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Abstract

Incorporating the recent bond-order-length-strength correlation mechanism [Sun CQ, Bai HL, Li S, Tay BK, Jiang EY, Acta

Mater 2004;52:501] into the Ising convention and the Brillouin function has enabled the unusual magnetic behavior of a ferromag-

netic nanosolid and a surface to be reproduced using Monte Carlo simulations. Examination of the size and temperature dependence

of the saturation magnetization (MS) of a solid of various structures reveals that: (i) at low temperatures, the MS increases inversely

with solid size due to the contribution from the localized charges that are trapped by the deepened potential well of the lower-coor-

dinated atoms in the surface skins; (ii) at the ambient temperatures, the MS drops with solid size because of the bond-order loss that

suppresses the Curie temperature of the specimen; (iii) the quantized features of the surface to volume ratio of the solid is responsible

for the observed MS oscillations of smaller clusters at low temperatures.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The magnetism of a ferromagnetic surface and a fer-

romagnetic nanosolid has attracted tremendous interest
because of their potential applications in areas such as

high-density data storage [1], sensors [2] and bioprocess-

ing [3] and their significance in fundamental science [4].

When the solid size is reduced to nanometer scale, the

magnetic properties change with solid size. For example,

the Curie temperature (TC) drops [5–7] and the coerciv-

ity (HC) increases, for a solid made of nanograins [8–10];

whereas for a free standing nanosolid, the HC drops.
Generally, the saturation magnetization (MS) increases

with quantized features at low temperatures whereas

the MS drops at ambient temperatures when the solid

size is reduced [11–15].
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In the case of thin films, the magnetic moment (l) of
the atom in the surface region is larger than the corre-

sponding l in the bulk [16,17]. For instance, compared

to the bcc Fe bulk moment of 2.2 lB, the l for a surface
Fe atom has been found theoretically to be enhanced: (i)

by 15% to 2.54 lB for one monolayer (ML) Fe on 5 ML

W(1 1 0) and (ii) by 29% to 2.84 lB for 2 ML Fe on

5 ML W(1 1 0) surface. The significant surface relaxa-

tion (�12%) of Fe(3 1 0) and Ni(2 1 0) [18] surfaces

has also been found to enhance the atomic l by up to

27%. The lB is the Bohr magneton.

The stronger surface effects should be significant in
nanosolids since a large portion of atoms of the system

is located at the curved surfaces. However, controversy

remains in the measured size dependence of the magneti-

zation,MS(Kj), of a ferromagnetic nanosolid with radius

Rj [11–15]. For convenience, we use the dimensionless

form of size Kj = Rj/d, where d is the diameter of an atom

in the bulk. The MS(Kj) of clusters was measured to in-

crease inversely with the solid size at low T [19,20]. The
ll rights reserved.
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l per atom of Fe, Co, and Ni (at 78–120 K) increases un-

til the value of a free atom when the solid size is reduced

to a cluster that contains 30 atoms or less; as the size is

increased up to 700 atoms, the magnetic moments ap-

proach to the bulk limits [21]. The MS of a 1.8 nm sized

Co particle is about 30% higher than that of the bulk [21].
A cobalt surface atom carries a moment of 2.28 lB com-

pared to the bulk value of 1.73 lB [22]. The MS of Fe–Ni

alloy films in the temperature range of 77–570 K in-

creases gradually when the thickness is decreased from

75 to 35 nm [23]. In a Stern–Gerlach experiment con-

ducted at �22 K, Cox et al. [19] found that the MS of

the freestanding iron nanoclusters containing 2–17

atoms to be larger than that of the bulk iron counterpart.
Calculations using the tight binding approximation [24]

suggested that the magnetic enhancement of Fe, Co

and Ni atoms arise from atomic coordination number

(CN) imperfection. However, in the same kind of

Stern–Gerlach deflections, Heer et al. [11] measured that

the atomic l for small iron clusters (50–230 atoms) drops

with the number of atoms when the molecular beam noz-

zle temperatures are at around 300 K. This trend is sim-
ilar to those observed at ambient temperature of Co [15]

Pd96Fe4 [12,13] Pd97.1Fe2.9 [13], NiFe2O4 [25,26] and

Ni3Fe [14] alloy particles. Similarly, a remarkable reduc-

tion of the magnetization for Fe–Ni invar alloy (<40 nm)

[27] and Ni thin films has been observed at room temper-

ature [5,28]. The MS for Fe3O4 thin films [29] drops rap-

idly when the film thickness decreases from 70 nm. Small

Pd100�xFex grains with x = 4,6,8,12 and a radius of
approximately 5 nm at 4.2,100 and 295 K show a typical

superparamagnetic features withMS values that are sub-

stantially smaller than those observed for the bulk [12].

Monte Carlo (MC) simulations of the dynamic behavior

of the magnetic spin systems show inconsistent trends at

different temperatures. For instance, in the mid tempera-

tures, theMS(Kj) drops with size [30–33], whereas, at low

temperatures, MS is enhanced when the solid size is re-
duced [34]. It appeared that the observations are conflict-

ing if one ignores the temperature of measurement.

A number of outstanding theories have been devel-

oped to explain the unusual behavior of ferromagnetic

nanosolids. The MS suppression was explained [35] as

the surface spins that are weakly coupled and more dis-

ordered in comparison to the strongly coupled bulk

spins. The magnetization of the entire solid is then dom-
inated by the interior spins that drop in number with the

solid size. Alternatively, the MS suppression at room

temperature was explained as a result of the TC suppres-

sion of the surface. The surface layer [15] is easily mag-

netically molten, which contributes little to the total

magnetic momentum of the system [36].

Several shell structuralmodels have beendeveloped for

the size enhanced magnetization [21,37] and suggested
that the magnetic moment of individual atom is deter-

mined by its atomic CN [37]. By assuming bulk-like struc-
tures (such as fcc and bcc) and different global shapes

(cube, octahedron and cube octahedron), the average

magnetic moment were found to oscillate with the cluster

size, coinciding with observations. Therefore, the mag-

netic ‘‘shell structure’’ reflects the progressive formation

of concentric atomic layers [40]. The magnetic properties
of transition metals have been described, as a first

order approximation, using a simple rectangular d-band

approximation [38] together with the second moment

approximation [39]. It was assumed that the d-band split-

ting between the major and the minor spin caused by the

exchange interaction is invariant for the cluster to the bulk

solid, leads to the following empirical expression [40]:

li=lb ¼
ldim=lb if zi 6 zbðlb=ldimÞ

2
;

ðzb=ziÞ1=2 otherwise;

(
ð1Þ

where lb and ldim are the magnetic moments of a bulk

atom and of a dimer atom, respectively [39]. Subscript
i denotes the atom in the ith atomic layer. In the case

of Fe, lb = 2.22 lB [41] and ldim = 3.2 lB [42]. For

zb = 12, the step function transits at zi � 6. That is, an

atom will take the ldim value if its CN is six or less.

A model is highly desirable to reconcile the size and

temperature dependence of MS(Kj,T) and the MS

(Kj � 0, T � 0) oscillation in experimental and theoreti-

cal observations. Here, we show that incorporating the
recent bond-order-length-strength (BOLS) correlation

mechanism [43–45] to the Ising model could reproduce

all the observed trends using MC calculations and hence

reconcile the discrepancy in the unusual magnetic

behavior of a ferromagnetic nanosolid of different

shapes and crystal structures at different temperatures.
2. Principle

2.1. Ising model

The Hamiltonian of an Ising spin system in an exter-

nal field is expressed as:

H ¼
X
hi;ji

J excS
0
iS

0
j � gJlBB

XN
i¼1

S0
i; ð2Þ

where Æi, jæ denotes a pair of nearest neighbors and S0
i is

the atomic magnetic spinner which takes the total angu-

lar momentum, Ji, of the specific atom at site i.

J exc / r�1
ij is the exchange strength, gJ is the Lande�s

g-factor, and B is the applied magnetic field.

2.2. BOLS derivation

2.2.1. Surface magnetic moment

The BOLS correlation mechanism [46,47] indicates

that the CN imperfection of an atom at a surface or at

site surrounding defect causes the remaining bonds of



Fig. 1. Illustration of typical atomic configurations of: (a) fcc dot,

S = 9, Kj = 3.3, N141 and (b) icosahedron N147.
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the lower-coordinated atom to contract to di = cid with

ci coefficient [46], spontaneously, associated with bond

strength gain, or potential well depression, to

Ei ¼ c�m
i Eb. Ei and Eb is the cohesive energy per bond

of an atom in the ith atomic shell and in the bulk,

respectively. The power index m is an indicator for the
bond nature. As such, energy densification happens in

the surface skin whereas the atomic cohesive energy

(EB,i = ziEi) is weakened despite the bond strength gain,

as illustrated in ([47], Fig. 2). Meanwhile, charge locali-

zation due to potential well depression contributes to the

Ji of the lower-coordinated atom. If the localization

probability is proportional to the well depth, then the

densely localized electrons contribute to the Ji in such
a way:

J iðziÞ
Jb

/ liðziÞ
lb

/ Ei
Eb

¼ c�m
i ;

ci ¼ 2=½1þ expðð12� ziÞ=ð8ziÞÞ�:

(
ð3Þ

The effective magnetic momentum along the applied

field direction of a zi coordinated atom is liz = JgJlB.
Note that the lande�s g-factor (gJ = 1–2) is a function

of the orbital (L) and spin (Sp) angular momentum:

gJ = 1 + [J(J + 1) + Sp(Sp + 1) � L(L + 1)]/[2J(J + 1)],

which is also affected by the CN imperfection. However,

in the first order approximation, we neglect this effect

that may influence the precision of m parameterization.
As such, for an atom at a flat surface with

zi = 4(c1 = 0.88), the li increases by 0.88�1 = 12%, which

is close to the cases of Fe–W, Fe–Fe and Ni–Ni of which

the interlayer distance contracts by 10–12% associated

with 15–29% enhancement of the li [48]. For a dimer,

zi = 2, ci = 0.7, the li is enhanced by 40%, agreeing with

reported value of 3.2/2.22, for Fe instance. By taking the

effect of atomic CN imperfection and the pronounced
portion of surface atoms into consideration, the mag-

netic properties of the ferromagnetic nanosolids should

differ from those of the bulk.

2.2.2. Brillouin function

It is often to use the concept of ‘‘molecular field’’ to

approximate the spontaneous magnetization at T in

terms of Brillouin function, BJ(y) for a bulk [49]:

MðT Þ ¼ gJJlBBJ ðyÞ;

BJ ðyÞ ¼
2J þ 1

2J
coth

2J þ 1

2J
y

� �
� 1

2J
coth

y
2J

� �
;

y ¼ JgJlB

kBT
Hm;

ð4Þ

where J is the mean angular momentum and Hm is the
molecular/crystal field. kB is the Boltzmann constant.

If the temperature T is lower than 0.8TC, MS(T) � M(T)

[49]. The Hm is proportional to the exchange energy,

Hm = AEexc, or the atomic cohesive energy. Therefore,

the T and Kj dependence of the MS(Kj,T) can be ob-

tained by replacing the J with the size dependent J(Kj)

and Eexc(Kj) [44] that are given as:
EexcðKjÞ ¼ Eexcð1Þ 1þ
X
i63

cij zibc�m
i � 1

� �" #
;

JðKjÞ ¼ J 1þ
X
i63

rijðc�m
i � 1Þ

" #
;

cij ¼
sci
Kj

:

ð5Þ

The i is counted from the outermost atomic layer to the

center of the solid up to three. s = 1,2 and 3 correspond

to a plate, a rod, and a spherical dot. One needs to note

that Eq. (5) does not apply to an isolated atom as no ex-

change interaction is involved.
3. MC simulation

3.1. Crystal structures

In order to examine the model consideration, MC

simulation was carried out based on the BOLS incorpo-

rated Ising convention. The enhanced surface magnetic
moment was taken into effect by varying the spin value

S0
i for each atom. We employed six kinds of nanosolids

in the MC simulation to investigate the effects of size,

shape and structure on the MS at various temperatures.

They are fcc spherical dots, rods, and plates containing

different number of atoms. Calculations were also con-

ducted using the ordered structures of icosahedra, deca-

hedra and the close-packed fcc truncated octahedra that
are favored from the energetic point of view.

The fcc spherical dots are formed in such a way that

layers of successive atoms are added to an atom in the

center. Fig. 1(a) shows the fcc spherical dot containing

N141 atoms with S = 9 shells and Kj = 3.3 radius. Here,

we only consider those clusters with completely closed

shells as a convention [36]. Table 1 lists the Ni values of

the first 12 spherical particles. The rod system and the
plate system are also formed based on the fcc lattice.

The axis of the rod is chosen along the Æ1 0 0æ direction
and the length is maintained at Kj = 28.3. The radius

ranges from S = 1 to 11 (Kj = 0.5–3.66). The orientation



Table 1

Atomic distribution in the fcc spherical dot for Monte Carlo

simulation (Kj is the layer number in unit of exchange bond length d

and Ni is the atomic number of ith shell, Nj is the total number of

atoms of the particle, and zi is the CN of the atoms in the ith shell)

S (shell number) Kj Ni Nj ¼
P

Ni zi(Nj = 225)

1 0.50 1 1 12

2 1.50 12 13 12

3 1.91 6 19 12

4 2.23 24 43 12

5 2.50 12 55 12

6 2.74 24 79 12

7 2.95 8 87 12

8 3.15 48 135 10

9 3.33 6 141 8

10 3.50 36 177 7

11 3.66 24 201 6

12 3.82 24 225 5
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of the plate is also in the Æ1 0 0æ direction and the width

and length are maintained at Kj = 28.3. The thickness

ranges from S = 1 to 14 (Kj = 0.5 � 5.1). Fig. 1(b) shows

the close-packed icosahedra with total number of N147

atoms, respectively. Icosahedra and decahedra are non-

crystalline structures that cannot be found in bulk crystal

because of their fivefold symmetry. Icosahedra are quasi-

spherical, where atoms are arranged in concentric shells.
Marks-truncated decahedra have reentrant (111) facets

that are introduced via a modified-Wulff construction.

An fcc truncated-octahedron owns the crystalline struc-

ture and has the open (100) facets. The numbers of atoms

of the three kinds of particles are tabulated in Table 2.

3.2. MC algorithm

Initially, the lattice spins can be in hot or cool state. In

a hot state, the spins orientate randomly; and in a cool

state, the spins are aligned parallel to the applied mag-

netic field. In order to minimize the computational time,

we employed in calculations cool state initialization when

the temperature is low (kBT/Jexc < 6) and hot state initial-

ization when the temperature is high (kBT/Jexc P 6).
Table 2

The number of atoms of the ordered and close-packed structures used

in MC simulation

Icosahedron Marks-decahedron Fcc truncated-octahedron

N13 N75 N19
a

N55 N101 N38

N147 N318
b N79

N309 N389
b N201

N225

N260

N314

N405

a Decahedron.
b Fcc octahedron.
The value of the Hamiltonian Hprev for a specific spin

system was calculated using Eq. (2). The spin S0
i was

chosen randomly and the orientation was flipped from

S0
i to Si,trial and then the value of the Hamiltonian Hnext

was calculated again. The energy change for such a spin

re-orientation is:

DH ¼ Hnext � Hprev: ð6Þ
For simplicity, the Metropolis criterion was used to

determine whether the new state is acceptable or not

[50]. The energy change must satisfy the condition below

for a successful spin orientation change:

e�DH=kBT > r; ð7Þ
where r is a uniform random deviate. Sweeping every

lattice site of the spin system gives out one MC step.

Carried out several MC steps, the spin system will reach
into a thermal equilibrium state for a specific size at a

specific temperature.
4. Results and discussion

Fig. 2 shows the MC simulated MS(Kj,T) curves at

zero applied magnetic field for: (a) an fcc dot; (b) fcc
rod; (c) fcc plate; (d) icosahedra spin systems. Generally,

at very low T region (kBT/Jexc < 3), the MS(Kj,T) in-

creases with oscillatory features when the solid size is re-

duced. At mid-T region (kBT/Jexc � 6), the MS(Kj,T)

drops monotonically with solid size. In the paramagnetic

region, the residual MS(Kj,T) increases as the size is re-

duced. These features are intrinsically common depend-

ing less on the shape and structure of a specific solid.
Fig. 3 shows the BOLS predicted MS(Kj,T) counter-

plot for a spherical dot. No oscillatory features are given

as we used a smooth function in Eq. (6) for the surface

to volume ratio. The size induced MS behavior at low

temperature and at mid temperature is consistent with

the MC simulation and the widely reported trends as

well. One needs to note that Fig. 3 shows only the MS

behavior of particles with closed outermost atomic
shells. Atoms in the incomplete outermost shells possess

even higher MS than those in the enclosed ones because

of the large portion of lower-coordinated atoms.

4.1. Low-T MS(Kj,T) enhancement

It is seen from Fig. 4(a) that for a specific size Kj, the

MS of the fcc dot is higher than that of the fcc plate be-
cause of the different dimensionality.19 It is understood

that when the temperature is very low, T ! 0, y ! 8,

and then BJ (y) ! 1, Eq. (5) can be approximated as:

MS(T ! 0) = JgjlB. Using a shell structure in the BOLS

correlation that calculates the magnetic moment of

every atom layer-by-layer leads to the size-enhanced

MS for a nanosolid at very low temperature:
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Fig. 2. MC simulation results on T and size dependence of the MS for: (a) fcc dot; (b) fcc rod; (c) fcc plate; (d) icosahedron.

Fig. 3. BOLS-predicted MS(Kj,T) counter plot shows that MS

increases with inverse size at low temperature and decreases with size

at mid temperature. The MS is normalized byMS (T = 0, Kj = 8) and T

is normalized by AEexc (8).
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DMSðKj; T Þ
MSð1; Þ

����
T!0

¼
X
i63

rij c�m
i � 1

� �
: ð8Þ

Agreement of MC calculations and BOLS predictions

as well as the observed trends confirm the validity of the

BOLS consideration that the MS enhancement is domi-

nated by the strongly localized electrons in the surface

skin.
4.2. Mid-T MS(Kj,T) suppression

Differentiating Eq. (5) against Eexc(Kj) leads to the

MS(Kj,T) in the mid T region:

DMSðKj;T Þ
MSð1;T Þ

¼ Eexcð1ÞNg2Jl2
BA

2kBTMSð1;T Þ csch2
gJlB

kBT
AEexcð1Þ

� 	


�ð2J þ 1Þ2 csch2 ð2J þ 1ÞgJlB

2kBT
AEexcð1Þ

� 	�
DEexcðKjÞ
Eexcð1Þ

¼ aðJ ;T Þ
X
i63

ciðzibc�m
i � 1Þ; ð9Þ

where parameter a(J,T) is T and material dependent. At

mid temperature, the size effect on the J becomes insig-
nificant compared with the Eexc. Eq. (9) indicates that

the tailoring of MS at T closing to TC is dominated by

the Eexc that drops with solid size. At temperatures clos-

ing to TC, thermal fluctuations of the spins are domi-

nant. The drop of exchange energy determines the

critical temperature of melting and phase transition [44]:

DEexcðKjÞ
Eexcð1Þ ¼ DT CðKjÞ

T Cð1Þ ¼ DTmðKjÞ
Tmð1Þ ¼

X
i63

cijðzibc�m
i � 1Þ:

ð10Þ

Matching predictions based on Eq. (9) with

a(J,T) = 1.4 to the MC simulative results are shown in

Fig. 4(b). The calculated trend is consistent with the

measurement as well.
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In the paramagnetic phase as shown in Fig. 4(c), the

remnant magnetism is higher for smaller particles, which

has been attributed to the slower temperature decay in

the Monte Carlo study and to the increasing fluctuations

with decrease in cluster size [36].
Fig. 4(d) compares the TC suppression as derived

from MC and BOLS calculations and the experimen-

tally observed TC suppression of Ni/W films [7]. The d

of nickel that is used in the normalization is 0.1244 nm

and the TC for bulk nickel is 631 K. Results show

exceedingly well consistency between predictions and

observations.

4.3. MS(Kj,T � 0) oscillation and structural stability

Fig. 5 compares (a) the oscillation behavior of MS of

smaller clusters at low temperatures and (b) the surface-

to-volume number ratio of the first surface layer of the

fcc and bcc spherical dots. Agreement suggests that

the oscillation originates from the surface-to-volume ra-

tio because some particles may have fewer surface atoms
with smaller cij value than that of the adjacent larger or

smaller ones. The oscillation behavior is consistent with

observations made by Apsel et al. [51] from Ni clusters

of N13, N34 and N55–56 atoms at low temperatures.

Therefore, it is reasonable to correlate theMS oscillation

to the surface-to-volume ratio with quantized features

when one counts atom-by-atom.
The physical properties of a nanosolid in molecular

regime typically exhibit a very irregular dependence on

their aggregate size, namely, magic numbers, while they

behave in a regular way in mesoscale. As can be seen,

the icosahedron, Marks-decahedron and the fcc trun-
cated-octahedron have lower MS in the low-T region

and higher MS in the mid-T region, especially, the small

icosahedral particles containing N55 and N147 atoms

compared to other structures. In molecular regime, ico-

sahedron has fewer low-CN atoms at the surface with

most compact structure compared with other particles.

The mass spectra of nanosolids usually exhibit especially

abundant sizes that often reflect particularly stable
structures, especially reactive nanosolids, or closed elec-

tronic shells [52]. These ‘‘magic number’’ sizes are of

great theoretical interest since many of them correspond

to compact structures that are especially stable. The

magnetic moment of ferromagnetic nanosolid was re-

ported to exhibit the same behavior [53]. The simulative

results presented herewith show the same cases that N13,

N55, N147 are the magnetic numbers for small magnetic
nanoparticles, confirming icosahedron is the most closed

structure when the size is small. However, when the size

Nj is larger than 300, the fcc truncated-octahedron

exhibits the smallest MS in the low-T region and the

highest MS in the mid-T region, indicating that the fcc

truncated-octahedron is the most compact structure

when Nj > 300 compared with decahedra, icosahedra
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and fcc spherical dot. The MC simulation results here

are consistent with a recent experimental work on cop-

per particles, in which Reinhard [54] showed that the

icosahedral structure dominates at sizes well below a

diameter limit of 3.8 nm while the fcc particles occur

close to this limit or above. The competition between

the surface energy reduction and the strain energy
enhancement determines the structural stability. There-

fore, icosahedra are the most stable at small sizes due

to its low surface energy and good quasispherical struc-

tures, while decahedra are favorable at intermediate

sizes, and crystalline structures are recovered in the limit

of large objects.
5. Conclusion

By incorporating the BOLS correlation to the Ising

premise and the Brillouin equations, we have conducted

the MC simulations and BOLS predictions to examine

the size, shape, structure, and temperature dependence
of the magnetization of a ferromagnetic nanosolid.

MC simulations and BOLS predictions have reproduced

all the observed features including theMS(Kj � 0, T � 0)

oscillation with clear insight into the physics origin of

the changes. It can be concluded as:

(i) For a ferromagnetic nanosolid, the magnetic

moment at very low temperature increases com-

pared with the bulk value due to the densification

and localization of surface charges that contribute

to the angular momentum of the lower-coordi-

nated atoms.

(ii) The MS at temperature around TC reduces being

dominated by the decrease of exchange energy that
dictates the TC suppression of the ferromagnetic

system.

(iii) The MS oscillations with the total number of

atoms arise from nothing more than the surface-

to-volume ratio that depends on the shape and size

of the nanosolid.

(iv) When Nj < 300, the icosahedral particles exhibit

the lowest MS at low-T and the highest MS in
the vicinity of TC; when Nj > 300, the fcc trun-

cated-octahedron takes this trend in place. There-

fore, icosahedral with less than 300 atoms is the

most stable structure but the fcc truncated-octahe-

dron with more than 300 atoms becomes most

stable.

(v) Consistency in the MC calculations, BOLS predic-

tions, and experimental observations reconciles for
the first time the discrepancy that some measured

magnetic enhancement at low-T and some mea-

sured magnetic tailoring at ambient temperatures

and the MS oscillates with size at low-T for smaller

sizes. Findings therefore evidence the tremendous

impact of atomic CN imperfection to the physical

behavior of a low dimensional system and the ade-

quacy and reality of the BOLS correlation.
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