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On the basis of their electronic structure, we consider the magnetic properties of transiti
metal quantum dots and of arrays in which the dots are separated by nonmagnetic tunnel barr
The oscillating size dependence of the magnetic moment of suchstrong ferromagnetic dots is
well reproduced within a band structure-based shell model. If the dots are arranged in an ar
the analysis of the Nagaoka state of supermoments allows one to identify the conditions wh
lead to magnetic ordering. Our calculations compare favorably with recent experimental finding
[S0031-9007(98)07595-4]
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Advances in surface technology have made it possib
to reduce the size of electronic structures until their spat
dimensions become comparable to the de Broglie wav
length of the active electrons. Interesting examples
such mesoscopic systems are atomic clusters and/or qu
tum dots (in the following simply referred to as quantum
dots, QD) which have received considerable attention
recent years. Being a fascinating research topic in the
own right (cf., e.g., Refs. [1,2]), new phenomena can b
expected if the dots are arranged in an array just lik
atoms in a lattice. Particular effort is currently devote
to investigate the magnetic properties of such structur
[3–7]; being not only candidates for advanced nanosca
storage media, they are also of fundamental interest f
the study of interactions, transport processes, and ph
transitions. Recent experimental work on one- (1D) an
two-dimensional (2D) self-organized (i.e., quasiperiodic
arrays of nanosize transition-metal dots show magnetic o
dering [4–7] mostly of the dipolar type. However, in the
case of a 2D system of Fe dots on an insulator substr
a long-range order has been found [3] which has been
tributed to a contribution of exchange coupling betwee
the dot supermoments. This mechanism is expected to
of increasing importance for a 3D ordering of the dots an
will also play a key role with respect to magnetotranspo
processes in arrays, similarly to what is observed in ma
netic alloys (cf. [8]).

In the work to be reported here we treat the magnet
properties of QD arrays on the basis of their electron
structure. Thereby we proceed in two steps: we will firs
calculate the magnetic moment of individual dots withi
the electronic shell model for size-limited aggregates.
the second step, the dots are arranged in an array; tunn
ing exchange coupling between the dots will modify th
electronic level density [9] leading to coupling of the do
supermoments into a ferromagnetic or antiferromagne
state.

The magnetic properties of free individual transition
metal and rare-earth element dots have recently be
studied experimentally [10,11] and analyzed theoretical
0031-9007y98y81(20)y4508(4)$15.00
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[12–14]. For a nanosize dot at finite temperature t
superparamagnetic picture (i.e., weak anisotropy) c
be used [15]. Instrong ferromagnetic materials, such
as the iron series transition metals Co and Ni, wi
strong molecular self-fieldH (providing a measure of
the intradot exchange interaction) the Fermi energyeF is
located above the top energye" of the majority spin levels
and below the top energye# of the minority spin band (cf.,
e.g., [8,16]). Then the magnetic moment per atommN of
a dot containingN atoms is given bymN ­ mBnh, with
mB the Bohr magneton andnh the number of holes in the
minority spin band.nh is related to the mean numberdns

of delocalizeds electrons abovee" in the majority spin
band [14] bynh ­ n0

h 2 dns, with n0
h ­ 10 2 ny 1 n0

s ,
where ny and n0

s are the numbers of outer shell ands
electrons per atom, respectively. The quantitydns can be
expressed through the contributionrs of the sp band to
the level density of active electrons

dns ­ fNsseFd 2 Nsse"dgyN ,

Nsseid ­
Z `

2`

de rssedfse 2 eid
(1)

with fsxd ­ f1 1 exphxykBT jg21 the Fermi function.
The number ofs electronsn0

s depends on the average
coordination number of atoms in a dot and can b
represented by contributions of “bulk” nbulk

s , “surface”
nsurf

s , and “curvature” ncurv
s componentsn0

s ø nbulk
s 1

nsurf
s N21y3 1 ncurv

s N22y3.
Confinement ofs electrons into the finite dot volume

gives rise to the well-known gross-shell structure ofrs

(cf. [17])

rssed ­ rsm
s sed 1 rsc

s sed (2)

with a smoothrsm
s sed and an oscillatingrsc

s sed (i.e., shell
correction) part, and an energye which we will measure
from the bottom of thesp bandes. For instance, in the
case of a 3D-shaped dot with a harmonic oscillator (HO
confining potential [V srd ­ mv2r2y2 2 h̄vy2] and a
uniform self-fieldH, both contributions can be expresse
© 1998 The American Physical Society
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rsm
v sed ­

ese 1 h̄vd
2sh̄vd3 ,

rsc
v sed ­

ese 1 h̄vd
sh̄vd3

3
X
k­1

cos

µ
k

2pe

v

∂
j0

µ
hk

2pe

v

∂
qk .

(3)

The Larmor frequencyvL ­ eHy2mc satisfies the condi-
tion h ­ vLyv ø 1, j0 is the spherical Bessel function
and the factorqk measures the stability of a trajectory (cf.
e.g., [19]); it permits a smooth truncation of the contribu
tion from longer periodic orbits and can be chosen on t
basis of the mean-free pathl or the conductivity properties
of the material asqk ø qk with q , exph2Lylj, whereL
measures the length of the primitive orbit (cf. also [17]).

Because of the shell structure,dns oscillates with vary-
ing cluster size. Using the abbreviationsD" ­ eF 2 e",
D# ­ e# 2 eF , and Ds ­ eF 2 es, we can approximate
the oscillating part of Eq. (1) by

dnsc
s ø

D"s1 1 XsdR
Nsh̄vsd4ph

3

∑
arctan

µ
q sinsxd

1 2 q cossxd

∂∏x­2ps11hdXs

x­2ps12hdXs

, (4)

whereR ­ yy sinhsyd with y ­ 2pkBTysh̄vsd, and the
quantity Xs ­ s3n0

s Nd1y3 counts the number of filled
shells. Generally,D" can be assumed to be small a
compared tōhvs ­ DsyXs which represents a convenien
choice of the HO frequency [17].
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FIG. 1. Size dependence of the magnetic moment per atom (measured inmB) in (a) free Ni dots withnbulk
s ­ 0.62 and

fbulk:surf:curvg ­ f1:3.1:1.0g; (b) free Co dots withnbulk
s ­ 0.7 and fbulk:surf:curvg ­ f1:3.1:2.1g. The solid lines display the

results of the present calculations with a self-fieldH ­ 0.7 T (a) andH ­ 1.9 T (b). The dashed lines correspond to zero self
field. The dots show the experimental data of [11] (a) and [10] (b).
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Using the known properties of Ni and Co bulk materia
(cf. [8,16]) we can now calculate the size dependence
the cluster magnetic moment. The results are compa
to experimental data in Fig. 1. Evidently, the she
model based on the band structure properties ofstrong
ferromagnetic materials provides a realistic description
the magnetism of transition metal dots. The magne
self-field smears out the magnetic moment oscillatio
especially for the large dots; this feature is seen to
essential for a good fit to the experimental data.

This electronic structure will be modified due to ex
change coupling when the dots are arranged in sufficien
dense packing. For instance, if ferromagnets are se
rated by a nonmagnetic insulator the tunnel exchange s
current results in Anderson-type superexchange coupli
nonoscillatory with separation distance [8,20,21]. A sim
lar coupling can be expected in a regular dot array with
coherent state of the dot supermoments. Too strong va
tions in the array geometry (e.g., variation of the dot size
or of the distances between the dots) will prevent the fo
mation of a coherent state. Limiting conditions can b
expressed within Anderson localization theory (see, for e
ample, [22], and references therein) asGyB , 2, with G

the level broadening due to variations, andB the mini-
band splitting. For sufficiently smallG (cf. [9]), we ob-
tain the zero temperature (T ­ 0) superexchange coupling
constantJ0 as a difference of Nagaoka’s state grand pote
tial in the array (Vf) and in the uncoupled (Vd) dot system

J0 ­ Vf 2 Vd ø
Z eF

2`

de seF 2 ed drcsed ; (5)

D-dimensional periodic ordering of the interacting do
4509
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gives rise to a miniband structureDeskd of active
electrons with quasimomentumk, causing a level density
change

drc ø
Z DY

i­1

d

µ
kiai

2p

∂
frssse 2 Deskdddd 2 rsedg (6)

with ai ­ a the period in theith direction.
For dots separated by nonmagnetic tunnel barriers

sufficiently large heightsUi ­ U and widthsbi ­ b only
the levels in the vicinity of the Fermi energy will give a
noticeable contribution to the integral in Eq. (5). Neglec
ing the influence of the filled majority spin band at thes
energies, the miniband widthBe for the sp (e ­ s) and
the minority spind (e ­ #) electronic levels of energye
is evaluated to leading order in̄h as [23]

Be ø 2h̄ve exph2jkbyh̄j , (7)

wherek ­
p

2mpsU 2 ed with mp the electron effective
mass in the barrier substrate. The parameterj (ø1.7 2)
depends on the shape of the barrier, andve denotes the HO
frequencies corresponding tos (ve­s) and minority spind
[h̄ve­# ­ D#s3n0

hNd21y3] electrons. The exponential fac
tor in Eq. (7) provides a measure for the overlap integ
of the supermoment wave functions of two neighborin
dots. Since such an overlap in the coupling region is sm
(see below), the dot wave functions are practically not d
torted. Therefore, a cosine shape gives a good approxi
tion for the miniband structure. Then the coupling consta
Eq. (5) is further reduced, yielding for a two-dimension
array

J0 ø JDJB (8)

with the components

JD ­ seF 2 Udh̄fr0
vs

sDsdvs 1 r0
v#

sD#dv#g (9)

determined by the dot electronic structure, and

JB ­
2h̄2

mpsjbd2 exph2jkFbyh̄j , (10)

related to the barrier properties. HerekF ­p
2mpsU 2 eFd, and the prime denotes the energy

derivative.
Equation (8) quantifies the Anderson-type supere

change coupling originating from tunneling between th
superparamagnetic dots. The sign of the coupling const
is determined by the dot electronic structure and rema
unchanged with interdot separation distanceb, similarly
to what is obtained for ferromagnetic layers abutted by
insulator [8,20,21]. The dot-size dependence contain
in JD is shown in Figs. 2 and 3 for Ni and Co system
respectively. Since the number of minority spin hole
and s electrons is equal in the case of nickel dots, th
quantity JD displays regular oscillations with varying
dot diameter (see Fig. 2a). This is a consequence
the harmonic approximation giving a regular branchin
of levels into gross shells. The sign ofJD indicates
a ferromagnetic type of superexchange when the gr
shells are more than half filled, and it changes smooth
4510
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FIG. 2. The contributionJD of the dot electronic structure to
the superexchange interaction for a nickel dot array. (a) with
self-field; (b) self-field (H ­ 0.7 T) included. JD . 0 (, 0)
leads to antiferro- (ferro-) magnetic coupling, respectively.

to an antiferromagnetic type for a gross-shell occupat
below one-half. This behavior remains also if the se
field is taken into account in case of small dot diamete
(,1 nm), while for larger sizes the exchange couplin
of supermoments is preferredly ferromagnetic (Fig. 2
For the cobalt system the numbers of minority spin ho
exceeds the number ofs electrons. This leads to a bea
structure in the size dependence of the coupling cons
and to rather pronounced ferromagnetic ordering in c
of larger sizes (see Fig. 3). Such a behavior is expec
to be even more pronounced in an iron system becaus
the growing asymmetry in the number of minority sp
holes ands electrons, respectively. We note, howeve
that the treatment of iron dots as an example of aweak
ferromagnet should require special analysis.

The exponential decrease ofJB Eq. (10) arises from
the exponentially decaying overlap ofsuperparamagnetic
dot wave functions extending their tail into the barrie
This restricts the interdot separation at which exchan
can contribute to the magnetic ordering, in agreem
with recent experiments (cf., e.g., [3]); in these studies,
long-range magnetic ordering was found in a system
self-organized Fe islands with too low surface covera
With the cautious remark in mind made above abo
Fe dots, we may try to get a rough estimate for th
system. The energy barrier can be approximated
U 2 eF ø wsbyb0dUF with UF ø 4.5 5 eV, and w

accounts for the proximity effect; it approachesunity at
larger intercluster separations andzero at distancesb
corresponding to the substrate lattice constant. Assum
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FIG. 3. The same as Fig. 2 for a cobalt dot array andH ­
1.9 T.

U 2 eF ø 3 eV at b ø 1 1.5 nm, Eq. (10) yields
JBymB ø 50 100 G, which together with the factorJD

supports the estimate of Ref. [3] for the strength of th
superexchangemagnetizingfield. We note that using a
semiconductor substrate may allow for larger dot sepa
tions (lower tunnel barriers, smallermp) as compared to
an insulator substrate; for example, in the case of carb
the barrier height could be reduced to ca.1 eV (cf. [20]).
Consequently, exponentially larger exchange fields can
obtained at the same interdot separations.

In summary, we have discussed magnetism in nanocr
tals of strong ferromagnets and their arrays. It has be
shown that the band-structure-based shell model provide
realistic description of the size-dependent magnetic prop
ties of transition metal nanodots. In particular, this pictu
reproduces quite well the size dependence of the dot m
netic moment. Furthermore, the size dependence of
exchange coupling in arrays of strong ferromagnet nan
dots has been analyzed for the first time. The ban
structure-based shell model calculations yield magne
ordering which oscillates between ferromagnetism and a
tiferromagnetism with increasing dot sizes. The calcul
tions also show the importance of the self-magnetizati
of the dots giving rise to a preferential ferromagnetic typ
of supermoment exchange. It is worth noticing that d
structures withzerototal flux of self-field are in practice re-
stricted to a vortex or quasivortex (e.g., two domain) stab
magnetic configurations. Such properties are found, e
for aperfectlydisk-shaped ferromagnet of tens or hundre
of nm in diameter [24].
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