finite bias voltages due to spin
accumulation in the QD.

We finally comment on the observability of our pro-
posal and how one can attach ferromagnetic leads to a
QD. A conceivable realization might be to put carbon
nanotubes in contact with ferromagnetic leads [22]. The
Kondo effect has been observed already for nonmagnetic

FIG. 1. Spin-dependent DOS for spin-up (solid line) and spin-
down (dashed line), calculated for P and AP alignment (as
indicated), for a spin polarization of the leads P # 0:2. The
parts (d),(e) include the effect of an applied magnetic field B
and (b),(e) of an applied bias voltage V. The other parameters
are T=$ # 0:005 and "=$ # $2.
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barriers (20), the Julliere estimate is JMR 0
21%. The sample shown in Fig. 1C has
JMR 0 19%, and for other samples we find
values in the range from 10 to 19%.

After we performed electromigration on
Ni samples with C60 adsorbed on them, about
5% of the devices exhibited simple high-
resistance Coulomb blockade characteristics
(15); and in approximately 3% of 1200 total
devices, we observed G(V) versus V curves
similar to those in Fig. 2, A and C. Instead of
having a single peak in G(V ) centered at V 0 0
as observed for Kondo tunneling with Au
electrodes, when the moments of the Ni elec-
trodes were aligned parallel by a small ap-
plied field, we observed two peaks in G(V ),
approximately symmetric about V 0 0 and
with similar amplitudes and widths, situated
atop a background that can be asymmetric in
V. These characteristics are different from
Coulomb blockade conductance peaks (21).

The split peaks in Figure 2 display a strong
dependence on the relative orientation of the

magnetic moments in the two electrodes.
Figure 2B shows a color scale plot of G(V,B)
for sample 1 as a function of B (y axis)
and V (x axis), recorded at 1.5 K. B is swept
from negative to positive values. When B G
j10 mT, there are two peaks in G(V ) with a
splitting %VP 0 16 mV that displays only a
weak dependence on B. At B 0 –10 mT,
there is an abrupt switch, at which point the
splitting is reduced to %VAP 0 7.6 mV. In the
range –10 mT G B G 200 mT, the splitting
between the peaks gradually increases. At B 0
200 mT, there is a second abrupt switching
event, and the G(V ) curves for larger positive
fields are the same as at large negative fields.
When the sweep direction for B is reversed,
the G(V,B) plots exhibit magnetic hysteresis,
with the switching fields reversed about B 0 0.
We can therefore associate these changes
with the relative orientation of the moments
in the two magnetic electrodes. For negative
B in Fig. 2B, the moments are parallel and the
peak splitting is large. At B 0 j10 mT, one

moment reverses to give an approximately
antiparallel configuration with a smaller split-
ting. On further increasingB, the other moment
rotates gradually, and then at B 0 200 mT the
second moment reverses to restore the P
configuration.

Figure 2, C and D, shows a similar pro-
gression as a function of B for sample 2. Again
there is a large splitting, %VP 0 18 mV, for
parallel moments in the electrodes, but in the
AP configuration the splitting is reduced
sufficiently that only one peak in G(V ) is
resolvable. The lack of splitting for the AP
case indicates that the strong-coupling Kondo
effect is possible even in the presence of
ferromagnetic electrodes.

The splittings between the conductance
peaks are too large to be associated with
Zeeman splitting of the Kondo resonance in a
local magnetic field. Assuming a g factor of 2,
a splitting %VP 0 16 mV corresponds to a
magnetic field of 70 T. An upper limit on the
local magnetic field that can be generated
by the magnetic electrodes in the small gap
is given by their magnetization, 0.6 T for Ni.

The magnetic field dependence of our split
peaks is in excellent agreement with some
recent predictions that the interaction of a
quantum dot with spin-polarized electrodes
can produce a splitting of the Kondo resonance
(12–14). In this model, the conductance of a
single-level quantum dot is determined by
the tunneling spin polarizations PL,PR and
the couplings +L,+R between the dot and the
left and right electrodes. We will assume
that polarizations are PL 0 PR 0 P 0 0.31 (as
for a Ni junction) for the P orientation and
PL 0 jPR 0 P for the AP orientation. Be-
cause of quantum charge fluctuations, the

Fig. 1. (A) Kondo sig-
nal for C60 with Au
electrodes at T 0 1.5
K. At B 0 0 (red line),
there is a zero-bias
peak in G(V ) that
becomes split for B 0
10 T (black line). (B)
Scanning e lectron
micrograph of a Ni
break junction. The
magnet i c f i e ld i s
applied in the horizon-
tal direction. (Inset)
Close-up of the junction region after electromigration. (C) Tunneling magnetoresistance near V 0 0
at T 0 4.2 K of a Ni contact after electromigration, with no C60 molecule present.
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Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
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(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

sample 2 for B swept positive to negative. (E) Theoretical fit to (C)
using the EOM method (12). Here + 0 (+L þ +R)/2.
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barriers (20), the Julliere estimate is JMR 0
21%. The sample shown in Fig. 1C has
JMR 0 19%, and for other samples we find
values in the range from 10 to 19%.

After we performed electromigration on
Ni samples with C60 adsorbed on them, about
5% of the devices exhibited simple high-
resistance Coulomb blockade characteristics
(15); and in approximately 3% of 1200 total
devices, we observed G(V) versus V curves
similar to those in Fig. 2, A and C. Instead of
having a single peak in G(V ) centered at V 0 0
as observed for Kondo tunneling with Au
electrodes, when the moments of the Ni elec-
trodes were aligned parallel by a small ap-
plied field, we observed two peaks in G(V ),
approximately symmetric about V 0 0 and
with similar amplitudes and widths, situated
atop a background that can be asymmetric in
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there is an abrupt switch, at which point the
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200 mT, there is a second abrupt switching
event, and the G(V ) curves for larger positive
fields are the same as at large negative fields.
When the sweep direction for B is reversed,
the G(V,B) plots exhibit magnetic hysteresis,
with the switching fields reversed about B 0 0.
We can therefore associate these changes
with the relative orientation of the moments
in the two magnetic electrodes. For negative
B in Fig. 2B, the moments are parallel and the
peak splitting is large. At B 0 j10 mT, one

moment reverses to give an approximately
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ting. On further increasingB, the other moment
rotates gradually, and then at B 0 200 mT the
second moment reverses to restore the P
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Figure 2, C and D, shows a similar pro-
gression as a function of B for sample 2. Again
there is a large splitting, %VP 0 18 mV, for
parallel moments in the electrodes, but in the
AP configuration the splitting is reduced
sufficiently that only one peak in G(V ) is
resolvable. The lack of splitting for the AP
case indicates that the strong-coupling Kondo
effect is possible even in the presence of
ferromagnetic electrodes.

The splittings between the conductance
peaks are too large to be associated with
Zeeman splitting of the Kondo resonance in a
local magnetic field. Assuming a g factor of 2,
a splitting %VP 0 16 mV corresponds to a
magnetic field of 70 T. An upper limit on the
local magnetic field that can be generated
by the magnetic electrodes in the small gap
is given by their magnetization, 0.6 T for Ni.

The magnetic field dependence of our split
peaks is in excellent agreement with some
recent predictions that the interaction of a
quantum dot with spin-polarized electrodes
can produce a splitting of the Kondo resonance
(12–14). In this model, the conductance of a
single-level quantum dot is determined by
the tunneling spin polarizations PL,PR and
the couplings +L,+R between the dot and the
left and right electrodes. We will assume
that polarizations are PL 0 PR 0 P 0 0.31 (as
for a Ni junction) for the P orientation and
PL 0 jPR 0 P for the AP orientation. Be-
cause of quantum charge fluctuations, the
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pairs (P13/P14, P10.1, P8/P9) is grafted on-
to a similar core.

Surprisingly, the crystal structure of the ri-
bosome as well as of other RNAs demon-
strate a recurring motif: that is, long-range
RNA-RNA anchors mediated by adenine
bases that make contact with the shallow mi-
nor grooves of two stacked base pairs of RNA
helices (14). RNA has a remarkable propen-
sity for contributing two contiguous adenines
to such A-minor interactions. Sometimes the
consecutive adenines belong to GNAA
tetraloops, but other RNA motifs also are able
to fold with two adenines poised for binding
to the shallow/minor groove of a helicoidal
region. The proper conformation of these
adenines is generally ensured by other local
interactions involving one edge of the
adenines, leaving the other edges free for fur-
ther long-range interactions. 

The four RNA-RNA contacts (indicated
by arrows in the figure) are all mediated by
A-minor interactions. Strikingly, the anchor-
ing of the subdomains is via A-minor anchor-
ing motifs between different peripheral do-
mains, even though they are embedded with-
in very different structural contexts. In type A
RNA, adenines in the heptaloop L13 and the
tetraloop L14 contact stacked base pairs in
P12 and at the base of P8, respectively (9).
But in type B RNA, adenines in the apical

loop of P12 contact a special motif in P10.1,
and a single-stranded region organizes itself
in a loop with two adenines contacting the
stack between P7 and P10 (12). Thus, with
A-minor anchoring motifs, nonhomologous
peripheral elements can form different and
mutually exclusive long-range contacts to
promote an identical functional purpose: the
stabilization of the helical stems that build
the recognition core (helices P7 to P11) that
correctly positions the substrate. There is in-
creasing awareness of the structural impor-
tance of peripheral RNA domains in the evo-
lution and function of RNAs. For example,
peripheral domains of the small hammerhead
ribozyme identified in sequence alignments
affect its catalytic activity (13). 

RNA structural bioinformatics is based on
comparative analysis, which searches for co-
ordinated events in sequence evolution to in-
fer spatial relationships. The structural
knowledge gained by comparing se-
quences of homologous RNAs is un-
equaled: All of the long-range contacts
discussed above have been identified by
comparative analysis (15, 16). Yet the ex-
quisite atomic views of such contacts
would not have been possible without
crystallography. Furthermore, the two crys-
tal structures offer definite clues about con-
served residues (especially bulges or unpaired

regions) that were clearly seen as conserved
in sequence alignments but whose role was
unclear. The next challenge resides in the in-
tegration of the rich and complex three-
dimensional information gained by crys-
tallography with the ever-increasing num-
ber of sequence databases. The implication
is that systematic comparisons between
crystal structures and aligned sequences
should tease apart the key molecular con-
nections that maintain biologically func-
tional RNAs. The goal is to derive the rules
of molecular evolution that govern the
RNA world, which forms the origin of our
DNA-based modern life. 
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Advances in nanoelectronics continue
to push forward the miniaturization
of devices and the improvement of

their speed and functionality. Of particular
importance are the fields of molecular
electronics and spintronics. By studying
electronic transport at molecular scales—
for example, through individual carbon
nanotubes (1), C60 molecules (2), and sin-
gle organic molecules (3)—researchers try
to reach the ultimate size limits for devices.
In spintronics, the spin rather than the
charge is used to store and process classi-
cal as well as quantum information (4).

On page 86 of this issue, Pasupathy et al.
(5) succeed in merging these two fields.
They explore molecular quantum dots
consisting of single C60 molecules, which

are sandwiched between two ferromag-
netic nickel electrodes (see the figure).
These new spintronic devices combine
two fundamental electron-electron interac-
tion effects of condensed matter physics:
the Kondo effect and ferromagnetism. At
first sight, these effects seem to exclude

each other, but they have now been in-
tegrated in one device. Once a controlled
assembly of such devices is achieved, they
may even outperform more conventional
magnetoelectronic devices. 

Previous experiments have shown that a
quantum dot trapping an unpaired electron
can display the Kondo effect, which is one of
the most prominent many-body effects in
condensed matter physics (6, 7). If the tun-
neling barriers defining the quantum dot are
sufficiently transparent, the wave function of
the single electron can leak out of the dot and
hybridize with the delocalized electrons in
the contacts. The Coulomb repulsion on the
dot leads to an antiferromagnetic exchange
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Merging the Kondo effect and fer-
romagnetism. (Left) Artist’s view
of the C60 quantum dot between
ferromagnetic nickel electrodes.The
different shapes of the electrodes
enable a controlled transition be-
tween parallel and antiparallel align-
ment of the magnetization, M

→
.

(Right) Differential conductance ver-
sus bias voltage of the device for the
parallel (blue) and antiparallel state
(red). For parallel alignment, the
Kondo resonance is split by the exchange fields of the two electrodes.For antiparallel alignment, the exchange
fields of the two electrodes cancel each other, and Kondo resonance is restored at zero-bias voltage.This leads
to a large magnetoconductance MR, which exceeds the usual tunneling magnetoconductance (arrow).
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barriers (20), the Julliere estimate is JMR 0
21%. The sample shown in Fig. 1C has
JMR 0 19%, and for other samples we find
values in the range from 10 to 19%.

After we performed electromigration on
Ni samples with C60 adsorbed on them, about
5% of the devices exhibited simple high-
resistance Coulomb blockade characteristics
(15); and in approximately 3% of 1200 total
devices, we observed G(V) versus V curves
similar to those in Fig. 2, A and C. Instead of
having a single peak in G(V ) centered at V 0 0
as observed for Kondo tunneling with Au
electrodes, when the moments of the Ni elec-
trodes were aligned parallel by a small ap-
plied field, we observed two peaks in G(V ),
approximately symmetric about V 0 0 and
with similar amplitudes and widths, situated
atop a background that can be asymmetric in
V. These characteristics are different from
Coulomb blockade conductance peaks (21).

The split peaks in Figure 2 display a strong
dependence on the relative orientation of the

magnetic moments in the two electrodes.
Figure 2B shows a color scale plot of G(V,B)
for sample 1 as a function of B (y axis)
and V (x axis), recorded at 1.5 K. B is swept
from negative to positive values. When B G
j10 mT, there are two peaks in G(V ) with a
splitting %VP 0 16 mV that displays only a
weak dependence on B. At B 0 –10 mT,
there is an abrupt switch, at which point the
splitting is reduced to %VAP 0 7.6 mV. In the
range –10 mT G B G 200 mT, the splitting
between the peaks gradually increases. At B 0
200 mT, there is a second abrupt switching
event, and the G(V ) curves for larger positive
fields are the same as at large negative fields.
When the sweep direction for B is reversed,
the G(V,B) plots exhibit magnetic hysteresis,
with the switching fields reversed about B 0 0.
We can therefore associate these changes
with the relative orientation of the moments
in the two magnetic electrodes. For negative
B in Fig. 2B, the moments are parallel and the
peak splitting is large. At B 0 j10 mT, one

moment reverses to give an approximately
antiparallel configuration with a smaller split-
ting. On further increasingB, the other moment
rotates gradually, and then at B 0 200 mT the
second moment reverses to restore the P
configuration.

Figure 2, C and D, shows a similar pro-
gression as a function of B for sample 2. Again
there is a large splitting, %VP 0 18 mV, for
parallel moments in the electrodes, but in the
AP configuration the splitting is reduced
sufficiently that only one peak in G(V ) is
resolvable. The lack of splitting for the AP
case indicates that the strong-coupling Kondo
effect is possible even in the presence of
ferromagnetic electrodes.

The splittings between the conductance
peaks are too large to be associated with
Zeeman splitting of the Kondo resonance in a
local magnetic field. Assuming a g factor of 2,
a splitting %VP 0 16 mV corresponds to a
magnetic field of 70 T. An upper limit on the
local magnetic field that can be generated
by the magnetic electrodes in the small gap
is given by their magnetization, 0.6 T for Ni.

The magnetic field dependence of our split
peaks is in excellent agreement with some
recent predictions that the interaction of a
quantum dot with spin-polarized electrodes
can produce a splitting of the Kondo resonance
(12–14). In this model, the conductance of a
single-level quantum dot is determined by
the tunneling spin polarizations PL,PR and
the couplings +L,+R between the dot and the
left and right electrodes. We will assume
that polarizations are PL 0 PR 0 P 0 0.31 (as
for a Ni junction) for the P orientation and
PL 0 jPR 0 P for the AP orientation. Be-
cause of quantum charge fluctuations, the

Fig. 1. (A) Kondo sig-
nal for C60 with Au
electrodes at T 0 1.5
K. At B 0 0 (red line),
there is a zero-bias
peak in G(V ) that
becomes split for B 0
10 T (black line). (B)
Scanning e lectron
micrograph of a Ni
break junction. The
magnet i c f i e ld i s
applied in the horizon-
tal direction. (Inset)
Close-up of the junction region after electromigration. (C) Tunneling magnetoresistance near V 0 0
at T 0 4.2 K of a Ni contact after electromigration, with no C60 molecule present.
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Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

sample 2 for B swept positive to negative. (E) Theoretical fit to (C)
using the EOM method (12). Here + 0 (+L þ +R)/2.
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Kondo Effect in the
Presence of Ferromagnetism
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pairs (P13/P14, P10.1, P8/P9) is grafted on-
to a similar core.

Surprisingly, the crystal structure of the ri-
bosome as well as of other RNAs demon-
strate a recurring motif: that is, long-range
RNA-RNA anchors mediated by adenine
bases that make contact with the shallow mi-
nor grooves of two stacked base pairs of RNA
helices (14). RNA has a remarkable propen-
sity for contributing two contiguous adenines
to such A-minor interactions. Sometimes the
consecutive adenines belong to GNAA
tetraloops, but other RNA motifs also are able
to fold with two adenines poised for binding
to the shallow/minor groove of a helicoidal
region. The proper conformation of these
adenines is generally ensured by other local
interactions involving one edge of the
adenines, leaving the other edges free for fur-
ther long-range interactions. 

The four RNA-RNA contacts (indicated
by arrows in the figure) are all mediated by
A-minor interactions. Strikingly, the anchor-
ing of the subdomains is via A-minor anchor-
ing motifs between different peripheral do-
mains, even though they are embedded with-
in very different structural contexts. In type A
RNA, adenines in the heptaloop L13 and the
tetraloop L14 contact stacked base pairs in
P12 and at the base of P8, respectively (9).
But in type B RNA, adenines in the apical

loop of P12 contact a special motif in P10.1,
and a single-stranded region organizes itself
in a loop with two adenines contacting the
stack between P7 and P10 (12). Thus, with
A-minor anchoring motifs, nonhomologous
peripheral elements can form different and
mutually exclusive long-range contacts to
promote an identical functional purpose: the
stabilization of the helical stems that build
the recognition core (helices P7 to P11) that
correctly positions the substrate. There is in-
creasing awareness of the structural impor-
tance of peripheral RNA domains in the evo-
lution and function of RNAs. For example,
peripheral domains of the small hammerhead
ribozyme identified in sequence alignments
affect its catalytic activity (13). 

RNA structural bioinformatics is based on
comparative analysis, which searches for co-
ordinated events in sequence evolution to in-
fer spatial relationships. The structural
knowledge gained by comparing se-
quences of homologous RNAs is un-
equaled: All of the long-range contacts
discussed above have been identified by
comparative analysis (15, 16). Yet the ex-
quisite atomic views of such contacts
would not have been possible without
crystallography. Furthermore, the two crys-
tal structures offer definite clues about con-
served residues (especially bulges or unpaired

regions) that were clearly seen as conserved
in sequence alignments but whose role was
unclear. The next challenge resides in the in-
tegration of the rich and complex three-
dimensional information gained by crys-
tallography with the ever-increasing num-
ber of sequence databases. The implication
is that systematic comparisons between
crystal structures and aligned sequences
should tease apart the key molecular con-
nections that maintain biologically func-
tional RNAs. The goal is to derive the rules
of molecular evolution that govern the
RNA world, which forms the origin of our
DNA-based modern life. 
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Advances in nanoelectronics continue
to push forward the miniaturization
of devices and the improvement of

their speed and functionality. Of particular
importance are the fields of molecular
electronics and spintronics. By studying
electronic transport at molecular scales—
for example, through individual carbon
nanotubes (1), C60 molecules (2), and sin-
gle organic molecules (3)—researchers try
to reach the ultimate size limits for devices.
In spintronics, the spin rather than the
charge is used to store and process classi-
cal as well as quantum information (4).

On page 86 of this issue, Pasupathy et al.
(5) succeed in merging these two fields.
They explore molecular quantum dots
consisting of single C60 molecules, which

are sandwiched between two ferromag-
netic nickel electrodes (see the figure).
These new spintronic devices combine
two fundamental electron-electron interac-
tion effects of condensed matter physics:
the Kondo effect and ferromagnetism. At
first sight, these effects seem to exclude

each other, but they have now been in-
tegrated in one device. Once a controlled
assembly of such devices is achieved, they
may even outperform more conventional
magnetoelectronic devices. 

Previous experiments have shown that a
quantum dot trapping an unpaired electron
can display the Kondo effect, which is one of
the most prominent many-body effects in
condensed matter physics (6, 7). If the tun-
neling barriers defining the quantum dot are
sufficiently transparent, the wave function of
the single electron can leak out of the dot and
hybridize with the delocalized electrons in
the contacts. The Coulomb repulsion on the
dot leads to an antiferromagnetic exchange
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Merging the Kondo effect and fer-
romagnetism. (Left) Artist’s view
of the C60 quantum dot between
ferromagnetic nickel electrodes.The
different shapes of the electrodes
enable a controlled transition be-
tween parallel and antiparallel align-
ment of the magnetization, M

→
.

(Right) Differential conductance ver-
sus bias voltage of the device for the
parallel (blue) and antiparallel state
(red). For parallel alignment, the
Kondo resonance is split by the exchange fields of the two electrodes.For antiparallel alignment, the exchange
fields of the two electrodes cancel each other, and Kondo resonance is restored at zero-bias voltage.This leads
to a large magnetoconductance MR, which exceeds the usual tunneling magnetoconductance (arrow).
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barriers (20), the Julliere estimate is JMR 0
21%. The sample shown in Fig. 1C has
JMR 0 19%, and for other samples we find
values in the range from 10 to 19%.

After we performed electromigration on
Ni samples with C60 adsorbed on them, about
5% of the devices exhibited simple high-
resistance Coulomb blockade characteristics
(15); and in approximately 3% of 1200 total
devices, we observed G(V) versus V curves
similar to those in Fig. 2, A and C. Instead of
having a single peak in G(V ) centered at V 0 0
as observed for Kondo tunneling with Au
electrodes, when the moments of the Ni elec-
trodes were aligned parallel by a small ap-
plied field, we observed two peaks in G(V ),
approximately symmetric about V 0 0 and
with similar amplitudes and widths, situated
atop a background that can be asymmetric in
V. These characteristics are different from
Coulomb blockade conductance peaks (21).

The split peaks in Figure 2 display a strong
dependence on the relative orientation of the

magnetic moments in the two electrodes.
Figure 2B shows a color scale plot of G(V,B)
for sample 1 as a function of B (y axis)
and V (x axis), recorded at 1.5 K. B is swept
from negative to positive values. When B G
j10 mT, there are two peaks in G(V ) with a
splitting %VP 0 16 mV that displays only a
weak dependence on B. At B 0 –10 mT,
there is an abrupt switch, at which point the
splitting is reduced to %VAP 0 7.6 mV. In the
range –10 mT G B G 200 mT, the splitting
between the peaks gradually increases. At B 0
200 mT, there is a second abrupt switching
event, and the G(V ) curves for larger positive
fields are the same as at large negative fields.
When the sweep direction for B is reversed,
the G(V,B) plots exhibit magnetic hysteresis,
with the switching fields reversed about B 0 0.
We can therefore associate these changes
with the relative orientation of the moments
in the two magnetic electrodes. For negative
B in Fig. 2B, the moments are parallel and the
peak splitting is large. At B 0 j10 mT, one

moment reverses to give an approximately
antiparallel configuration with a smaller split-
ting. On further increasingB, the other moment
rotates gradually, and then at B 0 200 mT the
second moment reverses to restore the P
configuration.

Figure 2, C and D, shows a similar pro-
gression as a function of B for sample 2. Again
there is a large splitting, %VP 0 18 mV, for
parallel moments in the electrodes, but in the
AP configuration the splitting is reduced
sufficiently that only one peak in G(V ) is
resolvable. The lack of splitting for the AP
case indicates that the strong-coupling Kondo
effect is possible even in the presence of
ferromagnetic electrodes.

The splittings between the conductance
peaks are too large to be associated with
Zeeman splitting of the Kondo resonance in a
local magnetic field. Assuming a g factor of 2,
a splitting %VP 0 16 mV corresponds to a
magnetic field of 70 T. An upper limit on the
local magnetic field that can be generated
by the magnetic electrodes in the small gap
is given by their magnetization, 0.6 T for Ni.

The magnetic field dependence of our split
peaks is in excellent agreement with some
recent predictions that the interaction of a
quantum dot with spin-polarized electrodes
can produce a splitting of the Kondo resonance
(12–14). In this model, the conductance of a
single-level quantum dot is determined by
the tunneling spin polarizations PL,PR and
the couplings +L,+R between the dot and the
left and right electrodes. We will assume
that polarizations are PL 0 PR 0 P 0 0.31 (as
for a Ni junction) for the P orientation and
PL 0 jPR 0 P for the AP orientation. Be-
cause of quantum charge fluctuations, the

Fig. 1. (A) Kondo sig-
nal for C60 with Au
electrodes at T 0 1.5
K. At B 0 0 (red line),
there is a zero-bias
peak in G(V ) that
becomes split for B 0
10 T (black line). (B)
Scanning e lectron
micrograph of a Ni
break junction. The
magnet i c f i e ld i s
applied in the horizon-
tal direction. (Inset)
Close-up of the junction region after electromigration. (C) Tunneling magnetoresistance near V 0 0
at T 0 4.2 K of a Ni contact after electromigration, with no C60 molecule present.
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Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

sample 2 for B swept positive to negative. (E) Theoretical fit to (C)
using the EOM method (12). Here + 0 (+L þ +R)/2.
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barriers (20), the Julliere estimate is JMR 0
21%. The sample shown in Fig. 1C has
JMR 0 19%, and for other samples we find
values in the range from 10 to 19%.

After we performed electromigration on
Ni samples with C60 adsorbed on them, about
5% of the devices exhibited simple high-
resistance Coulomb blockade characteristics
(15); and in approximately 3% of 1200 total
devices, we observed G(V) versus V curves
similar to those in Fig. 2, A and C. Instead of
having a single peak in G(V ) centered at V 0 0
as observed for Kondo tunneling with Au
electrodes, when the moments of the Ni elec-
trodes were aligned parallel by a small ap-
plied field, we observed two peaks in G(V ),
approximately symmetric about V 0 0 and
with similar amplitudes and widths, situated
atop a background that can be asymmetric in
V. These characteristics are different from
Coulomb blockade conductance peaks (21).

The split peaks in Figure 2 display a strong
dependence on the relative orientation of the

magnetic moments in the two electrodes.
Figure 2B shows a color scale plot of G(V,B)
for sample 1 as a function of B (y axis)
and V (x axis), recorded at 1.5 K. B is swept
from negative to positive values. When B G
j10 mT, there are two peaks in G(V ) with a
splitting %VP 0 16 mV that displays only a
weak dependence on B. At B 0 –10 mT,
there is an abrupt switch, at which point the
splitting is reduced to %VAP 0 7.6 mV. In the
range –10 mT G B G 200 mT, the splitting
between the peaks gradually increases. At B 0
200 mT, there is a second abrupt switching
event, and the G(V ) curves for larger positive
fields are the same as at large negative fields.
When the sweep direction for B is reversed,
the G(V,B) plots exhibit magnetic hysteresis,
with the switching fields reversed about B 0 0.
We can therefore associate these changes
with the relative orientation of the moments
in the two magnetic electrodes. For negative
B in Fig. 2B, the moments are parallel and the
peak splitting is large. At B 0 j10 mT, one

moment reverses to give an approximately
antiparallel configuration with a smaller split-
ting. On further increasingB, the other moment
rotates gradually, and then at B 0 200 mT the
second moment reverses to restore the P
configuration.

Figure 2, C and D, shows a similar pro-
gression as a function of B for sample 2. Again
there is a large splitting, %VP 0 18 mV, for
parallel moments in the electrodes, but in the
AP configuration the splitting is reduced
sufficiently that only one peak in G(V ) is
resolvable. The lack of splitting for the AP
case indicates that the strong-coupling Kondo
effect is possible even in the presence of
ferromagnetic electrodes.

The splittings between the conductance
peaks are too large to be associated with
Zeeman splitting of the Kondo resonance in a
local magnetic field. Assuming a g factor of 2,
a splitting %VP 0 16 mV corresponds to a
magnetic field of 70 T. An upper limit on the
local magnetic field that can be generated
by the magnetic electrodes in the small gap
is given by their magnetization, 0.6 T for Ni.

The magnetic field dependence of our split
peaks is in excellent agreement with some
recent predictions that the interaction of a
quantum dot with spin-polarized electrodes
can produce a splitting of the Kondo resonance
(12–14). In this model, the conductance of a
single-level quantum dot is determined by
the tunneling spin polarizations PL,PR and
the couplings +L,+R between the dot and the
left and right electrodes. We will assume
that polarizations are PL 0 PR 0 P 0 0.31 (as
for a Ni junction) for the P orientation and
PL 0 jPR 0 P for the AP orientation. Be-
cause of quantum charge fluctuations, the

Fig. 1. (A) Kondo sig-
nal for C60 with Au
electrodes at T 0 1.5
K. At B 0 0 (red line),
there is a zero-bias
peak in G(V ) that
becomes split for B 0
10 T (black line). (B)
Scanning e lectron
micrograph of a Ni
break junction. The
magnet i c f i e ld i s
applied in the horizon-
tal direction. (Inset)
Close-up of the junction region after electromigration. (C) Tunneling magnetoresistance near V 0 0
at T 0 4.2 K of a Ni contact after electromigration, with no C60 molecule present.
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Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

Fig. 2. Conductance curves for
Ni-C60-Ni devices at T 0 1.5 K.
(A) Sample 1: (blue) electrode
magnetizations parallel, B 0
j310 mT; (green) magnetiza-
tions approximately antiparallel,
B 0 j10 mT. (B) Color scale
plot of G(V ) for sample 1 for B
swept negative to positive. (C)
Sample 2: (blue) magnetizations
parallel, B 0 j250 mT; (green)
magnetizations approximately
antiparallel, B 0 15 mT. (D)
Color scale plot of G(V ) for

sample 2 for B swept positive to negative. (E) Theoretical fit to (C)
using the EOM method (12). Here + 0 (+L þ +R)/2.
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FIG. 1: (Color online) (a) Conductance G versus tip dis-
placement ∆z. Inset: Transition (II) from tunneling (I) to
contact (III) regime. (b) Spectra of dI/dV acquired at posi-
tions indicated in (a). Lowest curve: Spectrum of Cu(100)
at 5 µA. Curves 1,2,3: Spectra of single Co atom in the tun-
neling regime at 1 nA, 10 nA, 100 nA. Curves 4,5: Spectra of
single Co atom in the contact regime at 5.5 µA, 6µA. Solid
lines show calculated Fano profiles with q = 1.2, TK = 78 K
(spectrum 3) and q = 2.1, 137 K (spectrum 4).

slope (which would correspond to Φ ≈ 0.3 eV). In agree-
ment with the conclusions of Ref. 12 for break junctions
of magnetic metals we find that a single atom Co con-
tact in a scanning tunneling microscope does not exhibit
a conductance of G0/2.

In Fig. 1b we present spectra of dI/dV in the tunnel-
ing (spectra 1,2,3) and contact (spectra 4,5) regimes. The
lowest spectrum shows the dI/dV signal recorded with
the same tip in close proximity to clean Cu(100). We
find the spectroscopic signature of the Kondo resonance
around zero sample voltage [16, 17, 18] of Co on Cu(100)
[19]. Intriguingly, this resonance is likewise observed in
the contact regime. By imaging the surface area prior
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!z (Å)

contact regime

tunneling regime

FIG. 2: Kondo temperature TK versus tip displacement. Ex-
perimental data are depicted by circles, theoretical data are
presented by triangles. The dashed line separates tunneling
and contact regimes.

to and after the contact spectroscopy we verified that
the tip and the sample surface remained unchanged and
that the adsorption site of the Co atom was not modi-
fied. Comparing with spectra from the tunneling regime
the current noise is appreciably lower at contact. Conse-
quently, dI/dV spectroscopy with the tip of a scanning
tunneling microscope in contact with an individual atom
is feasible in a controlled and reproducible way.

Comparison of spectra 1–3 and 4,5 reveals a modified
line shape at contact. Most notably, the line appears
broadened compared to the tunneling regime. To analyse
broadening of the resonances it is useful to describe the
spectroscopic signatures by a Fano line shape

dI

dV
∝

(q + ε)2

1 + ε2
, (1)

with ε = (eV − εK)/kBTK (εK: position of Kondo reso-
nance, kB: Boltzmann’s constant) and q the asymmetry
parameter of the Fano theory [20]. Using Eq. (1) it is
indeed possible to fit the data in Fig. 1b. The additional
width of the Fano feature at contact is reflected by an
increased Kondo temperature as expected [21].

In Fig. 2 we compare experimentally determined (cir-
cles) and calculated (triangles) Kondo temperatures. An
abrupt change of TK at a displacement of ∆z ≈ −4.1 Å
is observed in both data sets. For displacements ∆z >
−4.1 Å experimental and theoretical Kondo tempera-
tures vary between 70 – 100 K. In the contact regime,
i. e., ∆z < −4.1 Å, experimental Kondo temperatures
vary between 140 and 160 K while theoretical values scat-
ter within 200 – 290 K. The abrupt broadening of dI/dV
spectra upon contact formation (see the upper two spec-
tra in Fig. 1b) can thus be related to a sudden increase
of the Kondo temperature as depicted in Fig. 2.

To determine the origin of the shift in the Kondo
temperature we simulated the electronic structure of a
coupled surface–adatom–tip system with standard den-
sity functional theory (DFT) [22]. However, a Kondo
resonance is a genuine many-body effect, the results of

N. Néel PRL 98 (2007)
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FIG. 2: (Color online) Shown is the value of the splitting
of the ASK resonance (taken as the difference of the spin
up and spin down peaks in the density of states), for (a)
a fixed spin polarization of P = 1/3 spin up and (b) for a
fixed tip-impurity coupling c = Γ↑

t /ΓV = .10, as a function
of the polarization of the tunneling current. The remaining
parameters are: ΓV = .2 eV, Ed = −.9 eV, D0 = 5.5 eV, and
U = 2.9 eV.

leads be equal; therefore, we impose the spin polarization
entirely by the tunneling matrix elements tσdk. The split-
ting of the ASK resonance can be understood as coming
from the spin dependent renormalization of the bare en-
ergy levels Edσ, analogous to an applied magnetic field.
Using poor-man’s scaling the renormalized energies levels
[19, 20, 22, 23], in our model, are given by

Ẽd↑ = Ed↑ +
ΓV

π
(1 + c) ln

(

D0

D1

)

and

Ẽd↓ = Ed↓ +
ΓV

π

[

1 + c

(

1 − Pt

1 + Pt

)]

ln

(

D0

D1

)

, (8)

where we have chosen (arbitrarily) a spin up polarized
current, with Pt ∈ [0, 1], c = Γ↑

t /ΓV , and where D0 is
the bandwidth cutoff and D1 is the reduced bandwidth.
For most adatom systems, U < D0, unlike most quantum
dot systems where U # D0. Thus the scaling equations
should be cut-off at D1 ≈ U . Therefore

Ẽd↓ − Ẽd↑ ≈
2ΓV

π
c

(

Pt

1 + Pt

)

ln

(

D0

U

)

. (9)

Eq. (9) shows the amount of splitting is linear in the
coupling strength c but is also a function of the spin po-
larization Pt. Fig. 2 shows the range of the splitting. For
comparison, we also plot the splitting as calculated using
numerical renormalization group (NRG). We have cho-
sen a parameter set to reflect common experimental val-
ues [24]; although, the Kondo temperature derived from
these particular parameters is much larger than typical
systems.
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FIG. 3: (Color online) The NRG calculated spin-resolved den-
sity of states, ρd

σ(ω) = −1/π Im [Gd
σ(ω)], of the Kondo impu-

rity is plotted for different tip-impurity coupling strengths;
c = Γ↑

t /ΓV . We set Γ↓
t /Γ↑

t = |t↓|2/|t↑|2 = 1/2, which gives a
33% spin up polarized tunneling current. All other parame-
ters are the same as Fig. 2.

Near the Fermi energy, the spin resolved density of
states of the impurity can be well approximated by
Lorentzians [8] which, here, are centered away from the
Fermi energy by the amount of splitting, Eq. (9),

ρd
±(ω) = −

1

π
Im[Gd

±(ω)]

≈
1

πΓV

[

1 +

(

πT√
2TK

)2
]−1

×

{

1 +
[ω ± (Ẽd↓ − Ẽd↑)]2

(πkBT )2 + 2(kBTK)2

}−1

(10)

where TK is the Kondo temperature and kB is the Boltz-
mann constant.

Results.—The Fano parameter, Eq. (5), depends on
the microscopic details of the coupling of the impurity to
its environment [24]. Here we leave it as an unknown fit
parameter and choose a fixed value; although, changing
the coupling does change the Fano parameter [24, 25].
In Fig. 4 we plot the enhancement of the conductance
(The real part of the impurity’s Green’s function can be
found by the Hilbert transform of Eq. (10)). As one
might expect the splitting of the ASK resonance leads to
a splitting of the Fano line-shape.

We have explored the use of an SP-STM to probe the
Kondo effect. By including the effect of the SP-STM on
the Kondo system, we find that the spin-polarized cur-
rent of the SP-STM adds a spin dependent hybridization
term to the standard Anderson model. This hybridiza-
tion both broadens and renormalizes the bare energy lev-
els, of the impurity—in a spin dependent way—which
in turn leads to a splitting of the ASK resonance. This

Ẽd↓ − Ẽd↑ ≈
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π
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 Conductance

Pol.= 33% spin up
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Summary

Thank you.

SP-STM breaks the spin symmetry of a Kondo 
system (similar to applied magnetic field)

 Leads to splitting of Kondo peak (spin up/down)

Which in turn splits the Fano resonance of the 
conductance 

Reference: Phys. Rev. B 76, 100408(R) (2007)


