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Abstract: The one-dimensional Ising model with vari-
ous boundary conditions is considered. Exact expres-
sions for the thermodynamic and magnetic properties
of the model using different kinds of boundary condi-
tions [Dirichlet (D), Neumann (N), and a combination of
Neumann-Dirichlet (ND)] are presented in the absence
(presence) of a magnetic field. The finite-size scaling func-
tions for internal energy, heat capacity, entropy, magneti-
sation, and magnetic susceptibility are derived and anal-
ysed as function of the temperature and the field. We show
that the properties of the one-dimensional Ising model is
affected by the finite size of the system and the imposed
boundary conditions. The thermodynamic limit in which
the finite-size functions approach the bulk case is also
discussed.
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1 Introduction

Finite-size scaling has been developed intensively during
the last few decades [1-4], and it has become a standard
tool in the studies of critical systems. As soon as one has
a finite system, one must consider the question of bound-
ary conditions on the outer surfaces or “walls” of the sys-
tem. As the boundary conditions affect only a small part
of the system, we expect that as long as the system is
finite we can observe some differences if we choose differ-
ent boundary conditions, but as soon as we take the ther-
modynamic limit, these differences become irrelevant.
The boundary conditions dependence of the finite-scaling
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functions is an interesting subject in condensed matter
physics and statistical mechanics. Analytical results about
the effect of boundary conditions on the finite-size scal-
ing functions are scarce [5-8]. To understand the effects of
boundary conditions on finite-size scaling, it is valuable
to study model systems, especially those that have exact
results.

The Ising model [9-11] is a well-known and well-
studied model for describing the magnetic system, where
a spin variable that takes two possible values lives on each
lattice site, which interact only with its nearest neighbours
of magnetism. Although the magnetic and thermodynamic
properties of the Ising model were investigated for an arbi-
trary lattice size N, usual focus of analysis has been in the
thermodynamic limit.

The present article will be devoted to the exact solu-
tions of the Ising model in the absence (presence) of a
magnetic field. We will focus on the dependence of the
finite size behaviour on the boundary conditions. It has
been shown that the behaviour of the finite-size scal-
ing functions for free energy, internal energy, heat capac-
ity, entropy, magnetisation, and magnetic susceptibility
depend on the boundary conditions and are different from
that of the infinite size case.

The plan of the article is as follows: In Section 2,
we briefly review the model and write the basic equa-
tion for the partition function. In Section 3, the finite-
size scaling functions of the thermal properties of the
model in the absence of the magnetic field are calculated
and analysed under different kinds of boundary condi-
tions. In Section 4, we study and investigate the magnetic
properties of the model in the presence of the magnetic
field under Neumann-Dirichlet boundary conditions. In
Section 5, we discuss the bulk properties of the model in
the thermodynamic limit. The article closes with conclud-
ing remarks given in Section 6.

2 The Model

We consider the one-dimensional Ising model of N
spins (0j, i=1, ..., N) with ferromagnetic (J > 0)
coupling and with various boundary conditions. The
interaction energy of a given configuration of spins o;
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is given by

X
0i0i+1+J(0001 +ONON+1)+h  0;
i=1
ey
The first term in the right-hand side of (1) describes
the interaction between the spins in the system, whereas
the second term is the boundary term, which depends on
the boundary conditions (denoted by the superscript 7); it
describes the interaction of the spins in the region with a
specified configuration outside the system. The third term
describes the effect of an external field h on the spins of
the system.
As usual, the partition function of the Ising model is
given by the sum over all spin configurations:

ED(foig) =J
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Z(T, h) =

where B = 1/kgT is the inverse temperature, kg is the
Boltzmann constant, and T is the temperature. We are
going to consider three different boundary conditions:
Dirichlet-Dirichlet, Neumann—-Neumann, and Neumann-—
Dirichlet boundary conditions. Here we use the classic
terminology for the boundary conditions; i.e. we use the
terms Dirichlet and Neumann instead of free (or open) and
fixed, respectively.

Under Dirichlet-Dirichlet (r = D) boundary condi-
tions for a lattice spin system, we mean here the case when
the interaction of the system with the “surrounding world”
is modelled by fixing to zero value the spin configuration
outside the system (i.e. no neighbours at the edge of the
system),

0p=0 and ony+1 =0 3)

Under Neumann—Neumann (t = N) boundary condi-
tions, in this case the interaction is modelled by setting the
surrounding spins to be equal to their nearest neighbours
inside the system, i.e.

0p =07 and Oy+1 = 0N (4)

Under Neumann-Dirichlet (r = ND) boundary condi-

tions (mixed boundary conditions), we mean
Op = 01 and ON+1 — 0 (5)
In the next section we study the finite-size scaling

behaviour of the one-dimensional Ising model in the
absence of an external field (h = 0).
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3 Finite-Size Scaling Functions in
the Absence of the External Field

By direct evaluation of the summation in the partition
function (2) under the influence of the boundary condi-
tions in the case of nonzero field, one obtains the finite-
size free energy at finite values of N
Bg”(T, 0) = Inz™(T, 0)
%Nlnz + (N 1)1n(cosh,8]h) fort =D,
(N + 1)In(2 cosh BJ) +1n 1 + (tanh BJ)

fort =N,

i
N+1
h i

-NIn(2 coshfj) +1In 1 + (tanhﬁ])N fort = ND.

(6)

In the thermodynamic limit N ¥ oo, we obtain the
bulk free energy

B F(T )(T, O)
N
where the boundary conditions do not affect the proper-
ties of macroscopic systems and their effect only on finite
systems. Now all the thermodynamical properties of the
model could be defined by the partition function and the
finite-size free energy or one of its derivatives. The main
thermal properties are the internal energy U, the heat

capacity C, and the entropy S:

0
@an,

f(T, 0) = A}l{n =1In(2coshB)) (7)
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By using (6) and (8), one easily obtains the following
exact finite-size scaling functions:

U(T) =

and S(T) =

1)tanh BJ.. for T =D,

J(N
1+(tanhB])N 1
N hp] ————M
% J -+ Dtanh By 1+ (tanh gV 1

U(T) = for 7= N, ” 9)
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Ntanhp] — ~otPl
JN tanh ] L+ (G )
- for 7= ND.
cP(T) = kg(N  1)(BJsechB))?, (10)
c™N(T) = kg(N 1 hBJ)?
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cYD)(T) = kgN(BJsechp])?
8 h
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=z 1+ (tanhB])N ? =
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and
SO(T) = kgIn2+kg(N 1) In(2coshp]) pJtanhfJ ,
(13)
n h io
S(N)(T) =kgln (2 (:oshﬁ])N+1 1+ (tanh,B])N+1
" #
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kg(N +1)BJtanh ] ——M ——_ |
B( )BJ tanh pJ L+ (tanh g
(14)
n h io
S(ND)(T) =kgln (2 cosh/}])N 1+ (tanhﬁ])N
' #
1+ (tanhﬁ])N 2
kgNBJtanh ] ——— 2 15
uNpJ tanh B 1 + (tanh )" =
Note that the energy per spin U(T)/(N 1), heat

capacity per spin C(T)/(N 1), and the entropy per
spin S(T)/(N 1) are independent of the size with the
Dirichlet-Dirichlet boundary conditions.

The exact results of the finite size properties of the
one-dimensional Ising model versus temperature T (we
take kg = 1) for different values of the size N = 2, 4 and 6
in the case of Neumann-Dirichlet boundary conditions are
presented in Figures 1-3. The dependence on the different
boundary conditions is shown in Figures 4-6.

Results show that the internal energy is affected by
increasing N and becomes constant and converges to zero
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Figure 1: The internal energy as a function of temperature in the
case of Neumann-Dirichlet boundary conditions for N = 2, 4,
and 6.
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Figure 2: Heat capacity versus temperature when Neumann—
Dirichlet boundary conditions are applied, for N = 2, 4, and 6.

Figure 3: The entropy as a function of temperature in the case of
Neumann-Dirichlet boundary conditions for N = 2, 4, and 6.

at higher temperature values (Fig. 1). Figure 2 shows the
temperature dependence of the heat capacity for differ-
ent values of N. We notice that the heat capacity exhibits
peak increases by increasing N. The entropy temperature
dependence at different N is shown in Figure 3. At low tem-
perature, the entropy becomes constant rapidly, and when
T ¥ 0, entropy goes to zero.

The use of the boundary conditions leads to a size
dependence of the internal energy, the heat capacity, and
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Figure 4: Internal energy in the presence of different boundary
conditions for N = 4.

Figure 5: Heat capacity in the presence of different boundary
conditions for N = 4.

the entropy (Figs. 4-6). We see that the properties belong-
ing to the different boundary conditions are clearly dis-
tinct, thus demonstrating explicitly the boundary condi-
tions dependence of the finite size properties of the model.

4 Finite-Size Scaling Functions in
the Presence of the External Field

In this section, our concentration will be in the one-
dimensional Ising model with Neumann-Dirichlet
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Figure 6: The entropy in the presence of different boundary
conditions for N = 2.

boundary conditions in the presence of an external mag-
netic field. We now rewrite the partition function in the
following form:

h i
20, = LT me e
o= 1 o= 1
i
eko203+ (02 +03) Konor+5(oy+or1) (16)

where K = fJand H = Bhare the reduced spin—-spin near-
est neighbour coupling energy and the reduced magnetic
field. The partition function in this case can be calculated
by using the transfer matrix method [12, 13]. The matrix
elements T;; of the transfer matrix T may be written as
follows:

KO‘iUi+1+%(0'i+0‘i+l)

Tiiv1=€ (17)

The matrix elements of T can be computed directly
from (17):

1 O 1
TCHL, +1) T, 1) e K
T:@ A:@ e I'e HA
T( 1, +1) T( 1, 1) e e
(18)

The partition function in (16) may now be written as
follows:

><
7T ) =TrT) = AV (19)
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where A; are the eigenvalues of T. They may be easily

computedas Tis2 2. The characteristic equation is
det(T AD =2 AQe“coshH)+(** e **)=0 (20)

which gives the two eigenvalues
q

A = ek cosh(H) sinh?(H) + e 4K Q1)
In this case, the finite-size free energy is given by
" LE:2
L N
F¥D(T, H)= KT NInA;+In 1+ /TZ
1

(22)

In the thermodynamic limit N ¥ oo, the term (A,/A1)N
will tend to zero as A, /A1 < 1. Hence, one obtains the bulk
free energy:

f(T, H) = kBTh'lAl

q
= J kgTln cosh(H)+ sinh?(H)+e 4K

(23)

Now all the properties of the model in the presence
of the magnetic field can be obtained, but our focus will
be devoted to studying the magnetic properties such as
the magnetisation M(T, H) and the magnetic susceptibil-
ity x (T, H). By direct calculations, the finite-size scal-
ing functions of M(T, H) and y (T, H) take the following
form:

(ND)
M1 gy = °F
oH " #
_ sinh(H) 1 /AN
=ENgG——— N
sinh?(H) + e 4k 1+ 2/A1)
(24)
2 (ND)
(ND) _ 0°F
X (Ta H) - aHz . u
BNcosh(H)e “ 1 (A,/A)Y
[sinh?(H) + e 4?1+ Xa/A)"
2 .12 N
4BN“sinh“(H) ~ (A2/A1) i 25)

. [l
sinh?(H) + e *4 4 (1, /0,)"

The behaviour of the magnetisation and the suscep-
tibility as a function of the field under the effect of the
temperature (T = 1, 3 and 5) are given in Figures 7 and 8
and in the presence of different sizes (N = 2, 4 and 6) are
given in Figures 9 and 10.
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Figure 7: Magnetisation as a function of magnetic field at size N = 2
for different temperature T = 1, 3, and 5.

Figure 8: Magnetic susceptibility as a function of the field at size
N = 2 for different values of temperature T = |, 3, and 5.

We observe that the magnetisation behaviour with
the change of the magnetic field is smoother with the
increase in the temperature and becomes a step function
in the limit of T ¥ O corresponding to a ferromagnetic
phase (Fig. 7).

The magnetic field dependence of the susceptibility is
plotted in Figure 8 for different values of the temperature.
The susceptibility peaks show that the maximum of y (T,
H) is larger for low temperature.
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Figure 9: Magnetisation as a function of magnetic field at
temperature T = 10 for different size N = 2, 4, and 6.
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Figure 10: Magnetic susceptibility as a function of magnetic field at
temperature T = 10 for different size N = 2, 4, and 6.

The effect of the size of the system on the magneti-
sation is observed in Figure 9. It is clear that increasing
the size is accompanied by shifting the maximum value
of the magnetisation. The same result was obtained for
susceptibility (Fig. 10).

5 Bulk Properties of the Model

In the thermodynamic limit N ¥ oo, the finite-size scal-
ing functions of the one-dimensional Ising model reduce
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to the bulk properties (intensive functions) in the well-
known forms:

U9
u(T)—A}l!mw N - Jtanh ],
(1)
e = tim I = ky(pysecnp?,
(1)
s(T) = A}i!mw 5 I\ET) = kg In(2 cosh B])
BJtanh ] ,
M™PX(T, H) _ _ sinh(H)

m(T, H) = lim g
N o N sinh?(H) + e 4K

Bcosh(H)e “X

[sinh2(H) + e K%
(26)

(ND)
x(T, H) = A}i'nlox g’ H) _

The behaviour of the finite-size properties per spin
in the case of Neumann-Dirichlet boundary conditions
for N = 50, 100 and 200 compared with the bulk value
N = oo (26) is plotted in Figures 11-14. Figure 11 indicates
that the internal energy per spin increases with N, but
the increases slow down for larger values of N where the
curve for N = 200 approximates N = oo much better than
N = 50. Again, the heat capacity per spin for N = 200
approaches the bulk value (Fig. 12). For the entropy per
spin, the same behaviour is given in Figure 13; increasing
size of the system will lead it to approach bulk value. In the
presence of magnetic field, one has two eigenvalues; one

-0.974
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Figure 11: Internal energy per spin under Neumann-Dirichlet bound-
ary conditions for N = 50, 100, and 200 compared with the bulk
value N = oo.
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Figure 12: Heat capacity per spin under Neumann-Dirichlet bound-
ary conditions for N = 50, 100, and 200 compared with the bulk
value N = oo.
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Figure 13: The entropy per spin under Neumann-Dirichlet boundary
conditions for N = 50, 100, and 200 compared with the bulk value
N = oo,

of them is larger than the other. For small values of N, the
two eigenvalues should be taken into account for compu-
tation of the magnetisation and the susceptibility (24 and
25), but for large values of N, the ratio A, /A; is neglected.
In Figure 14, we notice that the finite size of the magneti-
sation per spin for large N is in exact agreement with those
of the infinite case.
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Figure 14: Magnetisation per spin under Neumann-Dirichlet bound-
ary conditions for N = 50, 100, and 200 compared with the bulk
value N = eo.

6 Conclusions

The one-dimensional Ising model of finite sizes is consid-
ered. We investigated the effect of the finite size and the
boundary conditions on the properties of the model. The
thermodynamic properties such as internal energy, heat
capacity, and entropy are derived exactly in the absence of
magnetic field. It has been shown that the finite-size scal-
ing of the thermodynamic properties is different from that
of the infinite case and depends on the boundary condi-
tions. The magnetic properties of the model are studied by
using the transfer matrix method. We have performed the
magnetisation and magnetic susceptibility as a function
of the field under the effect of different temperatures and
different sizes. We have shown that when the size of the
system is limited the finite-size effect seems important as
the deviation of the finite-size properties from the bulk val-
ues is large, and the deviation vanishes when N becomes
large. Our results are consistent with the previous results
on the one-dimensional Ising model.
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