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Semiconductor Clusters, 
Nanocrystals, and Quantum Dots 

A. P. Alivisatos 

Current research into semiconductor clusters is focused on the properties of quantum 
dots-fragments of semiconductor consisting of hundreds to many thousands of atoms- 
with the bulk bonding geometry and with surface states eliminated by enclosure in a 
material that has a larger band gap. Quantum dots exhibit strongly size-dependent optical 
and electrical properties. The ability to join the dots into complex assemblies creates many 
opportunities for scientific discovery. 

Clus te r  science is devoted to understand- 
ing the  changes in fundamental properties 
of materials as a function of the  size, e\.olv- 
ing from isolated atoms or small molecules 
to a bulk phase. In the  case of semicond~lc- 
tors, this evolution is remarkable ( 1 ) .  For 
example, the band gap in CdS can be tuned 
between 4.5 and 2.5 eV as the  size is varied 
from the molecular regime to the macro- 
scopic crystal, and the  radiative lifetime for 
the  lowest allowed optical excitation ranges 
from tens of picoseconds to  several nano- 
seconds (2) .  T h e  energy above the  band gap 
required to add an  excess charge decreases 
by 0.5 eV (3). T h e  melting temperature 
increases from 400" to 1600°C (4), and the  
pressure required to illd~lce transformation 
from a four- to a six-coordinate phase de- 
creases from 9 to 2 GPa  (5). This enormous 
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range of fundamental properties is realized in 
a material of a single chemical composition, 
purely by increasing the  size, and can be 
used to advantage in light-emitting diodes 
(6 ,  7) and other optical and electrical de- 
vices in the  future. Two peculiar character- 
istics of selniconductors influence the  ways 
in which we think of an  ideal selniconductor 
cluster, which is often called a quantum dot. 

First, it is important to  realize that in any 
material, substantial variation of fi~ndarnen- 
tal electrical and optical properties with 
reduced size will be observed when the  elec- 
tronic energy level spacing exceeds the  
temperature. In  semiconductors, this transi- 
tion occurs for a g i \~en temperature at a 
relati\~ely large size cornpared to  metals, 
insulators, or molecular crystals. This differ- 
ence can be understood by considering that 
the  bands of a solid are centered about 
atomic energy levels, with the  width of the  
band related to the  strength of the  nearest- 
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Fig. 1. (A) Schematic illustration of the density of 
states in metal and semiconductor clusters. (B) 
Density of states in one band of a semiconductor 
a s  a function of dmension. 

neighbor interactions. In  the  case of van der 
Waals or molecular crvstals, the  nearest- , , 

neighbor interactions are weak, the  bands 
in the  solid are very narrow, and conse- 
quently, not much size variation in optical 
or electrical properties is expected or ob- 
served in the  nanocrvstal reeime. As cluster - 
si;e increases, the  center of a band develops 
first and the  edges last. Thus, in metals, 
~vllere the  Fermi le\~el lies in the  center of a 
band, the  relevant energy level spacing is 
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small, and at temperatures above a few 
kelvin, the electrical and optical properties 
resemble those of a continuum, even at 
relatively small sizes (tens or hundreds of 
atoms) (8). In semiconductors, however, 
the Fermi level lies between two bands, 
such that the edges of the bands dominate 
the low-energy optical and electrical behav- 
ior. Therefore, optical excitations across the 
gap depend strongly on size for clusters as 
large as 10,000 atoms. (Fig. 1A). Electrical 
transport also depends strongly on size, 
mainly because of the large variation in 
energy required to add or remove charges 
on a nanocrystal. As a consequence, many 
useful size-dependent phenomena are ob- 
served in clusters so large that they possess 
an identifiable interior, structurally identi- 
cal to the corresponding bulk solid, with a 
substantial fraction of the total number of 
atoms on the surface. Clusters of this size 
are often called nanocrystals. 

A second important characteristic of 
semiconductors concerns the influence of 
the surface on optical and electrical prop- 
erties, and the need to embed semiconduc- 
tor clusters in a passivating medium. At 
first, it might appear as though the most 
compelling ideal of a semiconductor nano- 
crystal might be a compositionally pure col- 
lection of atoms, mass-selected, isolated in 
the gas phase, and thermally annealed (9). 
In this form, the influence of size might be 
most directly observed, and indeed, many 
beautiful studies of such clusters followed 

Fig. 2. Gallery of quantum dot 
structures. (A) Positions of Cd 
and S atoms in the molecular 
cluster Cd,,S,,, as deter- 
mined by single-crystal x-ray 
diffraction. This cluster is a 
small fragment of the bulk CdS 
zinc blende lattice. The organic 
ligands on the surface are 
omitted for clarity. [Reprinted 
from (29) with permission] (B 
and C) Transmission electron 
micrographs of CdSe nano- 
crystals with hexagonal struc- 
ture, as viewed down different 
crystallographic axes. These 
nanocrystals were prepared 
colloidally and exhibit well-de- 
fined facets. The surfaces are 
passivated with organic sur- 
factants. (D and E) Transmis- 
sion electron micrographs of 
CdS/HgWCdS quantum dot 
quantum wells, prepared by 
the method of Weller and co- 
workers (18). The faceted 

the discovery of laser vaporization and mass 
selection. Despite the seeming perfection of 
a pure cluster in the gas phase, from the 
point of view of semiconductor physics, it is 
in many ways a highly defective system. At 
the surface of a pure tetrahedral inorganic 
semiconductor. substantial reconstructions 
in the atomic positions occur, invariably 
leading to energy levels within the energet- 
ically forbidden gap of the bulk solid. These 
surface states trap electrons or holes and 
degrade the electrical and optical properties 
of the material. Passivation is the chemical 
Drocess bv which these surface atoms are 
bonded to another material of a much larger 
band gap, eliminating all of the energy lev- 
els inside of the gap. The ideal termination 
naturally removes the structural reconstruc- 
tions, leaving no strain, and simply produc- 
es an atomically abrupt jump in the chem- 
ical ~otential  for electrons or holes at the 
interface. This potential confines electrons 
or holes inside the cluster, much like the 
"particle in a box" of elementary quantum 
mechanics. A great deal of current research 
into semiconductor clusters is thus focused 
on the properties of quantum dots with the 
bulk bonding geometry and with surface 
states eliminated by enclosure in a material 
of larger gap. 

Scientists have approached the fabrica- 
tion and investigation of quantum dots 
from two very different points of view: a 
top-down approach in which the extent 
and dimensionality of solid matter has grad- 

ually been reduced, and a bottom-up ap- 
proach in which quantum dots are viewed 
as extremely large molecules or colloids. 
Both approaches are yielding exciting sam- 
ples: Fig. 2 displays a gallery of modem-day 
quantum dots and assemblies of dots pro- 
duced by these methods. The quantum dots 
grown by molecular beam epitaxy and litho- 
graphic techniques are in the size regime 
from 1 p,m down to 10 nm (10). They are 
well passivated and immobilized on a sub- 
strate where they may be investigated opti- 
cally and electrically. The colloidal samples 
vary in diameter from the truly molecular 
regime of 1 nm to about 20 nm. Their 
surfaces are derivatized with organic mole- 
cules, which prevent them from aggregating 
and render them soluble. It is an open 
question whether these organic molecules 
provide electronic passivation as well. How- 
ever, these samples may be manipulated 
chemically in a wide range of ways, yielding 
entirely new sample configurations, such as 
the recently reported three-dimensional 
quantum dot superlattice (I I) .  

Quantum Confinement and 
Optical Properties 

The most striking property of semiconduc- 
tor nanocrystals is the massive change in 
optical properties as a function of size (Fig. 
3A). As size is reduced, the electronic ex- 
citations shift to higher energy, and the 
oscillator strength is concentrated into just 

shapes show that epitaxial 
growth for passivation is possible in colloidally grown nanocrystals (30). (F) with permission] (H) Transmissionelectron micrograph of coupled CdSe 
Transmission electron micrograph of a CdSe quantum dot superlattice. [Re- nanocrystal quantum dots 4 nm in diameter. These crystallites are joined by an 
printed from (1 1) with permission] (G) Scanning electron micrograph of two organic molecule. The coupling can be tuned by changing the linker length. (I) 
coupled GaAs quantum dots about 500 nm in diameter. The strength of the Transmission electron micrograph of lnAs quantum dots in a GaAs matrix, 
coupling can be adjusted by means of the gate voltage. [Reprinted from (23) prepared by molecular beam epitaxy. [Reprinted from (10) with permission] 
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a few transitions. These basic physical phe- 
nomena of quanturn confi~lenlent arise as a 
result of changes in the  density of electronic 
states and can be understood by co~lsidering 
the  relation between position and momell- 
tum in free and confined particles. For a 
free particle, or a particle in the  periodic 
potential of an  exte~lded solid, the  energy 
and the  crystal momenturn can both be 
precisely defined, whereas the  position can- 
not. For a localized particle, the  energy may 
still be well defined, hut the  uncertainty in 
position decreases, so that nlolnentuln is n o  
longer well defined. T h e  discrete energy 
eigenfunctions of the  particle may then be 
viewed as superpositions of bulk rnolnenturn 
states. Given the  relation between energy 
and rnonlentuln in the  bulk solid, one can 
see how a series of ~learbv transitions occur- 
ring a t  slightly different knergies in the  bulk 
will be cornpressed by quantum confine- 
ment into a single, intense transition in a 
quantum dot. T h e  shifts in absorption onset 
in colloidally prepared 11-111 semico~~duc-  
tors, such as CdS  and CdSe, and 111-11 
semiconductors like InP can be a large frac- 
tion of the  bulk hand gap and can result in 
tuning across a major portion of the  visible 
spectrum. For example, the hand gap In 
CdSe can be tuned from deep red (1.7 eV) 
to green (2.4 eV) by redk~ci~lg the cluster 
diameter from 200 to 20 A 112). , , 

Nanocrystnl-based light-emitt~ng diodes 
ILEDs)  . T h e  luminescence from nanocrys- 
tals closely tracks the absorption onset. 
Narrow-band (15 to 20 nm) ,  slze-tunable 
lu~ni~lescence with efficiency o n  the  order 

of 10% is observed from semiconductor 
nanocrystals a t  room temperature; these 
properties are highly desirable for the  pro- 
duction of LEDs. Two reports of LEDs made 
with polymers and CdSe ~ l a ~ ~ o c r ~ s t a l s  have 
appeared within the  last year ( 6 ,  7). T h e  
first group (6)  assembled  lan no crystals into 
thin layers o n  the  surface of poly p-phe- 
nylene vinylene (PPV),  a n  electrolumi~les- 
cent polymer. T h e  PPV itself was grown o n  
a laver of indium tin oxide. a transoarent 
hole-injecting contact. Finally, the  nano- 
crystal layer was coated with films of Mg 
and Ag, the  electron-injecting contact. 
This complete assembly electroluminesces 
when a voltage is applied. T h e  recornbina- 
tion of electrons and holes takes place in 
either the  polymer layer (which emits green 
light) or the  nanocrystal layer (producing 
red light), depending o n  the  applied volt- 
age. T h e  nanocrystal emission shifts with 
size. Thus, these LEDs provide a variety of 
means for tuning the  output color, with n o  
change in the  fabrication method. u 

Concentration of oscillator strength and 
nonlinear optical properties. Ignoring the  ef- 
fects of the  size distribution, it is important 
to u~lderstanil how much oscillator strength 
can be co~nnressed into a narrow region of " 

the  spectrum by quantum confinement. In  
typical semiconductor nanocrystals, the  en- 
ergy level spacing is o n  the  order of 0.15 to 
0.3 eV. If the  integrated oscillator strength 
over 0.15 eV of the  bulk spectrum could be 
co~npressed into lines with widths o n  the  
order of 0.1 to 0.5 meV, nanocrystals would 
fulfill an  important limit in nonlinear opti- 

A Wavelength (nm) B 
250 350 450 550 

I ' ' 1 ' 4 ' ' ' * ' ' l s , s = ~  
0.031 , 3 1 

5.5 4.5 3.5 2.5 -1.21 -1.20 -1.19 -1.18 
Photon energy (eV) Gate voltage 0 

Fig. 3. (A) Quantum confinement effects on the absorption spectra of CdS nanocrystal quantum dots. 
With reduced size. the spectra shift to higher energy and the oscillator strength IS concentrated Into a 
small number of transitions. [Reprinted from (2) w~th perm~ss~on] (B) Variations In the conductance G,, 
versus gate voltage for two coupled GaAs quantum dots. as afuncton of the Interdot coupling. VL. dran 
voltage: V,. source voltage. [Reprinted from (23) with permission] 

cal materials (13). Polarizability scales with 
volume, so that the sharp, intense (radia- 
tive lifetime o n  the order of ~ i c o s e c o ~ l d s )  
transitions of the  na~locrystals could be 
readily manipulated by off-resonant electric 
fields. A prototype optical switch with gain, 
for instance, would be one in which the 
transmission of a high-power laser beam 
near the absorption threshold of the  llano- 
crystals is modulated by a weaker, off-reso- 
nant ~ u l s e  bv the  ac Stark effect. 

T h e  homogeneous li~lewidths, however, 
are extremely broad (14),  correspondi~lg to 
dephasing times o n  the order of 100 fs, with 
faster decays observed in srnaller crystallites 
( 15). As a consequence, the spacings be- 
tween nanocrystal electronic tra~lsit io~ls ex- 
ceed the linewidths only slightly, so that de- 
spite the large shifts to higher energy observed 
in the spectra, the idealized discrete spectra. of 
Fig. 1B are not fullp realized in practice in 
colloidal samples. The  organic molecules used 
to ~ r o v i d e  chemical passivation (providing 
solubility w~thout  aggregation) may not pro- 
vide good electronic passivatlon 

Passivation 

T h e  ilnportance of electronic passivatlon is 
illustrated hy recent results obtained o n  
cathodolu~ni~lescence from single InAs 
quantum dots fabricated hy ~nolecular beam 
epltaxy and embedded inside GaAs (Fig. 
2E), which has a larger gap (10).  These 
crvstallites show excentio~lallv narrow emis- 
sidn linewidths, hut ahsorptidn or lumi~les- 
cence excitation spectra, which may be 
broader, have not yet heen reported. These 
experiments suggest that the  nonlinear op- 
tical properties of quantum clots deserve 
serious attention and that f~lrther work o n  
inorganic passivation of colloidal nanocrys- 
tal surfaces is needed. Given the  multiple 
sources of inho~nogeneous broadening (in- 
cluding size, shape, local fields, and de- 
fects), single-molecule spectroscopy (16) 
and near-field scanning prohe microscopy 
(17) show great promise as tools to  aid in 
deciphering the nature of the  intrinsic ab- 
sorotion suectra of nanocrvstals. 

i s  theLforegoing discushion illustrates, a 
inethod of preparing well-passivated iluan- 
tuln dots colloidally is needed. Toward this 
goal, Weller and co-workers (18) recently 
synthesized a rernarkahle nanocrystal het- 
erostructure. These particles c o ~ s i s t  of a 
tetrahedral C d S  core, about 5 0  A In size, 
with (1  11)  facets. W h e n  exnosed to HE'+ ~, u 

ions, the  Hg2+ displaces precisely one 
lnonolayer of Cd2+  from the  surface. Sub- 
sequently, the  HgS layer rnay be capped 
with a final layer of CdS. T h e  resulting 
salnnle can he described as a CdSIHeSlCdS u 

cluantuln dot quantum well. Trans~nission 
electron lnlcroscopy shows that the  HgS 
and the  C d S  capping layer grow epitaxially 
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o n  the  core (Fig. 2, D and E) .  Because HgS 
has a much smaller band gap than CclS, 
electronic excitations are largely confined 
in this well, which is embedded inside of a 
na~locrystal. This experiment suggests that 
the  tremendous successes in passivation 
achieved by molecular heam epitaxy may 
soon be replicated in colloidal nanocrystals. 

Absorption and Emission of Light 
in Indirect Gap Semiconductor 

Nanocrystals 

A great deal of interest has heen focused on 
the size evolution of a selection rule that 
derives from translational symmetry. In Si and 
several other semiconductors, the transition 
from the bottom of the conduction band to 
the top of the valence band violates conser- 
vation of lnolnentum and is electronically 
forhiddell. The transition does occur, but only 
with phonon assistance, and the radiative rate 
is very slow. For this reason, Si is not used in 
the generation of optical slgnals. 

T h e  observation of intense p h o t o l ~ ~ m i -  
nescence from porous Si, a material that 
consists of fused nanometer-diameter, un- 
dulating Si  wires, at first suggested that this 
selection rule might be altered in nanocrys- 
tals, which do  not possess translational sym- 
metry (19).  In  fact, the  observation of lu- 
mi~lescence- in Si  nanocrystals derives partly 
from small quantum confinement-induced 
enhancements in the  radiative rate, but 
mainly from co~lfine~nent-induced reduc- 
tions in the  nonradiative rate, which in 
hulk Si  arise from the  three-body Auger 
effect (20).  T h e  radiative rates for absorp- 
tion and emission of light in Si, as in other 
indirect gap semiconductors, remain well 
helow those of direct gap semiconductors, 
even in nanocrystals (2  1 ). T h e  transitions 
still require phonon assistance, even in crys- 
tallites as small as 20 A in diameter. 

Electrical Transport and 
Quantum Dots 

T h e  energy required to add multiple excess 
charges to  a small metal or semiconductor 
particle varies inversely with the  size of the 
particle. This dependence has its origin in 
the  electrostatic repulsion of charges con- 
fined in the  dot. A t  this point, the  charac- 
ter of charge transport is altered. As a func- 
t ion of applied voltage, single-electron 
transport events are seen as discrete steps in 
the  current (22) .  Variations in the  current- 
voltage characteristics with gate voltage, 
external magnetic field, and dot size are 
leading to increased u ~ l d e r s t a n d i n ~  of the  
electronic structure of very large (500 nm)  
lithographically prepared quantum dots. 

These quantum dot structures are the  
most sensitive instruments known for the  
measurement of current and local fields and 

may he used for that purpose or possibly as 
switches in the  future, because the  electrons 
and holes are necessarily delocalized over 
the  entire structure. Analogous structures. c7 

in which colloidal nanocrystals of metals 
and semico~lductors are d e ~ o s i t e d  between 
electrodes, will u~ldoubtedly be investigated 
extensively in the  near future. These struc- 
tures will be particularly interesting because 
the  energy level spaclng attributable to  
quantum co~lfinement is comparable to  or 
even greater than the  charging energy in 
crystallites that are substantially smaller 
than the  Bohr radius of the  hulk semicon- 
ductor exciton. In  this regime, tunneling 
and transport occur through s~ng le  quantum 
levels of the  dot. 

Coupled quantum dots: moiectlies w~th  tun- 
able bonds. Because quantum dots exhihit 
discrete structure in their optical and elec- 
trical character~stics, they are sometimes 
referred to  as artificial atoms, even thoup11 
to a chemist, they appear to be very large 
and complex molecules. This analogy is 
~ar t icular lv  useful ~ v h e n  these artificial at- 
oms are heing connected into "quantum dot 
molecules." L,l~;luch current research has 
moved beyonil the investigation of the  
properties of isolated dots to  the  investiga- 
tion of the  properties of such coupled sys- 
tems. For example, the  coupling constant 
between two i l u a n t ~ ~ ~ n  dots ahout 500 nm 
across (Fig. 2G) was investigated by means 
of changes in the current-voltage character- 
istics (23) .  T h e  strength of the coupling 
(bond) could be varied at will hy changes in 
the  gate voltage, such that the  structure 
could be made to act as t ~ y o  dots in series or 
as a single, strongly coupled system (Fig. 
3B). A~lalogous dimers, o n  a much smaller 
length scale and in a different confinelnent 
regime, can he prepared colloidally. For ex- 
amnle, two CdSe nanocrvstals 4 nm in di- 

L ,  

aineter were linked by a n  organic molecule 
(Fig. 2H) ,  whose length determines the  
coupli~lg strength (24).  This work is a fur- 
ther example of the  close intellectual rela- 
t ion betweenauantum dot structures fabri- 
cated hy the  top-down and hottom-up ap- 
proaches. "Homo" (same slre) and "hetero" 
dlrners are under Intensive study. There 
may be several other analogies between 
bonding ~ h e n o m e n a  in molecules and the  " & 

electronic properties of quantum dot mole- 
cules, such as resonance, localization, cova- 
lency, and ionicitv. 

1f L ~ L I ~ I I ~ L I ~  dois are viewed as artificial 
atoms, how big is the  analogous periodic 
tahle? Certainly all of the  materials includ- 
ed in the  family of inorganic semiconduc- 
tors may in principle be used to make quail- 

turn dot building blocks. T h e  only require- 
ments are the ability to  control the  size and 
achieve surface pass ivat io~~.  T o  date, these 
prereilulsltes have been achieved 111 a varl- 
et\ of systems. Among the  collo~dal mate- 

rials, the  11-VI nanocrvstals stand out as the  
prototypical systems in which chemical 
control is well established (2 ,  12).  Howev- 
er, research into the production of 111-V 
(IIIP, GaAs)  (25) ,  group IV (Si, G e )  (26) ,  
and I-VII (AgBr) (27)  lan no crystals is ad- 
va~lcing rapidly. In  the  epitaxially grown 
structures, InAs o n  GaAs (16) and GaAs 
embedded in A l l x G a , A s  are the  preemi- 
nent  structures. However, the  range of 
semiconductor nanocrystals that can be 
synthesized appears to extend well beyond 
these mater~als,  w111ch are stable semicon- 
ductors in extended solid form. By defini- 
tion, nanocrystals are in  a size regime where 
the  number of surface atoms is a large frac- 
tion of the  whole, and therefore, the  surface 
energy is a large fraction of the  total free 
energy of the  system. By manipulating the  
surface appropriately, one can force the  in- 
terior of the nanocrystal to  occupy bonding 
eeo~netries that are unstable in a bulk solid. - 
A n  example is the stabilization of the  rock- 
salt structure of CdS,  which in bulk is only 
stahle a t  high pressure (28).  T h e  massive 
changes in the  phase diagrams of nanocrys- 
tals that occur hecause of the  surface suggest 
that a w~i le  range of new quantum dots will 
he sy~ltheslzed in the  future (5). 

O n e  of the  most exciting and novel 
structures to emerge in qua~ l tum dot re- 
search in recent years is the  quantum dot 
superlattice (1 1) .  Colloidal CdSe nanocrys- 
tals, passivated with organic surfactants and 
size-selected to a very high degree, sponta- 
neously precipitated out from solution and 
forlned three-dimensional arrays of quan- 
tum clots. In  this confieuration, the  artifi- - 
cia1 atoms form a quantum dot crystal. T h e  
strength of the  electronic coupling between 
adjacent dots was again able to be tuned hy 
variation of the  organic passivating mole- 
cule, so that hands of states could be 
formed. Doped or mixed crystals will soon 
be investigated. This material is ordered o n  
two entirely different length scales: it has a 
regular holding geometry within each crys- 
tallite and between entire crystallites. 

Future Directions 

Advances in the science of quantum dots 
and semicon~luctor nanocrystals show no  
sign of abating. O n  the  contrary, goals that 
10 years ago see~ned unreachable, today 
appear well within reach. In  the  next few 
years, one can expect steady improvements 
in the  range of materials that can he pre- 
pared as i l u a n t ~ ~ ~ n  dots and in the  quality of 
the available samples. A t  the  same time, 
the  current samples are of sufficient quality 
to  enable a new generation of experiments. 
Quantum dots will be integrated into elec- 
trical devices, a process that has only just 
begun. More complex asse~nblies of quan- 
tum dots are now being investigated, in- 
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Magnetic Clusters in Molecular 
Beams, Metals, and 

Semiconductors 
Jing Shi, S. Gider, K. Babcock, D. D. Awschalom* 

The evolution of magnetic order from the microscopic to the macroscopic regime may be 
studied with the use of nanometer-scale clusters. A variety of new techniques can be 
employed to control the size of the magnetic clusters from the atomic level. Molecular 
beams are used to construct and measure the magnetic properties of isolated metallic 
clusters. Superparamagnetic metallic particles embedded in a metal exhibit dramatic 
field-dependent changes in electrical conduction, providing a measure of spin-dependent 
scattering. Related efforts in semiconductor hosts with the use of ion implantation have 
generated room-temperature ferromagnetic clusters that can be directly imaged by mag- 
netic force microscopy. 

T h e  magnetic properties of isolated atoms 
are well understood, but the  development of 
magnetic order o n  a macroscopic scale in a 
crystal is a more formidable problem. Long- 
range magnetic order is not simply a super- 
position of the  effects of individual atoms; it 
is a collect~ve effect of atoms cornmunicat- 
ing through the  Coulomb interaction and 
the  Pauli exc l~~s ion  princ~ple.  These ex- 
change interact~ons may lead to an  align- 
ment  (ferromagnetism), a n  alternation (an- 
tiferromagnetism), or more complicated ar- 
rangements of the magnetic moments. Mag- 
netic clusters provide a link between 
magnetism o n  the  m~croscopic atomic level 
and the  macroscopic state; and by allowing 
L I ~  t o  observe magnetic order as it develops 
from individual magnetic atoms to large 

crystals, such clusters can contribute to our 
understanding of magnetism in both regimes. 
Like the  study of mesoscopic electronics (1  ), 
which map lead to more highly integrated 
circuits, lnesoscoplc magnetism 1s not only of 
academic interest but also of technological 
importance as magnetic recording densities 
continue to increase, requiring smaller bits 
to store information (2).  In addition to in- 
formation storage, magnetic clusters are be- 
ing examined for diverse applications rang- 
ing from enhanced magnetic resonance i n -  
ages (3) to magnetic refrigeration (4). 

A great deal of work o n  small magnetic 
particles and molecules exists (5). Here me 
describe a select set of recent developments 
aimed at  construction and measurement of 
such systems in a wide variety of environ- - - 
merits.' T h e  ideal experiment for the  study 

J Shi S. Gder, and D D. Awschalom are n the Depari- 
ment of Physics, University of Cal~fornia, Santa Barbara, of "'ould their size 
CA 93106, USA K. Babcock IS w~th D~g~tal Instruments, atomic precision and probe the properties of 
Santa Barbara, CA 931 03, USA an  isolated individual cluster instead of av- 
?To whom correspondence should be addressed. eraging over an  ensemble. A close realization 

25 0 .  I Mic~c etal. , J. Phys. Chem 99. 7754 (1 995) 
26 J. R. Heath, J. J Shang. A. P Aivisatos, J. Chem. 

Phys. 101, 1067 (1 994). 
27 W Chen, J. M. Rehm, C. Meyers, M. I .  Freedhof, G 

McLendon, Mo/. Cqst.  114. Cq/st. 252, 79 (1994). 
28. J. L I ~ ,  E. Cates, P. A. B~ancon~, J. Am. Chem. Soc. 

11 6, 4738 (1 994). 
29. N. Herron, J. C. Caabrese, W. E. Farneth, Y. Wang, 

Science 259, 1426 (1 993) 
30 Structural and optical characterization of this struc- 

ture is descr~bed by A. Mews, A. V. Kadavanch, U. 
Banin, and A. P. Av~satos (In preparation). 

31, I would k e  to thank A. Mews, A Kadavan~ch, and U. 
Banin for their ass~stance n the preparaton of the 
manuscript. 

of this ideal is the  work o n  clusters formed in 
molecular beams, which are also advanta- 
geous because there is n o  interaction be- 
tween c l~~sters  or with a surrounding medi- 
um. Homever, practical applications of mag- 
netic clusters typically require a host. Mag- 
netic clusters mav be used to affect electron 
cond~lction or dptical properties of their 
host, and in turn the  host may have an effect 
o n  the magnetic properties of the  clusters. In  
metals, magnetic clusters can produce an  
unusually large dependence of the resistance 

o n  magnetic field, an  effect known as "giant 
magnetoresistance" (GMR)  and originally 
observed in magnetlc multilapers (6). T h e  
change in resistance upon application of a 
magnetic field is as high as -20% for C o  
clusters in Ae and -50% in the FeICr mul- 
tilayers, whicvh is a large change when com- 
pared with the  -196 effect that is typical in 
bulk luagnetic metals such as iron or nickel. 
Magnetoresistive materials are being pursued 
as a promising technology for the next gen- 
eration of magnetlc sensors and recording 
read heads. T h e  incornoration of magnetic 

u 

clusters in semicond~lctors would allow for 
the  integration of microelectronics with re- 
cording and storage technologies, as well as 
enabling spin-dependent switching. Epi- 
taxial growth techn~ques i~sing semiconduc- 
tors have been remarkably successful in pro- 
l~iding layers of near-atomic thickness for 
electron~c and ovtoelectronic devices i l ), 
and have included recent success in inter- 
leaving of semiconductor and magnetic mul- 
tilayers (7). Moreover, the dilution of mag- 
netic atoms into a semiconductor hetero- 
structure gives rlse to a variety of new phe- 
nomena that are strongly sensitive to 
magnetic fields (8) .  Homever, there are a 
number of technological obstacles prevent- 

Ices; most ing the fabrication of practical dev' 
suitable maenetlc ions tend to order antifer- " 

romagnetlcally and only at low temperatures, 
generating no  net magnetlc moment (8) .  
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