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1. Introduction

Science and technology at nanoscale are of great importance in the twenty-first century
[1], because the first level of organization of all structures, whether physical or living

and intelligent organisms, namely physical nanostructures and bio-nanostructures is at
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nanoscale (one billionth of a meter). As a result, the rules governing their dynamics and
growth are developed at this level [2].

Nanostructural materials which their constitutive structural units’ size, are at a few
nanometers scale, compared to ordinary materials have much advanced, preferable and
completely different mechanical, thermal, electronic and optical properties. For exam-
ple, electrical resistance of ferromagnetic materials such as iron and nickel consisting of
nanostructural fine-graineds, is 55% and 35% higher than the corresponding values for
the same materials but consisting of microstructural fine-graineds, respectively. The use
of nanostructures in devices at nanoscale, requires a deep and comprehensive under-
standing of their stability and mechanical, electrical and thermal performance in inter-
active mode. Using the application of thermodynamics for big devices (classic thermo-
dynamics), works have been done in the field of energy studies and thermal properties
of these structures.

Given the close correlation between properties of nanostructures and their size, na-
turally one cannot expect that classic thermodynamics can offer a correct modeling for
thermal properties of the nanostructures. For example, calculation of melting point in
structures at nanoscale, has been encountered with some problems which in turn are
caused by the application of classic thermodynamics relations developed for thermo-
dynamic limit [3]. Thermodynamic limit for a physical device, consisting of N particles,
means that when N — o, thenV — o0, in such a way that NV = p = Constant,
where p is the density of particles [4]. For applicability of this limit, the device must
have an infinite number of particles. In practice, for macroscopic devices that their
number of particles is of order of 10%, this condition is well satisfied. Basically at this
limit, the intensive properties of the device become size independent [5]. If in a device,
because of its small size, thermodynamic limit is not established, then one cannot ex-
pect the validity of common classical relations of thermodynamics in this device [6].

For the first time in the early sixties, American chemist, Terrell Hill, through pub-
lishing a paper [7] and a book [8] introduced nanothermodynamics (first introduced in
the sense mentioned above by his Colleague, Chamberlain, in an article in Nature
Journal [9]). The nanothermodynamic properties of a device are size dependent [10].

Statistical standpoint of Evans fluctuation theory [11] predicts that for small devices
consisting of the finite number of particles, the second law is reversible. However, by
increasing the device size or prolonging its observation time, we enter the validity zone
of the second law. This argument about nanothermodynamics has been evolved through
entering energy fluctuations in paper [12].

In this paper, using the partition function obtained from mean-field theory for fer-
romagnetic nanocluster and the application of nanothermodynamic relations, transi-
tion energy from classical thermodynamics to nanothermodynamics is calculated.
Then, the effects of this energy on Helmholtz and Gibbs free energies, chemical poten-
tial and specific heat capacity are investigated in the presence and the absence of the

magnetic field.
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2. Theoretical Method

2.1. Nanothermodynamic and Subdivision Potential Approach

Nanothermodynamics can explain thermodynamic properties of small enough devices
[13]. These devices are those in which the effects of small size in them are significant
and they influence their physical properties. Generally, characteristics of these devices
are as follows: first, the number of their particles is countable (finite) and second, their
surface to volume ratio is significant (this is a very important property in small devices
that are considerably used in nanotechnology).
In thermodynamics, a macroscopic device’s energy is given by following relations:
E=TS-PV +uN
dE =TdS — PdV + xdN

Generally, in classical thermodynamics, except internal energy, one can enumerate
seven thermodynamic potentials that all of them are obtained through Legendre trans-
form of E with respect to corresponding variables [14]. Two of these potentials that
have been used until today are:

A=E-TS=-PV +uN
G=Nu

Generally, in nanothermodynamics, relations such as E=TS—-PV +uN are not
valid and in order to correct them, the effects due to the small size of device must be
taken into account. Nowadays, these devices are called nanometric devices.

Terrell Hill approach, in investigation of thermodynamics of small devices, is called
subdivision potential approach. In investigation of conductive thermodynamics of
small devices, we only consider devices that satisfy two conditions: First, they are so
small that macroscopic thermodynamics is not applicable on them. Second, they are so
big that their properties can be assumed to be continuous.

In this approach, first as a principle, we accept that without any fundamental changes
we can use common statistical mechanics for small devices. The basis of our work is as
follows: we divide a macroscopic device into B independent subdevices. B represents
the number of small subdevices resulting from subdividing a big device. If Bis big, then
we are sure that each subdevice is small enough and the effects of their size become
important. Common thermodynamic relations are not valid on each individual small
device, but we can take all of these small devices as a macroscopic device and therefore
we can use classical thermodynamic relations [7]. Equation dE =TdS —PdV + xdN

can be rewritten for the entire subdivided macroscopic device as follows:

dE, =TdS, — PdV, + udN, 1)

where the index frepresents the corresponding properties on all small devices.

X, =BX (X =E,S,N,V) )

N, represents the number of all particles in the macroscopic device and B represents

the number of particles in a small subdevice.
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The energy of this particular macroscopic device also is a function of B; therefore, the

correct form of Equation (1) is as follows [15]:

dE, =TdS, — PdV, + udN, +£dB 3)

OE
&= [—tj (4)
oB SV N

This means that the subdivision potential, ¢, is equal to the energy variation of the

Using Equation (3), we have:

big device consisting of a large number of small devices. Therefore, we can define ¢ as
a type of a chemical potential that appears in transition from classical thermodynamics
to nanothermodynamics [8].
Since Equation (3) is written for a macroscopic device, then using Euler’s theorem
[16], we have:
E, =TS, - PV, + uN, +¢B

(5)
E=TS-PV+uN+e

One can obtain Helmholtz and Gibbs free energies for nanomaterials in nanother-

modynamic state as:

A=E-TS=-PV +uN+¢ (6)
G=E-TS+PV =uN+¢ (7)

Finally, if we define nanothermodynamic chemical potential as the common relation
G = Nz, the chemical potential variations in nanothermodynamic state become equal
to g=pu+eN" [17].

Through a series of calculations, we obtained subdivision potential in terms of Helm-
holtz free energy as:

Given that dA=-SdT —PdV + zdN and using Equation (6), one can obtain subdi-
vision potential in terms of A as follows:

d(ﬁj:—idT—Pd(ij—isz (8)
N N o) N

From Equation (8), one can obtain:

e=-N"|——= 9)

2.2. Mean-Field Theory of Ferromagnetism

Consider a physical device consisting of N clusters of particles. Each particle can be
aligned in either of two S, ==£1 directions. The mean energy for each particle in the

mean-field in the presence of the magnetic field is approximated by [18]:
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g(H,L,N):—H[%—l}—%{%—%ﬂ} (10)

where h = u,u H, u, is the magnetic permeability of vacuum, g, is the magnetic
moment of spin, A is the magnetic intensity, /is the magnitude of exchange interac-
tion, C'is the coordination number of the lattice and L is the number of particles in the
up state (S; =+1). In macroscopic limit, N >L>1, and in the absence of the mag-
netic field, Equation (10) is simplified to:

_CJm2

g”(m)= 5

N
where m=)"S, = 2——1, is the mean value of spin vector of particles [19].
i1

In this limit, thermodynamic potential is very big and we have

Z7(H,LN)=[2"(T)]

N

where:
_ pcim?

Z”(T)=2e 2 cosh(BCJm) (11)

If we take partition function as Equation (11), all thermodynamic properties are va-
nished above the critical temperature. Note that for this partition function, subdivision

potential is always vanished. The critical temperature at macroscopic state is defined as

e =& 0.
kﬂ

In the case of a limited cluster, canonical partition function is obtained as [9] [21]:

N N! _BNe
Z(H,LN)= — =g /Ne(HLN) 12

( ) LZ::‘)L!(N—L)! (12)
3. Results and Discussions

3.1. Thermodynamic Properties of Ferromagnetic Cluster

For partition function mentioned above, one can obtain thermodynamic properties

such as internal energy and entropy as follows:

U(H,L,N)

1 3 N! T )| 2L(L-1) N _AN(LN (13)
=kt Z(T,N)LZ-(:)L!(N—L)![ T J{ (N-1) +?_2L}3 | )}

S(H,L,N)=k,In(Z(T,N))

k, & NI (T 2L(L-1) N ey (14
+Z(T,N)LZ_:‘)L!(N—L)![ T ][ (N-1) 2 b

The temperature dependence per particle of internal energy as well as the entropy for
the ferromagnetic cluster is shown in Figure 1(a) and Figure 1(b), both in the presence
and the absence of the magnetic field for N = 20, 50, 100 (h =hk™ = O) .
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Figure 1. (a) Internal energy and (b) entropy per particle in the presence and also the absence of
the magnetic field for a size-limited ferromagnetic cluster.

In addition, in the presence of the magnetic field, there is a sharp decline in the level
of internal energy. The presence of the magnetic field makes the spins to be polarized in

the same direction and leads to decrease in the internal energy of the system.
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Above the critical temperature, the entropy of the ferromagnetic cluster is vanished,
but in the presence of the magnetic field for small N, the entropy is vanished just after a
short time interval. Since degeneration depends on all up and down spin states, then we

have
2
S(0)=k,In—
(0) iy

Also, chemical potential is:

1
Z(H,L,N)

_ (15)
" N N! B 3 K 2'—(1_ L) l_ h ~ANz(H,LN)
LZ_:‘)—L!(N—L)![W(N +1) y/(N L+1)+ T [(N—l)z +2 T e

#(H,LN)=—k,T

where w(X) is the digamma function. (!// (x)= diln F(X)j
X

(Direct working with derivatives of the digamma function or the factorial function is
inappropriate, but taking natural logarithm from the factorial and also from derivative
of the factorial function is well-defined [22]).

Gibbs and Helmholtz free energies and chemical potential for a ferromagnetic cluster
are presented in Figure 2 and Figure 3.

As can be seen from Figure 2 and Figure 3, the presence of the magnetic field leads
to decrease in chemical potential, Gibbs and Helmholtz free energies of the ferromag-

netic cluster.

3.2. Nanothermodynamic Properties of Ferromagnetic Nanocluster

If we divide this ferromagnetic cluster into B independent subdevices, subdivision po-

tential is obtained as:

aln(lz(T,N)j
£(H,LN) =k, TN? NaN
T.p
N
= kﬁT ><|:—|nz (T, N)+m (16)

N NI T> 2L(1—L) 1

ém{l//(N +1)-y (N - L+1)+TL{W+EJ]eﬁN*’(L’N)

This is the energy which is important in dividing a big device into small pieces. The
temperature dependence per particle of this quantity is shown in Figure 4 for N = 20,
50, 100 for ferromagnetic nanocluster in the presence and also the absence of the mag-
netic field.

According to Figure 4, it is obvious that the subdivided potential is highly influenced
by the magnetic field so that only for temperatures below the critical temperature, this
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Figure 2. (a) Chemical potential and (b) Gibbs free energy per particle in the presence and the
absence of the magnetic field for a size-limited ferromagnetic cluster.
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Figure 3. Helmholtz free energy per particle in the presence and the absence of the magnetic field
for a size-limited ferromagnetic cluster.
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Figure 4. Subdivision potential per particle for a ferromagnetic nanocluster in the subdivision
potential approach.
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potential has a nonzero value. By using a large sample, Ze. by increasing the number of

particles, this p

otential is vanished.

Finally, by using the Hill's approach, the temperature dependence of nanothermo-

dynamic properties such as chemical potential, Gibbs and Helmholtz free energies, per

ferromagnetic nanocluster particle are shown in Figure 5 and Figure 6 for N = 20, 50,

100.
(a) 0 1 2 3
T T T
o000 _ -0/000
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Figure 5. (a) Chemical potential and (b) Gibbs free energy per particle for a ferromagnetic na-

nocluster in the subdivision potential approach.
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Figure 6. Helmholtz free energy per particle for a ferromagnetic nanocluster in the subdivision
potential approach.

For more detailed analysis, we have found that the chemical potential variations
compared to the initial state in the subdivided device (Figure 5(a)) shows fundamental
changes in the properties of ferromagnetic clusters.

As shown in Figure 2(a), for a ferromagnetic cluster limited to T >T;", chemical
potential undergoes a sharp decline. This behavior is also presented for a subdivided
device (Figure 5(a)) and is more significant for small N. Comparing Figure 5(b) and
Figure 2(b) and also Figure 3 and Figure 6, we see that the subdivision potential
makes Gibbs and Helmholtz free energies of the ferromagnetic nanocluster stand at a
lower level compared to those for the ferromagnetic cluster. The magnetic field in fer-
romagnetic and ferromagnetic nanoclusters always leads to decrease in Gibbs and
Helmbholtz free energies, but such variations for a ferromagnetic nanocluster state are
different from those for a ferromagnetic cluster state. To see the effects of the subdivi-
sion potential, we study the specific heat capacity in both thermodynamic and nano-

thermodynamic states. The specific heat capacity in nanothermodynamic state is:

2 K 2 2 2
G, =T [;_Aj Y [27"} +N[2T_g] *(2?] a7
NV NV NV N,V
The last term includes the size effects which is absent in the thermodynamic state (It
exists only in the nanothermodynamic state). Temperature dependence of the specific
heat capacity per particle in the case of N divided ferromagnetic nanoclusters is shown in
Figure 7 for N'= 20, 50 and is compared to that of the ferromagnetic state. Experimental

data [23] [24] show that the specific heat capacity of ferromagnetic nanomaterials in-

creases with respect to ferromagnetic ones which is in agreement with our results.
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Figure 7. Specific heat capacity per particle for a ferromagnetic (a) nanocluster in the subdivision
potential approach, and (b) cluster.

4. Conclusions

We study the properties of the ferromagnetic nanocluster by dividing a cluster of fer-

romagnetic materials into a set of small independent devices. When the size effects in
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each small device become important, a series of particular energies are generated in
each small device. The diagram of this energy per particle for the ferromagnetic cluster
in subdivision potential approach is shown in Figure 4. This energy is comparable to
the internal energy of the device and even at some cases is equal to it. Therefore, when
we are investigating the properties of the ferromagnetic nanocluster, we should take
into account the energy. It is obvious that this energy is able to influence the properties
of the ferromagnetic materials such as iron, nickel, etc. in small dimensions and espe-
cially at temperatures below the critical temperature. Therefore, for nanoscale mate-
rials, the classical thermodynamics is not applicable. With the enlargement of the de-
vice, the subdivision potential is vanished.

Using mean-field theory that provides us by the canonical partition function of the
ferromagnetic cluster, we obtain the variations of Gibbs and Helmholtz free energies
for the ferromagnetic cluster in terms of temperature. On the other hand, the size ef-
fects that are developed at nanostate, are not considered in mean-field theory. There-
fore, it does not give us any information about the ferromagnetic cluster at nanoscale
that is subdivided by taking into account the size effects.

Finally, we study the effect of the subdivision potential on the specific heat capacity
of ferromagnetic and ferromagnetic nanoclusters. As shown in Figure 7, subdivision
potential increases the specific heat capacity and in the presence of the magnetic field,
makes shift into the maximum amount of the specific heat capacity. In other words,
subdivision potential decreases the specific heat capacity for a ferromagnetic cluster

and increases the specific heat capacity for a ferromagnetic nanocluster.

References

[1] Zewail, A. (2002) Science and Technology in the Twenty-First Century. ASM Lecture Se-
ries, California Institute of Technology, Pasadena.

[2] Terrones, M. (2003) Science and Technology of the Twenty-First Century: Synthesis, Prop-
erties, and Applications of Carbon Nanotubes. Annual Review of Materials Research, 33,
419-501. https://doi.org/10.1146/annurev.matsci.33.012802.100255

[3] Moussavi, R. and Rafii-Tabar, H. (2005) Nanothermodynamics: A Subdivision Potential
Approach. International Journal of Production Research, 5, 163-177.

[4] Styer, D.F. (2004) What Good Is the Thermodynamic Limit? American Journal of Physics,
72, 25-29. https://doi.org/10.1119/1.1621028

[5] Pathria R.K. and Beale, P.D. (2011) Statistical Mechanics. 3rd Edition, Academic Press, El-
sevier.

[6] Leland, T.W. (2001) Basic Principles of Classical and Statistical Thermodynamics. Univer-
sity of Illinois, Chicago.

[7] Hill, T.L. (1962) Thermodynamics of Small Systems. The Journal of Chemical Physics, 36,
3182-3197. https://doi.org/10.1063/1.1732447

[8] Hill, T.L. (2013) Thermodynamics of Small Systems. 1st Edition, Dover Publications Inc.,
Mineola.

[9] Chamberlin, R.V. (2000) Mean-Field Cluster Model for the Critical Behavior of Ferromag-
nets. Letters to Nature, 408, 337-339.

[10] Wang, G.M., Sevick, E.M., Mittng, E., Searles, D.]. and Evans, D. (2002) Experimental

KD
+%%, Scientific Research Publishing

2245


https://doi.org/10.1146/annurev.matsci.33.012802.100255
https://doi.org/10.1119/1.1621028
https://doi.org/10.1063/1.1732447

M. Simiari et al.

(21]

Demonstration of Violations of the Second Law of Thermodynamics for Small Systems and
Short Time Scales. Physical Review Letters, 89, 050601-050604.
https://doi.org/10.1103/PhysRevLett.89.050601

Envans, D.J., Cohen, E.G.D. and Morriss, G.P. (1993) Probability of Second Law Violations
in Shearing Steady States. Physical Review Letters, 71, 2401-2404.
https://doi.org/10.1103/PhysRevLett.71.2401

Hill, T.L. and Chamberlin, R.V. (2002) Fluctuations in Energy in Completely Open Small
Systems. Nano Letters, 2, 609-613. https://doi.org/10.1021/n1020295+

Hill, T.L. (2001) Perspective: Nanothermodynamics. Nano Letters, 1, 111-112.
https://doi.org/10.1021/n1010010d

Graben, H.W. and Ray, J.R. (1993) Eight Physical Systems of Thermodynamics, Statistical
Mechanics, and Computer Simulations. Molecular Physics, 80, 1183-1193.
https://doi.org/10.1080/00268979300102971

Hill, T.L. (2001) A Different Approach to Nanothermodynamics. Nano Letters, 1, 273-275.
https://doi.org/10.1021/n1010027w

Greene, RF. and Callen, B. (1951) On the Formalism of Thermodynamic Fluctuation
Theory. Physical Review, 83, 1231-1237. https://doi.org/10.1103/PhysRev.83.1231

Qian, H. (2012) Hill’s Small Systems Nanothermodynamics: A Simple Macromolecular
Partition Problem with a Statistical Perspective. Journal Biological Physics, 38, 201-207.
https://doi.org/10.1007/s10867-011-9254-4

Sattler, K.D. (2010) Handbook of Nanophysics: Principles and Methods. 1st Edition, CRC
Press, Boca Raton.

Chamberlin, R.V. (2003) Critical Behavior from Landau Theory in Nanothermodynamic
Equilibrium. Physics Letters A, 315, 313-318.
https://doi.org/10.1016/S0375-9601(03)01038-7

Sykes, M.F., Hunter, D., Lmckenzie, D.S. and Heap, B.R. (1972) Specific Heat of a Three
Dimensional Ising Ferromagnet above the Curie Temperature. II. Journal of Physics A:
General Physics, 5, 667-675. https://doi.org/10.1088/0305-4470/5/5/008

Chamberlin, R.V. (1999) Mesoscopic Mean-Field Theory for Supercooled Liquids and the
Glass Transition. Physical Review Letters, 82, 2520-2523.
https://doi.org/10.1103/PhysRevLett.82.2520

Arfken, G.B. and Weber, H.J. (2005) Mathematical Methods for Physicists. 1st Edition,

Academic Press, Elsevier, Amsterdam.

Claine, L., Snow, Q.S., Boerio-Goates, J. and Woodfield, B.F. (2010) Heat Capacity Studies
of Nanocrystalline Magnetite (FesO4). Journal Physics Chemistry, 114, 21100-21108.

Griffiths, R.B. (1969) Ferromagnetic Heat Capacity in an External Magnetic Field near the
Critical Point. Physical Review;, 188, 942-947. https://doi.org/10.1103/PhysRev.188.942

2246

K
0:52: Scientific Research Publishing


https://doi.org/10.1103/PhysRevLett.89.050601
https://doi.org/10.1103/PhysRevLett.71.2401
https://doi.org/10.1021/nl020295+
https://doi.org/10.1021/nl010010d
https://doi.org/10.1080/00268979300102971
https://doi.org/10.1021/nl010027w
https://doi.org/10.1103/PhysRev.83.1231
https://doi.org/10.1007/s10867-011-9254-4
https://doi.org/10.1016/S0375-9601(03)01038-7
https://doi.org/10.1088/0305-4470/5/5/008
https://doi.org/10.1103/PhysRevLett.82.2520
https://doi.org/10.1103/PhysRev.188.942

2
0.0
o2

o Scientific Research Publishing

Submit or recommend next manuscript to SCIRP and we will provide best service
for you:

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service

User-friendly online submission system

Fair and swift peer-review system

Efficient typesetting and proofreading procedure

Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact jamp@scirp.org


http://papersubmission.scirp.org/
mailto:jamp@scirp.org

	Assessment of NanothermodynamicProperties of Ferromagnetic Nanocluster in Subdivision Potential Approach andMagnetic Field
	Abstract
	Keywords
	1. Introduction
	2. Theoretical Method
	2.1. Nanothermodynamic and Subdivision Potential Approach
	2.2. Mean-Field Theory of Ferromagnetism

	3. Results and Discussions
	3.1. Thermodynamic Properties of Ferromagnetic Cluster
	3.2. Nanothermodynamic Properties of Ferromagnetic Nanocluster

	4. Conclusions
	References

