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in fermentation and food spoilage. So a 
better understanding of yeast biodiversity in
insects should help in controlling these
processes.All in all, the new observations are
a clear signpost to a highly promising route
in the quest to identify hidden microbial 
biodiversity. ■
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The behaviour of electrons is difficult to
predict.Undergraduates routinely cal-
culate the quantum states of a hydro-

gen atom, but even a helium atom with two
electrons displays complex dynamics. How
much more complex are solids, with elec-
trons in the billions. Nanotechnology now
enables researchers to create controlled, or

tunable, models of electronic behaviour in
solids. On page 484 of this issue, Jarillo-
Herrero et al.1 present perhaps the most
sophisticated example of this approach to
date, studying the flow of electrons through 
a carbon nanotube that is made to act like an
exotic magnetic atom.

In attempting to explain the electronic
properties of materials, theorists often 
construct ‘microscopic’ models, comprising
electrons that can move freely (become 
delocalized), sit on localized sites and make
transitions between these states.Such models
offer powerful insights but also have draw-
backs when applied to conventional bulk
materials. In particular, electrons on many
sites can interact with each other, making
complete calculations impractical; and para-
meters such as an electron’s tunnelling rate
and interaction strength are not tunable,and
can be difficult to measure precisely. Nano-
technology can remedy these limitations:
by building submicrometre-sized structures
in which one or a few electrons are isola-
ted, researchers can know everything about 
the relevant electronic states, and can study
electrons at a single site. Perhaps most im-
portantly, nearly all of the significant para-
meters can be designed, measured and often
tuned in situ.

The interaction of mobile electrons with
magnetic impurities — atoms or ions with a
non-zero magnetic moment — in a host
metal has been a theme in solid-state physics
for decades. In 1961, Anderson proposed
that a magnetic impurity could be modelled
as an electronic quantum state localized at a
single site within a crystal. According to the
Pauli exclusion principle, the site can be
occupied by up to two electrons (with oppo-
site spins),but Coulomb repulsion can make
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In the Kondo effect, the flow of electrons in a solid is modulated by
magnetic impurities. Nanostructures such as carbon nanotubes can be
designed to obtain even more complex versions of this intriguing effect. 
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Figure 1 Degeneracy and the Kondo effect. The
basis of the Kondo effect is the screening of a
localized twofold degeneracy by surrounding
delocalized electrons. The degeneracy normally
comes from spin, but with the advent of
nanotechnology, researchers can create and study
other types of degeneracy; a–c give examples.
a, An electron can reside on either of two sites,
but not both simultaneously because of Coulomb
repulsion8. b, c, A spatial symmetry produces
degenerate orbital levels11. b, The symmetry is 
the rotational symmetry of a circular quantum
dot9. This is analogous to the rotational
symmetry of a hydrogen atom that produces
degenerate p orbitals. c, The lattice symmetry 
of a nanotube gives rise to a twofold orbital
degeneracy1. Non-spin degeneracy may also 
give rise to the Kondo effect in bulk systems14.
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100 YEARS AGO
Die Kalahari. Now if we could imagine that
Mr. Shandy the elder were alive, this is a
book that, like many another of its class,
would have delighted him. Hereby he could
have proved triumphantly to Yorick the
potency of that great scheme of education
— that “north-west passage to the
intellectual world” — which he propounded
so enthusiastically upon a memorable
occasion. His scheme, it will be remembered,
was that upon every substantive in the
dictionary (so gravely misunderstood by 
the Corporal and Uncle Toby) should be
brought to bear exhaustively:— “Every
word, Yorick, by this means, you see, is
converted into a thesis or an hypothesis:—
every thesis and hypothesis have an
offspring of propositions;— and each
proposition has its own consequences and
conclusions; every one of which leads the
mind on again, into fresh tracts of enquiries
and doubtings.— ‘The force of this engine,’
added my father, ‘is incredible…’ ”
From Nature 23 March 1905.

50 YEARS AGO
Dr. J. R. Oppenheimer’s address was
ostensibly on… “Man’s Right to Knowledge
and the Free Use Thereof”; but he dealt more
specifically with the prospect in the arts and
sciences, and above all he emphasized the
isolation of the specialist from the broad
path of human knowledge and intercourse.
With more means of communication than
ever before, we can speak to each other 
less easily and less effectively. While more
people are engaged in scientific research 
to-day... the frontiers of science are now
separated by long years of study, by
specialized vocabularies, arts, techniques
and knowledge from the common heritage
even of the most civilized society… The
difficulties which face us are thus derived
from the growth of skill, of power, and of 
our understanding of that world, if not of 
the conditions which govern their exercise.
To assail such changes is futile: we need to
recognize them and to take account of our
resources; nor does Dr. Oppenheimer appear
to put high among such resources the mass
media of radio and television, the cinema,
best-seller or the world tours of successful
theatrical productions. Although art and
science may be purveyed by such means,
they have also an inhumanizing influence
and can easily destroy the individual sense
of beauty.
From Nature 26 March 1955.
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it energetically favourable for only one elec-
tron with arbitrary spin to reside there. If its
spin opposes that of a nearby delocalized
electron, the localized electron can lower its
energy by tunnelling off the site and back 
on again. At low temperature, the electron
ensures that it can tunnel by pairing with a
single delocalized electron of opposite spin
to form a state of zero total spin (a ‘singlet’)
— a phenomenon known as the Kondo
effect. In Anderson’s microscopic model,
the stability of the singlet ground state (and
hence its temperature-dependent effect on
electrical resistance) can be calculated in
terms of basic parameters such as the bind-
ing energy of the localized electron and its
rate of tunnelling between localized and
delocalized states2.

Now, however, experimental physicists
can design and fabricate single artificial
magnetic impurities, such as semiconductor
quantum dots3,molecules4,5 and nanotubes6,
with substantial control over the basic para-
meters of Anderson’s model. In each of these
systems, conducting leads attached to the
artificial impurity play the same role as the
host metal of a traditional magnetic impu-
rity. Electron flow from one lead to the other
through the artificial impurity serves as a
powerful probe of local electronic states.
The tunability of such nanostructures, and
their amenability to electrical measurement,
have allowed highly quantitative studies of
the Kondo effect7, and have spurred the 
construction of new Kondo systems not
described by the minimal Anderson or
Kondo model (see the Supplementary Infor-
mation to ref.1 for a review).

The essence of the Anderson model is a
localized state with a twofold degeneracy
(two different quantum states of equal
energy),coupled to a sea of electrons with the

same degeneracy. Normally this degeneracy
comes from spin, but recently it has been 
verified that other twofold degeneracies can
support the Kondo effect without spin8. This
work forms the foundation for the achieve-
ments of Jarillo-Herrero et al.1.

The first non-spin Kondo implementa-
tion to be devised linked two sites capaci-
tively, so that a charge could exist on one or
the other, but not on both simultaneously8

(Fig.1a).Since then,Sasaki et al.9 with a quan-
tum dot,and now Jarillo-Herrero et al.1 with a
nanotube,have used a single site at which two
degenerate orbital states act as the localized
‘magnetic impurity’. Here the degeneracy
stems from a spatial symmetry in the device,
either associated with the structure of the
material (Fig. 1c) or created by nanoscale 
patterning (Fig. 1b). In these experiments,
a Kondo effect can occur because the local
degree of freedom is also reflected in the
nearby leads. With a traditional magnetic
impurity, if the spin of the localized electron
is pointed up, a nearby, delocalized electron
will direct its spin down in response. Simi-
larly, if there is an extra charge on the top site
of Figure 1a, an electron in the nearby leads
will move towards the bottom.

Orbital degeneracy does not preclude
spin degeneracy. The same surrounding
delocalized electrons that electrostatically
screen the local orbital state also magneti-
cally screen the localized spin, so that the 
two degrees of freedom become intimately
connected, together forming a new fourfold
degenerate Kondo effect10,11. Jarillo-Herrero
et al. have demonstrated that the spin and
orbital states of a carbon nanotube can be
finely controlled so as to observe this effect.

In an ideal nanotube, sets of four elec-
tronic states can be grouped together into a
shell, much like those of an atom. All four

states are degenerate, with two choices for
spin and two for orbital state. Electrons can
be added one at a time to the shell by fine
control of the voltage on a nearby electrode.
The first electron can reside in any of four
states, with strong coupling to the metal
leads producing a fourfold Kondo system.
If a second electron is added to the nano-
tube, the Kondo effect vanishes, suggesting
that the two electrons form a unique, non-
degenerate ground state.The fourfold Kondo
effect returns with the addition of a third
electron, because now any one of the four
states can be left empty. A fourth electron
completes the shell, removing all degeneracy
and thus eliminating the Kondo effect.

In experiments,the Kondo effect is gener-
ally identified by a distinctive logarithmic
temperature dependence of electrical re-
sistance. Fourfold Kondo is predicted (and
now observed) to have the same temperature
dependence as conventional twofold Kondo,
but the two systems can be distinguished by
their very different responses to a magnetic
field. Applying a magnetic field creates and
breaks a variety of degeneracies (Fig. 2),
allowing Jarillo-Herrero et al. to observe not
only fourfold Kondo but also three other
types of Kondo effect associated with differ-
ent degeneracies in a single nanotube.

Researchers can unambiguously identify
the states of several electrons in nano-
structures,and even manipulate those states.
Electrons in nanostructures can then be
mapped onto simple microscopic models,
which successfully predict a variety of novel
correlated-electron behaviour. The coming
years should see researchers building more
complex models, and addressing phenom-
ena that are at the centre of modern con-
densed-matter theory, such as quantum
phase transitions12,13 and decoherence. ■

Ronald M. Potok is in the Department of Physics,
Harvard University, Cambridge, Massachusetts
02138, USA.
e-mail: potok@stanford.edu
David Goldhaber-Gordon is in the Department of
Physics, Stanford University, Stanford, California
94305, USA.
e-mail: goldhaber-gordon@stanford.edu
1. Jarillo-Herrero, P. et al. Nature 434, 484–488 (2005).

2. Haldane, F. D. M. Phys. Rev. Lett. 40, 416–419 (1978).

3. Goldhaber-Gordon, D. et al. Nature 391, 156–159 (1998).

4. Liang, W. et al. Nature 417, 725–729 (2002).

5. Park, J. et al. Nature 417, 722–725 (2002).

6. Nygard, J., Cobden, D. H. & Lindelof, P. E. Nature 408,

1342–1346 (2000).

7. Goldhaber-Gordon, D. et al. Phys. Rev. Lett. 81, 5225–5228

(1998).

8. Wilhelm, U., Schmid, J., Weis, J. & von Klitzing, K. Physica E

14, 385–390 (2002).

9. Sasaki, S. et al. Phys. Rev. Lett. 93, 017205 (2004).

10.Li, Y. Q., Ma, M., Shi, D. N. & Zhang F. C. Phys. Rev. Lett. 81,

3527–3530 (1998).

11.Zarand, G., Brataas, A. & Goldhaber-Gordon, D. Solid State

Commun. 126, 463 (2003).

12. Jeong, H., Chang, A. M. & Melloch, M. R. Science 293,

2221–2223 (2001).

13.Craig, N. J. et al. Science 304, 565–567 (2004).

14.Matsushita, Y., Bluhm, H., Geballe, T. H. & Fisher, I. R. preprint

at http://arXiv.org/cond-mat/0409174.

0 e– 1 e– 2 e– 3 e– 4 e–

M
ag

ne
tic

 fi
el

d

Spin
Spin, Orbit

Singlet–
triplet

Singlet–
triplet

Singlet–
triplet

Orbit

Number of electrons in shell

Orbit

Figure 2 Many kinds of Kondo. For any number of electrons in a shell of a nanotube, the low-energy
states can be identified. At zero magnetic field, a shell with either one or three electrons displays a
fourfold degeneracy, giving rise to a novel fourfold Kondo effect (red). Applying a magnetic field first
breaks orbital degeneracy, reducing fourfold Kondo to conventional twofold spin Kondo (blue), and
then destroys even the twofold spin Kondo. Higher magnetic fields can bring together electronic
states that were not degenerate at zero magnetic field, producing a variety of Kondo effects for both
even and odd electron occupancy. Although all these Kondo effects are twofold (blue), none emerges
from conventional spin degeneracy. Their various origins are explained in the Supplementary
Information to ref. 1.
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