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Critical temperature of (d + 1)-dimensional Ising films

D. L. Lin and Hao Che
Department of Physics and Astronomy, State University of New York at Buffalo, Buffalo, New York 14260

Yu Xia
Chinese Center of Advanced Science and Technology (World Laboratory), Beijing 100 080, China
and Southwestern Institute of Physics, P.O. Box 432, Chengdu 610041, China
(Received 25 February 1992)

An alternative approach is proposed to treat the critical point for general Ising spin systems. From
the analytic properties of the free energy, we are in principle able to calculate analytically the critical
temperature T,(!) for (d + 1)-dimensional Ising films to any order cumulant as a function of the number
[ of hyperlayers in the hyperfilm. Explicit expressions up to the fourth order are given. It is shown from
the general expression for T.™(!) that [T,(I)—T,]/T.=b /(I +a) in the limit / — «. Comparisons with

existing results for d=2 are discussed.
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The physics of phase transitions and critical phenome-
na covers a wide variety of subjects in many different
fields of science. It turns out that common features are
observed near critical points of various types in all
different systems. The study of critical points has been
and still is one of the most interesting topics of research.
The simplest approximation is the mean-field theory.
Substantial improvement of the mean-field theory may re-
quire a great deal of effort or the almost exact solution.
Thus Onsager’s historical work [1] on the two-
dimensional Ising model represents a great leap forward
in the theoretical development. In fact, the Ising model
is the only example of a phase transition that can be
worked out with mathematical rigor.

While general properties of phase transitions were
rigorously treated by Yang and Lee [2], a totally different
approach of exploiting symmetries was later developed
from scaling laws of Fisher [3], Kadanoff [4], Griffiths [5],
and others to the renormalization group of Wilson [6].
On the other hand, the method of high-temperature
series-expansion extrapolation (HTSEE) for locating
singularities and singular structures has proved the most
powerful one and the critical temperature and various
critical exponents for Ising model were determined with
fantastic accuracy [7].

The method of series expansion of a physical quantity
is based on the fact that the quantity diverges at the criti-
cal point which is then determined approximately by the
extrapolation procedure [7-10]. The question is, howev-
er, the following: Is it really necessary to expand a ther-
modynamic quantity that is divergent at the critical point
instead of the free energy itself for the determination of
the critical temperature?

We propose, in this paper, an alternative approach to
the problem and demonstrate that analytic expressions
for T, can be obtained formally for hyperfilms of dimen-
sion d +1 to an arbitrary order of accuracy. We start
with the variational cumulant expansion (VCE)
developed in recent years in discussions of lattice gauge-
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field models [11]. It has been shown very recently [12]
that in the high-temperature limit, the VCE is identical
to the well-known linked-cluster expansion (LCE). Fol-
lowing the notation of Ref. [12], we consider the Hamil-
tonian

H=L 3 gL s, i
(i,j) S

where s?=—s,—s +1,...,s, J,-j stands for the exchange

energy between the spin pair i and j, u represents the

magnetic moment of a spin, and H; is the inhomogeneous

external field in the z direction. The variational cumulant

expansion of the free energy up to the order m is given by
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where W, is the free energy for the corresponding nonin-
teracting system with the action
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where we have introduced the variational parameters §&;.
W, is exactly known [12]. The symbol { ). represents
the cumulant averaged over the Boltzmann weight e®.
The action S is defined by
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and the corresponding trial action S, is simply S in the
absence of the external field H;.

For a uniform spin-] Ising system in the absence of
external fields J;;=J, §;=§, and H;=0, the first-order
free energy Wg ; in the VCE is given by

1

W= ln(ZCosh§)—%Y2+§Y, (5a)
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Y =tanhf . (5b)

The dimensionality is denoted by d, and ®=kzT/J
represents the reduced temperature. By setting to zero
the first variation of the function W ,, one finds

&= %;—’tanhé‘ . (6)

The solutions of Eq. (6) depend on d and ®. Their quali-
tative behavior is shown schematically in Fig. 1. For
®>0®_,=2d, Eq. (6) has only one solution §,=0 which
corresponds to the minimum of the first-order free ener-
gy. For ® <@, there are three solutions for every given
® value. £, correspond to the minimum of W4, and §,
the maximum of W ;. The situation is completely
analogous to Landau’s theory of the second-order phase
transition [13]. In this analogy, £ plays the role of the or-
der parameter { M, ) which is determined by minimizing
the free energy in Landau theory.

Since all the bonds are decoupled in the first-order cu-
mulant, the results are those of the mean-field theory.
Thus, at the bifurcation point or the mean-field critical
point,

kB Tc
J

£=0 represents the point of inflection of the function
W g1, that is, ®,, satisfies the condition

82 Weﬁ,l
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Equation (8) identifies the critical temperature 7, in the
first-order approximation, for a uniform bulk spin-1 Ising

0,.=

=2d . 7

=0. (8)

system in the absence of the external field. It is not
£
§.
& S S
£
FIG. 1. Schematic diagram of solutions to Eq. (6). When

©® >0, (=2d), there is only one solution. When ® <®_, there
are three solutions.
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difficult to see that the argument is valid for Ising systems
of arbitrary spin s.

This provides us with the insight that the critical tem-
perature may be determined to any order W . by locat-
ing the bifurcation point. As has been proved in Ref.
[12], the VCE yields identical free energy to every order
in the high-temperature limit (£=0) to the well-
established LCE in the same limit. It is therefore reason-
able to expect that £=0 corresponds to an extremum of
the function W, for any higher-order m at high tem-
peratures and that for the mth-order cumulant, £=0
remains the solution as the temperature decreases until
the critical point. Consequently we conjecture that for
systems homogeneous throughout the bulk in the absence
of external fields, the critical temperature to the mth-
order cumulant approximation is determined by the con-
dition

62
— Weiarm(O,8) =0. 9)
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It corresponds to the bifurcation point. This means that
we have assumed & to be the order parameter of the sys-
tem to any order of accuracy. The temperature depen-
dence of the parameter is not of concern to us.

To calculate the critical temperature, we first derive

the recursion formulas for the moments

(A(p,9))o=(SPS§), , (10)

where p,q are positive integers. The symbol ( ), stands
for the Boltzmann average of the enclosed quantity with
the weight eS. It is easily shown that the moments satisfy
the following relatlons

(A(p,qg+1)) 2; [ anO+8—— (A(p,q)),,
(1n
2 8anO o)
(Alp+1,9) ZBU 8x;8x; ox; g
N 8InZ, 8§InZ, &*InZ,
Ox; &x; 8x;6x;
X{A(p,q)),, (12)

where x; =§;+mH, /kgT, B;; measures the exchange in-

tegral J;; in the unit of k37, and Zy=e “70is the parti-
tion functlon for the corresponding free energy W, of the
noninteracting system. For a system of N spins, the mo-
ments are polynomials of N and are related to cumulants
of the same order by the well-known relation

(S?§§).=the linear term of {S”S§), . (13)
Next, we note that

(s'"so> =0,

> n=3, m=0,1,2,...,
6§ eo

(14a)
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(So) =0, n>3, (14b)

£=0

8§2
because S§ involves £" only when n >3. From the rela-
tions (11) and (13) one finds

(S"Sy), —§—§<S )e (15)
which leads to
" (5783) & (5"Sy)
2oAS"S3) | =—5(8"Sy),
552 °7 g0 88 g P
2
=2 (sm), (16a)
3 £=0
Similarly, one can show that
W
B sh.| =222 . (16b)
8E £=0 86 |e=0

Starting from the first-order cumulant in Eq. (5a) and
making use of Egs. (14) and (16), one can prove by the
mathematical induction that Eq. (9) reduces to

(Sm—1>

ng ng (S"’)

=0 (17)
£=0
up to any order m. Equation (17) implies immediately
that the critical temperature T.™ calculated to mth order

in the VCE is given by
, (18a)

m 9 m—1
3 X o

where X =k TS as defined in Eq. (4). Therefore we find
the critical temperature for the system simply by extend-
ing m to infinity, namely,

T.= lim T'™

m— o

(m)
kB

(18b)

Before the result is applied to any model system, a few
remarks about the implications of Egs. (18) are in order.
Since we have not specified the spin statistics, the lattice
structure, the dimensionality, and the range of exchange
interactions in our formalism, the method can be general-
ized without much difficulty to other systems which ex-
hibit second-order phase transitions. Since the ratio
(8% /8E%)(X™), /(8% /8E*)(X™ 1) _ diverges linearly with
increasing m around the critical point, and the propor-
tionality constant is k T,'™ according to Eq. (18a), the

J
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critical temperature is somehow related to the infinitely
long-range interactions and the size of the system. This
means that T, is related to all infinitely connected cou-
pled bonds or to some kind of scaling of this coupling.
All the finite characteristic lengths become ineffective
and the correlation length at this point becomes infinite.
The critical temperature depends upon the dimension of
the system rather than its detailed character.

It can be shown that T, as given by Eq. (18b) coincides
with that derived from the high-temperature LCE of the
susceptibility y by the ratio method [8]. The idea of the
ratio method is based on the fact that y diverges at the
critical temperature. The point is that our method is
developed on the basis of the analytic properties of the
free energy as a function of £ and ®. That y diverges at
T, is a consequence rather than an assumed knowledge
on which the high-temperature series approach is based.
Thus we have provided, in certain sense, a justification
for the ratio method. It should be emphasized that the
trial action in the VCE can in principle take a variety of
forms. Hence other order parameters can also be
identified and Eq. (9) will then lead to different expan-
sions for the determination of T.

Since there has been considerable experimental interest
in the finite-size effect on the phase transition in magnetic
thin films in recent years [14,15] and since highly accu-
rate numerical results for the critical temperature of Ising
films [9,10] are available for comparison, we calculate T,
for a (d +1)-dimensional Ising films of spin ; with free
surfaces. For definiteness, the lattice structure is taken to
be hypercubic, although the method applies equally well
to other structures. From the recursion formula (12) and
Eq. (13), we calculate the cumulants {S™). up to the
desired order m. The results obtained at this point are
perfectly general because the cumulants are expressed in
terms of average spins at different lattice sites with ex-
change integral J;; between any pair. Assuming nearest-
neighbor interactions, topologically equivalent terms are
summed according to the geometry specified in the prob-
lem. Various graph methods may be devised for this pur-
pose. For instance, in our fourth-order calculation six to-
pologically distinct connected graphs are involved. The
second-order variation of the results thus obtained are
then substituted in Eq. (18a) for the critical temperature.
The procedure is nontrivial and the calculation is tedious.
We present in the following, up to the fourth-order cu-
mulant, the critical temperature as a function of the di-
mension d and the number [ of hyperlayers in the
hyperfilm:

(19)

(20
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3 2 - 2__ _
Tcm(l)z_.l_(nd +24d 2+14d+2)l 36d2—30d —8 >3, 21a)
kg 3[2d%*+3d +1)] —4d —2]
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T®(2)=-"— 21b
¢ kg 6(2d2+d) (21b)
For m =4,
4 3 2 _ 3_ 2__ _
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4 3 2 _
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The corresponding T, for a (d +1)-dimensional bulk is
readily obtained by letting / — <. It is obvious that the
first-order result (19) is exactly the mean-field result [9].
In principle, the calculation can be extended to arbitrary
order of accuracy. In practice, computer codes can be
developed to generate all graphs needed in higher-order
calculations for various lattice structures. Work along
this line is being carried out and results will be reported
elsewhere.

Numerical results for d =2 from Egs. (19)-(22) are
plotted in Fig. 2. For comparison purpose, we have also
drawn the Bethe approximation [9] by the dashed line

FIG. 2. Dimensionless critical temperature ®, vs the number
of layers. Lines are drawn just to guide the eye. Results calcu-
lated in this work to various orders of approximation are indi-
cated by numerals. Bethe’s approximation is connected by the
dashed line and the accurate results of Capehart and Fisher by
the dash-dotted line.

and the numerical result of Capehart and Fisher [10] by
the dash-dotted line which represents HTSEE results up
to 12th order for films up to seven spin layers. It is ob-
served that the convergence rate up to the fourth order is
pretty fast. It is also noted that Bethe’s approximation is
as accurate as our third-order results for / =1,2 and
starts to deviate for / =3. A simple calculation reveals
that it yields good results again in the limit / — co. This
is understandable because in Bethe’s approximation the
geometry of a film of / layers is simply represented by the
mean coordination number [6(/ —2)+10]// which yields
the exact coordination number for / =1,2 and [ — «.
Therefore it gives correct results only in these cases.

It is found from Eq. (18a) that to any order m, the crit-

ical temperature for a (d +1)-dimensional [-layer
hyperfilm can be written as
rimy= Ll oy 3)
¢ kp Gp il by

where a’s and b’s are polynomials in d. This is so because
two types of graphs contribute to the free energy. Those
connected to the surfaces are / independent and those not
connected to surfaces result in a term linear in (/ —2). In
the limit / — «, m — o but [/ > m, we find

TC(M)(I)—TC<m) _ b
l+a’

(24)

RS T.'™

where the constants are defined by the limiting values
a=lim,,_, (b, _,/a,, ) and
b=lim,,_, (b, /a,, —b, _/a, ;). That I >m is re-
quired in Eq. (24) appears to have restricted our discus-
sions to clusters of size typically smaller than the film
thickness. This of course introduces the major error in
the calculation of T,.'™(I) for small I. As [ increases,
however, the contribution from clusters of size larger
than the film thickness to T,'™(I) decreases because the
surface effect on the critical temperature decreases mono-
tonically with increasing /. In the limit / — oo, then the
analytic expression of T m)(]) is expected to approach the
true T, when m — « evenif m <l[.

Compared to the general equation that defines the crit-



46 CRITICAL TEMPERATURE OF (d +1)-DIMENSIONAL ISING FILMS 1809

ical exponent for finite systems, Eq. (24) implies that
A=1, in contrast to a =0, A=1.56 predicted by the
HTSEE method [10]. While experimental data [14] seem
to support A=1.56, it has been observed by Allan [9] that
Eq. (24) also fits the high-temperature extrapolation data.
Furthermore, Domb [16] and Binder [17] also predicted
A=1. It is important to point out that A is derived even
though the convergence in the limit m — o to the true
T, remains to be proven.

As a final remark we note that, for hyperfilms with
periodic boundary condition, all spins on the torus are
equivalent. Equation (18a) always leads to the bulk criti-
cal temperature for m </, since there is no graph which
goes around the torus and connects to the initial point.
The situation is exactly the same in the high-temperature
extrapolation [10]. Therefore the critical exponent can-
not be derived for this case in the present theory because
there is no general formula for T, when m <1/.
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