
required protein, E2, a ubiquitin-conjugat- 
ing enzyme (Ubc). In yeast, there are 13 
Ubcs. Only one of these, Ubc6p, is a trans- 
membrane protein, although it has some 
overlapping specificity with the soluble Ubc, 
Ubc7p. These two enzymes participate in the 
ubiauitination of both soluble and mem- 
brane-bound substrates. The new work re- 
ports that an ER protein, Cuelp, is required 
to recruit the soluble Ubc7p to the mem- 
brane. A deletion of Cuelp gives the same 
phenotype for ER degradation as a deletion 
of Ubc7p, suggesting that Ubc7p must be 
assembled with Cuelp to be active. In a yeast 
strain defective for ubiquitination of mis- 
folded proteins, the latter are stabilized and 
remain in the lumen of the ER. This result 
suggests that attachment of ubiquitin may be 

required to drive unidirectional export of 
unfolded proteins from the ER. 

If the presence of a ubiquitin branch on a 
protein can contribute to the unidirectional 
export of proteins from the ER, it may also be 
able to block import through the translocon. 
For ubiquitination to occur during cotransla- 
tional import into the ER, the seal between 
the ribosome and the membrane must be bro- 
ken to allow access of the Ubcs to the protein. 
Evidence suggests that the ribosome seal can 
be broken during the translocation of trans- 
membrane proteins without compromising 
the ER permeability barrier (7). This would 
allow for the ubiquitination and degradation 
of a misfolded transmembrane protein to be- 
gin before translation has terminated. Does 
this occur and could this serve to degrade im- 

properly inserted membrane proteins? Given 
the rapid rate of recent progress in the fields of 
ER translocation and degradation, answers to 
these enigmas should come soon. 
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Artificial Atoms: New Boxes 
for Electrons 

Paul L. McEuen 

A n  atom can be thought of as a spherically 
symmetric box for electrons, where the walls of 
the box are set by the attractionof the electrons 
to the positively charged nucleus. The energy- 
level structure of electrons in these atomic 
boxes have been a central testing ground of 
quantum mechanics. For example, reproducing 
the measured hydrogenic spectrum of the one- 
electron atom was one of the first tests of the 
Schrdinger equation. Similarly, the excitation 
spectra of multielectron atoms have been key 
to the development of many of the more 
advanced ideas in multiparticle quantum 
mechanics. Now, similar experiments are being 
done on quantum dots ( J ). 

These are small solid-state systems with dis- 
crete charge states and energy level structures 
that are reminiscent of atomic svstems. Unlike 
in real atoms, however, a variety of geometries 
in these "artificial atoms" are possible, includ- 
ing one-dimensional (ID) rods (2), 2D pan- 
cakes (3,4), and 3D spheres ( I  ). For example, 
on pages 1784 and 1788 of this issue, 
Kouwenhoven and colleagues at Delft Institute 
of MicroElectronics and Submicrotechnology 
and Nippon Telegraph and Telephone (5) and 
Stewart and co-workers at Stanford University 
(6) report on detailed studies of 2D quantum 
dots. In the former, a high-symmetry dot of a 
few electrons was studied, and in the latter, a 
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tors directly probe the ground- and excited- 
state energies of electrons in the dots. Further, 
the charge state of the dot, that is, the atomic 
number of the artificial atom, can be con- 
trolled by a voltage applied to a nearby me- 
tallic gate. In this manner, the whole periodic 
table for a particular type of artificial atom can 
be studied in a single device. 

In real atoms. the behavior of the mound 
and excited states is well l&own. 
For hydrogen, with one electron, 
the spectrum is given by the shell 
structure calculated by under- 
graduate physicists the world 
over. For the next simplest atom, 
helium, things get more difficult. 
The shell structure remains, but 
the coulomb interaction between 
the electrons complicates matters. 

Electrons in boxes. (Left) Schematic illustration of two elec- For example, thecoulomb repul- 
trons in a 2D circular quantum dot (quantum dot helium). In sion plus the restrictions placed 
the ground state, the spins are oppositely oriented, but in the on th, system as a result of the 
excited state, they can be in the same direction (triplet state) Pauli exclusion principle lead to or in opposite directions (singlet state). (Right) Schematic of 
many electrons in an irregularly shaped 2D quantum dot. the so-ca11ed exchange 
The states are expected to be complex, and the ground tion* which favors a spin align- 
state may have a net spin polarization. ment of electrons in the atom. 

This ordering results, for example, 
low-symmetry dot containing many electrons in a splitting of the first excited state of He into 
was probed. These measurements demonstrate a triplet state, where the electron spins are par- 
that many of the cherished ideas from atomic allel, and a singlet state, where the spins are 
physics can be directly applied to artificial at- antiparallel. The exchange interaction is also 
oms. They also show, however, that artificial the origin of Hund's rule in larger atoms with 
atoms offer new challenges to our understand- many electrons. This rule favors a spin-polar- 
ing of interacting multiparticle quantum sys- ized, that is, magnetic, ground state for atoms 
tems. In the related report on page 1792, with a partially filled shell. 
Schedelbecketal. (7) explainhow twocoupled In the experiment of Kouwenhoven et al. 
dots were used to create artificial molecules. (3, the spectra of the first few electrons added 

To  probe the energy level spectra, the first to a circular quantum dot [resembling a pan- 
two groups took electrical measurements on cake (see figure)] are studied. The dot is like a 
individual quantum dots using a technique 2D atom and exhibits a shell structure whose 
developed in the early 1990s, where the dot is states can be characterized by radial and angu- 
incorporated into an electronic device resem- lar momentum quantum numbers (3). The 
bling a transistor (4). Current-voltage (I-V) magnetic field dependence of the levels can be 
measurements on these quantum-dot transis- used to identify the angular momentum of the 
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states, just as in real atoms. The experiments 
show that the energies of pancake hydrogen 
(one electron on the dot) follow a simple model 
of noninteracting electrons that is easy to cal- 
culate. For pancake helium (two electrons on 
the dot), the effects of coulomb interactions are 
evident, and the exchange-induced splitting 
between singlet and spin triplet excited states is 
clearly seen. Further, the addition of a mag- 
netic field B leads to a crossing of the spin triplet 
excited state with the ground state, resulting in 
a different spin-polarized ground state at finite 
B, as had been seen by previous researchers (3, 
8). The analogous transition in real helium 
would only happen at nearly a million teslas 
because true helium is orders of magnitude 
smaller than its artificial counterpart, and a 
much larger field is thus needed to perturb its 
electron orbits. For pancake dots with more 
electrons, Hund's rules properly predict the be- 
havior of the ground- and excited-statespectra, 
both at zero and finite B (9). 

It is possible to do much better than just 
give a qualitative account of the results using 
the notions of 2D shell structure and ex- 
change. Exact calculations of the spectra are 
possible for just a few electrons on the dot, and 
the quantitative agreement between theory 
and experiment is remarkable. These experi- 
ments beautifully illustrate that for a high- 
symmetry quantum dot of a few electrons, the 
ideas of atomic physics coupled with many- 
body quantum calculations can give a rela- 
tively complete qualitative and quantitative 
description of the observed behavior. 

In the experiments of Stewart et al. (6), the 
dot was irregularly shaped and contained many 
electrons (see figure). As a result, there is no 
shell structure, and a simple classification of the 
quantum states in terms of their symmetries is 
not possible. Further, the large number of elec- 
trons, about 200, in this extremely "transu- 
ranic" artificial atom far exceeds the number 
that can be treated by exact calculations. As a 
result, many basic questions about the level 
structure remain a mystery. For example, it is 
not known whether the ground state of the dot 
is nonmagnetic, if the electrons fill up the 
quantum states in spin upspin down pairs 
( 1 O),  or whether it is partially magnetic, if some 
spins are aligned as a result of the exchange 
interaction. It is also not known if the energy 
levels of a dot with N + 1 electrons bear any 
resemblance to the same dot with N electrons 
because the differing coulomb interactions 
may completely reorganize the states. 

The experiments of Stewart et al. begin to 
address these questions. They examined the 
magnetic field dependence of the ground and 
excited states of this dot. The observed behav- 
ior is complex, showing many level crossings 
with increasing B. Nevertheless, there remains 
a strong correlation between the ground state 
of the N + 1 electron quantum dot and the first 
excited state of the N electron dot over a sig- 

nificant range of N. This relation means that 
the coulomb interactions do not completely 
reorganize the states. Surprisingly, it also im- 
plies that only one electron is added to each 
quantum level. One reason for this behavior 
mav be that these electrons all have the same 
spin due to the exchange interaction. If this is 
true, then the dot is partially magnetic. Recent 
calculations by Stopa (I I ) support to this con- 
clusion. Still, these experiments raise as many 
questions as they answer. A direct measure- 
ment of the magnetization of the dot would be 
highly desirable, as would more detailed studies 
of the correlations between the states of the dot 
with different numbers of electrons. 

The systematic exploration of artificial at- 
oms is thus well under wav. The studies dis- 
cussed above, combined with measurements of 
other geometries such as spherical dots (1 2) or 
1D carbon nanotubes (2), are revealing how 
electrons behave in all confined geometries, 
not just in old-fashioned atoms. The next step 
is obvious: to assemble these atoms into artifi- 
cial molecules (13) and solids (14). For ex- 
ample, Schedelbeck report in this issue on op- 
tical measurements of a quantum dot molecule 
(7). This two-dot molecule contains a single 
electron-hole   air. or exciton. It is thus analo- 
gous to the sikpl'est real molecule, the posi- 
tively charged hydrogen molecular ion. The 
optical spectrum clearly reveals the bonding 
and antibonding states of this artificial mol- 
ecule, with the strength of the bonding deter- 
mined by the distance between the two dots. 

In spite of such recent achievements, 
much more work remains to be done in this 
area. The lack of uniformity of the artificial- 
atom building blocks and the relative crude- 
ness of the assembly techniques imply that the 
molecular and solid-state physics of artificial 
atoms are fields for the next millennium. 
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Fundamental physics 
http://pdg.lbl.gov/cpep.html 

The Contemporary Physics Educa- 
tion Proiect (CPEP), hosted bv Law- , . . . 
rence Berkeley National Laboratory, 
~roduces educational software and texts 
that explain the fundamentals of matter 
and energy. CPEP also proiiuces Web 
resources such as Thc Particle Adven- 
ture, an interactive tour throilgh the 
structure of the atom. Other ~roiects in- 

L J  

clude explanations of nuclear fusion and 
plasma physics, radioactivity, and how 
the ele~nents are formed. A CD-ROM is 
beinr! created which will contain de- 
scriptions of particle accelerators and 
basic particle physics. 

Patently useful 
http://www.uspto.gov 

In the past, searching for a patent 
meant looking for a piece of paper 
in the U.S. Patent and Trademark 
Office's (USPTO's) voluminous files. 
The USPTO, as part of its ilrivc to 
modernize and computerize, offers the 
ability to search for patents among the 
more than 5.6 million issued on their 
Web page. The World Wide Web data- 
bases allows forms-based searching for 
patents issued between 1 Jan~rary 1976 
and present. Also on the USPTO Web 
site are extensive links to ilocuments 
about the patent system, download- 
able application and registration forms 
(PDF format). 

Biotech access 
http:l/www.gene.com/ae 

Access Exccllcncc (AE) is more 
than just a corporate "imagc" site for 
Genentech. Intended for science educa- 
tors, AE provides news ilpilates and no- 
tices of science television programs, bill- 
lctin hoards for mentors and collabora- 
tions, and links to information about 
educational technolo~q7. "The Mystery .., , , , 
Spot," for example, is a set of online sci- 
entific puzzles that encourage students to 
become biologic;ll detectives anii solve 
problems, often insplrcd hy real cases. 

Edited by David Voss 

K e n d e r s  are i i~zitcd to suggest esceilei~t  scientific 
Web s u e s  b? ?-mail to editcirs@~ulcts.org. 
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