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Comparing (9.7) and (5.10) we obtain the inter-
esting result that

C(r + 7140 70) =3(14S5).

The explanation of this identity would seem to
be that the constraint of keeping an entire half-

(9.8)
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line ordered provides sufficient knowledge to
decide which sites in the lattice are « sites and
which are 8 sites, in the sense of Section 5. The
probability for finding a right atom would then
be given in terms of the long range order by (9.8)
or (5.6).
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We have considered a two-dimensional square net consisting of four kinds of atoms supposing
that only nearest neighbors interact and that there are only two distinct potential energies of
interaction, one between like and one between unlike atoms. In extension of a method due to
Onsager it is found that for the case where like atoms attract one another a simple “reciprocity’’
relation exists between the partition functions at pairs of temperatures ‘‘reciprocally’ related
to one another. As one temperature T tends to zero, the other T* tends to infinity. If one
further assumes that only one ‘‘Curie’ transition point exists, the relation between T and T*
enables one to locate the Curie temperature. Predictions can be made concerning the nature
of the transition point with results similar to those of Kramers and Wannier. The reciprocity
relation for the case of attraction between like atoms is found to be not valid for the case where

unlike atoms attract one another.

INTRODUCTION

N a recent paper! on the statistics of two-dimen-
sional ferromagnets, Kramers and Wannier
have given a treatment of a model for cooperative
phenomena. They discovered an important prop-
erty of their system which expressed itself in the
form of a simple symmetrical relation between
the partition functions Z and Z* at pairs of
temperatures T and T%*, related in a certain
symmetrical way. Any knowledge of the partition
function Z at temperature T implies an equiva-
lent amount of knowledge about Z* at the related
temperature 7*. The relation between T and T°*
isaonetoone relation; T decreases monotonically
if 7% increases so that 7—0 as T*— . There is
only one temperature at which 7= T*, Assuming
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long range order at T'=0 and absence of long
range order at 7= «, one will expect a Curie
point. If the Curie point is the only temperature
at which Z becomes singular, this temperature
must be the one at which 7" and 7* become equal.
Furthermore, one finds that the types of singu-
larities which might occur at this transition are
restricted by the relation between Z and Z*. For
example, if one assumes that there is no latent
heat at the Curie point, the specific heat must be
either continuous through the transition or infi-
nite on both sides of the transition temperature.

Onsager? has been able to obtain the reciprocity
relation discussed above from a more direct con-
sideration of the form of the partition function.
Moreover, his ingenious methods appear to lend
themselves readily to generalization. Onsager
proceeds by giving two formally different ex-
pressions for the partition function at a tempera-

2 This method has not yet appeared in print. We are
greatly indebted to Dr. Onsager for his permission to
make use of it.
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ture T and at a temperature 7*. He is then able
to produce a transformation between I and T*
which brings the first form of Z(T") into a simple
relation with the'second form of Z(T%).

In this paper, Onsager’s methods have been
extended to the study of two-dimensional square
lattices containing four kinds of atoms in equal
abundance. In addition to the assumption that
only the interaction of nearest neighbors are im-
portant, the further assumption is made that
there are only two distinct energies of interaction,
one between like and the other between unlike
atoms. It must not be supposed that this re-
striction reduces the problem to that of a crystal
with only two kinds of atoms, for in the four-
component lattice the a priori probability of
finding a given kind of atom-at a lattice point is }
and not 1.

The detailed investigation will show that for
the case where like atoms attract one another a
simple symmetry or ‘‘reciprocity’’ relation, in the
sense of Kramers and Wannier, exists. The rela-
tion does not exist, however, if like atoms repel
each other. One can understand this result by
using the following qualitative consideration. At
low temperatures, for the case where like atoms
attract one another, minimum energy is attained
when the atoms separate into regions consisting
exclusively of like atoms; at high temperatures
the atoms should be randomly distributed-on the
lattice sites. One might, therefore, expect a
transition point where the long range order
disappears. The situation is different when unlike
atoms attract one another. Using the letters
A, B, C, D to denote the four kinds of atoms, if,
as is assumed, the unlike pairs, A-B, A-C, A-D,
etc., attract and have the same energy of inter-
action, there are many different states of mini-
mum energy, and from the presence of an 4 atom
on a given site, one can draw no conclusion about
the occupant of a distant site. Therefore, there is
no long range order at low temperatures and no
reason to expect an order-disorder transition.

1. FIRST FORM OF THE PARTITION FUNCTION

Consider a two-dimensional square lattice con-
sisting of four kinds of atoms 4, B, C, D. Suppose
that only nearest neighbors interact and that the
energies of interaction between the various pairs
of nearest neighbors are given by the following
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scheme:
Pairs A-A
BB A-B A-C A-D
c-C
D-D c-D B-D B-C
Energy € ¢ ¢’ e

The reason for splitting the six pairs of unlike
atoms into three groups of two equivalent pairs
each will appear later. Eventually, ¢, ¢/, ¢’ will
be taken as equal.

The first form of the partition function is given
in terms of four auxiliary functions of the temper-
atures #, x, ¥, and z defined by the relations

exp (—¢/kT) =u+x+y+sz,
exp (—€¢'/kT)=u—x+y—3z,
exp (—€'/kT)=u—x—y+s3,
exp (—€"/kT)=u+x—y—2z.

(1)

By a “‘configuration”, denoted by the general
letter ¢, we shall mean any particular distribution
of the 4, B, C, and D atoms on the various
available lattice sites. The partition function Z,
by using the grand canonical ensemble, is defined
by

Z=Y,exp (—E,/kT),

where E, is the total energy associated with the
configuration ¢, and the summation is taken over
all possible configurations. Since E, is a certain
linear combination of ¢, €, ¢, ¢’’, with integral
coefficients, Z can also be written as

s e (- )men (- )

cton (- )on (-5)} 0

where the numbers of factors in the various prod-
ucts depend, of course, on the configuration c.
Since each pair of adjacent lattice sites con-
tributes a factor to one of the four products in
(2), we have, recalling the definitions of «, x, v,
and z,

IT° (utxxy=£2)}, ©)

all pairs

Z=2{
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H ATOM V A 8 C D
FACTOR | (x)y) | txxy) | 06y | 0 ¢-y)

F1G. 1. An ineffective combination of lines.

where the product for each configuration is taken
over all pairs of adjacent sites. This product can
be evaluated by the following procedure: (i) for
each pair of adjacent lattice sites, we choose a
number which is either «, x, ¥, or z; (ii) examining
the pairs of atoms assigned by the configuration
¢ to the pairs of adjacent sites we attach the
proper + or — signs to the x, y, or 2 factors
chosen in (i) and multiply together the u, +x,
=+, +2 factors for this choice; (iii) we repeat the
procedure of (ii) for all possible choices made in
(i) and add the results together, the sum giving
the required product in (3) for the given con-
figuration c.

The choice indicated in (i) can be specified in a
more geometrical way if we draw in the lattice
connecting lines labeled with an «, y, or 2 between
all pairs of adjacent lattice sites for which an x, y,
or z is selected. No connecting line is drawn be-
tween a pair for which the letter # is chosen in (i).
In this way the choice in (i) is equivalent to a
“pattern”’ of x, ¥, and z lines running through the
lattice. Any configuration ¢ of atoms in the
lattice may be adopted for any pattern of lines p.
For a given pattern p, the choice of signs in (ii) is
determined by the configuration ¢. Therefore, the
partition function may be written in the form of
a double sum, summations being carried out over
all configurations ¢, and over all patterns p.

Z=% X {II?wll*x«x]P£y [I7+2}. (4)

¢ patterns

The number of factorsin each of the four products
depends on the pattern p alone. The only effect
of the configuration ¢ is to influence the distri-
bution of + and — signs.

There are many patterns, however, which do
not effectively contribute to Z. In investigating
the combinations of x, y, and z lines of a pattern
which can intersect at a lattice point, we find
that, under certain circumstances, there is a
mutual cancellation of the four contributions to
Z arising from a given pattern and four configu-
rations which differ among themselves only in the
identity of the atom at the lattice intersection
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point in question. For example, suppose that at a
point a single x line and a single y line terminate.
For any configuration, the contribution to Z of
a pattern containing this combination of x and y
lines intersecting, will evidently have a factor
(%£x) (&y) arising from these intersecting lines.
Let us consider this factor for each of the four
configurations obtained from some arbitrary
initial one by successively changing the identity
of the atom V at the point of intersection, keeping
the identities of all other atoms fixed. Looking at
the definition of «, x, ¥, 2 for the signs, we have
(Fig. 1) an ineffective combination of lines. The
sum of these contributions vanishes. The same
result is found for other initial configurations
which place other atoms at the points 1 and 2.
We conclude, therefore, that any pattern which
contains the combination x y at a point, does not
effectively contribute to Z.

A different result (Fig. 2) is obtained for the
combination of intersecting lines x y 2. All these
factors are of the same sign; their total contribu-
tion does not vanish. The same conclusion is
reached for other atoms at points 1, 2, and 3.

Examining in this manner all the various com-
binations of lines which can intersect at a point,
we find that for those patterns which are effective
for Z, “effective patterns’ for short, the combi-
nations of intersecting lines must be among the
following types:

xx XYz Xxxx xXxyy
yy yyyy XxX22
23 2322 Yy 3.
Figure 3 gives an example of a typical effective
pattern.

The effective combinations listed above have
the property that the signs of their contributions
to Z remain unchanged however one changes the
identity of the atom at the point of intersection.
From this we can prove that the contributions to
Z of a given effective pattern p, are positive for
all configurations of atoms ¢, and therefore are all
equal and independent of ¢. This is evident if we

29A

| FACTOR | (XX | xxyXa) |€nt-p-a)| oeyXa)

X—

A

lI{ ATOMV ] A B c o
v

F1G. 2. An effective combination of lines.
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consider that the contribution for a configuration
of A atoms on all lattice points is surely positive,
and that successive changes in the identities of
the atoms at separate lattice points preserve the
sign.

If N is the number of lattice sites, the total
number of configurations is 4¥. Confining the
summation to effective patterns and using the
result of the previous paragraph, we can write as
the final expression for the first form of the
partition function

Z=4N Z u2N—(l+m+n)xlymZn' (5)
eff. patt.
where I, m, n, are the total lengths (in units of the
lattice distance) of the x, y, 2 lines, respectively,
in one of the effective patterns contributing to
the sum. Since there are 2N pairs of nearest
neighbors when N is a large number and the
factor u is chosen for all pairs of adjacent sites
not included in.the pattern, % appears to the
power 2N — (I+m—+n).

2. SECOND FORM OF THE PARTITION
FUNCTION

The second form of the partition function is
obtained by a geometrical procedure different
from the one just used. For a given configuration,
let us pick out all pairs of unlike nearest neigh-
bors. Then, for each such pair, let us draw a
separating line midway between the two atoms,
this separating line being perpendicular to the
line joining the pair and of length equal to the
lattice distance. These separating lines will, from
their definition, form the boundaries between
regions in the lattice consisting of 4 atoms alone,
B atoms alone, etc.

r‘y y

-« —

F1G. 3. A typical effective pattern.
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F1G. 4 (left). An impossible combination of lines.
F1G. 5 (right). A possible combination of lines.

Let us define four functions of the temperature
a, B, v, 8 by

€ 4
a=exp e X .3=eXp(‘“_“)y
( kT) kT
( ell ) ( eIII (6)
y=exp | ——— ), d=ex ———~)
P kT P kT

and proceed to label the boundary lines ac-
cording to the following scheme in accordance
with the fact that the energy between an A-B or
C-D pair is ¢ and so on.

Pairs of A-B A-C A-D
unlike atoms C-D B-D B-C
Label of B vy d.

separating line

In this way, each configuration has associated
with it a pattern of 8, v, § lines. These patterns
are not entirely arbitrary, however. For example,
we cannot have a single 8 line and a single v line
terminating at a point. In Fig. 4, a B atom was
assumed at 1, and the atoms 2 and 3 written
down in accordance with our labeling scheme.
The result is a contradiction, since the atoms at
2 and 3 are not separated by any line and must
therefore have the same identity.? On the other
hand, the combination 8 v 8 is possible, as Fig. 5
shows. If the identity of atom 1 is specified, the
identities of atoms 2, 3, and 4 follow uniquely.

Examining all the cases, we find that the only
possible combinations of 3, v, é lines which can
intersect at a point are among the following
types:

66 Byé BBBB BBYY
YY TYYY Jelel)
00 6600 Y7v8é.

3 The argument holds only for the interior of the two-
dimensional crystal. The resulting reciprocity relation is
proved, therefore, ‘only for the case where surface effects
may be neglected.
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C C C C C C C
% ¥ s §
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C 4 B 8 0 D ] A C
L—d ) -] B B

C C C C C C C

F1G. 6. B, v, & pattern identical with the x, v, 2
pattern of Fig. 3.

From this it can be concluded that, except for
effects at the edges of the lattice which can be
neglected when the lattice is very large, the
patterns of 8, v, 8 lines are geometrically identical
with the effective patterns of x, y, 2 lines of the
previous section. Figure 6 shows a pattern of
B, v, 6 lines identical with the pattern of x, vy, 2
lines of Fig. 3.

It is evident that each effective, or allowed,
pattern of 8, v, & lines is associated with exactly
four distinct configurations. For if we give the
identity of a particular atom in the lattice, the
identities of all other atoms follow uniquely from
the B, v, 6 pattern. The four configurations arise
from the four possible identities of this particular
atom. The energy of each of these configurations
is

E.={2N—(i+m+n)}e+le +me’+ne", (7)

where I, m, n are the respective lengths (in units
of the lattice distance) of the 8, v, é lines of the
associated pattern. Remembering the factor four
and the definitions of «, 8, v, 8, we can write the
partition function as a sum over patterns, instead
of configurations, giving

=4 Z a2N—(l+m+n)ﬁl,ym5n.

eff. patt.

8)
The next step is to compare the expressions (5)
and (8).
3. THE RECIPROCITY RELATION

We now introduce the assumption that all
pairs of unlike nearest neighbors interact with
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the same energy; that is, we take ¢ =¢’’=¢""". As
a consequence x=y=2z and f=+y=4. For con-
venience we shall write the energies ¢ and € in
the form

e=—wt¢
, )
€=wt+¢

and instead of the temperature, introduce as the
new independent variable the quantity 6 defined
by

0=exp (w/kT)=oaexp (¢/kT). (10a)

We also define three new functions of the temper-
ature U, X, 1

U=uexp (¢/kT),
X =uxexp (¢/kT),
n=1/0=Bexp (¢/kT).

Then from (1), (9), (10) and the equality of x, v,
and gz, it follows that

exp [(w—¢)/kT]=u+3x
—exp (—¢/kT)(U+3X),
exp [(—w—¢)/kT]=u—x
—exp (—¢/kT)(U—X).

(10b)

(11)

The quantity ¢ can evidently be eliminated from
these equations and one finds for U and X as
functions of 8, the expressions

X=3:[6—-(1/6)],
U=3[0+(3/0)]

Let us now consider the partition function at
two temperatures 7" and 7% which are, so far,
unrelated to one another, writing Z=Z(T") in the
form (5) and Z*=Z(T*) in the form (8). For
l+m~+n we shall write ¢£. Using (10) to express
u, x, o, B in terms of U, X, 6, n we have

(12)

7 =4V Z Y2N—tyt
eff. patt.
=4Nexp (—2N¢/kT)U> Y. (X/U)Y, (13)
eff. patt.
Z¥=4 Z a*2N—tﬁ*t ’
eff. patt.
=4exp (—2N¢/ET*)6*2N 5 (9*/6%)¢
eff. patt.
=4dexp (—2N¢/RT*)g*2N > (1/8*%) (14)

eff. patt.
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By a ‘“‘reciprocity’’ relation between Z and Z*
we understand the following. There shall exist a
transformation T*= F(T") between the tempera-
tures T and T* having the two properties (i) if T
is carried into T* by the transformation, the
transformation also carries T* into T'; that is, if
T*=F(T), then T=F(T%*), (ii) for this transfor-
mation there shall exist a simple function G(T")
whose form is readily obtained without explicity
evaluating the partition function and which is
such that

G(TZ(T)=G(T*HZ(T™*). (15)

Moreover, with the possible exception of the
points T'=0 and T'=c, G(T) shall have no
singularities for real temperatures. If these con-
ditions are satisfied one can conclude that if
Z(T) has a singularity at 7', Z(T*) will have a
corresponding singularity at 7*.

A comparison between (13) and (14) suggests
that the transformation between 7" and T* is the
one given implicitly in the condition

g*2=U/X. (16)

We shall verify that (16) leads to a reciprocity
relation in the sense previously described.

Writing U and X in terms of § we see that (16)
is equivalent to

6*2=(02+3)/(62—1). an
Solving for 6? gives
2= (6*+43)/(6**—1), (18)

so that the transformation from T into T* is of
the required type.

Substituting (16) into (14) and comparing with
the expression for Z in (13) we have

iexp 2No/kT*)Z*=(U/X)V 20 (X/U)*

=(4UX)~Y exp 2N¢/kT)Z. (19)

The relation to be derived is most simply ex-
pressed in terms of the Nth root of Z, hereafter
denoted by A. This quantity may be regarded as
the partition function per particle. In taking this
Nth root, however, we shall replace 4% by unity.
To this extent, and to the extent that effects due
to the edge of the crystal are neglected, our
method of deriving the reciprocity relation is
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restricted to very large crystals. Writing A=ZY¥

and performing the Nth root we have
exp (2¢/kT*)N\*=(4UX)texp 2¢/kT)N. (20)

Using (12), (17), and (20) one may verify the
expression

exp (2¢/kT)X=(AU*X*)"Lexp (2¢/kT*)\* (21)

obtained in‘'a formal way from (20) by inter-
changing starred and unstarred quantities. From
(20) and (21) the symmetrical relation

(U*X*)~t exp (2¢/kT*)\*
=(UX)texp 2¢/RT)N (22)

readily follows. This has the form of a reciprocity
relation.
If we define functions f(8) and ¢(6) by

f(0) =46+2¢/e/[(6°+3)(0*— 1) %,

(23)
¥(0) =f(O)N(6)
the reciprocity is also expressed by
Y(6%) =y(6). (24)

The f(6) defined here plays the role of G(T)
of (15). Since its only singularities are at §= o
and =1 or T'=0and T = «, this requirement on
G(T) is also satisfied.

In the formal procedure outlined so far it has
not been specified whether like or unlike atoms
attract one another. For the case where like
atoms- attract one another, we have € greater
than e and hence w>0. The quantity 6 is therefore
greater than unity and from (17) *2 is positive
and also greater than unity. Thus the transforma-
tion (17) is entirely consistent and the reciprocity
relation (22) is valid.

However, for the case where like atoms repel
one another, the energy ¢ must be less than the
energy € or w must be negative. Consequently
9<1. From (17), 6* would then be negative and
would not correspond to any real temperature T*,
The conclusion is, therefore, that for repulsion
between like atoms no reciprocity relation, in the
sense defined above, is found.

It has been pointed out in the introduction that
long range order at low temperatures exists if like
atoms attract but not when they repel each other.
Therefore, in these two cases, an essentially
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different behavior of the partition function at
low temperatures is to be expectéd while no such
difference at high temperatures is anticipated.
Thus it is reasonable to find that a correlation
between behaviors at high and low temperatures
found for the one case does not hold for the other.
I't must not be supposed that no relation of the
form (15) can exist for the case of repulsion be-
tween like atoms. In fact an infinite number of
such relations is possible. As an example, suppose
T and T%* are related by TT*=T Let
G(T)=Z(T¢/T). Then we can evidently write

G(DZ(T)=G(T*Z(T™).

But now no conclusion about Z(7") can be drawn
since the form of G(T") remains unknown as long
as that of Z(T) is not known.

Returning to the case of attraction between
like atoms we see that from (17) T* is a mono-
tonically decreasing function of 7. As T increases
from 0 to «, T* decreases from « to 0. There is
only one temperature, which we shall denote by
T., for which T=T%*. From (17) this occurs at

O.=exp (w/kT.)=V3. (25)

The interval from 0 to 7. is mapped by the
‘transformation upon the interval from « to T..
Knowledge of A on one of these intervals is
equivalent, by (22), to knowledge of it on the
other. If X has any singularity at temperature 7,
it will have the same type of singularity at T*. If
it is assumed that only one singularity exists, it
must then occur at temperature 7., which we
shall now call the critical temperature.

In Eq. (25) the quantity w is half the difference

between the energies of interaction between like

and unlike atoms. The critical point for the two
component system of Kramers and Wannier is

ASHKIN AND E. TELLER

given by

0.2=exp 2uw/kT)=1+V2, (26)

where w has the same significance as in our case.
It will be noted that, for the same numerical
value of w, the transition occurs in our case at a
temperature lower than the transition tempera-
ture of Kramers and Wannier by the ratio of
In (14+v2) to In 3 or by a factor of about 0.8.
This may be due to the fact that in the four-
component system the a priori probability favors
disorder more than in the two-component system
so that long range order breaks down at a lower
temperature. This consideration gives support to
the view that 6, corresponds to the “‘Curie point.”

The existence of the reciprocity relation (22) or
(24) enables us to make certain limited state-
ments concerning the nature of the hypothetical
transition point. These conclusions are identical
with those of Kramers and Wannier for lattices
with two components. The energy E and specific
heat C are given in terms of X by

E=—Ndlog \/d(1/kT)= — Nwbd log \/d6,
C=dE/dT=(—wi/kT?)(dE/d6).

From (17) and (24) we find for the possible
discontinuities in E and C at the critical point

AE= —2Nwb.(d log ¥/db)s.+o,

(27)
AC=(w/kT2)AE.

Thus, if the energy is discontinuous, so is the
specific heat. If AE=0 the specific heat is either
continuous or becomes infinite at the transition
temperature in such a way that the difference in
its values at T and T* tends to zero as T tends
to T.. This is about as far as one can go with the
reciprocity relation alone.



