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A mathematical model, the spherical model, of a ferromagnet
is described. The model is a generalization of the Ising model; and
one-, two-, and three-dimensional lattices of infinite extent can be
extensively discussed. A three-dimensional lattice shows ferro-
magnetic behavior and provides a statistical model of the Weiss
phenomenological theory. The limiting free energy appears in a
form which contains two of the essential features of the exactly

known Ising model results in one and two dimensions. This sug-
gests the probable form of the limiting free energy for the three-
dimensional Ising model. A simplified model, the Gaussian model,
is briefly discussed because this model also contains some of the sig-
nificant features of the Ising model. However, the Gaussian model,
unlike the spherical model, is not defined for all temperatures.

INTRODUCTION

HE subtlety and difficulty of the theoretical prob-

lem of the phase transition of a ferromagnet has

been well established by the work of Bloch, Kramers,

Heisenberg, and Onsager. In fact, the only nontrivial

systems exhibiting a phase transition which can be

exactly discussed are the Bose-Einstein gas and the two-

dimensional Ising model of a ferromagnet. One may

also include the work on the condensation of a non-ideal
gas by Mayer and by Kahn and Uhlenbeck.

The problems are purely statistical mechanical, and
the idealizations of the underlying physical problems
are readily formulated. All that remains is the explicit
evaluation of the partition function (even if only in the
limiting case of an infinite number of particles). This
evaluation is, of course, the difficulty.

There does not appear to be any single technique of
sufficient generality which can be applied to the evalua-
tion of partition functions. This lack of a general tech-
nique is very apparent now because of the work of
Onsager on the Ising model. Onsager evaluated the
partition function of the two-dimensional Ising model
by an algebraic technique.! This.method, a magnificent
- *This work was supported in part by the ONR.

1 An outline of this paper was presented at the New York
Meeting of the American Physical Society, January 26-29, 1949

[Phys. Rev. 75, 1298(A), (1949)].
1 L. Onsager, Phys. Rev. 65, 117 (1944).

achievement, is apparently restricted to the two-dimen~
sional case. Nevertheless, the situation that presents
itself is that no analytical method is available for the
Ising model, whereas the Bose-Einstein condensation is
demonstrated by a purely analytical method and the
appropriate algebra is not available.

The partition function is the result of a generally
complicated interplay between the Boltzmann factor
and the weighting factor. One can expect that the
characteristics of either factor may be responsible for a
transition or the characteristics of both factors may be
required. It is difficult to separate the relative impor-
tance of these factors with respect to their influence for
a transition and also to discover the derivation of par-
ticular features of a transition. For the Bose-Einstein
gas, condensation occurs in three dimensions but not in
one or two dimensions. In this case, the transition can
be ascribed to the weighting of the momentum states
for the given Boltzmann factor.

We agree with Onsager that it is desirable to investi-
gate models which yield to exact analysis and show
transition phenomena. It is irrelevant that the models
may be far removed from physical reality if they can
illuminate some of the complexities of the transition
phenomena.

We shall analyze two mathematical models: the
Gaussian model, and the spherical model. These models
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are continuum modifications of the Ising model of a
ferromagnet. Montroll> has formulated more general
continuum models in the hope that they will converge
on the Ising model. The low temperature features of
continuum models are obviously spurious. Neverthe-
less, we do not consider this aspect as detrimental to
the discussion of possible transition phenomena. The
Gaussian model becomes invalid for temperatures below
a certain critical temperature (the partition function
becomes complex). The reason for this behavior will
become apparent, but it is surprising that the Gaussian
model exhibits some of the general features of the ex-
actly calculated one- and two-dimensional Ising models.
The spherical model is a valid model for all tempera-
tures. The one- and two-dimensional models do not
exhibit transitions, whereas the three-dimensional
model does. This model, in fact, can be regarded as
a model for the Weiss phenomenological theory of
ferromagnetism.

THE ISING MODEL

It is assumed that there is a spin at each site of a
regular lattice of NV sites. The interaction energy be-
tween neighboring spins may be written as —Jege;,
where J is the interaction energy and each spin can take
on the discrete values 2=1. The partition function, nor-
malized to unity, is

Ov()=27% 3

{ei==1}

exp[ (J/RT)Y eie;], (1)

where {¢;} denotes a given configuration of spins and
>/ denotes the sum over nearest neighbors. If we write
K=J/2kT,

On(D)=27% 3

fei==+1}

exp[ K2 eie; ], @

with Y, ;/ counting a given 4, j twice, that is the matrix
of the quadratic form is symmetric.

We are essentially interested in the limiting free
energy per particle which means that

—y/kT = lim N1 InQn(I) ©)
N—w

THE GAUSSIAN MODEL
This model assumes that the probability of finding a

given spin ¢; between ¢; and ¢;+de; is given by
(2m)~* exp[—€2/2 ]de;. 4)

The model simulates the Ising model insofar as (¢;)=0
and (e?)=
The normalized partition function is

On(G)= 2m)-mn f [t

Xexp[—3 &

=1

€J2+K Z e’bel:l ®)

2 E. W. Montroll, Nuovo cimento VI, 264 (1949).
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Assuming that the quadratic form is negative definite,

0w(@ =TT (1—2K),)-

p=1

—exp[—} 3 In(1—2K\)], (6)

where A, is given in Appendix A for the several simple
lattices. The free energy per particle is then, in the limit,

12
—r" zlvl_'ﬁ[—i"v El In(1— 210,,)] (7

The ljmit of the above sum over the characteristic
values is discussed in Appendix B. The following results
are obtained.

One-dimensional lattice:

v 11 o
—k—T-=———2--; | dwi In[1—4K cosw;]; (8a)
Two-dimensional square lattice:
—;} PoRT f f durdos
Xln[l 4K (coswitcosws)]; (8b)
Three-dimensional cubic lattice:
_;e_f 2 (21r)3f f f dendeades
XIn[1— 4K(cosw1—|—c05w2+coswa)]. (8c)

It is to be noticed that these results break down at a
critical K which is K,=1/4n, where # is the dimen-
sionality of the lattice. For temperatures smaller than
the critical temperature, the model is not defined since
the free energy becomes complex. The source of this
difficulty is obvious. Inspection of the characteristic
values of the quadratic form shows that the form is not
definite. Consequently, Qx(G) diverges for T<T..

This failure of the Gaussian model is trivial and is not
the point. What is of interest is the comparison with
the known results for the one- and two-dimensional
Ising models.

One-dimensional Ising:
'p 1 1 27

——=—— dw; In[cosh4K —sinh4K cosw; |; (9a)
KT 2 2«

Two-dimensional Ising-

ffdwldwz
kT 2 (27)?

X ln[cosh24K —sinh4 K (cosw;+cosws) .

(9b)
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The comparison is striking in the closeness in the
formal structure of the expressions for . The two
features are the appearance of the logarithmic form and
the structure of the cosines. The source of the formal
appearance of the Ising model results is not clear. But
the source is clear in the Gaussian model. The number
and structure of the cosine terms arise from the “perio-
dicity” in the interaction matrix. This periodicity is not
simply due to the number of nearest neighbors because,
for example, a doubly periodic interaction matrix is
obtained for a plane regardless of the number of nearest
neighbor interactions. Furthermore, we note that for a
two-dimensional hexagonal lattice the structure of the
cosine terms, easily obtained for the Gaussian and
spherical models, is precisely that obtained by use of
Onsager’s method.

We shall now proceed to discuss the spherical model
which retains the important formal features of the
Gaussian model, but which also has the advantage of
being valid for all temperatures.

THE SPHERICAL MODEL

A way of geometrically describing this model is the
following. Let us suppose that we have N spins ¢; with
j=1,2, ---, N. Construct an N-dimensional cartesian
space. A point P in this space is represented by the set
of N coordinates {e;}. The point P represents a spin
configuration of the Ising model if ¢;= =41 for all j. The
2% configurations in the Ising model are the vertices of
an N-dimensional cube. Suppose that an /N-dimensional
sphere is circumscribed about the hypercube. The radius
of this sphere is N}, and the points on the sphere are
given by the equation

e’ +e’+ - '+5N?=N-

The spherical model allows every point on this sphere
to be an acceptable configuration. The model is a step
closer to the Ising model than was the Gaussian model
in that not only is (¢?)=1, but also

(10)

for every configuration. Furthermore, the interaction
energy can now be replaced by a definite quadratic form
so that a partition function valid for all temperatures
is obtainable.

There are obvious defects in a continuum model. The
entropy at absolute zero is infinite and the specific heat
per particle is finite rather than zero. These defects,
however, should not distract one’s interest from the
transition mechanism.

One can also raise the question that the spherical
condition (10) allows configurations wherein a small
number of spins can be very large, since |e;| <N, so
that these configurations could contribute a large mag-
netic moment to the system. It will be shown later that
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such states are not responsible for the behavior of the
model. In fact, condition (10) implies that fluctuations
are small.

The partition function for the spherical model is

QN(S)zAN—If' . 'dey . 'deN CXPEK Z, €i€j], (11)

N
T ei2=N

i=1

where

AN=f--.fdel--.deN=21rN/2N*<N—“/I‘(N/2)- (12)
N
Elei2=N

There are various ways of evaluating the multiple
integral. One can use the method of von Neumann,® one
can use the Dirichlet factor? to remove the condition on
the variables, or one can most conveniently use the
delta function to evaluate the integral. The integral is
evaluated using the delta function technique in Ap-
pendix C, where the details are also discussed.

If we let # denote the dimensionality of the simple
lattices, then the result of the evaluation in the limit of
N—x is that

— Yo /kT=—1—1IndK+2Kz,—1f.(z,), (13)

where ¥, is the limiting free energy per particle. The
parameter z, is the saddle point of the steepest descent
evaluation of the partition function. It is the solution of

4K =[df.(2)/dz =2 (14)

A solution z,(K) is possible for all temperatures for
n=1 and 2. The reason for this is that the right side of
Eq. (14) approaches infinity as z, approaches the branch
point of f1(z) and fa(z). Therefore ¥ and ¥; are regular
functions of T and no transitions are obtained. In the
three-dimensional lattice, the right side of Eq. (14) has
a finite value, called 4K, when z,=3, the branch point
of f3(z). For T<T., or K> K., the new path of steepest
descent has a cusp at z=3. Then for T<T,, ¥3 is given
by-Eq. (13) when we put 3,=3. This “sticking” of the
saddle point corresponds to a phase transition. The
phase transition corresponds thermodynamically to a
discontinuity in the temperature coefficient of the
specific heat. ‘

If we let U,, C, denote the internal energy per par-
ticle and specific heat per particle, respectively, for an
n-dimensional simple lattice, =1, 2, 3, then

d d?
U,=3T—(@./kT); Cn=—kK—./kT). (15)
aK dK?

3 J. von Neumann, Ann. Math. Stat. 12, 367 (1941), in particular
pp. 372-374.
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Now

i kT)= i kT

dzs

+
dK

d 9
—(¥n/kT)=—(Yn/kT). (16)
025 oK

The last equality is true since (8/9z.) (¥»/kT) vanishes
when the saddle point exists. In the case n=3, T<T,,
then z,=3 and is independent of K so that dz,/dK
vanishes. We then have

d 1 a* 1 dz,
—(Yu/RT)=——22,, —(Yu/kT)= ————2—. (17)
dK 2K aK* 2K* 4K
Consequently,

Un=JL(1/4K)—2.], (18)
and
Cn=%k[1+4K%dz,/dK]. (19)

It is clear from the analysis that z, is a continuous func-
tion of T so that U, is continuous. It is shown in Ap-
pendix C that dz,/dK is a continuous function of 7" and
-vanishes at T, when #=23. Hence, C, is a continuous
function of T approaching %k as T approaches absolute
0. However, for n=3, C3=%k, for T<T,, and it is shown
in Appendix C that d%,/dK? is discontinuous at T'="T,.
Thus, Cs has a break in slope at the critical temperature.
A sketch of the behavior is shown in Fig. 1.

The mechanical nature of the transition may be eluci-
dated without difficulty. We shall show that the transi-
tion corresponds to spontaneous magnetization.

If po denotes the magnetic moment associated with
a single spin, then the magnetic moment per particle of
a given spin configuration, y, is given by

N
p=(uo/N) 3_ ;. (20)
=1
The magnetic susceptibility is given by
x=(NV/RT)(w?). 21

We now compute {u?). Using the orthogonal transforma-
tion of the variables {¢;} to the variables {y;} discussed
in Appendix A, we note that

N
=N ¢
=1
Cs]
!
|
|
{
(o] TC T

Fic. 1. The specific heat per particle versus temperature.
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Therefore, using Qx(S) as given in Appendix C, Egs.
(C3) and (C4), we have

p=N" ey, x=(u®/kT){y:2),

1 ag+i o
(y)=0~v1(S)4 N“IE——_ f ds

e

0 —1 %

Xexp[Ns]f---fdyl- - dynys?

Xexp[— 3 (s— KNyl (22)

=1
Hence,

1 Z04i
f)— f dz(z—3Ny) RN @
2

me 0 —1 0
1 2041 0
= dz(4K) 1 (z— L) ~deNe(,  (23)
27I'i 20—i®
Whenever a normal saddle point z, exists, then
(y2)=1/[4K(z,—3\)]; x=wme*/[2T(z.—3\)].  (24)

We see that x— when z,—%\:. In the one- and two-
dimensional lattices, T=0 corresponds to z;=3\;. In
the three-dimensional lattice,

x=uo*/[27(3,—3)], (25)

for T>T,, and x is infinite at the transition tempera-
ture. This result implies the finiteness of p for T<T,.
We shall compute this magnetic moment. Because of
the directional symmetry of the model {u)=0, we there-
fore calculate

(luD)=N" (| 31]). (26)
With the procedure used above,
1 2011 0
b= [ dsle=grp-teree
27!'@‘ / % —1 0
‘ 1 2041
=— dz(2nK)=H(z—3N) Mo, (27)
27t Jy—in
When the normal saddle point exists, then
=[27K(2,—i\) T3,
(Iyi)=[27K(z.:—3M) ] 28)

(I u])= [ N2wK (2,—3\1) I3-0,

in the limit N—co. Hence, in the limit N—oo, {| | )=0
for the one- and two-dimensional models and also in the
three-dimensional model for 7> T'..

For T<T,, the numerator of Eq. (27) must be re-
considered. In the numerator, we note that the branch
point, =3, of the integrand is also a pole. Conse-
quently, the contribution to the integral is obtained
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from the inﬁnitesimally small circle about the pole. The
path of integration is shown in F1g 2. We then find that
for T<T,,

1 20+i o
— dz(z— 3)1e¥N 9 (DN a®) (29)
21['1- 20—1
and
1 20+
— dz(z—3) "tV O N2w(K—K ) [ 3eNe®,
21!"&' 20—1®
Therefore,

(In])=N[1-K./KJ}
(lul)=nl1—Ko/KJi=pu[1-T/T T

This result proves the onset of spontaneous magnetiza-
tion at the transition temperature T',.

The possibility remains that the magnetization is due
to a few spins taking on abnormally large values of the
order N*. We now show this possibility is not real by
means of a calculation of the correlation between two
spins.

The correlation C;r between two spins ¢;, €, situated
at the jth and kth lattice sites, respectively, is defined as

Cir=(ejer)/ (e et (31)

Since the spherical condition, Eq. (10), requires (e2)=1
for all §, Cjz= (¢;jex). In terms of the variables {y;},

N N
> Vjsy-‘r) (Z thyt),
s=1 =1

Cjk = Z Vjstt<ysyt>~
8,t

(30)

€€ =

so that

However, (y,y:)=0 unless s={ because of the symmetry
of the model. Thus,

N
CJ'k= Z Vjsts <y32>~ (32)
s=1

It is clear from Eq. (22) that

1 2044 0
08— [ detempers

7"’5 —7

1 2041 ®

- da[4K (z—3N) T (z—3Ny)1eN o™, (33)
m™

20—t
Consequently,

1 2041
Cjk———_ f dZ(Z'-%)\l)—%eN”(”
20 —1 @

2w
_ (4K)_1 fzi)-{-z' ®© sz]k(z)(

21ri 20 —1 ©

— l)\l)-—%eNy(Z)’

(34)

825

4

z-l:!c\ne

cut

\qf=3
e

Fic. 2. The path™of integration for T'<T..

where

P =3 ViV =10,

8=l

The evaluation of a function such as F as N becomes
very large is described in Appendix B. We may -write

that
S f f f dondwsdes

Fi(z )*‘————
cos(x’ wl/a+y w2/a+3 w3/ a)
X

. (35)
" g— (coswi+ coswet-cosws)
We now see that for 7> T,
(4K)
jk fffdwldwzdws
(2m)?
cos(x’wi/a+y we/a+7'ws/a)
X (36)

25— (Coswi+ coswat cosws)

Note that C;;={(e)=1 and from the above equation,
putting ' =v'=2'=0,

(4K )_1 dw 1dw 2dw3
W [T S
(2m)? 2s— (coswi+ coswa cosws)

because this is the equation determining z,.

It is also apparent that as (', 4, 2') increase, Cj
decreases so that the correlation monotonically ap-
proaches zero as the distance between spins increases.

For T'<T, a closer examination is required because
the first term in Fj;(2) is a pole at z=3. However, since
the integral part converges at 2= 3, this part is the same
as Eq. (36) with z,=3. A straightforward evaluation
yields

1 204
— f 4[N (s—3) T (a— 3)-teNo®
21”: —7 0

(K—Ko)7p?
m4[——————] eNo, (37)
2wN
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We consequently find that

T (4K)
Cjk-_—l—'—' fffdwldwgdwg
T, (2m)°

Xcos(x wi/a+y ws/a+35'ws/a)

3— (coswi~+coswatcosws)

(38)

This result demonstrates that below the transition
temperature an extended correlation exists of magnitude
1—T/T.. Superimposed on the correlation extending
over the whole lattice is a correlation monotonically
decreasing with increasing distance.

As a check on this result we note that

Coct T (4K)‘1 fff dw1dwadws
. Tc (27)3 3—(cosw1+c05w2+cosw3).

However, we have defined K, so that

dw 1dw 2dw3

1 27
et 11 |
(2m)? A 3— (coswi+coswe+ cosws)

Hence,

Cij=1-T/T+4K /4K =1.

The integrals are readily evaluated in the case of the
one-dimensional lattice. We have then for all T,

o

(4K)™! f” dwlcos(x’wl/a)

2 25— COSw]

This gives

Dife'le/4K (22— 1)}
= [Zs_ (332"' 1)%};//“, (39

since 4K (z,2—1)¥=1. Thus the correlation falls off with
distance exponentially.

The connection between the spherical and Gaussian
models is rather transparent. In the spherical model, if
we ask for the distribution of a finite number of spins,
that is, a number independent of N for large N, then
this distribution is Gaussian, at least above the transi-
tion temperature. The spherical condition forces a
cooperation among the spins which does not exist in the
Gaussian model. Therefore, deviations from a Gaussian
distribution are obtained when the cooperation sets in,
that is, below the transition temperature. We can see
this by means of a calculation of (e;*).

A Gaussian distribution of ¢; with (¢;)=0, (e2)=1,
yields (¢;#)=3. In the spherical model,

=gy

'—Z Vi yat)+3 Z VitViXysyh),

s=1

Cjk = [Zs—' (232“‘

(40)
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because the average of odd powers of the y’s vanishes.
Then

z20+io 3 1 2047w
(e,“)—— f da(z—3) teNo) = — dz
7rz 20 —% 16K2 21!'7: 20 ~—1
N 2
x| Vidtem | =stenee. @y
s=1
However,

N
Z V.32(z—-.1_)\s)—1___
-t N(z—3)

dwldwgdws

1 2T
ol IS
(2x)3 A (coswi+coswecosws)

for the simple three-dimensional lattice.
When 7> T,, (K<K,), a normal saddle point exists
and we may use

(42)

N
> Vid(zs—3iN)1=4K. (43)
&=l

Consequently (¢;9)=3 for T>T.. (44)

Below the transition temperature the integral in Eq.
(42) is finite and we may use

N 1
2 Vid(a—n) = —+4K.. (45)
s=1 N(z—3)
It is then found that
()=3-2(1—T/T.)* for T<T.. (46)

Note that at 7=0, (e¢;*)=1, which is as it should be
because all the spins are lined up. Equation (46), by
showing that (e;*) is finite, proves (along with the
correlation) that configurations in which a small number
of spins have moments of the order V* are not respon-
sible for the behavior of the spherical model.

In concluding this section we wish to point out that
we may write the limiting free energy per particle for
the spherical model in the form

¥
= I

X[F(T)—G(T) Zn: cosw; |,

(47)

where F=32,G, G=4Ke*2: and # is the dimensionality
of the simple lattice.

The analogy with the Ising model solutions is close.
Furthermore, we have noted that the structure of the
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cosine terms in the integrand is simply determined from
the cyclized interaction energy matrix of the Boltzmann
factor. If we consider a two-dimensional hexagonal lattice
with six nearest neighbors, then we easily find that, with
n=2, the cosine terms [coswi~+cosw, ] for the square
lattice are replaced by [coswi+coswe+cos(we— w1)].
These same cosine terms were found by Onsager in
his solution of the corresponding Ising model. It may
then be conjectured that the solution of the three-
dimensional simple cubic Ising model is of the form

_E”E'(Z : fffdwldwgdwa
™

XIn[F(T)— G(T) (coswi+coswe+cosws) ],

(48)

where F(T), G(T) are the appropriate functions of
temperature.

THE SPHERICAL MODEL IN AN HOMOGENEOUS
MAGNETIC FIELD

Let us assume that the lattice is in an homogeneous
magnetic field of strength H and that the direction of
the spins is in the direction of the magnetic field. Then
the additional energy of the system is

N
—Hpg Z €= “N%Hﬂoyl-

=1

(49)

This then yields for the partition function

10 ®
ds exp[Ns]f- . -fdyy ~-dyn

2 (s—KX\;)y?+2N ’Myl]: (50)

=1

AN lfao
2w

g —

Qvu(S)=

X exp[

with M = u.H/2kT.
The integration of 9; introduces a new factor
exp[ NM?/(s— K\1)]. This then gives

— Y. (H)/kT=—%—% 1n4K+2Kzs

2 n(ze)+M2/2K(ZS'—%)\1); (51)
where the saddle point z,(K, H) is given by
AK=[dfu(2)/dz)e=2s+M*/[K(2,—3AD)*].  (52)

We see immediately that for M0, a normal saddle
point always exists because the M dependent term
approaches « as z, approaches 3A\;=#. This means that
a magnetic field destroys the transition to a spontane-
ously magnetized state for the three-dimensional lattice.

The mean magnetic moment per particle is (u)
= poN=¥y;). Since a normal saddle point always exists,
we easily find that

2 \Ln )
2K(Zs——2k1) 6M\

$3)

(y)=
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so that
(m)= oM /[2K (z2,—n) = Hue*/[2J (z.—n)], (54)

and we have the magnetic equation of state for the
model through Egs. (51), (52), and (54). The magnetic
susceptibility per particle is

x=(w)/H=pe/[2J (3:—n) ]. (55)

The high temperature and saturation behavior of {u),
X, is precisely as expected. In fact, this model provides a
mechanism for and essentially the formulas of the Curie-
Weiss phenomenological theory of ferromagnetism.

In the Curie-Weiss theory,

=T*/[a*(T-T.%)], (56)

where T.* is the transition temperature and o* is a
parameter controlling the strength of the local field.
(a* is chosen to enable the theory to fit the experi-
mental data.)

Putting Eq. (55) in a form similar to that of Eq. (56),
we find that, with n=3,

X= T,;/a[h(T) T— Tc]; (57)

where
a=6J/u?, WT)=Tes,/3T.

The quantity « is to be identified with o*. According
to the Curie-Weiss theory, T.*=6J/k. The present
model yields T:~6J/1.5k. If we set T *=+T, then

x=T*/a[yW(T)T—T.*]. (58)

We find that for 7. 7<®, 3/22vh(T) 21, so that
the spherical model yields a slightly modified Curie-
Weiss formula for the case of zero magnetic field
strength. Equation (57) holds for all field strengths
when z, is determined by Eq. (52).

DISCUSSION

The virtue of the spherical model of a ferromagnet is
that its properties can be rather extensively discussed
and that a three-dimensional lattice has ferromagnetic
properties. It is of further interest that the model pro-
vides a classical mechanism for the Weiss phenomeno-
logical theory.

With respect to the physical ferromagnet, the model
has nothing to say positively. We may briefly consider,
however, the bearing of our results on the nature of
the transition.

The Bloch spin wave theory, which is valid near
saturation or low temperature, has the result that a
two-dimensional net is nonferromagnetic and a three-
dimensional lattice is ferromagnetic. The spherical
model yields the same result. On the other hand, the
two-dimensional Ising model is ferromagnetic.

A recent paper by Herring and Kittel* illuminates the
Ising model transition. These authors discussed a phe-
nomenological theory based on the spin-wave treatment

4 C. Herring and C. Kittel, Phys. Rev. 81, 869 (1951).
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and they demonstrate that ferromagnetism may be
induced in a two-dimensional lattice by the presence
of anisotropic interactions. This they suggest, lies be-
hind the Ising transition. The spherical model weakens
the anisotropy of the Ising model, and, in fact, has
destroyed the transition in the two-dimensional lattice.

One might now infer that although the three-dimen-
sional Ising model certainly will provide a transition,
this transition may still be more descriptive of the
anisotropy of the Ising model rather than descriptive
of the transition in an ideal isotropic ferromagnet. It is
more likely that the spherical model transition is closer
to the actual transition behavior.

There is a further feature of the spherical model which
is probably of significance. The point in question is also
shown by the Gaussian model. Comparing, say, Eq. (8)
with (11), note that the Gaussian model (and the
spherical model) have a minus sign before the integral
representation, whereas the Ising model has a plus sign.
Although the minus sign can be converted into a plus
sign by an appropriate transformation, it is true that
the conversion is not unique. We cannot throw any
light on this point, but it may be indicative of an essen-
tial difference between the transition mechanisms of the
two models (spherical and Ising).

The authors wish to express their sincere appreciation
to Professors G. E. Uhlenbeck and E. W. Montroll for
their several helpful discussions. One of us (T. H. B.)
wishes to thank Professor L. P. Smith for extending to
him the hospitality of the Physics Department of
Cornell University for the summer of 1948.

APPENDIX A. ON THE QUADRATIC FORM Y /e:¢;

It will be convenient to set down here properties
associated with the quadratic form describing the inter-
action energy which will be useful in the body of the
paper. The properties are all connected with the di-
agonalization of the quadratic form. Since the form is
symmetric, its diagonalization is always possible by
means of an orthogonal transformation.

It is also particularly convenient to make the matrix
of the coefficients of the form cyclic. Cyclization is
achieved by postulating an appropriate periodicity.
In a one-dimensional lattice, the chain is bent into
a ring so that the Nth site is a nearest neighbor of
the 1st site. In two dimensions, the simple lattice is
constructed on a torus. These are the obvious geo-
metrical representations.

Consider first the cyclic matrix M(cy; cs, - -+, cn)-
C1 C2 €3 (N—1 CN
CN c1 C2 CN—2 CN—1
CN—-1 CN C CN—3 CN—
ME N—-1 N 1 N-—-3 N—2 . (Al)
 C2 €3 €4 °** (N c1

We wish to find the characteristic values and vectors

T. H. BERLIN AND M. KAC

associated with M, that is
MV=AV. (A2)
For the characteristic values we must solve the equation
|M(€1—>)€2;", cn)| =0. (A3)

Following Kowaleski® let 71, 75, - - -, 75 denote the N

roots of unity and we shall choose
rr=exp[2mi(k—1)/N].

Construct the determinant

71 72 *t*  ¥N
2 2 2
A=t ™lx0.  (A4)
r]N-1 er—-l fNN_l

We next form the product | M |A=|P;i|. Now
N
.ij = Z Mjsf’khl.
8=l

But Mj,=cn_jt14s, Where we define cyy,=c,. Hence, if
we define

N
fr) =2 e, (AS)
8=1
then
N .
Pji= Z CN—jp1tsti L= 7k’—1f (Vk) . (A6)
8=1
Itis épparent that
N
[P |=A kHﬂf(fk){
so that
N
|M |= g frs). (A7)
This immediately yields the result that
Ae=f(rs). (A8)

Let Vi, denote the sth component of the character-
istic vector belonging to Ax. Then, from (A2),

N
2 oN—jgitsVis= MV,

s=1

(A9)

If we set Vis=ar,*), then
N

o Z CN_j+1+Jk3_1= oyl
s=1

Since the left sum is 7x"~f(rx) =71z, we have deter-

5 G. Kowaleski, Determinantentheorie (Chelsea Publishing Com-
pany, New York, 1948), 3rd edition, p. 105.
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mined the characteristic vector up to a multiplicative
constant. ,

Now suppose that the matrix M is also symmetric.
This requires that Mjz=Mi; OF CN—jt116= CN—It1ts-
Setting j=1,

CN4+k=Cr= CN—)+2- (AIO)
This implies that Ay=Ay_s.2, because
N N N
Me=2_ ¢t I=2 Ntk TI= 2 ot NP,
=1 s=1 p=1
and since
ykN"P"'l - 7’N—k+2ﬁ_1,
N
Ne=2 Cof N-ri2? = AN—ry2. (A11)
=1

Consequently, the characteristic values of a symmetric,

cyclic matrix are twofold except for Ay, and Aywyys if

N is even.
The corresponding real, orthogonal characteristic
vectors, normalized to unity, are given by

2w
Vis= N“*[cosﬁ(kv— 1)(s—1)

—I—sinz—];f—w(k— (s— 1)]. (A12)

Now consider the quadratic forms of immediate
interest.

Let e denote the column matrix with components
€1, €2, ** +, ex. Then

Zi. j’ €€, E,Me,

with M symmetric and cyclic. We make an orthogonal
transformation e=Vy with Jacobian unity. Thus

N N
and X 2= v, (Al3)

éMe= % WS 7
=1 p=1 p=1
The elements of V, Vs, are given by (A12).
One-dimensional lattice:
ce=cy=1. All other ¢’s=0.
Ap=2 cos(2w/N)(p—1).

Two-dimensional lattice:

(A14)

We shall take a rectangular lattice with #; sites in a
Tow, 7, rows, so that N=nm, The ith site may be
represented by the number pair (p, ¢) and by the space
coordinates (%, y). If @ is the spacing, we set

x=(p—1)a, y=qa,

A15
i=1>+qn1, ( )

where

P=1723 cey NG ¢=0, 1, ey me— 1
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We then choose
Co=cCn1+1=cN-n1+1=cy=1,

and all other ¢’s=0. Then,

(A16)

Ap=2 27r( 1)4-2 27ml( 0. (Al7
»= cosz cosN p—1).  (A17)

Three-dimensional lattice:

We shall take a lattice with #, sites in a row, 7, rows
in a plane, and 73 planes so that the total number of
sites N =mnmans. The ith site may be represented by the
number triple (p, ¢, s) and by the space coordinates
(%, 3, 2). If a is the spacing, we set

x=(p—1Va, y=gqga, z=sa, i=p+qut+snm,, (A18)

where

p=1,2, -, m: q=0,1, -+, my—1: s=0,1, -- -, ng—1.
We choose

Co=Cn1+1=Cnino+1=CN—nino+1
=CN—-n1+1=CN= 1,

(A19)
and all other ¢’s=0. Then,

Ap=2 2"r( 1)+2 2Ml( 1)
£ 0S— — I —
»= C P COS: P

27

(A7)
+2 cos (p—1). (A20)
N
N
APPENDIX B. ON THE Lim N-' Y In [1-2KJ,]
N—ow p=1

Consider the general sum

()= MV E [0/, (B1)

»=1

The largest characteristic value occurs for p=1. We
will then assume that the function f(z) is regular when
z>\1/2. Consequently, if we write

N
NAE O/ D=NFO/DHNAE [0/2)
then

SU)=lim N1 f0n/2),

if f(\1/2) is finite. This point is mentioned because the
significant singularity of the functions to be considered
depends on A;.

One-dimensional lattice:

From Eq. (A14), we have

Ao 27r( )
— = cos—(p—1).
, s )
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Subdivide the interval 0—2x into N equal intervals
of length 2m/N=Aw;. Then set w;=(p—1)Aw;. Con-
sequently,

27 —Awr
N Z f(>\p/2)-— 2. flcoswi)Aw, (B2)
=2 2 w1 =Aw
and
1 27 —Awn
S(f)= lim — X f(coswi)Aw;
A1 =027 w1 =Aw
1 2T
= f(coswy)dw:. (B3)
27

It then follows that for f(A,/2)=In[1—4K(\,/2)],

N
lim N-1 Y In[1—2K\,]

N> =1
1 f
2 ([ 0

Two-dimensional lattice:

21

dw; In[1—4K cosw;]. (B4)

For this lattice,

Ap
'?*cos—(P 1)+cos (1? 1), (Bs)
with N =mnn..
Let us write
—1= )
P patpine (B6)
p1=0,1, - - m—1; p=0,1, -+ ny—1.
Then
2 2w 2w 2wy 2
—(p—1)=——port—p1, ——(p—1)=—pat2mpy,
N nine 71 N 2
and
A 27 27 27
——cos(——p2+—1>1)+005("‘;92), (B7)
2 3123 ny
since 1 is an integer.
 Hence,
71 —1
Nt Z fXp/2)=N"1 Z fAp1+1/2)
ﬁl n()
n—1 ne—1
+N71 3 > f(patrine+1/2). (B8)
pr=1 p2=0
Now let
Aw2= 27!'/%2, wo= (271'//7712)?2.
Apa+pine+1 w2
———2————cos(——+~—171)+cosw2 (B9)

BERLIN AND M. KAC

Since w2 always ranges between 0 and 27, w1/71 vanishes
in the limit #,. We then may write, as ny—w,

n—1 Apo+ping+1 ny T
) f(—— —— f dwsf
0

$2=0 2 2n
v 27
Xi(cos——-pl—f-cosm), (B10)
n
and
N Ap o
N f(— f dwzf(14-cosws)
p=2 2 "1 Yo
ny m—1 @7 27
> dwzf(cos—p1+coswz). (B11)
2aN m=1 ¥, 1

The summation over p; leads to a second independent
integral. Letting Aw;=27/n1, wi= (27/n1)p1, then

S(f)= f w f de1dw2f(COSw1+COSw2). (B12)

(2m)*
In the case that f(A,/2)=In[1—4K(\,/2)],

lim N1 Z 111[1 2K\ :I“——f f dw1dwg

N p=1
XIn[1—4K(coswi+coswsz)]. (B13)
Three-dimensional lattice:
For this lattice
2 cosn(p= 1) cos e (p— 1) cos(p— 1)
2 N N

" with N =nnama.

There is no need to repeat the analysis, as it follows
the two-dimensional analysis closely. The result is that

2T
1
= 2 3fffdw1dw2dw3
(2ryJ J

X f(coswi+coswatcosws).
Tf f(r,/2)=In[1—4K(),/2)], then

(B14)

2m
N 1
lim N1 Y In[1—2K\,]=—— f f f desrdessdess
@y )

N—owo p=1
XIn[1—4K (coswi+coswstcosws) ].  (B15)
Consider now a function
N
Fi(f)= Zl VisVinf(Ap/2), (B16)
=
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with

2
vj,,vkﬁzv—l[cos]—v-(j—k)(p—1>

27
i) 1)].

ra=wi(2) 4 £ (2)
2 =2 \2
- 27 ; 27
x[cos;uf D=1+ +h=2)(p ]
Therefore, let us consider
Giu(f)=N-1 ,éa FO/2) eXP[%‘k%(P“ 1)], (B17)

where n;; is an integer depending linearly on j and &,
that is,

n,k=A+B]+Ck,

with 4, B, C as integers.
From before,

by

» 27 27y 2wning
—=cos—(p—1)+cos——(p—1)-+cos (-1,
2 N N -

N=nmams, where we are supposing the three-dimen-
sional lattice.
Let us now write

p—1=rns+q; r=0,1, -+« nms—1; ¢=0,1, - - - m3—1.
Now
N nmne—1 ng—1
=2 X,
p=2 r=0 g¢g=1
so that
nmne—1 nz—1
Gu(f)=N" 22 2 f(\/2)
r=0 g¢g=1
. 2rr  2mq ,
ol )
Mg MNiNokg
and
A Zm’ 2wq 2ar 2mq
—£=cos( )+cos(—+——
2 N1Me  N1NaN3 NNy
2mq
+cos(21rr+———).
ng
Let
Aw3=21r/n3, w3=(2‘ll'/ﬂ3)q.

Since 7 is an integer, cos(2mr+2mq/ns) = cosws. Also as
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n1, Na, N3 become large,

2xr 2mr
Ap/2=cos——+ cos—+ cosws.
ning (2]
Furthermore,
m3—1 ”3 27 —27/n3 n3 2
> = > Awg—o— dws.
qg= 27r 27 /n3 2
Hence,

mng—1

dws Z F(As/2)

21r1’ w3
Xexp[injk —t ) ]

Galf) "f
]k-_—21rN 0

ning MN1Ne
Now let
r=tny+U, t=0,1,--- m—1; U=0,1, -+ n,—1.
Ap 2wt 2mu 27u
—=C08 ——+—)+cos(21rt+———— +cosws.
n1  Ning (2]

Let Aw2= 27!'/112, W= (211'/1’1/2) U Then

mne—1  m—1 n2—1
X =2 X
r=0 t=0 u=0

m—1 g9 27 —27/n2 m—1 g9 2T
e S W
0

t=0 21 t=0 21 J,

dwz.

Then cos(2mt~+2xwU/ns) = cosws, and

Ap/2=cos(2mt/n1)+ cosws+ cosws,

Gy f%fdd ml(
s S 5 1(3)

. 27l't w2 w3
Xexp[mjk ——+-—+——-)].

N1 Ny NiRe

Now set Awy=2m/ny, wi=27t/n:. Hence,

]k(f)-r—:); f f f dwldwzdwgf( )

. 2 w3
Xexp[mjk (w1+——+~—~

n1 NN

], (B18)

with A/2= coswi+ cosws+ cosws.

The numbers j, % denote lattice sites, and these
numbers will change as N changes. We must now use
the one invariant property of the lattice site—its dis-
tance from a fixed origin. Let j=p+qumitsmm. as
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defined in Appendix A, Eq. (A18). Then x1=(p1—1)a,
y1=q1a, z1=s1a. Thus, we write

nip=A +B(P1+Q1ﬂ1+31”}7’1’2)

+C(patgamitsamns),
or (B19)
np=(A+ Bpr+Cps)+ (Bqi+Cga)na
+ (Bs1+Cso)nins,

where only #;, 1y, 3 change as N changes.
Consequently,

nir(witws/mtws/nims) = (A+Bpi1+Chs)w:
+(Bg1+Cgo)niwi+ (Bsi+Csa)nmmaws
+(Bg1+Cqz)wot (Bsi+ Csa)nimaws
-+ (B.V1+C82)w3.

We now note that

(Bgit+Cgz)niwi= (Bg1+Cqs)2ml;
(BS1+CSz)7L17sz1 = (BS1+C82)7Z221rZ;
(Bs1+Cso)nimows= (Bsi+Cso)ni2wU;
that is, these quantities are integral multiples of 27, and
they can be neglected in the exponential. Thus,

w2 w3
njk(wﬁ'““‘{’—“ =(A+Bp1+Cpo)w

ny ning

+ (Bql+ Cg2)wat (Bsi+Csy)ws
X1 Xo
=[A+B(——+1)+C(—+1)]w1
a a

+ [B&+Cgl—2]w2+ [Bi"r Cﬁ]waE 0. : (B20)

a a a a

Finally,

Gi(f)= (B21)

(2;3 f f f dendendessf(A/2) explif],

with 6 defined in Eq. (B20).
If we assume that one of the spins is located at the
origin, it is very easy to see that

N

2
lim N4 3 f00/2) cos— (= B)(p—1)

N—00 =2
2T
1
= f f f dwidwadwsf(N/2)
(2m)?
0
X1w1  Yiwsz

Z21w3
+—),
a a a

Xcos{ —F——-
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lim N5 [(0/2) sin%(j+k—2)(;b—1)

<zjr)s f f f durdendesf(V/2)

. M1 Yiwe  Z1w3
Xsin{ ————4—1),
a a a

where it is understood that xy, v1, z; are multiples of a.
Hence, we have

ij(f)-_-'_fgz_}_(z:r)sfzifdwldwgdwsf(él coswj)

Yiw1 Yiwe 2iws
Xcos{ —+——+—),

a a a

(B22)
because the integral having the sine in the integrand is
zero since A is an even function of w1, ws, ws.

APPENDIX C. THE EVALUATION OF THE PARTITION
FUNCTION OF THE SPHERICAL MODEL

QN(S)=AN_1f* . 'fdel' - dey exp[K ZI e,;ej']. (Cl)
N "
’§1€i2=N

We may also write

QN(S)=AN-1f.f.fdel...dEN

e
Xexp[K Y e, d(N—X €?),
i

7=1
or

QN(S)=AN_lf'°f'fdel"'déN

< 1 +i0
Xexp[K ZI €i€j]’—. f ds
¥

Tl YV —io
N
Xexp[s(N—-§1 )] (C2)

For our next step, we wish to interchange the integra-
tion over the {¢;} with the integration over s. This can
not be done because the form K ),/ €:¢; is not negative
definite. However, we may write

K Z, 6,'6]"—: Nao—Nao+K ZI €;€;
) @7

N
=Na(]—0£o Z €j2+K ZI €;€5,

i=1 i

because of the spherical condition. By choosing «q real,
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positive, and sufficiently large, the form can be made
negative definite. Then we have

N—l o +1 © ®
f ds exp[Ns:]f x -fdey --de
27('1/ ay—1 % *

(C3)

On(S)=

Xexp[—s Z e+ K Z’ €],

7=l

where s=aq is a line to the right of the singularities of
the integrand as a function of s.

Making use of the orthogonal transformation of the
variables {¢;} discussed in Appendix A, the integration
over the {¢;} may be written

© N N
f. . fdyl . dyN exp[—s Z yj2+K Z )\j);]-'l:l
7=1 =1
N
=aN2[I] (s—K\,) ]
=1
N
=7¥2exp[—1 ¥ In(s—KN\;)], (C4)
=1

and

Ay1gNi2 pootie
o2 [

m

v
Xexp[Ns—3 2 In(s—K\)].

=1

(Cs)

It is clear that we require > K| Amax| .

It is somewhat convenient to let s=2Kz. Then

1 20+ o
On(S)=AN"1mV22Ke IV 2K dz
27!1 —f o

N
Xexp[N2Kz—3 3 In(z—3)))], (C6)

=

where 20> | Anex | = $A1.
Since we are interested in the limit N—o | let

f@)=lim N InGz—),

(C7)
N—w0 =2
8(5)=2Kz—3/(z).
Therefore,
1
On(S)=A y~'aN22K e~V n2K
2wt
20+
Xf dZ(Z——kI) ze+’Vy(z). (CS)
20— ®
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Evaluating the complex integral by the method of
steepest descent,

ZKWN/26—§N In2K+Ng(2s)

§)e (Co
() An(za— N[ 27N (3% 022)2, ]t (c9)

where the saddle point 2, is determined by
(0g/93z)2s=0, and (8%g/92%)2>0.
If the saddle point exists, then, with
An=2xN2NIN-D/T(N/2),
—y/kT= hm N1 InQn(S)= —1—1 IndK+¢(z,),

(C10)

or
—y/kT=—1—31ndK+2Kz,—%f(z,). (C11)

We now proceed to investigate the existence of a
saddle point.

If we let # denote the dimensionality of the simple
lattices, let us denote f(z) by fx(z). From Appendix B
we have

27
fa(z)= f .- fdwl- o dwn lnl:z—zn: coswj . (C12)
@2m)» . =1
Then
dga 108fa

e 12 f [
9z 2 9z 2 2m)»

X[z—X cosw; ™Y, (C13)
i=1
and
gy 19? f,, 1
e
92? 2 92 2 (21r)"
X[z-—z cosw,] . (C19)
=1
The equation for the saddle point is
1 27
= f~~~f{lw1- crdwa[z,— > cosw; L. (C15)
2m)" . i=1

The only possible value for z, is real and positive. If z,
exists, then Eq. (C14) shows that (8%gn/82%)z,>0.

If T is very large, K is very small. Therefore, z, must
be large, and in first approximation 4Kz,=1. As T’
decreases, z, decreases.

Let us consider the one-dimensional lattice.

The saddle point equation is

1 2T
=— f dwi[z,— cosw; 1= (3,2— 1)}, (C16)
27!' 0
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and

z,=[14+(K)*].
Furthermore,

1 27
fi(z)=— f dw, In[2,— cosw; ]
21!’ 0

=Inj(z+ (22— 1] (C17)
Hence,
—1/kT=—3%+1% [1+(4K)2]*

—3 Inz{1+[14+@4K)*]}}. (C18)

In this case, as 7—0, K—w so that z—1. The
singularity of fi(z), 2=1, is never reached. The steepest
descent technique improves in accuracy insofar as
(8%g1/82%)2, approaches « as z, approaches 1. The con-
clusion is that ¥, is a regular function of T in the range
0<T <.

Continuing with the two-dimensional lattice, the
saddle point equation is

2r
1
= ffdw,dwz[zs—coswl—cosm]“. (C19)
(@2m)?J

This equation may be written

(= (2/72,)K(2/25), (C20)
with K(%) the complete elliptic integral
1
kW= [ afa-pa-wes
0

As T decreases, 2z, decreases and approaches the
singularity =2 of f,(z). In the neighborhood of z=2 we
can use the expansion®

WO E (-2
(i 2)-sas (-

Consequently, we see that K(2/3,) approaches infinity
as z,—2, and so z, will exist for all allowed K. The
singularity is not reached for a finite temperature. For
this lattice, ¥, is again a regular function of T in the
range 0<7T< .

Finally, we take up the three-dimensional lattice for
which the saddle point equation is

27
f f f dwidwodws
0

X [2s— cosw;— coswa— cosws 1.

1
}. (C22)
2n

(2m)?
(C23)
8 E. T. Whittaker and G. N. Watson, Modern Analysis (Cam-

bridge University Press, London, England, 1927), fourth edition,
p. 299.
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The singularity of f3(z) occurs at z=3. As T decreases,
z, decreases and approaches the value 3. It is easy to
show that for z,=3 the integral converges. In fact, the
integral has been evaluated by Watson’ with the
result that

=

(27")3s
X [3—coswi— cosws— cosws | 1=0.50546. (C24)

This means that a saddle point exists down to a critical
temperature 7'.=(3.9568)J/k. Therefore, we have:

T>T.(K<K.)
—¥3/kT=—3~(3) In(4K)+2Kz,— (3) f3(z,),

where z, is defined through Eq. (C23).

Since the partition function is defined for all positive
T, we must investigate the range "< 7. This requires
consideration of the complex integral in the neighbor-
hood of the branch point, z=3, of f3(z). The integral
to consider is

(C25)

1 20 +1

dz(z— 3)~tetNoa(),
21"i 20 —13 ©

(C26)

If we cut the z-plane from z=3 to z=— » along the
real axis, then the integrand is analytic in the cut plane.
Since f3(z) is analytic in the cut plane, we shall con-
sider the behavior of df3/dz in the neighborhood of z=3
and obtain f3(z) by integration. Now

dfs 1

27
d = 2 3 fffdwldwzdw;;
z  (27) 4

X [3— cosw;— cosws—

cosws ]!

1 T 2 72
=-—f dwa—K(—), (C27)
w2 Jo g \¢q

where ¢=2z—cosws. Using the expansion for K(2/q)
given in Eq. (C22), it is found by analytic continua-
tion that

dfs/dz=4K.— (2n%)}(z—3)1+0(z—3), (C28)
and, therefore,
f3(z)= f3(3)+4K(2—3)
—(2¥/37)(z—3)+0([z—3]). (C29)
We then have
g3(2) =g:s(3)+2(K—K.)(z—3)
+(2-¥/37)(z—3)HH0([2—3P). (C30)

Consequently, the integrand always has a saddle point

7 G. N. Watson, Quart. J. Math. 10, 266 (1939).
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atz=3if K> K, (T'<T.).8 The path of steepest descent
has a cusp at 2=3 and the path is shown in Fig. 3.
Evaluating the complex integral, we find that

1 2044 o
—_— dz(z_s)—%e‘f‘Nﬂa(z)
27!'15. 20 —1 0
[ N2x(K—K,) T etos@,  (C31)
Hence, for T<T.(K>K,)
—ys/kT=—3—(}) In(4K)+6K— (3)f3(3). (C32)

The discontinuity that is involved can also be seen
from the following consideration. Dropping the sub-
script s, the saddle point is the solution of the equation

4K =df+(2)/dz,

which defines z as a function of K. From this equation,
it follows that for 7> T,

dz d*f3
—= —_ (C33)
dK dz?
and a2 dz \?d*fs d2f
Z 2 3 3
(BN / b (C34)
dK? dK/] dz?/ d#?

8 The mathematical reason for the transition in the three-
dimensional lattice is the “sticking” of the saddle point. This same
phenomenon has been found by Kramers. [H. A. Kramers, Com-
mun. Kamerlingh Onnes Lab., Leiden, Suppl. No. 83 (1936).]
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Fi1G. 3. Path of steepest descent for T'<T..

In the neighborhood of the branch point z=3, we have
from Eq. (C29)

&fy/de~— 278/ 7) (z—3)7H;

d3fs/dzd=(2-52/ 1) (z— 3)~%. (C35)
Consequently,
dz
lim —_=lim (—2"(s=3)}) =0,
and

%
lim —=64x2.
=3 JK

On the other hand, for T<T,, g=constant, so that
dz/dK=d%/dK*=0. The discontinuity occurs in the
second derivative, and this causes a discontinuity in
slope of the specific heat vs temperature curve at T..



