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One kind of physical phenomenon connected to magnetic fields is magnetism.
Temperature, pressure, and the applied magnetic field all affect a material's
magnetic state, and as these factors vary, a material may display multiple forms
of magnetism. As these factors vary, a material may display multiple types of
magnetism. In ordinary life, paramagnetic, diamagnetic, and antiferromagnetic
materials are sometimes referred to as non-magnetic since the force of a
magnet on them is typically too faint to be felt and can only be detected by
laboratory equipment. The magnetic moments of atoms orbiting electrons are

the primary cause of a material's magnetic characteristics. When it comes to
the magnetization of materials, the magnetic moments of atoms' nuclei are
usually thousands of times lower than those of electrons. In some situations,
however, nuclear magnetic moments are crucial, especially in nuclear magnetic
resonance and magnetic resonance imaging. The enormous number of
electrons in a material are arranged such that their magnetic moments cancel
out. In this paper, we obtain an analytical expression for the vapor pressure of
a paramagnetic solid for high temperatures. We have considered the behavior
of magnetic materials in the presence of an external magnetic field using the
thermodynamical analysis and the elements of statistical mechanics in
microscopic systems. We found that the vapor pressure depends on the
magnetic susceptibility of material and the external field applied.
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1. Introduction

The magnetism is a type of associated physical phenomena with the orbital and spin
motions of electrons and the interaction of electrons with each other [1]. The electric
currents and the atomic magnetic moment of elementary particles generate magnetic fields
that can act on other currents and magnetic materials. The most common effect occurs in
ferromagnetic solids which is possible when atoms are rearrange in such a way that
magnetic atomic moments can interact to align parallel to each other [2,3]. In quantum
mechanics, the ferromagnetism can be described as a parallel alignment of magnetic
moments what depends of the interaction between neighbouring moments [4].

Although ferromagnetism is the cause of many frequently observed magnetism effects,
not all materials respond equally to magnetic fields because the interaction between
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magnetic atomic moments is very weak while in other materials this interaction is stronger
[1]. In the paramagnetic materials there are unpaired electrons which freely align their
magnetic moment in any direction and when an external field is applied these magnetic
moments align in the same direction of applied field making it more intense [2].

Diamagnetism is an intrinsic property of all materials and is the tendency of materials to
be repelled by an applied magnetic field because of the presence no unpaired electrons so
that the atomic magnetic moments not produce any effect [5]. The other forms of
magnetism as paramagnetism or ferromagnetism are much stronger in a material and the
diamagnetic contribution is very negligible [1].

In the statistical description of any system, the partition function plays a determining

role and is defined as the total sum of the system states [4]:

EVI
Z=Y g(E)e "
(1)

where 7 is the total energy E, , K is the Boltzmann constant and g(E,) is the number of
degenerated states with the same energy £E,. This function is mainly involved in
determining how the units are distributed over all possible quantum states of the system
under study. Using equation (1) [6,7] provides a statistical and microscopic description of
the thermodynamic variables describing the system.

The concepts of the statistical mechanics must be considered if we want to do a

microscopic description of a  physical system. Recently Mékeld [8,9] constructed a
microscopic model of "Stretched Horizon " of a Schwarzschild and Reissner-Nordstrom
black holes and obtained an analytical expression for the partition function from the point
of view of an observer on its stretched horizon. Malaver [10,11,12] studied the behavior of
the thermal capacity C;, for Schwarzschild and Reissner-Nordstrom black holes when
T>>T, and T<<T. where T is the characteristic temperature and found that the value for
C, if T>>T, is the same that would be obtained in an ideal diatomic gas if are considered
the rotational and translational degrees of freedom, respectively. Viaggiu [13] present a
statistical analysis in gravitons and derived equations for the partition function and the
mean energy. Malaver [14] obtained an analytical expression for the thermal capacity for
gravitons and study the behavior of Cj in the limit of high and low temperature, Mandl [7]
used the concepts of statistical thermodynamics to understand the behavior of paramagnetic
solids and Garcia-Colin Scherer [15] presents a thermodynamic analysis in magnetic
systems.Malaver [16] obtained an expression for the vapor pressure of a paramagnetic solid
for high temperatures. Also Zemansky and Dittman [17] apply statistical mechanics in
order to study different types of magnetic materials.

In this paper we have deduced an analytical expression for the vapor pressure in a solid.
subjected to an external magnetic field. We found that the vapor pressure will depend on



the magnetic susceptibility of material and the external magnetic field applied. This work is
outlined in the following manner: the section II the behavior of magnetic solids are studied;
in section III, we present the statistical thermodynamics of magnetic materials; in section
IV is obtained an expression for the vapor pressure for a magnetic materials; in Section V,
presents the conclusions of this study.

2.  Behavior of Magnetic Materials

In some magnetic materials, the atoms contain permanent magnetic moments and the
induced magnetic fields are aligned in the direction of the applied magnetic field [3].

Paramagnetism is due to the'presence of unpaired electrons in the materials and the
presence of unpaired electrons in the materials and the atoms with semifilled atomic
orbitals are paramagnetic [1]. Examples of paramagnetic materials are aluminium, oxygen
and titanium. The tendency of the magnetic moments to align with the direction of the field
is counteracted by the thermal movement that disorders the magnetic dipoles. In the
magnetic materials, the magnetization M is proportional to intensity of magnetic field H
and the mathematical expression is

M=yH ()
where is y the magnetic susceptibility of material and depends on the temperature 7 as
follow

= C
r 3)
The eq. (3) is known as Curie’s law and C is a positive constant characteristic of material
[2]. The paramagnetic susceptibility can be calculated for a type of system that contains
separate atoms where there are unpaired electrons in an external magnetic field B. If n is
the number of unpaired electrons per unit volume, n- is the volumetric density of moments
that are parallel to the field and n+ represents the density for the moments that are
antiparallel, then n = n- + n+ [2].

For a parallel alignment of the magnetic moment g the magnetic potential energy is -uB

and for an antiparallel alignment the energy is @B. From the Boltzman's distribution for
each state of energy

n. = nett and  n,=ne (4)



where k is the Boltzman’s constant. The resultant magnetization is given by
B/kT -uB/kT
M= n.)=un@® " - ) 5)

and the average magnetic moment can be written as

M e#%T _ efﬂ%T

'L_[:—:‘[J B B
n e%r_,_e kT

(6)

As the limiting case, let us consider the situation at very high temperature and weak field,
then when uB<<KkT and with the development of exponential terms we obtain

_ M (1+uB/kT)-(1-uB/kT) u’B
e TP wBIkT)+ (—wBIkT) kT -

n
and the paramagnetic susceptibility is given for

_M _np nu’B
H H kTH ()

X
But the magnetization also can be written as:

M8
Ho(“’%) 9)

where #0 is the vacuum permeability [2]. Then when X << [ and with eq. (2) we have

B~uH (10)

Substituting (10) in (8) we can obtain

P .uon,u2



. .
The eq. (11) is an approximation of Curie’s law with € =#"# /¥ and the paramagnetic

susceptibility varies inversely with the temperature. According to (7) the alignment of the
atomic magnetic moments depends on the presence of field and if B=0 the thermal motion
orients the moments randomly and the net magnetization is null [2, 7].

3. Statistical Thermodynamics of Magnetic Materials

Following Mandl [7] we have that in separate atoms with unpaired electrons y that can

exist in two states with energy — Hb , the partition function for solid of N dipoles

N
KB KB

Z=|e" +e

12)
Defining the average statistical energy with the following expression:
— 0lnZ
E=- 5
P (13)

With the eq. (12) and eq. (13), for the magnetic energy of N dipoles we obtain:

uB uB
E = NuB

ub b
ekT +e kT

For the determination of the entropy in the paramagnetic solid can be use the expression
for the Helmholtz free energy A= E-TS . In statistical mechanics, the work function o
Helmholtz free energy A is defined as

(14)

A=—kTInZ (15)

Substituting eq. (12) in (15) we have for the work function
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(16)
With (14), (16) and the expression for A, the entropy of the system can be written as
Cw w -
e K _ okl
M B
S=Nk +1In| e* +e ¥
]
ekl 4o K
B ) (17)

In the limit of high temperature and weak field uB<<kT and with the development
of exponential terms, we have for (17)

S =Nk kT kT +1 1+ﬁ+1—£
uB uB kT kT

1 +1-—

kT kT

(18)

For these approximations we obtain for the entropy of system

S =NkIn2 (19)

The eq.(19) implies that for N dipoles all states are equally possible and the orientation of
atomic magnetic moments is disordered.



4. Determination of the Vapor Pressure in a magnetic material

Based on Einstein's model, consider now that a paramagnetic material behaves as a
crystalline solid and assume that the atoms of solid behave as oscillators that vibrate at

same frequency V. If the vibrations are harmonic then the energy of harmonic oscillator is

given by
g, = (u + ljhv
2

The eq. (20) then permits us to express in terms of v and Planck’s constant h, the energy ¢,
associated with any one of the permissible quantum states corresponding to integral values
of the quantum number v [6, 7]. If as usual we identify our reference zero of energy with

(20)

the ground-state energy £,=0, we obtain &;=hv , £,=2hv and so on. We can then easily
formulate the partition function for a harmonic oscillator in terms of the empirically
determinable value for v which characterizes that species of oscillator

_hvo 2hve o 3k
_ kT kT kT
z=1+e " +e +e +oenee. (1)
This expression has the form
_ —-Xx —2x -3x
z=l+e " +e T +e T+ 22)
and this series is equal to the function:
1
f@)=r
¢ (23)

Then with the harmonic oscillator we can express the partition function in a closed

analytic form



hv
kT

l—e (24)

Given this simple expression for the partition function, with eq. (13) we can calculate

the energy £ of N harmonic oscillators of solid

E=nry 2 g gy L
ar |, dT i
l-e (25)
and is obtained that
E= Nk(h—vJ 1
e -1 (26)

From the eq.(26) we have the following expression for the energy of 3N harmonic
oscillators of crystalline solid

p=3m{ 2 )]
k

hv

eE -1 (27)

With (15), (24), (27) and from A= E-TS can be determined the entropy of the vibrations of
crystalline solid:

s=3ng v L gL
kT ™ i
el —1 l—e #

(28)



The eq.(28) is rewritten in the following manner

hv

hv
Y /1 AL S P
kT

ekl —1

(29)

We now define a parameter O =hv/k where 0 has dimensions of temperature and
(29) can be express in a form more compact

0
S=3Nk% 1 —ln(l—eT]

3
el —1
(30)

If N is Avogadro’s number then Nk =R where R is the ideal gas constant and we obtain
from eq.(30) for the molar entropy of the solid

0
S ,ia =3R Q 91 —ln[l—e "'}
T
el —1

€1y

Let us consider the situation at very high temperature when T >> 0 . As the function

X

e

the exponential terms in (8) and we find

S, =R[3InT-3In6 +3] 32)

Total entropy for the solid paramagnetic for high temperatures will be given by the
vibrational contribution (32) and the paramagnetic contribution (19) that is

S, .. =R[BINT-3In6+3+In2]
(33)



For the determination of the solid’s vapor pressure, it must be assumed that the vapor
behaves as an ideal diatomic gas and its partition function will be given by

3
by 2
P 1 2mmkT 2V n°IkT 1
N! h* oh’ 1 _hv

—e KT

(34)
Where m is the mass of the gas particles, V is the volume of the container containing it, I is
the moment of inertia of the molecule and ¢ is a symmetry factor , with value of unity for
heternuclear molecules and value of two for homonuclear molecules [6].
Substituting (34) in equation (15), we express the Helmholtz free energy of an ideal

diatomic gas as follows

3
Y 2
A=—NkT{1+In 27”"2”)2 AELZly .
h oh = |N
l—e ¥
(35)
For the thermodynamic relation:
dA=—-PdV —SdT (36)
When the temperature is constant, (36) is reduced to
A
. d_}
dv |,
(37)

then we have now for the pressure P
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(38)

and we obtain for an ideal gas

P = NkT —
(39)

Following Zemansky and Dittman [17], the magnetic Helmholtz free energy A is given by:

A=FE-TS —u,MH
Hy (40)

Substituting (35)) in eq. (40) and rearranging the resulting expression, we can write

S P+ T+ ™ e ik
2 2 o u,MH
Sva oF :R 2 -
’ +1In 87 k+ hv —ln(l—ehv”j r
e T(ehv/kT _ 1)

(41)

it was considered that R=Nk where N is the Avogadro’s Number and for a diatomic gas

E=§RT
2

The equation (41) can be rearranged as follows :



3/2 2 )
z—lnP+§lnT+ln (2mz1k) k' 8n [sz
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hv _hv/
+Tth/kT—l —ln(l—e 4T)

(42)
The equation (42) will now be applied the case of saturated vapor in equilibrium with its

condensed phase which in this study is solid phase.

According Mandl [7] if L is the molar enthalpy of sublimation at temperature 7, Smpor and

S,,jis are the molar entropies and solid respectively, we have

L
Svapor - Ssolid -
T
(43)
Substituting eq. (33) and eq. (42) in eq. (43)
3/2 2 ,
R Z—lnP+§lnT+ln (271/;11{] k" 87 Isz + hh/‘};. —ln[l—e%Tj _mMH_ L
2 2 h ot | Tl 1) T
~R(BInT-3In6+3+In2) 44)

From equation (44) we can deduce the following expression for the vapor pressure of the

solid in a magnetic field

hyv
1 X v
> = kT| e* —1 L+ i yFT 2
ezk5(87rm)2ﬂ293[T 1 [e ]—’;Of

e e
hv \/T

2hc|1—e ¥

pP=

(45)



5. Conclusions

In this paper has been deduced an expression for the vapor pressure of a magnetic
material a under conditions of high temperatures and weak field, which is a function of the
magnetic susceptibility of solid, the external magnetic field applied and the moment of
inertia of the molecule . It is considered that vapor behaves as an ideal monoatomic gas and
the entropy of the vibrations of crystalline solid was calculated in the limit of high
temperature using the Einstein's model.

The statistical mechanics can enrich the courses of thermodynamics, which contributes
to a better compression of the thermal phenomena. The thermodynamic equations deduced
for the paramagnetic materials from the postulates of the statistical mechanics are tractable
mathematically and offer a wide explanation of many physical systems of interest.
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