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1. Introduction

The Ising model and its various variants are of the most extensively studicd
many-body systems. The reason is due to the fact that they can describe fairly well
numerous physical systems, such as magnetic spin systems, binary alloys, lattice
gas, and so on.

The simplest form of the Ising model appears in one-dimensional lattice (lin-
car chain) consisting of spin-1/2 atoms, with nearest-neighbor interactions and
in the absence of an external field. It was in this form that Ising proposecd his
model in 1925, in order to study the magnetic phase transition. Ilowever, he did
not find a long-range order at any finite temperature. Indced, one may say that
the Ising chain undergoes a phase transition at zero temperature. Ilowever, the
two-dimensional (square lattice) Ising model in the absence of an external field
docs show a phase transition at a finite temperature, which was solved exactly
by Onsager in 1944. After Onsager’s solution, the Ising model has been one of
the most actively studied problems in statistical mechanics. Some rigorous solu-
tions have been given for the simple Ising model of one-dimensional and certain
two-dimensional lattices. There are also many results based on the series-cxpansion
and renormalization-group methods, especially for the critical region of the model.
Much effort has gone into this field, but we do not yet have detailed theoretical
knowledge of the three-dimensional Ising model and its variations.

On the other hand, because of its simplicity, the mean-field approximation
(MFA) has played an important role for the description of cooperative phenomena,
in which the effect of the ordering interactions is naively represented by that of a
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mean field proportional to the average net magnetic moment of a magnetic system.
The theory can be relied on for an approximate description of the major aspects
of the phenomcna being studied. However, the MFA has some deficiencies, due
to neglection of correlations, when MFA results are compared with experiments.
Improvements in this respect have been sought by many methods.

In this work, a useful scheme for obtaining approximate solutions in the
two- or more dimensional Ising systems is reviewed. The method is based on tle
differential operator technique introduced into exact (or approximate) Ising spin
identities and is of a relatively simple mathematical character. Using this scheme
we can write the identities in forms which are particularly amenable to approx-
imation. The approximate formulation can systematically include the effects of
correlations. The approach can be applied to a great variety of physical systems,
such as pure and disordered magnetic systems as well as special magnetic materials
(or surfaces, thin films and multilayers) being now in current topics of magnetism,
and gives an appropriate .description of a system being studied. In the following
sections, we shall discuss how the differential operator technique can be intro-
duced into various types of the Ising models, and also clarify the backgrounds of
the approximate formulations.

2. Ising model and Callen identity

The Ising model of ferromagnetism is a model whereby, because of an extreme
field of anisotropy, only the z component of a spin exists. The Hamiltonian of the
model, in an external field H, is given by

1
H= ) ‘Z;J;jmuj —H 'Z./l,', (1)

where the sums run N identical spins. y; is the dynamical variable which can
take two values, &1, and J;; — the exchange interaction between a site i and a
site 5. That is to say, y; is the z component of a spin operator (S7 = (1/2)u;)
associated with the ion localized at the site ¢ which can take spin up (p; = +1)
or down (y; = —1). The spin system is ordered when all spins are up (or down)
in a ferromagnet (J;; > 0.0). The magnetic field is added in order to break the
symmetry and favor the ordered phase to be up or down. The parameter that
measures the ordering of the system (or the long-range order parameter) is given
by m = (). In the ordered phase m # 0.0, while in the disordered phase m = 0.0.
The expectation value of the spin variable at the site ¢ is given by

1 )
(m,-) = ZTL‘/[,' e~PH (2)
with
Z = Tre‘pH, : (3)

where Tr means the sum over allowed states of the system. Here, # = 1/kgT,
where kp is the Boltzmann constant and T' — the absolute temperature.

We know now that an exact relation can be derived for the expectation value
(2), when the Hamiltonian is given by (1). For the derivation, let us separate the
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Hamiltonian (1) into two parts; one (denoted by H;) which includes all contribu-
tions associated with the site ¢, and the other (denoted by H’ ) which does not
depend on the site i. Then, one has

H=H;+H 4)
with
Hi = —p; E; (5)
and
Ei=)_ Jijp +H, (6)
i,j

where E; is the operator expressing the local field on the site . Here, notice that
the spin variables commute, i.e. [y;, ;] = 0, and hence

[H;,H'| =[H;,H] =0 (M

in the Ising model.
Because of the commutative relation, the expectation value (2) can be ex-
pressed as

(ui) = %{T' o [ti(rz(),l;;;?()( pif[ ))]} ®

where trg;y = E;r,-l:q stands for the trace associated with the variable at the site i.
By doing the partial trace of y;, one obtains
(1) = 5 Trle™" tanh(6Ey)]
or 9)
(us) = (tanh(BE;)).

This is the identity first derived by Callen in 1963 [1].
By extending the above procedure, the identity can be easily generalized to

({f:}ui) = ({£:} tanh(BE;)), (10)

where {f;} can take any function of the Ising variables as long as it is not a function
of the site 1.

Furthermore, the above derivation of (9) can be also generalized to the Ising
model with a general spin S expressed by

H———ZJ,,S’S’ HZS:, (11)
i,J

where S7 takes the (25 + 1) components allowed for a spin value S. Then, one
obtains

({£}S7) = S{({f:}Bs(BE)) (12)
with
E; = Z J,'ij + H, (13)

where Bg(z) is the Brillouin function [2].
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At this place, notice that the standard mean-field theory can be obtained
from (9) (or (12)) by approximating the thermal average of the hyperbolic tangent
(or the Brillouin function) with the thermal average of E;, i.e.,

(tanh(BE;)) ~ tanh(B(E;))
or » (14)

(Bs(BE:)) = Bs(B(E:))-
Thus, the exact identities (9), (10) and (12) give a way to improve the mean-field
approximation.

3. Differential operator technique

The identities of Sec. 2 have been derived about 30 years ago. At this time,
only a few authors had directed their attention to these identities for discussing
the thermodynamic properties of the Ising model. During the last decade, however,
numerous publications dealing with Ising systems have appeared, employing an
effective-field theory which correctly accounts for the single-site kinematic relations
between the spin operators. The starting point of these works is based on a set of
formal identities, of the type discussed in Sec. 2.

The first systematic approach was introduced by Matsudaira [3]. In order
to treat the Callen identity (9), he noticed the following exact relations valid for
pi = x1:

tanh(Kp1) = Apy, A=tanhK, tanh[K(u1 + p2)] = B(p1 + p2), ,

1 ] ) .
B = §tanh 2K, tanh[K(py + po + p3)l = Ci(pr + pa + p3) + Coprpapis,
C, = ;ll-(tanh 3K +tanh K), C,= %(tanhfi[i’ — tanh k), (15)
and so on, where K = $J for nearest-neighbor interaction J. For instance, the
identity (9) for the honeycomb lattice with coordination number z = 3 can be,
upon using the exact relation (15), rewritten as

(i) = Cr((pis1) + (Hise) + (mivs)) + Colpisativattiva), - (16)
where i4-6 (6 = 1,2, 3) denote the nearest-neighbors of the site i. llowever, when E;
in (9) includes a number of Ising spins, it is not so easy to write the corresponding
exact relation. Furthermore, for higher spin (S > 1/2) systems as well as random
spin-1/2 systems, it is a difficult task to find such exact relations.

As is understood from (16) (or (15)), the use of the kinematic relations for
the spin operators is a crucial step in the theory based on the identity (9) (or (12))
as an average over a finite polynomial spin operators belonging to the neighboring
sites. This can be systematically and easily achieved by the use of a differential
operator technique introduced by Honmura and Kaneyoshi [4]:

tanh(BE;) = exp(E;V)tanh z |x=0 @17
for (9) or
Bs(BE;) = exp(E','V)Bs(:L')L:O (18)
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for (12), where V = 8/0x is a differential operator. Here, we used a mathematical
relation

exp(aV)e(z) = ¢(z + a). (19)
In the following parts, let us examine at first the simplest case of y; = 1 (S = 1/ 2).

For the case of an arbitrary spin (S > 1/2), see Secs. 6 and 7.
Noticing that

e!i = cosh a + p;sinha, ' (20)
Eq. (17) can be written as, for H = 0.0,

z . '

tanh (ﬁJ Z /,t,-.H) = H [cosh(JV) + pis sinh(J V)] tanh z|;=o. (21)
=1

Here, when z =1, 2 or 3, the same exact relations as those of (15) can be easﬂy

derived. For example when z = 2,

tanh [K (pi41 + pis2)] = [cosh(JV) + pi41 sinh(J V)]
x [cosh(JV) + pit2 sinh(J V)] tanh z|,_,
= (pi41 + pis2) sinh(JV) cosh(JV) tanh z|,_,

1
= 7 (Hit1 + pig2) (€Y — e ?V) tanh 2|50 = B (i1 + pig2) . (22)

Iere, going from the second line to the third line in (22), we used the fact that
even functions of V must be zero when operating to the odd function (or tanh z).
In this way, the exact relation (10) can be generally rewritten as

({fi}us) = ({£:}e"V) tanh(Bz)|, _,
= ({£:} ] [cosh(J:;V) + p; sinh(Ji; V)]) tanh(Bz + h)|z=o, (23)
i

where h = BH. This is also exact and is valid for any lattice structure of a
spin-1/2 Ising model. Equation (23) can generate many kinds of identities for spin
correlation functions, upon substituting appropriate Ising variable functions for
{£:}.

For the latter discussion, let us via Eq. (23) examine the spin correlation func-
tion of the spin-1/2 linear chain with nearest-neighbor interaction J [5]. Putting
{fi} = px (k #¢) and H = 0.0 into (23), it gives

(uesi) = 5 tanh(207) (api-1) + (ki) (24)

At this place, due to translational invariance, the correlation function (uxp;) de-
pends only on the distance between ¢ and k:

(peps) = (popi-r) = (popr) = g(r), (25)
where r = i — k is a measure of the distance between spins, in units of a lattice
constant. Using (25), Eq. (24) can be written as

~1
2coth(28J) = g(;(-:)l) + [g(i(i)l)] ) (26)
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which implies that the right-hand side must be independent of r. Assuming that

g(r+1) g(r)
_ - 27
) -0 &0
and taking the physically acceptable solution, the solution of (26) is given by

v = tanh(B8J). (28)
Thus, one obtains _
9(r) = gi—x = [tanh(B8J)]" . (29)

This is a well-known exact result for the Ising chain.

4. Effective-field theories

Tt is well known in statistical mechanics that the one-dimensional nearest-
-neighbor Ising model can be solved exactly. The exact solutions of the thermo-
dynamic properties in the spin-1/2 Ising linear chain can be also derived by the
use of the differential operator technique based on the exact identities. As guides
to real (two- or three-dimensional) systems, however, such a model has a serious
disadvantage, since it does not have a phase transition at a non-zero temperature.

On the other hand, the first step in the interpretation of the magnetic prop-
erties of a solid is usually the application of an effective-field theory. When used
correctly, the theory can be relied on for an approximate description of the ma-
jor aspects of the phenomena being studied. It acts as a guidepost, as it was,
indicating the direction of more elaborate theoretical contractions and of more
detailed experiments. In this section, let us discuss how the approximate formu-
lations (or effective-field theories) superior to the mean-field approximation (14)
can be derived systematically from the present formulation based on the Ising spin
identities.

4.1. Decoupling (or Zernike) approzimation

As is understood from (16), the right-hand side of (23) contains thermal av-
erages of multiple correlation functions. To proceed further, one has to make some
approximations, in order to treat the identities approximately. The simplest ap-
proximation, and the one most frequently adopted, is to decouple these according
to

it - pa) = () () - - (o) (30)
forj#£k#£...#£1L

Introducing the approximation (30), the averaged value of p; ((23) with
{fi} = 1.0) can be written in a compact form [6]:

(#:) = [ ] leosh(J:5V) + (u;) sinh(J;; V)] tanh(Bz + h)|o=o. (31)

J

To simplify the notation, let us consider the case of zero-field and nearest-neighbor
interactions. For a ferromagnet with a coordination number z, Eq. (31) then re-
duces to

m = (i) = [cosh(JV) + msinh(JV)] tanh(Bz)],_, (32)
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The 1.;ransition temperature 7 can be obtained by linearizing (32); by expanding
the right-hand side of (32) and taking only the linear term of m, one obtains

zsinh(J V) cosh*~1(J V) tanh(Bez)| _, =1, (33)
where 8. = 1/kpTe. In particular, when z = 6 (or a simple cubic lattice), Eq. (33)
reduces to

tanh(6Jc) + 4 tanh(475.) + 5 tanh(2J8.) = % (34)
which is nothing but the result obtained by Zernike by means of another approach
[7]. The transition temperature T is then given by

ksTe -
= 5.073 for z=28, (35)
which is superior to the MFA result
kT, .
7 = (36)

We are now in a position to clarify the background why the simple decoupling
approximation (30) improves the standard MFA (14). For H = 0.0, Eq. (31) can
be also rewritten as follows: :

) =TT [3 0+ G 25 + 30 = % | anh(@)emo. @)

j

Here, the factors (1/2)(1+ (g;)) and (1/2)(1 — (u;)) mean the probabilities of a
neighboring spin y; being up and down. Then, exponential operators exp(Ji; V)
and exp(—Ji; V) express in a sense exp(Ji; V) for p; = +1 and exp(—J;; V) for
pi = —1, respectively. On the other hand, the standard MFA consists of assuming
that the field at the site i is (E;) = 3_: Jij(p;) independent of the orientation
of p;. This is clearly an approximation, for if p; is up, its neighbors p; will have
more than average production for being up, a fluctuation eflect that is neglected
in the MFA. Thus, the partial correlation is included automatically in the simple
framework through the usage of (20).

When one takes long-range interactions and the number of near neighbors
goes to infinite, it is known that the MFA becomes to be exact. Within the present
framework, let us here show this fact. For this aim, we take the exchange interaction
Jij in (31) as

Jij = _J]V (j = a finite constant), (38)

where N is the total number of latlice points. Then, Eq. (31) reduces to
. . N-1
m = (;) = [cosh (%V) + msinh (%V)] tanh(Bz + h)|z=0.  (39)
For a large value of N, cosh(jV/N) and sinh(jV/N) can be approximated as
J ~ i .:.1._ ~ i
cosh (WV) ~1 and sinh (NV) & NV,
so that (39) reduces to

. N-1
m= [1 + m%V] tanh(fz + h)lozo. (40)
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For N — o0, Eq. (40) is given by :
m = eNIMU/NIV] tanh(Bz + h)|,_, = tanh(h + Bmj). (41)

Thus, the MFA result can be derived from the present framework, when N — oo.

Finally, it will be fair to note some historical developments related to the
framework of this part in the spin-1/2 Ising model. In order to treat the multi-
spin correlation functions which appear for reducing the transcendental function
to a polynomial form (or (15)), the decoupling approximation (30) was also in-
troduced by Matsudaira [3]. He called it the first-order approximation. As noted
above, the same decoupling approximation has been introduced into the present
framework. It has been called the effective-field theory with correlations (EFT).
The differential operator technique can be also rewritten in terms of the functional
integration method [8]. Within the same framework as that of the EFT (or (30)),
the method has been used by Léd% group [9]. Later, the same method as that of
Matsudaira was proposed by Boccara [10], who was apparently unaware of these
earlier works, and it has subsequently been used extensively by him and group of
researchers in Morocco as the finite cluster approximation [11]. Clearly, as far as
the physics is concerned, it is immaterial whether one uses Matsudaira’s first-order
approximation, the EFT, the functional integration methods or the finite cluster
approximation. All of them correspond to the Zernike approximation. Ilowever,
in these methods, the differential operator technique has generally been more fa-
vored, because of the relative easiness of the formulation of other thermodynamic
properties and the extension to higher spin problems as well as disordered spin
systems.

4.2. Correlaled effective-field (or Bethe—Peierls) approzimation

In Sec. 4.1 we have introduced a simple decoupling method (30) for treating
the multispin correlation functions. In this part, we shall discuss how the formula-
tion of Sec. 4.1 can be improved to a better one (or from Zernike to Bethe-Peierls
approximation).

Let us now assume that the nearest-neighbor Ising variable ;s can be
related to the central spin y; via

Pits = (Hivs) + Mps — (i), (42)
where A is a temperature dependent parameter. It is basically a measure of the
short-range order, or pair correlation parameter.

When Eq. (42) is substituted into the HHamiltonian (1) with I = 0.0, it is
given by, for a system with nearest-neighbor interaction J,

H=- Z HETy; + constant term (43)
i .
with ,
HT =73 () = M z(ws) = HP' — R{us), (44)
- .

where R = AJz is the parameter which has to be determined at the end of cal-
culation in some way. This transformation to the one-body Hamiltonian (44) has
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been introduced by Lines [12] and then the eflective-field HfT is modified by a
term —R(u;) from the standard mean-field Hfo!.

This revision of the effective field is closely related to the fundamental con-
cept introduced by Onsager for dielectrics [13]. He has discussed that the orienting
part of the local field on a given dipole (or the cavity field) should not include
the contribution arising from the part of the polarization of dipoles in its vicinity
which comes from its instantaneous orientation (or the reaction field). Namely, the
cavity field is then obtained from the total mean field by subtracting the mean
reaction field

E{*Y = (Ei) — R{mw)- (45)
Thus, the effective field (44) is nothing but the cavity field (45) and the term R{u;)
corresponds to the reaction field. In the Lines method, the parameter A (or R) has
been determined at the end of the calculation by imposing consistency of the theory
with the sum rule for the susceptibility. However, the method gives an accuracy
essentially equivalent to that of the spherical model [14], and unfortunately the
sum rule is valid often only in the paramagnetic phase and in the absence of strong
fields. Moreover, when the method is applied to the two-dimensional ferromagnetic
Ising lattice, it generally predicts T = 0.

In the differential operator technique, on the other hand, the concept (44) has
been used for evaluating the multispin correlation functions [15]. This is sharply
in contrast to the above approach. Then, the parameter A has been determined
self-consistently using the correlation function (23).

Substituting (42) into (23) with {f;} = 1 and taking the nearest-neighbor
interactions, one obtains, on assuming that m = (u;) = (pi4s) and H = 0.0,

m = ({P(m; JV) + Acosh(JV) + u;sinh(]V)]}‘)tanh(ﬁx)|x=0

= ([P(m; JV) + Ae*7V]*)tanh(Bz)|,_q
- Z yl(z N [P(m; JV)] =" (e#4+7 ¥ Jtanh(B2)|, _, (46)

= Z V'(z A"[P(m JV))*~?[cosh(vJ V) + msmh(uJV)]tanh(ﬂa:)lx o

with
P(m; JV) = (1 = X)[cosh(J V) + msinh(JV)]. (47)
Here, when X = 0.0, Eq. (46) reduces to (32).

For the evaluation of A, on the other hand, let us use the two spin correlation
function which is given by, on putting {f;} = pits into (23),

(pigsps) = ([sinh(J V) + pitscosh(J V)]

X H [cosh(J V) + pi4ssinh(JV)])tanh(8z)|__,. (48)
51(8)
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Substituting (42) into (48) one obtains
(ixsmi) = m? + AL = m2) = ([P(m; JV) + Apse]

x[P(m;JV) + ‘,\e"""v]“'l)tanh(ﬁx)l

z=0
= Z ” (z — 1 A"P(m IV)[P(m; JV)F~1-Y (49)
x [cosh(vJ V) + msinh(vJ V)]tanh(B8z)| _, + E V'(z 1ll'y)',\uﬂ

x[P(m; JV))*~1=¥[mcosh((v + 1)JV) + smh((u +1)JV)]tanh(Bz)| __,

with
P(m; JV) = (1 — A)[mcosh(J V) + sinh(JV)]. (50)

Thus, the magnetization m and correlated parameter A of the Ising ferro-
magnet with a coordination number 2 can be evaluated from the coupled equations
(46) and (49).

For example, when z = 4 (or square lattice), they reduce to
m = 4(K1 + 3K2A? — 2K223)m + 4K(1 — 322 + 23%)m? (51)
and
m? + A(1 — m?) = K; (1 + 3X2) + K22%(3 + A?)
+ m2[3K;(1 — A?) + K2(3 + 302 — 823 4 22%)]
+m?[1 — 6)% + 83 - 3)Y), (52)
where coeflicients K; and K> are given by '

K1 + 5ltanh(467) + 2tanh(247)),
K> + -;—[tanh(4,3J) — 2tanh(287)]. (53)

Thus, the transition temperature T can be determined from the coupled equations
1= 4(1{1 -+ 3I<2/\2 - 2[(2/\3),

A= Ky +3X3(Ky + K3) + K204, (54)
which can be solved analytically and gives
ksT _ 2 _ _1

The temperature dependence of A for the ferromagnetic square lattice with nearest-
-neighbor interaction J is depicted in Fig. 1 by solving the coupled equations (50)
and (51) numerically.
In general, the transition temperature T, and the correlated parameter X at
T = T¢ are given by, within the present formulation (or (46) and (49)),
ksT: _ 2
J  In[z/(z-2)]

(56)
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Fig. 1. The temperature dependence of X for the ferromagnetic square lattice.

TABLE I
Values of kgT/J.

z | MFA | EFT (Zernike) | Bethe-Peierls | Exact
2 2.0 0.0 0.0 0.0
3/ 3.0 2.104 1.821 1.519
4 4.0 3.090 2.885 2.269
6 6.0 5.073 4.933 4.511
8 8.0 7.061 6.952 6.353

12 12.0 11.045 10.970 9.795

and
1 :
AT = = —

The result of T;. is equivalent to that of Bethe-Peierls approximation, although the
philosophy on which these two theories are based is different to each other. For
comparison, the values of T, obtained from Secs. 4.1 and 4.2 as well as the MFA
are collected in Table I and the exact or high-temperature series expansion results
[16] are also listed.

4.3. Effective-field renormalization group method

In Secs. 4.1 and 4.2 we have discussed how the spin correlations can be
decoupled for transforming the transcendental function into a polynomial form.
Then, the results applicable to general lattice coordination numbers are obtained.
However, the fault of these approaches is that the results depend on the coor-
dination number, but not on the dimensionality. A value of z = 4, for example,
may equally be a square lattice or a diamond lattice. In order to take account
of the lattice dimensionality as well as the coordination number, one has to treat
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the multispin correlation functions in forms depending on these qualities. Such a
formulation can be made by going to Matsudaira’s higher order decoupling ap-
proximation [3] better than the simple decoupling approximation (30). Then, the
formulation cannot be described in a general form but it must be made separately
in a way of depending on the lattice structure. Another way of incorporating these
properties is to express the thermal average of the transcendental furnction as an
average over a finite polynomial of spin operators in an n-site cluster (n > 1)
[4, 17].

In this part, let us discuss how traditional (effective-field) procedures of ob-
taining equations of state can be converted into a modern tool for constructing a
regular renormalization-group mapping according to the Wilson ideas. Due to its
connection with standard mean-field procedure, the denomination of mean-field
renormalization group has been used in the literature [18]. It has been success-
fully used to provide qualitative and quantitative insights into the critical behav-
ior of spin systems. On the other hand, the effective-field renormalization-group
scheme can be, via the differential operator technique, formulated by treating the
eflects of the surrounding spins of each of the clusters in a way of constructing the
eflective-field equations of states on the basis of the Ising spin identities.

The principle of the phenomenological renormalization group is based on
the comparison of two clusters of different sizes N, N’ (N’ < N), each of them
simulating the infinite system. For the two clusters, one calculates an approximate
equation of state for the magnetization per site, namely my and mp:. In the
mean-field renormalization group, this is done within the traditional mean-field
scheme, in which the effects of the surrounding spins in each clusier is replaced
by very small symmetric breaking fields b and ¥, acting on the boundary sites of
each of the clusters with N and N’ interacting spins, respectively. By imposing
that both magnetizations of the clusters and respective symmetric breaking fields
are scaled in the same way, one gets

Omy(K,b) dmy(K'; ) '
= , (58)
8b b=0 abl =0
which is independent of the scaling factor. This relation gives a recursion rela-
tion between the coupling constants K and K’ in the systems. From the relation
K' = K'(K), the critical coupling K. can be extracted by solving the fixed point

equation K* = K'(K*) invariant under a change of scale. Furthermore, the critical
exponent v of the correlation length ¢ defined by

§x |T—Te|™ S (59)

can be also obtained by linearizing the recursion relation in the neighborhood of
the fixed point K*:

31\,’ _ 1/]/ ' ' .
(51{ )K=K' =t . (60
where I = (N/N")}4 is the scaling factor and d'is the dimensionality of the system.
Let us illustrate now the general arguments of the phenomenological renor-

malization group by taking the simplest choice, namely, clusters of one (N'=1)
and two (N = 2) spins. In the one-spin cluster the spin p; interacts with z;
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nearest-neighbor sites via the coupling constants K;. In the two-spin cluster, on
the other hand, the spins py and p» interact directly via the coupling K;5 and
both p; and p, spins interact with their neighbor sites also via the coupling con-
stants Ky; and Kj;. Using the same procedures as those of Sec. 2, the averaged

magnetizations mpy: and my associated to the N/ = 1 and N = 2 clusters are
given by

s = (r) = <tanh (Z Ki,-u}) > - (61)
J

o _1_ 3 sinh(u + v)
o <2(u1 * ”2)> - <cosh(‘u +v) + exp(—2Ki2) cosh(u — ”)> -

where u = Zj Kl_,:pj anc% v= Zj' Kajipj.

Using the differential operator technique and noticing that the sites 1 and
2 of the two-spin cluster may include a set of common-neighbor sites, the set of
Egs. (61) and (62) can be written in the following forms:

my: = <H exp(K7; 1 Vw)> f(”)|x=o (3)
J

and

and

! '
my = <H exp(KljujV)H exp(Kaji 1 Vy)

i i

1
xH exp[ur(K1x Vs + K2kvy)]> f(z, y)lg;:O,y:U’ (64)
k

where V, = 8/8u (¢ = z or y) are the differential operators and the functions
f(z) and f(z,y) are defined by

f(z) = tanhz (65)

and

_ sinh(z + y)

f(=z,9) = cosh(z + y) + exp(—2Ki2)cosh(z — y) (66)
Here, the products []' over j and j' in (64) are respectlvely the isolated nearest-
-neighbor spins of sites 1 and 2, while the product [T over k is restricted to the sites
which are simultaneously nearest neighbors of both g, and pg spins. Furthermore,
the exponential operators in (63) and (64) can be rewritten into the product forms
of pj by the use of (20)

As discussed in Sec. 4.1, we introduce here the decoupling approximation
(30) into the exact relations (63) and (64). Basing on the approximation (30) and
replacing each boundary average {(p;:) (or (y;)) in their right-hand sides with the
symmetry breaking mean-field parameters b (or b;), the critical behavior of the
system can be obtained by expanding the nght hand side of them and taking only
first-order terms in these parameters

mai (K, b) = AGN(K)Y + 0(53) (67)
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and
mu (K, 8) = AR (K)b + O(?), (68)

where the coefficients A%,)(K ') and A%)(K ) for the N’ = 1 and N = 2 clusters
are given, on assuming only the nearest-neighbor interactions (K’ and K), by

A%,)(K’) = zlcosh"l(I\’V,)f(z)L:o ‘ (69)
and
AEG)(K) = {2z’sinh(KV,)cosh""l(KVz)cosh” (I(Vy)cosh‘" [(K(Vs+ V)l

+2"sinh[K (V + V,)]cosh® (K'V)cosh? (K'V,)

xcoshz""l[K(Vz + Vy)]}f(xr y)l

Here, 2z’ denotes the number of sites which are nearest neighbors of u; (or u2)
but not neighboring to pa (or g1), and 2” represents the number of sites that
are simultaneously nearest neighbors of both u; and ps. Thus, z; = 22/ + 2" is
the total number of nearest-neighbour sites of the two-spin cluster. Hence, the
coeflicient A%)(K ) incorporates the detail of the geometry of the lattice beyond
its coordination number z;, through 2’ and z”.

Combining (69) and (70) with the scaling assumption, one gets from (58)

AQ)(K") = AQ(K), (71)

which is the recursion relation between the coupling constants K and K’ for the
two rescaled systems N’ = 1 and N = 2. The reduced critical interaction K, is
the non-trivial fixed point K’ = K = K* = K, solution of (71) and the critical
exponent v for the correlation length can be obtained from (60), noting that

(70)

z=0,y=0"

(8A(E'[)(K))
BK') oK KK
on- - /K=K 72
( 0K ] ki (72)

- (aAfj,}(Kl)) ’
—BK’
K=K+

These approaches can be also extended to higher-order approximate recur-
sion relations by considering clusters larger than N = 2. The numerical results
obtained from such effective-field renormalization group methods are given in Ta-
ble Il and compared with those of the exact calculations or high-temperature series
expansion methods as well as the mean-field renormalization group method [19].

5. Thermodynamic properties

In the previous sections, some magnetic properties (T and magnetization)
of a spin-1/2 Ising system have been discussed. Here, let us study how other
thermodynamic properties of a spin-1/2 Ising system can be formulated on the
basis of the differential operator technique. ‘
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TABLE II
(a) Values of the reduced critical temperature K for several lattice
structures [19] and the mean-field renormalization group (MFRG) (the
numbers in brackets) [18], when N’ = 1 and N = 2. (b) Results for
the reduced critical temperature K;! and critical exponent v for the
simple quadratic and three-dimensional cubic Ising models [19], when

. higher-order approximate recursion relations are used.

(a)
Honeycomb Kagome Quadratic
(d, 21, 23) (2,3,4) (2,4,5) (2,4,6)

EFRG(MFRG) 1.588(1.820) | 2.083(2.882) 2.794(2.882)

(b)
N/N' Simple quadratic Simple cubic
K;1 v K;1 v
2/1 |2.794(2.882) | 1.393(1.667) | 4.852(4.926) 1.369(1.538)

4/1 | 2.697(2.770) | 1.166(1.449) | 4.829(4.902) 1.238(1.389)
4/2 | 2.640(2.703) | 1.006(1.282) | 4.806(4.878) 1.139(1.266)
Exact |  2.269 1.00 4.511 0.629

5.1. Initial susceplibility

The initial susceptibility x is defined by

om(T, H)

X(T) = 73)

H=0
For the spin-1/2 Ising model, the magnetization m(T, H) is given by (23), on
putting {f1} = 1 into it. Accordingly, the initial susceptibility (73) is given by

0 .
x(T) = {5}7 <H[cosh(J,-_,- V) + ujsmh(J,-jV)]>} tanh(ﬂz)L:O
J H=0

+8 <H[cosh(J;jV) + u;j sinh(J.-,-V)]> sech®(Bz)|__,, (74)
J 0
where (- - ) and (- - -)o express respectively the field- and zero-field dependencies
of the canonical average. This is also exact and valid for any lattice.

For the spin-1/2 linear chain with nearest-neighbor interactions, Eq. (74)
can be calculated exactly by the use of the spin correlation function {(p;—1pi41)0
as follows [5]:

1 [+ {pic1piza)olsech®(287) + [1 — (tigapti-1)o] (75)
X = oksT 1 - tanh(287) ‘
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From Eq. (29), {#i~1i+1)0 is given by tanh?(8J), so that (75) reduces to
1
x(T) = k—-BTexp(2J/kBT), (76)

which is the exact result of the spin-1/2 Ising chain.

In a real system with a higher dimensional lattice where the number of neigh-
bors is z > 2, one cannot calculate (74) exactly and hence some approximation
must be introduced for the evaluation. For example, when the decoupling approxi-
mation (30) is introduced into the right-hand side of (74), the initial susceptibility
of the spin-1/2 Ising ferromagnet with nearest-neighbor interactions can be ex-
pressed as

XT) = s (77)
with

I' = zsinh(J V)[cosh(J V) + msinh(JV)]*~*tanh(8z)| _,, (78)

A = [cosh(J V) + msinh(J V)] sech?(Bz)]__,» (79)

where the magnetization m can be obtained from (32). At T' = T, m = 0, so
that the relation I' = 1 in the denominator of (77) reduces to (27). From it, the
transition temperature can be determined. Thus, the initial susceptibility diverges
at T' = T.. The paramagnetic susceptibility valid for T > T is then obtained by
substituting m = 0 into (78) and (79).

5.2. Internal energy and specific heat

For H = 0.0, the internal energy U of the spin-1/2 Ising model is given by
U 1

v —-2‘(Eilli>; (80)
where N is the total number of magnetic atoms and E; = 3, Jijp;. Substituting
{fi} = E; into (23), the internal energy can be written as

2U .
= —(E:e®V)tanh(Bz)|__,
lij
= — [?(exp(E;y))] tanh(ﬂz)lzﬂ. (81)
Yy y=V
This is also exact. Then, the specific heat, defined as
ou

can be also evaluated by using (81).

For the spin-1/2 Ising chain, the internal energy (81) can be calculated ex-
actly. It is given by

2U

= —Jtanh(287)[1 + (pi-1pi41)] = —2Jtanh(8J), (83)
from which the specific heat is
J2N 2
C= sech® (J/kgT). (84) .

kpT?
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Thus, the exact thermodynamic properties of the spin-1/2 Ising chain can be
derived from the differential operator scheme.

For real systems, on the other hand, the expression {(exp(E;y)) in (81) can be
evaluated by the use of some approximation discussed in Sec. 4. Within the frame-
work of the decoupling approximation (30), the internal energy of the spin-1/2
Ising ferromagnet with nearest-neighbor interactions is given by

2U

~ = —2J[sinh(JV) + m cosh(JV)]

x[cosh(J V) + msinh(JV)]*~! tanh(8z)|z=0, (85)

from which the specific heat can be also obtained. Here, notice that the decoupling
(or Zernike) approximation predicts a magnetic specific heat starting from zero
at 7' = 0 K and rising to a sharp maximum at T" = T.. At this point it drops
discontinuously to a non-zero value and then tails off at high temperatures, varying
as T~2 in the high-temperature limit. As is understood from (85) with m = 0.0, the
non-vanishing specific heat provides a distinct improvement over the traditional
MFA with C = 0.0 for T > T¢, due to the finite short-range order above the Curie
point [4, 20].

6. Spintone Ising models

In the previous sections, the spin-1/2 Ising model has been formulated and
discussed on the basis of the differential operator technique. On the other hand,
spin-one Ising models are also encountered in different fields of physics and continue
to be one of the most actively studied problems in statistical mechanics. In contrast
to the spin-1/2 Ising model, they are of particular importance, because of the
fundamental interest in the multicritical phenomena of physical systems, such
as 3H.—*H. mixtures, ternary alloys, metamagnets and multicomponent fluids.
In particular, the spin-one Ising model with a crystal-field interaction is often
called the Blume-Capel (BC) model [21] and the Blume-Emery-Griffiths (BEG)
model [22] contains a biquadratic exchange interaction and single-ion anisotropy in
addition to the bilinear exchange interaction. In this section, let us study how the
two spin-one Ising models can be formulated by starting from the corresponding
Ising spin identities and using the differential operator technique.

6.1. Blume-Capel model
The Hamiltonian of the Blume-Capel (BC) model is given by

H= —JZ Si 8% — DZ(S{)Z, (86)

where S7 takes the values :l:l and 0, and the first summation runs over all
nearest-nelghbor spins. J (J > 0) is the exchange interaction and D — the crys-

tal-field constant.
Using the treatment presented in Sec. 2, one can obtain the exact identity

of this model as

({£:387) = {£i} F(Ed) (87)
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with

E=JY S, (88)
7

where the function F(z) is defined by
2 sinh(Bz)
2 cosh(Bz) + exp(—BD)’
This identity corresponds to a special case of Eqgs. (10) or (12). In fact, when
D — 00, the function F(z) reduces to tanh(8z) and hence (89) becomes equivalent
to (10). In other words, when D takes a large positive value, the BC model behaves
like the standard spin-1/2 Ising model and in this case the S} = 0 state is not
allowed energetically.
On the other hand, by comparing the values of the ground state energies for
the BC model with S7 = %1 or S7 = 0, the possible ordered phases at T'= 0 K
are separated at the critical value D. of D, namely '

D, z

=L, (90)
where z is the coordination number. That is to say, at the critical value, the
ordered phases at T' = 0 K may show the first-order transition: from the S7 = £1
state to the Sf = 0 state, when the value of D decreases. Below the critical
value, the BC model does not show any long-range order (or m = (S7) = 0.0) at
T = 0 K. In relation to this behavior, the BC model may take a characteristic
feature (or multicritical phenomenon), when the value of D becomes negative.
Thus, the BC model may exhibit an outstanding phenomenon completely different
from the standard spin-1/2 Ising model. ’

Now, by introducing the differential operator technique (87) can be written

F(z)= (89)

as

{£:}57) = ({£:}eP V) F(2)lo=0. (91)
For a system with S = 1/2, we have used the identity (20), in order to treat
the exponential operator exp(E; V). For this case, the S7 takes three components,
namely Sf = +1,0,—1, and hence we must use another identity given by

exp(aS}) = (S7)?cosha + Sf sinha 4 1 — (S7)? (92)
for § =1 [23]. Then, Eq. (91) can be written as

({f:}8¢)

= <{f,-} H[(Sj )? cosh(J V) + 87 sinh(JV) + 1 — (S} )2]> F(z)|o=0-  (93)

This is also exact and is valid for any lattice. In particular, the magnetization per
site, (S7), can be obtained by substituting {f;} = 1 into (93).

At this place, expanding the right-hand side of (93), multispin correlation
functions appear. However, the formulations discussed in Sec. 4 can be also applied
to this model with some modifications. The first step for treating them is to neglect
the correlation between different sites, namely

(S7(SD)*.--SF) m (SN(SE)?) .. (SP), NG
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which fzorresponds to the Zernike approximation of the spin-1/2 Ising model. In-
troducing the approximation, the magnetization per site is given by

(87) = H [{(57)?) cosh(J V) + (S} sinh(J V) + 1 — {(57)?)] F(2)|s=0. (95)
. ,

In order to evaluate (S7), it is necessary here to calculate another order
parameter {(S7)?). This situation normally appears in a system with S > 1/2,
when we use a method beyond the standard MFA. By the use of the same procedure
as that of (91), one can also derive an exact identity

((S7)%) = (G(Ex) = (FV)G(2)|, (96)

with
_ 2 cosh(Bz)

Gle) = 2 cosh(Bz) + exp(—BD) " (°7)

Assuming that

m=(S5) and gq=((S})7, (98)
we obtain, from (95) and (96),

m = [qcosh(JV) + msinh(JV) + 1 - ¢]° F(z)|,=o (99)
and

q = [gcosh(JV) + msinh(JV) + 1 — ¢)° G(z)|,=0 - (100)

These equations are valid for any kind of lattice structure characterized by the
coordination number 2. In particular, for the linear chain (z = 2) one can easily
prove from these equations that m = 0.0 for all temperatures (or Tc = 0) [24].
Iere, for deriving Eqs. (99) and (100), we have used Eq. (94). The improvement
may be also done, like in Secs. 4.2 and 4.3. For other thermodynamic properties,
we can also formulate in the same way as that of spin-1/2 Ising model in Sec. 5.

As noted first, the BC model may show a characteristic behavior (or a mul-
ticritical point), when the value of D/J takes a negative number. That is to say,
it is well known that the tricritical behavior may appear in the system. At the
tricritical point, the system changes from the second-order phase transition to the
first-order one, when the transition temperature is plotted as a function of D.

In order to discuss the tricritical behavior, the right-hand side of (99) and
(100) must be expanded by assuming that m is small. Then, we obtain in general
an equation for m of the form

m = am+bm®+cm® +... , (101)
The second-order phase transition line is determined by the condition

a=1 and b<0. (102)
Ilere, the parameter a is defined by

a = zsinh(J V) [go cosh(J V) + 1 = go]* ™! F(2)]s=0, . (103)

where ¢ is the solution of

%0 = [gocosh(JV) +1—qo)" G(&)| oo (104)
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In the vicinity of the second-order phase transition line, the magnetization m-is
given by
m? =1 5 ’. (105)
The right-hand side must be positive. If it is not the case, the transition is of the
first order, and hence the point at which

a=1 and b=0 _ (106)

is the tricritical point [25].
At this point, in order to obtain the expression for b, let us substitute

g =qo+qm? (107)
into (100). The expression of ¢; is then given by
f .
_ 108
N 1—e (108)
with
e = z[go cosh(JV) + 1 — ¢o)*~* [cosh(J V) — 1] G()|z=0, (109)
I
f= ﬁ [g0 cosh(J V) + 1 — go)*~Zsinh®(JV)G(2)]z=0- (110)
Substituting (107) into (99), the expression of b in (105) is given by
- 2—-2
b= G 2)| —————q1 [go cosh(JV) + 1 — ¢o]
x sinh(J V) [cosh(J V) — 1] F(z)|,~o
2!
+———-—— [90 cosh(J V) + 1 — go)*~? sinh®(J V) F(2)|s=o. (111)

3!(z - 3)!

In Flg. 2, the transition temperature of the BC model is schematically de-
picted as a function of D/J. In the figure, the solid and dashed lines denote re-
spectively the second-order and first-order phase transition lines. The white circle
represents the tricritical (or multicritical) point. In Table III, the results of the
tricritical point obtained from the condition (106) as well as other methods are
collected. These results indicate that the tricritical point [24, 25] of the BC model
is universally found at

D, _
— = -047. (112)
6.2. The Blume-Emery-Griffiths model
The Hamiltonian of the Blume-Emery-Griffiths (BEG) model is given by
H=-J) SiSi—J'Y (588 - DY (S7)?, (113)
ij i i

where J,J/, and D are the bilinear, biquadratic and anisotropy parameters, re-
spectively. Here, when J’ = 0.0, Eq. (113) reduces to (86), namely the BC model.
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Phase diagram of the spin-one BC model. The white circle represents the tri-
critical point. The solid and dashed lines express respectively the second-order and

first-order transition lines.

TABLE III

Values of tricritical points (Dy/zJ, kgTi/zJ) in the spin-one BC model.

MFA

EFT

RG

SE

S A W R

(—0.463,0.333)

(—0.473,0.237)
(—0.472,0.253)
(—0.468,0.279)

(—0.501,0.232)
(—0.482,0.262)

(—0.470,0.271)

Accordingly, the frameworks discussed for the BC model can be straightforwardly
extended to the BEG model, when the identities for the model are obtained.

For this aim, the exact identities of the BEG model were derived by Fitti-

paldi and Kaneyoshi [26], and Tucker [27] by the use of the differential operator
technique. They are given by

with

in which we have introduced the notations
v = cosh(K'Vy),

{r:385) = <{f.-} 1 Pi(Si+s, (Si+s)?; Ve, Vy)> {CN7)] IS
§

ICHRE <{fi} [T P:(Si+6, (Si46)% Va, Vy)> (=, y)lxzo,yﬂ
')

i(S5,(57)% Ve, Vy) = 14 apSi + (vp — 1)(5§)?,

a = sinh(KV,),

p =exp(K'Vy),

(114)

(115)

(116)

(117)
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where K = fJ, K’ = fJ' and V, = 3/0p (4 = z,y) are the two diflferential
operators. The functions f(z,y) and g(z,y) are defined by

2expysinhz
_ 118
J(2,9) exp(—BD) + 2exp y cosh z (118)

and
2expycoshz
exp(—BD) + 2expycoshz’
At this place, one should notice that the identity

exp(aS7 ) exp(a’(S7)?) = 1 + Sf exp a’sinha + (S7)%[expa’cosha — 1] (120)
has been used for the derivation, instead of (92) in the BC model.

Owing to the similarity between the identities (91) and (96) of the BC model
and the identities (114) and (115) of the BEG model, we can also introduce the
approximate treatments of Sec. 6.1 into the identities (114) and (115). The simplest
approximation is to use the decoupling approximation (94). Then, the expectation
values defined by

(119)

9(z,y) =

=(Sf) and ¢ =((5})%) (121)
are given by
m; = H[l +apmiys + (vp — 1)gis) f (=, y)luo'y:o, (122)
5
9 = H[l + apmiys + (vp — 1aivsly(z, y)lz=0,y=0' (123)
s

Now, let us define the parameters d and r as
d=2 and r=L (124)

=5 and r=—,
where J > 0. We assume at first that m = m; and ¢ = ¢; in (122) and (123),
like the BC model. This may be called the one-sublattice model. Then, from the
ground state argument the Sf = 0 (m = 0, ¢ = 0) state and the $7 = +1 (Jm| =1,

g = 1) state at T'= 0 K are separated by the condition
d= -——;-(1-{-7'), (125)

instead of (90). This relation is depicted in Fig. 3 as a dashed line. When T, of the
system with r > —1 is plotted as a function of d, the tricritical point can be also
found on the curve at a negative value of d. On the other hand, when r = —1.0,
the Tt curve reduces to zero at d = 0.0 and hence the tricritical behavior as well
as Tc cannot be obtained in the negative region of d. In this way, the BEG model
has an additional parameter r. Therefore, it can include richer phenomena than
the BC model, especially when r becomes smaller than r = —1.0. The situation
is depicted in the figure, which is obtained from the magnetlzatlon process in the
one-sublattice model [28].

A particular interest of recent researches is directed to the region of r < —1.0
in this model. The Monte Carlo simulation [29] has predicted that a new phase
may occur in the region of J + J' < 0.0 and D < 0.0, namely » < —1.0 and
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Fig. 3. The possible ground-state phase diagram expected from the saturation process
for the BEG model on a honeycomb lattice.

d < 0.0. In the phase the system does not show any long-range order (or m = 0.0)
in a usual sense and splits into two interpenetrating sublattices. That is to say, the
result indicates that the new disordered phase consists of two interpenetrating local
sublattices randomly distributed in the system. One sublattice has sites occupied
by S7 = 0.0 and the other sublattice has sites occupied randomly by S} = =*1.
Thus, when r < —1.0, the description of the two interpenetrating sublattice model
seems to be required for this model, although the new phase (often called the
staggered quadrupolar phase) corresponds to the phase IV with m = 0.0 and
q # 0.0 in Fig. 3 obtained from the magnetization process of the single sublattice
model.

7. Higher spin problems

In the previous sections, we have studied spin-1/2 and spin-1 Ising models
by means of the differential operator technique based on the identities. Now, how
can the technique be extended to the Ising models with spin values higher than
S = 17 For example, from Eq. (12) we can also obtain the following form:

({1:357) = S({f:} exp(E:V))Bs(Bz)| - (126)

Then, in order to treat the exponential operator, the identities (20) and (92) have
been used in spin-1/2 and spin-1 Ising models. These identities are often called the
Van der Waerden identities. For S = 3/2, on the other hand, the Van der Waerden
identity is given by

exp(aS?) = A(a) + B(a)S? + C(a)(S7)? + D(a)(S? )? (127)

with
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Aa) = —18—[9cosh(a/2) — cosh(3a/2)],
B(a) = %2—[27sinh(a/2) ~ sinh(3a/2)],
Cla) = -;—[cosh(3a/2) — cosh(a/2)],

D(a) = %[sinh(3a/2) — 3sinh(a/2)]. (128)

In general, for an arbitrary spin value larger than S = 1, the following transfor-
mation is valid:

25
exp(aSf) =Y An(a)(SF)". (129)

Substituting Sf = —S, ..., +S into (129), one can get a set of (254 1) parameters
for the spin variables as well as the coefficients A, (a), like (128) [30].

By selecting the spin-S BC model, let us discuss in this section how the
differential operator technique can be extended to the Ising problem with a higher
spin value (S > 1). The Hamiltonian is also defined by (86). Then, the spin
operator S7 in (86) can take (25 +1) values allowed for a spin S, namely S} = -5,
-5+1,...,8—1, 8. For the spin-S BC model, one can derive the following
identities:

({£:357) = ({fi}Fs(Ey)) = ({fi} exp(EiV)) Fs(2)| -, (130)
and
((S£)?) = (Gs(E:)) = (exp(EiV))Gs(2)|, o (131)

where E; = J 3. S? and the functions Fs(z) and Gs(z) depend on the value of S.
For §=1, Fs(zﬁ and Gg(z) are given by (89) and (97). They are defined by

1 3sinh(3Bz/2) + exp(—2DpB)sinh(Bz/2)
2 cosh(3B8z/2) + exp(—2DB)cosh (Bz/2)’

Fs(:c) =

2) = 1 9cosh(3fz/2) + exp(—2Dp)cosh(Bz/2)
Gs(z) = 4 cosh(30z/2) + exp(—2Df)cosh(Bz/2) (132)

for § =3/2,
Fs(z) = 4sinh(24z) + 2 exp(—3Dp)sinh(Bx)
s 2cosh(20z) + 2 exp(—3DfB)cosh(Bz) + exp(—4Dp)’
Gs(z) = 8cosh(2pz) + 2 exp(—3DfB)cosh(fz) (133)

"~ 2cosh(2Bz) + 2 exp(~3DpB)cosh(Bz) + exp(—4Dp)
for S = 2, and so on.

Now, using the Van der Waerden identity (129) for an arbitrary spin S, the
exponential operator in (130) and (131) can be exactly represented as the product
of the sum of (25 + 1) independent variables at each neighboring site. In contrast
to the spin-1/2 and spin-1 cases, it is not so easy to treat these Ising spin identities
in the simple forms. In fact, even when the simplest decoupling approximation,
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like (94), is adopted for different neighboring sites, one must introduce the 28
independent spin variables

m=(SF), ¢={(S{)), r=((S)3), ..., v={((S})*) (134)
for the evaluation of the identities. Furthermore, expanding the right-hand side of
these identities, the calculations of the coefficients in the polynomials of the 28
order parameter become too complicated forms of the coefficients, A,(a), in the
Van der Waerden identity (129), like (128) for S = 3/2.

In order to avoid such calculation difficulties inherent to the usage of the
exact spin-S Van der Waerden identity, Kaneyoshi et al. [30] have introduced the
generalized but approximated Van der Waerden identity

exp(aS?) = cosh(na) + %sinh(na) , (135)
with
n=((5)*), (136)

which is valid for any spin value S. In particular, for S = 1/2 Eq. (135) reduces to
the exact one

exp(aS}) = cosh(a/2) + 257sinh(a/2), (137)

since the parameter 7 is then given by 7 = 1/2. In fact, the framework based on
(135) has given reasonable results for various physical quantities in comparison
with those based on the exact Van der Waerden identities [31]. Thus, Egs. (130)
and (131) can be transformed, by the use of (135), into the forms

()8 = <{f.-} T [eosh(759) + ZLsinn(7) > Fo(@)l,cg  (139)
and

((S5)?) = <H [cosh(JnV) 4+ %sinh(JnV)] > Gs(z)|x=0. (139)

J

By the use of these formulations, one can evaluate various magnetic proper-
ties of the spin-S BC model, as discussed in the previous sections. At this place,
we shall discuss only the phase diagram of the system. In the same way as that of
Sec. 6.1, one can obtain

m? =1 ; a (140)

in the vicinity of the second-order phase transition line. The general expressions
of the parameters @ and b are given in [30].

From the general framework, the phase diagram can be evaluated numeri-
cally. In this case, the obtained result must be distinguished, depending on whether
S is an integer or a half-integer:

(i) For an integer spin (S = 1,2, ...), there always exists a point at which
the tricritical condition (@ = 1 and b = 0) is satisfied, when the value of D/J takes
a negative number. The phase diagram is given by the same form as Fig. 3 for the
spin-one BC model. Within the present formulation, the tricritical point for the
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spin-one BC model is also given by (112). On the other hand, the tricritical point

for S = 2 can be determined as

De_ 0498 for S=2 (141)
zJ

With the increase in S, therefore, the value of D;/zJ seems to approach to the
critical value Dy/2J = —0 5.

(ii) For a half-integer spin (S = 3/2,5/2,...), the parameter b is always
negative for any z. In other words, the BC model with a half-integer spin does not
show the tricritical behavior. This is reasonable, since the system does not include
the S7 = 0 state. The phase diagram is schematically presented by Fig. 4. In fact,

Kl
J

o T T v T %

Fig. 4. Phase diagram of the BC model with a hall-integer spin (S > 1/2).

when D — oo, the functions Fs(z) and Gs(z) are respectively given by

Fs(z) = Stanh(SBz) and Gs(z) = 52, (142)
which means that only the S7 = +S state is allowed in the limit. Substituting
(142) into @ and noticing that n = S, the condition @ = 1 determining T is given,
within the present formulation, by

1= zsinh(SJV)coshz'l(SJV)tanh(,BcSz)h:o. (143)
On the other hand, when D — —o0, the functions Fs(z) and Gs(z) are given by
Fs(z) = %tanh (%ﬂz) and Gg(z)= i—, (144)

which implies that only the Sf = +1/2 state is allowed in the limit. Here, the
transition temperature is determined from

1 = zsinh (iv) cosh”™1 (iv) tanh Pe, , (145)
2 2 2 =0 N

which is nothing but the Zernike equation (33) for S = 1/2. Thus, for |D| — oo,
the phase diagram of the BC model with a half-integer spin may approach to the
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two constant values continuously, namely one — the transition temperature of the
S = 8§ state and the other — the transition temperature of the S} = +1/2
state.

8. Spin-S transverse Ising model

The Ising model with a transverse field §2 is described by the Hamiltonian
1 2
H=_§ZJ,-,-S,-=S,- —nZs:F, (146)
1,2} 13

where the S7, S¥ are the components of quantum spin S operators and the first
summation is over all nearest-neighbor pairs.

The transverse Ising model for the case S = 1/2 has been extensively in-
vestigated for many years by the use of various techniques. In fact, the model is
useful for the study of cooperative phenomena and phase transitions in many sys-
tems including order-disorder ferroelectrics, induced moment ferromagnets, and
cooperative Jahn—Teller systems. In this section, let us discuss how the present
technique can be extended to the model with an arbitrary spin S.

For the application of the differential operator technique to an Ising spin
system, it is necessary to find the spin correlation identity. As discussed in Sec. 2,
it is always based on the fundamental fact that H; and H’ commute each other,
when the Hamiltonian is separated into two parts H; and H’ like (4). For the
transverse Ising model, on the other hand, one should notice that H; and H' do
not commute when the Hamiltonian (146) is separated into two parts. Owing to
the fact, the exact identities cannot be derived for the transverse Ising model.
As proposed by SaBarreto et al. [32], however, the approximated spin correlation
relations can be derived for the Hamiltonian (146) and they have been used as the
starting formula.

Let us start at first from the derivation of the approximated identities. The
expectation value including the longitudinal or transverse spin operator at a site
i is given by

oy - Tr[{fi}SP exp(=BH)]
({387 = —¢ xp(—BM] (147)
where a = z or z. Separating the Hamiltonian (146) into two parts, H; is given by
H; = —E;S7 — 0257 (148)
with
E;=)_ Ji;S;. (149)
j

By noticing that H; and H' do not commute, we can obtain the following result
for the expectation value (147):

v _ [ o4 Tr(i S8 exp(=BH;)
({fi}sf) = <{f.} T,y exp(—BH;) >

- [FEeregis - st) 3) a5
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with

A =1—exp(—pH;)exp(~BH') exp[B(H; + H')], (151)
where T,.(;; means the partial trace with respect to the lattice site i.

Equation (150) is also an exact relation, although it is difficult to deal with
owing to the presence of the second thermal average. Accordingly, let us introduce
an approximation as follows:

T g5y SE exp(—BH) ] —>
; -5 A
ro (i) | P —s¢]> a 152
(1 [FRECE) 5] ) @, (152)
from which we can obtain a relation
T, (i) S¢ exp(—BH;) >
1S = ; .

(s = (U T
Then, the decoupling (152) can be viewed as a zeroth-order approximation of the
exact relation. In other words, Eq. (153) can be assumed to be obtained from the
approximation

{f:}(@S; - 88)) =0, (154)
where
g2 = Trn) S exp(—fH;)
' Trpyexp(—BH:)

The approximated relation (153) has been used by many authors as the
starting point for the statistics of the transverse Ising model. In fact, it has been
successfully applied to a number of interesting physical systems for S = 1/2 and
S =1 [33]. In order to calculate the relation (153), one must diagonalize the form
of H; by the use of the rotational transformation

] t o,
Sf = 857 cos ¢; — S¥ singy;,

(153)

S =S¥ sing; + S¥' cos ¢ (155)
with ‘

cos ¢; = E;/0;, sing; = 2/0;, (156)
where 0; is defined by

¢i = (2° + E})/2. ' (157)
For the evaluation of (153), furthermore, one must use the following matrices:

(0]SF'|0") = 85,01, . (158)

(015510} = (0'155 1o} = 380r,0-1[(S +0)(S - o + 1), (159)
where 6 is the Kronecker §-function and o can take 25 + 1 values allowed for a
spin S, namely 0 = -5, -S+1, ..., S~ 1, S. From these procedures, one can

get the relations [34]:
s = (s, (160)
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- 2
(st = (s, (161)
where the function fs(z) depends on the value of S. The function is given by
1 1 1
fs(z) = §tanh (gﬂy> for S= 3 (162)
fs(z) = _2sinh(By) o oo 1, (163)

2cosh(fBy) +1

and so on, where the parameter y is defined by
y = (2% + )12, (164)

In the limit of 22 = 0, ({£;}SF) = 0 and §; = E;, so that for S = 1/2 Eq. (160)
reduces to the Callen identity (10) for the spin-1/2 Ising model. In particular, the
standard MFA is given by replacing the operator E; in (160) and (161) with the
averaged value (E;); by setting {f;} = 1 into them, the longitudinal and transverse
magnetizations of the MFA are given by

(s1) = rsima), (165)

(57) = 3 /5(E), (166)
with

0: = (2% + ((E:)))'V2. (167)

Thus, the relations (160) and (161), although they are approximately derived, are
expected to give fairly nice results especially for small values of §2.

By introducing the differential operator technique, the magnetizations can
be rewritten as

(S7) = (exp(E;V)) Fs(2)ls=0, (168)

(S7) = (exp(E; V) Hs(2)ls=0, (169)
where the functions Fg(z) and Hs(z) are defined by

Fs(z) = m fs(2),

Hs(z) = mfs(x)- | (170)

In order to treat the exponential operator in (168) and (169) for an arbitrary spin
S, let us use the generalized but approximated Van der Waerden identity (135).
Then, for a spin S higher than § = 1/2 one has to evaluate the parameter 75
defined by (136). It can be derived in the same way as (S7) and (S7) by the use
of (135): |

n? = ((S{)?) = (exp(Ei V))Gs(2)]-=0 (171)

<H [cosh(],-jnV) + % sinh(J,-jnV)] > Gs(z)|z=o0,
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where the function Gg(z) also depends on the spin value S. When S = 1, for
example, it is given by

2 24 .2
Gs(z) = n -i;(:c +y )cosh(ﬁy)’

y2[1 + 2 cosh(By)]
where y is defined by (164).

'As discussed in the previous sections, various magnetic properties of the
spin-S transverse Ising model can be derived from these relations. Ilowever, fur-
ther development becomes untractable and consequently we have to introduce
some approximation. Then, the simplest approximation is also to introduce the
decoupling approximation, like (94). Using the decoupling approximation and tak-
ing account of the fact that J;; is given by J for nearest neighbors, the longitudinal
and transverse magnetizations as well as the parameter 7 are given by

(172)

m, = (S?) = [cosh(JnV) + %sinh(]nv)]z Fs()]z=0, (173)

mg = (S¥) = [cosh(JnV) + -11:71 sinh(JnV)] ’ Hs(z)|z=0, (174)
and z

n? = ((87)%) = [cosh(JnV) + %sinll(JnV)] Gs(2)|e=0, (175)

where 2 is the coordination number.

Now, in order to investigate the phase diagram of a spin-S transverse Ising
model, one must notice the following facts. In a finite transverse field, the S?
component of the system is disordered at high temperatures, but below a transition
temperature T it orders, so that m, # 0.0 and the direction of the moment
changes continuously, although there is an order with m, # 0.0 at all temperatures.
From Egs. (173) and (174), therefore, the second-order phase transition line is
determined by solving the coupled equations

1= z%sinh(.]nv) cosh® ™ (V) Fs ()]s, (176)

n? = cosh*(JnV)Gs(z)|s=0- (177)
In particular, for S = 1/2 the parameter 5 is given by n = 1/2, so that when
2 = 0.0 Eq. (176) reduces to (145), which is nothing but that for the spin-1/2
Ising model in the Zernike approximation.

At this place, let us show some typical results especially for the spin-1/2
transverse Ising model, in order to compare them with those obtained from the
MFA, the high-temperature series expansion (SE) and the renormalization-group
(RG) methods [35]. Figure 5 shows the variation of T; versus {2 in the spin-1/2
transverse Ising model on the square lattice (2 = 4). The critical temperature T¢
gradually decreases from its Ising value at 2 = 0.0 and rapidly vanishes when
the transverse field approaches some critical value §2.. For comparison, the critical
values of §2; obtained from such methods as well as the present framework (EFT)
are collected in Table IV. On the other hand, the thermal behaviors of the longitu-
dinal and transverse magnetizations in the system are given in Fig. 6 by selecting
the two values of 2 (2 = 0.1J and 2 = 0.3J). The results clearly express that
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TABLE IV

Critical values of {2 for spin-1/2
transverse Ising model on square

lattice.
MFA | EFT | SE | RG

2./7J| 2.0 [1.37]152]0.77

0
MFA
Q
:: EFY
osf €
RG
0
° 1.0 20
[/

733

Fig. 5. Transition temperature for the spin-1/2 transverse Ising model on square lattice

plotted as a function of §2.

(1)

Lo Kg1/J

my(T)

Fig. 6. Thermal dependencies of longitudinal and transverse magnetizations (m; and
m;) for the ferromagnetic square lattice with (a) £2 = 0.1J and (b) §2 = 0.3J. The solid

lines are the results of the MFA and the dashed lines are the results of the EFT.
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the larger the transverse field, the smaller the longitudinal magnetization; the role
of the transverse field is essentially to inhibit the ordering of the S component.
Furthermore, it is worth to compare the EFT results with those of the MFA. The
MFA results are plotted in the figure as the dashed lines. The present results for
m, are qualitatively different from the MFA behavior; below the transition tem-
perature of m, the transverse magnetization m, is very sensitive to temperature,
in contrast with the constant behavior predicted by the MFA, namely (166). Sim-
ilar behavior is also reported in the thermal variation of m, obtained from the
Monte Carlo calculations for the special case of S = oo [36].

Finally, one should notice that the effects of transverse field on the critical
temperature, the longitudinal and transverse magnetizations in the higher spin
transverse Ising systems are very similar to those of the spin-1/2 transverse Ising
model. In particular, the critical value £2. may increase with the increasing spin
value S.

9. Concluding remarks

In the present work, by making use of exact (or approximate) spin relations
and taking advantage of the differential operator expansion technique, various Ising
spin systems have been discussed, although the Potts model has not been included
(sce [37]). We have seen that the differential operator technique affords us the
opportunity of obtaining fairly reliable information concerning such systems, even
when the simplest decoupling approximation is used for the treatment of multispin
correlation functions. While the formulations given in this work are applicable to
the Ising spin systems without any disorder, it has been also clarified that they can
be successfully applied to disordered spin systems. In a disordered spin system,
magnetic atoms are usually frozen at their fixed positions, where a certain disorder
can be included at each site or bond. For such a quenched disorder system, the
thermally averaged quantity (X) is a functional of some set of disorder included
in it. That is to say, it is assumed to calculate the spin sum (since the system
is assumed to be in thermal equilibrium) and then to average the quantity over
some disorder parameters. In other words, we assume that any correlation between
spin and random averages is absent in the system. Mathematically, the physical
quantity X in a disordered system can be expressed as

- = [(X)mPARDALR), (178)

where (- - ), refers to the random average over all possible configurations of the
random parameters {R} and P({R}) is the probability distribution function.

In a spin-1/2 Ising system with random bonds, for example, the atomic
magnetization based on the decoupling approximation (30) can be then rewritten
in the form [38]:

m; = (pi))r = H [(cosh(J;; V), +m; (sinh(J;; V)),] tanh(Bz+h)|s=0. (179)

j
Here, (-- ), denotes the random bond average defined by

X0 = X000, TLPG) [T 05 (180)

i<j i<j
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In particular, when H = 0.0 and P(J;;) is given by
P(Jij) = pb(Ji = J) + (1 - p)é(Ji) (181)
for nearest-neighbor sites, it corresponds to the standard bond dilution problem.

The averaged magnetization of the bond-diluted spin-1/2 Ising ferromagnet is
given by

m = {1 - p+ plcosh(JV) + msinh(JV)]}* tanh(Bz)|,_, . (182)
Thus, the critical temperature 7. can be determined by solving :
1= 2zpsinh(JV)[1 - p+ pcosh(J V)~ tanh(B.z)|z=0. (183)

The critical temperature T. depends on p, decreases with the decrease in p and
reduces to zero at a critical concentration p} of the bond percolation (for example,
pg = 0.4284 for z = 4). As noted in Sec. 4.1, the result is just that which is obtained
if the Matsudaira first-order approximation is used for bond dilution. The fact also
includes that the formulation is superior to the standard MFA with p} = 0.0.

On the other hand, the same equation as (183) can be derived even for the -
site dilution problem, when the decoupling (or the Matsudaira) approximation
is used [39]. It means that the critical concentration p§ of the site percolation
is equivalent to the value of pj. Various methods noted in Sec. 4.1, which are
essentially equivalent to the decoupling approximation (30), have yielded unsatis-
factory results (pf = p§) for the percolation limit, since the exact calculations for
bond and site diluted spin-1/2 Ising systems prove the relation of p§ < p§. Thus,
an improvement in the configurational averaging, beyond the simplest decoupling
approximation, seems to be necessary for the bond-diluted model, in order to get
a correct percolation limit.

The differential operator technique has also been applied to study various
situations in disordered spin systems, including spin-one Ising systems with ran-
dom bond and crystal-field interactions. In particular, the spin-one Ising model
with a random crystal-field interaction should be referred here, since some out-
standing results may be obtained in going from the MFA to more sophisticated
theories [40]. The Hamiltonian of the model is defined, instead of the BC model

(86), by
H=-JY SISi+) Di(Sf)?, (184)
ij [

where D; is a random crystal-field constant distributed according to a probability
distribution function P(D;), such as ,

P(D;) = pé(D; — D) + (1 - p)é(D;). (185)
Within the framework of the MFA, several authors have examined the phase
diagram of the model and predicted some fascinating phenomena, especially for
large values of p [41]. However, these results are different from those based on the
EFT any do not provide any insight into the nature of possible phase transition
lines. The reason is as follows. When D = oo (or D is larger than D.), Np spins
among the total number N of spins are in the Sf = 0 state and N(1 — p) spins
behave as the usual Ising spins with D = 0.0. Therefore, the spins in the Sf =0
state simply correspond to the introduction of Np non-magnetic atoms in the
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system, since they are inactive as regards producing ferromagnetic ordering. The
situation is very similar to that of dilution problem. Thus, in order to treat the
model system (184), a theory better than the MFA is required. In particular, the
re-entrant phenomenon due to the crystal-field disorder has been predicted by the
use of the EFT [40].

As reviewed in this work, the differential operator technique in Ising spin
systems has a simple mathematical structure. Through some sort of successive
approximation scheme, the effects of correlations can explicitly and systematically
be included. This procedure, without introducing mathematical complexities, pro-
vides results which are quite superior to those obtained within the standard MFA.
As noted in Sec. 7, the method can be extended to an Ising problem with a higher
spin value. '

In particular, the magnetization of a ferromagnetic system can be expressed
in a polynomial form, which is well illustrated by employing the simplest decou-
pling approximation, such as (30). Because of the fact, the formulations in Sec. 4
have been applied to study many other interesting problems in surface magnetism,
thin films and multilayers which are now current topics of magnetism [42]. Here,
notice that these works are discussed on the basis of spin-1/2 Ising model and its
variants, such as the Mills model in surface magnetism [43]. On the other hand,
recent experiments show that there exists a very strong anisotropy field acting on
spins in the surfaces of thin films. The role of surface anisotropy has been proved
to be of paramount importance in determining the magnetic properties of surfaces
and thin films [44]. In magnetic multilayers, detailed analyses of the experimental
data reveal that the interfaces normally exist and they are constructed by some
mixed layers with a random distribution of the two types of magnetic atoms con-
sisting of the multilayer. Therefore, the standard theoretical models which treat
magnetic multilayers consisting of two spin-1/2 ferromagnetic layers with different
bulk properties should also be modified, in order to include the effects of the dis-
ordered interfaces. The influences of the surface anisotropy in surface magnetism
and thin films as well as the disordered interfaces in magnetic multilayers on their
magnetic properties can be treated by the use of formulations given in Secs. 4-8
[45].
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