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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 probletn. Long- 
range magnetic order is not simply a super- 
position of the  effects of individual atoms; it 
is a collective 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 cotnplicated 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, mesoscoplc 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 tnolecules 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 
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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 tnedi- 
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 tnul- 
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 tnaterials are being pursued 
as a promising technology for the next gen- 
eration of lnagnetlc sensors and recording 
read heads. T h e  incornoration of magnetic 

u 

clusters in selnicond~lctors would allow for 
the  integration of microelectronics with re- 
cording and storage technologies, as well as 
enabling spin-dependent switching. Epi- 
taxial growth technques 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 tnagnetic tnul- 
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 magnetlc ions tend to order antifer- 
romagnetically and only at low temperatures, 
generating no  net magnetic moment (8) .  
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Progress tomard overcorning these difficulties 
has recently been made by the introduction 
of magnetic ions (Mn') into a semiconduc- 
tor (GaAs) by implantation and s~lbseqi~ent 
annealing to fortn rootn-temperature ferro- 
magnetic clusters of a new compound, 
GaMn. Advances in magnetic force micros- 
copy have enabled the direct observation of 
the tnagnetic field dependence and switch- 
ing of individual clusters. 

T h e  tnajoritp of the  work reviewed here 
is experimental, but magnetic c l~~s te r s  are 
also the subject of substantial theoretical 
work, in part because theoretical tnodels of 
clusters are more amenable to exact calcu- 
lations (9). O n e  of the  tnost intriguing pros- 
pects is the  use of magnetic motnents for 
computational logic as well as memory (1 0). 

uously by evaporation but must instead be 
formed by a p~llsed technique. A pulsed 
laser vaporizes a target material, and the  
metal vapor is then rapidly quenched by a 
high-pressure helium gas jet (-7 X lo3 
torr). From the  relatively high-pressure 
source chamber, the  c l~~s te r s  and helium gas 
exoand into a low-oressure ( - lop7  torr) 

the  magnitude of the  moment is found to be 
larger than that of the  bulk for 3d transition 
metals. As is in agreement a i t h  the  theorv " 
of superparamagnetism, the  average deflec- 
tion is proportional to the  magnetic field 
strength and the  square of the tnoment and 
is inversely proportional to the  temperature. 
T h e  temoerature of the  clusters is taken as 

collimation chamber to produce a superson- 
ic beatn. T h e  beam is then directed toward 
a gradient magnet, a h i c h  deflects the  clus- 

the  temperature of the  source: For long 
times in the  source, clusters will suffer more 
collisions with the  carrier pas and will even- - 
tually equilibrate with the source tempera- 
ture. As the  source temperature is lowered, 
there is not enough thermal energy available 

ters according to the  projection of their 
magnetic moment o n  the  gradient field di- 
rection. Finally, the  beam intensity of each 
cluster size is profiled by a time-of-flight 
mass spectrotneter. 

for the  magnetization to overcome the  crys- 
talline field anisotropy energp barrier. This 
blocking of the  magnetization is tnanifest in 
small particles by the  appearance of hyster- 
esis and in clusters in tnolecular beams bv an  

T h e  first dramatic observation concern- 
ing free magnetic clusters was that the  beam 
onlv deflects in one direction 112). unlike 

Free Clusters in Molecular Beams 
, , ,  

the  situation in the  original Stern-Gerlach 
experiment, in which the  beam of silver 

inhomogenous broadening of the  beam (14),  
reflecting the inability of the  clusters to 
thermalize and align with the field (Fig. 1) .  

In  the  superparamagnetic regime, the  
magnitude of the  average tnoment per atom 
can also be studied as a f ~ ~ n c t i o n  of the  
cluster size. As the  size of clusters of transi- 
tion metals such as Fe. Co ,  and K i  increas- 

Molecular beatns provide atomic control of atoms was divided equally. T h e  magnetic 
motnent of a silver atom is proportional to 
the  soin anp~llar momentum S. Without 

the size of clusters of various elements, in- 
cluding transition tnetals and rare earths, - 
elucidating the  evolution of tnagnetic order 
frotn the  atomic to the  bulk level without 
the cotnolication of a host. Atoms of tran- 

- 
collisions between atoms (which are rare in 
molecular beatns) and without contact with 
any other energp reservoir, the  magnetic 
states S = + E and S = - '/r mill be equally 
populated, even in the  presence of a uni- 
form field superimposed o n  the  gradient 
field. T h e  gradient field in the  Stern- 
Gerlach exoeriment mill therefore seoarate 

sition tnetals and rare earths are generally 
paramagnetic, possessing a moment that 
can be aligned to  a field but n o  remanent 
moment after removal of the  field. A few of 
these elements are ferrotnagnetic when 

es, the  tnoment per atom should decrease as 
the  character of the  moments changes frotn 
atomic to  itinerant. Experiments have 
shown that the  moment does decrease and 
eventually reaches the  bulk limit for clus- 
ters around 500 atoms (Fig. 2A)  (15,  16) .  
T h e  decrease is not entirely monotonic and 
appears to  be oscillatory, suggesting a finite 
size effect. Experiments suggest that C o  and 
K i  clusters may form as icosahedra (17) .  
Perfect icosahedra occur for clusters with 
13, 55, 147, 309, and 561 atoms and corre- 
spond to  1 through 5 completed shells of 
atoms. It can be argued that c l~~s te r s  mith 
these numbers of atoms should have re- 
duced magnetic moment values as corn- 

" 

crystallized, acquiring a permanent magnet- 
ic moment; however, the  magnetic moment 
oer atom is not necessarily the  same in the  

the  beam into two svmmetric peaks. How- 
ever, c l~~s te r s  of atoms have addltlonal de- 
grees of freedom such as rotatlon of the  

paramagnetic and ferrotnagnetic states. For 
example, a n  iron atotn has a paratnagnetic 
moment as large as 6 pB (pB is the  Bohr 
tnagneton, the  magnetic moment of an  
electron), but a bulk crvstal of bodv-cen- 

" 
cluster as a whole, with which the  magnetic 
states mav exchange angular tnomentum. 
Energy conservation is affected by further 
interactions with the  vibrations. T h e  mag- 
netic states of a cluster mill not be euuallv , , 

tered-cubic (bcc) iron bllow the  te1Apera- 
t i r e  T = 1043 K is ferromagnetic mith an  
average tnotnent per atotn of 2.22 F,. T h e  
loss of moment and the  appearance of a n  
average nonintegral moment are character- 

. , 
populated, even t~~a l ly  equilibrating tomard 
a Boltzmann distribution, which in the  
presence of a uniform field would align the  
average magnetic moment a i t h  the  field. 
T h e  gradient field thereby deflects the  
beam ;f clusters in only one direction. 

A hotnopenous deflection in onlv one 
istic of the  transition metal ferromagnets 
(iron, cobalt, and nickel). This is related to 
exchange interactions between 3d electrons 
in delocalized states, or bands, and is known 
as itinerant exchange (11, p. 300).  T h e  

direction further implies that the  magnetic 
moment is dynamically decoupled from the  
lattice. with anisotroov barriers which are 

L ,  

small as compared mith thermal energies. 
T h e  magnetic moments are locked together 
by exchange interactions; hence, the  tno- 

change in tnagnetic character from atomic 
to itinerant map be studied with clusters in 
molec~llar beams. Furthermore. because 
magnetism in transition metals is closely 
tied to the  electronic band structure, and in 
turn to the  crystal structure, different types 
of magnetic order may emerge because clus- 
ters do not necessarily have the  satne crystal 
structure as does the  bulk crystal. 

T h e  experitnents o n  free clusters are de- 
scendants of the  classic work in a h i c h  the  
magnetic moment of the  electron was first 
measured by Ot to  Stern and Walter 
Gerlach 70 years ago. Unlike the  atoms 
used in the  Stern-Gerlach experiment, 
however, c l~~s te r s  cannot be formed contin- 

ments rotate in ~lnison a i t h  respect to  the  
lattice. T h e  cluster thus behaves like a oara- 
magnet but mith a much larger net moment 
than that of a single paramagnetic atom, 
that is, a "superparatnagnet." Superpara- 
tnagnetism is a well-known phenomenon in 
small magnetic particles (1 1 ,  p. 360) and 
was proposed for clusters to  explain the  
observation of lower magnetization value 
per atom than that of the  bulk for 3d-series 
transition metals (13).  W h e n  the  magneti- 
zation is understood as the  time averaged 

Deflection (mm) 

Fig. 1. Beam profiles for Gd,, clusters at lower 
temperatures [from (14)] projection of a s~~perparamagnetic motnent, 
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pared with open-shell clusters, as for exam- 
ple in Ki ,3  and Ni,, (18).  Another study 
(1 6 )  finds that the  extrema of the  oscilla- 
tions are not solely related to  geometric 
effects, suggesting that electronic effects are 
probably as itnportant in these itinerant 
magnetic systems. Studies of other transi- 
tion metals and rare earths have also pro- 
d ~ ~ c e d  interesting results. Rhodium, which 
is not magnetic In bulk form, has been 
observed t i  form magnetic clilsters (Fig. 
2B); however, ruthenium and palladium, 
which are beside rhodium in the  4d serles. 
are not magnetic, even in clusters (19).  

Magnetic Clusters in Metals 

T h e  studp of free clusters is important in 
understanding the development of magnet- 
ic order from the  atomic level; however, 
such clusters are not stable outside the  mo- 
lecular beam chamber. For example, free 
clusters are susceptible to oxidation and 
aggregation. O n e  method by which to ren- 
der clusters stable is to surround them with 
a protein shell as in the biological magnet 
ferritin or with organic ligands as in tnolec- 
ular magnets (5). A tnore commonly used 
tnethod is to embed them in a solid host. 
Giant  magnetoresistive ganular  tnaterials 
(20,  21) represent a n  important class of 
magnetic nalnostructures in metallic systems 
that  exemplify how reduced length scales 
affect both magnetic and electron transport 
properties (22).  Originally, G M R  was ob- 
served in lnultilayers consisting of alternat- 
ing magnetic and nonmagnetic materials 

Cluster size (n) 

Fig. 2. The magnetc moment per atom as afunc- 
ton of cluster size for (A) Fe [from (15)] and (B) Rh 
[from (19)]. 

(6) .  T h e  G M R  effect in ~ni~lti layers is very 
sensitive to  the  thickness and spacing of the  
layers, requiring control of layer growth with 
atomic monolaper precision. T h e  observa- 
tion of G M R  in granular materials, which do  
not require nearly the same degree of con- 
trol, was therefore quite unexpected. 

In  a metallic system, small particle sizes 
(a  few nanometers) and a a i d e  range of 
interparticle spacings can be read~ly real- 
ized. Among a number of techniques, the  
one most commonly used for producing 
such microscopic granular samples takes ad- 
vantage of the  phase separation of metasta- 
ble alloys, which consist of two immiscible 
metals. These metallic constituents may be 
elemental metals (for example, Fe, Co,  CLI, 
and Ag) ,  crystalline alloys (for example, 
Fe-Ki), metastable crystalline alloys (for ex- 
ample, Fe-Cu),  or amorphous alloys (for 
example, Fe-BN) (22).  Although these par- 
ticles are much larger than the clusters in 
molecular beams, consisting of lo3 to lo6 
atoms, and therefore have a larger crystal- 
line anisotropy energy barrier, thep still dis- 
play superparamagnetism at and below 
room temperature. However, t o  electrons 
traveling at the  Ferlni velocity, the  super- 
paramagnetic moments are effectively 
blocked; therefore, the  fluctuations during 
the  titne scale of the magnetization mea- 
surement (-100 s) do  not affect the elec- 
tron transport because the  electrons sample 
the  moments o n  a faster titne scale (-lo-" 
s).  Even at temperatures a t  which the  mag- 
netization does not  show any remanent mo- 
ment,  the  G M R  effect is still observed. T h e  
electronic structure of the metallic host 
does not appear to have a substantial effect 

-10 -5 0 5 10 

Field (kOe) 

Fig. 3. (A) Magnetoresstance and (B) hysteress 
loop of the same Co,,Cu,, granular sample (an- 
nealed at 350°C) at T = 5 K [from (22)] The cross- 
es denote the nltal cuwes 
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o n  the  magnetic particles because similar 
magnetic properties are observed for parti- 
cles embedded in a n  insulating host (22).  

If an  electron in the  metal is successively 
scattered by magnetic granules before it 
flips its spin, the relative orientation of 
magnetic moments of these granules affects 
the  spin-dependent scattering rate. W h e n  
an  external magnetic field changes the  ori- 
entation of the  moments, the  scattering rate 

u 

also changes, thus causing the  resistance to  
depend o n  the  applied magnetic f ~ e l d  
strength (Fig. 3) .  In granillar systems, the  
separation 1 between the  magnetic clusters 
can be varied by control of the  v o l ~ ~ m e  
fraction and the  growth of granules. If 1 is 
much larger than electron mean-free-path, 
manv intermediate scattering events ran- " 

domize the  spin infortnation of electrons. 
Thus, the  scattering rate is independent of 
maonetization and there is n o  GMR: alter- - 
natively, if 1 is so short that an infinite 
percolation network is developed due to the  
exchange interaction between magnetic 
granules, then the  G M R  effect vanishes. In  
a Co-Ag sample (22) ,  for example, a vol- 
 me content of C o  between 15 and 40% 
gives a sizable magnetoresistance effect (Fig. 
4A) .  In  a G M R  system, each individual 
granule moment contributes to spin-depen- 
dent scattering, and the magnetoresistance 
is directly related to the  global magnetiza- 
tion M. In  fact, the  magnetoresistance 1s a 

Co (volume %) 

Fig. 4. (A) Magnetoresistance ratio [p(H,) - p(O)]/ 
p(0) of Co-Ag as a function of Co content In 
volume % at T = 5 K and 300 K. (B) Magnetore- 
sistance versus normalized magnetzation MIM,. 
Both resistance and magnet~zation data in this 
plot are the data shown In Fig. 3, and the solid line 
IS a fit to M2 dependence wth an M4 correction 
term [from (22)] 



function of (M/MJ2, where M, is the satu- 
ration magnetization (21 ). A distribution of 
particle sizes (23) or interparticle correlation 
(24) can lead to a higher order correction to 
a simple quadratic dependence (Fig. 4B). 

The GMR effect that occurs in granular 
solids can be described by a two-current 
model, just as in multilayer structures. In the 
two-current model language, spin-depen- 
dent scattering is equally effective for both 
spin-up and -down electrons in a disordered 
state, whereas in an ordered state with the 
granule moments aligned in the field direc- 
tion, one spin channel is less resistive than 
the other because of the asymmetry between 
them. The less resistive channel therefore 
shorts out the current conduction and the 
resistance drops in an applied field (23). 
This reduction in the electrical resistance 
can be as high as 20% at room temperature. 
Moreover, the change in the resistance, Ap, 
is correlated with the radius r of the mag- 
netic granules (21 ) (Ap - llr). The fact that 
the change in the resistance is directly pro- 
portional to the ratio of the area of interfac- 
es to the volume of the magnetic granules 
suggests that the spin-dependent scattering 
occurs only at the interfaces between the 
granules and the matrix. The same spin- 
dependent scattering also produces giant 
magnetothermoelectric power (25) and 
magnetothermal conductivity (26). 

Magnetic Nanostructures in 
Semiconductors 

Microscopic ferromagnets can be fabricated 
on semiconductor substrates in a number of 
ways, including electron-beam lithographic 
patterning (27), scanning tunneling micro- 
scope deposition (28), and electrochemical 
etching and electrodeposition (29). In order 
to enhance the effective interaction be- 
tween electronic carriers and local ferro- 
magnetic fields, it is desirable to locate 
ferromaenetic clusters within a semicon- - 
ductor. This is a challenge because the sol- 
ubility of magnetic ions in semiconductors 
is generally low. Because Mn ions replace 
Ga in the GaAs lattice and act as acceptors, 
it is possible to incorporate localized ferro- 
magnetic structures inside the GaAs semi- 
conductor while preserving its electronic 
and optical properties. This may be 
achieved by ion implantation and subse- 
quent heat treatment (30, 31). Although 
the solubility of Mn ions in GaAs is very 
low under equilibrium conditions, a rela- 
tively high concentration (-lo2' cmP3) 
can be obtained by implantation of the ions 
into the semiconductor. During rapid ther- 
mal annealing at T > 600°C, the uniformly 
implanted Mn ions diffuse and combine 
with Ga to form submicron GaMn micro- 
crystallites (150 to 400 nm in diameter), 
which are ferromagnetic at room tempera- 

ture. A structure containing an ensemble of 
particles has a magnetization that can be 
reversed at the coercive field H, - 6 kOe 
and becomes paramagnetic above the Curie 
temperature T, > 400 K. These particles are 
larger than the typical magnetic particles (1 
to 10 nm in diameter) in granular GMR 
materials and, in fact, are large enough that 
the maenetic moments mav not be uniform - 
throughout the particle; that is, the particle 
consists of maenetk domains. In this in- - 
stance, the GaAs host plays an important 
role in determining magnetic properties 
such as the domain orientation. 

The GaMn ferromagnets are formed 
near the GaAs surface and may be directly 
probed by atomic (AFM) and magnetic 
force microscopy (MFM) at room tempera- 
ture (31, 32). In MFM images (Fig. 5), the 
contrast is caused by spatial variations in 
the magnetic interaction between the mag- 
netized probe and the stray magnetic fields 
of the sample. Although the ferromagnetic 

particles (-400 nm in diameter) produce 
strong magnetic force contrast, there exist 
particles (-50%) that show only weak con- 
trast. The latter particles are likely to be 
ferromagnets with very low coercive fields 
and moment densities or possibly even su- 
perparamagnets at room temperature (33). 

One can infer the magnetic state of the 
GaMn precipitates from these MFM images. 
To  a good approximation, the MFM probe 
behaves like a localized magnetic dipole 
(32), and the imaging of spherical single- 
domain particles can be modeled by a di- 
pole-dipole interaction. Figure 6 shows cal- 
culated single-particle images based on this 
approximation for four different configura- 
tions. A more detailed model that inte- 
grates dipole moments over the surface of 
the tip produces similar node structures. 
These simulations show that one can obtain 
a variety of patterns from a single-domain 
particle, depending on the relative orienta- 
tion between the tip and particle moments. 
However, with a perpendicularly magne- 
tized  ti^ such as was used to ~roduce the 
data in Fig. 5, the simulations of single- 
domain particles do not show the compli- 
cated four-component contrast observed 
(Fig. 5A). Thus, these two precipitates must 
be multidomain magnetic particles, whereas 
the others are single-domain particles. Fig- 
ures 6C and 6D are characteristic of MFM 

Fig. 5. Magnetic force images of an implanted 
(1 Oi5 Mn+ ~ m - ~ )  and annealed (at 920°C for 60 s) 
sample before (A) and after (B) it was magnetized 
with a perpendicular magnetic field (-2 kOe). 
Upon application of the magnetizing field, multido- 
main particles that show four-component pat- 
terns in (A) are converted to single-domain parti- 
cles in (B), and moments preferentially align with 
(1 OO), (01 O), (001) directions of the GaAs sub- 
strate. The Co-Cr-coated MFM tip was magne- 
tized perpendicular to the sample surface. 

Fig. 6. Simulations of magnetic force images of a 
single-domain particle. (A) and (B) correspond to 

whose moment (M) is parallel and per- 
pendicular to the surface plane, respectively, and 
imaged with a tip whose moment (m) is perpen- 
dicular to the surface plane. A perpendicular par- 
ticle moment with an in-plane tip moment produc- 
es the same pattern as in (A). (C) corresponds to 
an in-plane moment and a tip magnetized parallel 
to the particle moment, and (D) corresponds to an 
in-plane moment and tip magnetized parallel to 
the surface but at 45" to the moment. 
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images captured in the presence of a strong 
in-plane magnetic field, where the tip is 
forced to align with the field. Such simula
tions demonstrate the importance of under
standing the interplay hetween instrumen
tal sensor and sample cluster magnetic fields 
for meaningful particle imaging in meso-
scopic dimensions. 

In an unmagnetized sample, particles 
within this length scale can he single-do
main or multidomain. Upon application and 
removal of a perpendicular magnetic field 
(~2 kOe) to an unmagnetized sample, mul
tidomain GaMn particles are converted to 
single-domain particles (Fig. 5B); in partic
ular, the single-domain moments are ob
served to preferentially align along the three 
equivalent crystalline axes ((100), (010), 
(001)) of the GaAs host after the field is 
removed (31). The behavior of ferromag
netic particles can also be studied by con
tinuous application of an in-plane field (33). 
For fields stronger than the tip coercive field 
(~400 Oe), the tip is forced to align with 
the in-plane field, thus allowing simple im
age interpretation. As the in-plane field is 
increased, the moments tend to align with 
the field direction, displaying two types of 
motion: discontinuous reversal and gradual 
rotation of the magnetization, depending on 
the relative orientation between the mag
netic easy axis and the applied field. 

These processes can be investigated di
rectly by imaging single particles in real time 
while ramping the in-plane applied field. 
Figure 7 shows two extreme cases: one with 
the easy axis parallel and the other perpen
dicular to the field direction. A complete 
reversal is clearly seen in the left-hand image 
and the corresponding switching field is ~4 
kOe. In the right-hand image, the perpen
dicular moment undergoes a gradual rotation 
from its initial orientation, toward a partial 
alignment with the field. The field required 
to fully align the moment is estimated to be 
— 7.5 kOe. This field would be equal to the 
switching field for the parallel moment (~4 
kOe), if the two particles were identical (J J, 
p. 344). A large variation (about a factor of 
3) in the switching field is also found among 

particles with approximately the same easy 
axis orientation. As these particles are likely 
to have the same crystalline structure with 
similar strain, this variation may be due to 
shape anisotropy. Further investigations 
should reveal the magnetic anisotropy and 
micromagnetic behavior of these single-do
main magnets as well as their role in modi
fying electronic transport. 

Conclusions 

There are increasingly varied ways to fabri
cate and examine magnetic clusters down 
to atomic length scales without and within 
different host materials. The study of free 
magnetic clusters in the absence of a host is 
only beginning. The dynamics of the mag
netization are likely to change dramatically 
as the temperature is lowered, and it is 
possible that exotic phenomena such as 
macroscopic quantum tunneling of the 
magnetization will be revealed (5). The 
intrinsic behavior of clusters can affect 
host properties such as electron transport 
in metals, and the host may in turn strong
ly influence cluster properties such as the 
domain orientation in semiconductors. 
Although current granular GMR materials 
do not have a strong enough field sensi
tivity to be practical for magnetic record
ing, they may nevertheless be useful where 
Hall bar position and motion sensors are 
currently used, such as in automobile tim
ing circuits and videocassette recorders. 
The effect of magnetic clusters on electron 
transport in semiconductors is a nascent 
area rich in possibilities for exploration. In 
addition to the many scientific issues, 
there is a strong technological drive to 
develop ultrafast spin-dependent electron
ics, integrated magnetooptics, and high-
density magnetic storage. These areas of 
research demonstrate that advances in un
derstanding of mesoscopic magnetism are 
concomitant with advances in novel ex
perimental techniques. For example, the 
force detection of nuclear magnetic reso
nance (34) has the theoretical capability 
of allowing identification of atomic spe-

Fig. 7. Images of dipolar 
moments (M) with in
creasing in-plane mag
netic field. The MFM tip 
repeatedly scanned over 
the middle of each 400-
nm particle. The left 
(right) particle has its 
easy axis parallel (per
pendicular) to the field di
rection. The symbols 
shown to the left and 
right of the MFM images 
represent the corre
sponding whole-particle 
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images (similar to those shown in Fig. 6, A, C, and D) at different fields. 

cies in a molecule with spatial resolution. 
Although one motivation for studying 
nanometer-scale clusters was to simplify an 
otherwise complicated macroscopic system, 
the magnetic properties of clusters have 
proved to be surprisingly complex. 
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