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Expressions for many-site correlation functions of a square-lattice Ising model have been derived for
the case in which all sites lie in the same row. The results involve expressions for minors of Toeplitz matrices
which are obtained by the Wiener-Hopf technique. We derive an expression for the magnetization at any
site in a row if a finite number of defect bonds are distributed at given positions in that row; this expression
can be used to study the effect of a dislocation. Some remarks about the decoupling of correlation functions

are made.

1. INTRODUCTION

N a recent paper by Pink! (hereafter referred to as P)
an analytic derivation was given of certain three-
site correlation functions of the square-lattice Lenz-
Ising model having spins of magnitude 3, which are
coupled by nearest-neighbor interactions, located at
each lattice site. The expressions obtained were used to
calculate the magnetization at any site in a row when
one of the bonds in that row was a defect bond. It ap-
pears to be of interest, however, to derive expressions
for many-site correlation functions which can be used
to calculate the magnetization at a given site if defect
bonds (of possibly unequal strengths), which replace
perfect-lattice bonds, are distributed at given positions.
Quite apart from this defect problem, one would wish
to know the exact form that many-site correlation func-
tions have because previous use of them? has neces-
sitated their approximation, and it is of interest to know
to what extent the approximations are valid. This in-
formation is especially valuable in the critical region.
As far as the defect problem is concerned, much work?
has been done on calculating the effect upon various
bulk properties of the Ising model when defect bonds
are distributed at random in the lattice. In contrast to
the case of a system described by the Heisenberg Hamil-
tonian, where some effort has gone into calculating the
effect of a single impurity spin upon the magnetization
at any site in its neighborhood* and upon the elementary
excitation spectrum,?® little work has been done concern-
ing the effect of defects upon microscopic properties of
the Ising model.®
In this paper we have in mind applications of the
Ising model to solid-state problems. For example,
Miyazima’ investigated a decorated square lattice and
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found it to have either two or three phase transitions,
depending upon the choice of parameters. He suggested
that the first case provided a model for Rochelle salt
which has a ferroelectric phase between —18°C and
25°C. In this case impurities can be represented by
defect bonds. Thus, in view of the possibility that cer-
tain physical systems can be described approximately as
an Ising model we can list three cases in which knowl-
edge of the many-site correlation functions is of value.

(i) If we know all three-site correlation functions, we
may calculate the magnetization per site at any dis-
tance from an isolated impurity or defect bond.

(i) If there are many impurities present in the crys-
tal, however, we may find it necessary to consider more
than one impurity or defect bond in calculating the
magnetization per site. In this case, knowledge of
higher-order correlation functions is necessary.

(iii) We could consider a line of omitted bonds to
represent a simple model of a dislocation. The number
of correlation functions needed in this case will depend
upon the length of the dislocation.

The object of this paper is to derive relatively simple
expressions which are easily applied. The solution of
the general problem is, however, no trivial task, and we
shall confine ourselves to the presentation of a more
modest endeavor.

Here we shall be concerned with deriving an expres-
sion for the magnetization at any site in a row if a finite
number of defect bonds are distributed at given posi-
tions in that row. One would expect that this restriction
leaves the third case mentioned relatively unaffected
since in that case all the defect bonds lie in the same
row. The expressions derived here could, thus, be di-
rectly applied to the investigation of the effect of certain
kinds of defects (see Sec. 4). The application of the re-
sults to the first two cases is considerably restricted but
it should shed some light upon the form of the magneti-
zation per site in the general case. The solution will be
approached in such a way that it will give expressions
for many-site correlation functions when the sites all
lie in the same row. The method that will be employed
is an extension of that used in P, which was originally
1032



188 CORRELATION

due to Krein.? Wu and his collaborators® have used this
kind of approach in a series of papers.

Each site in the lattice is labeled as (k,/), where k
denotes the row and / the column. The variable oy,
(which takes on the values 4=1), of the set {c}, is associ-
ated with the site (k,/), and interactions, which are be-
tween nearest-neighbor sites only, are denoted by J;
(for sites in the same row) and J, (for sites in the same
column). The number of sites in a row or column is .V'/2
which is allowed to go to infinity, and we shall be con-
cerned with effects far away from the boundary of the
lattice. The partition function of the perfect lattice is

Z=3 eXprf Z (Jlo'k,la'lc,l+1+-,20'k,lo'k+l,l):'
{0} k,l

= (coshBJ1 coshBJ»)VZy, B=(kpTl)™* (1.1)
where
Zo=2_S(a),
{o}
S= 11 Q+4ervoror ),
kL k'V
arer=x for b=k, U'=I+1
=x, for k' =k4+1, U'=l
(1.2)
=0 otherwise,
x;=tanhBJ;.

Each bond has the number «x; associated with it which

we shall call its weight. An #n-site correlation function is
defined as

(0102 a,)=Z¢ 1Y S(a)oro2- - -0,

7}

(1.3)

where 1, 2, - - ) n denote various sites in the lattice. The
defect problem will be presented in Sec. 2, and the
formal solution to the correlation-function problem
given in Sec. 3. In Sec. 4 some simple applications of the
results will be presented.

2. DEFECT PROBLEM

Let us assume that there are defect bonds lying be-
tween the sites labeled (1,\;) and (1, A;+1) which have
weights x,/=tanhBJ,, f=1, 2, .-, n. Let us write
B={\y, - -,\a} so that the partition function is

Zp =Z S(QB) )
17} 2.1)
S(aB)= H (1+akl,k’l'80'k,la'k',l'),
kL, k'l
akz,krpB=x/' for k’=k=1, l/=l+1, l=)\1,"‘,)\n
=x; for K=k U=Il+1
(excluding first set)
=x, for K =k+1, U=l
(excluding first set)
=0 otherwise. (2.2)

8 M. G. Krein, Am. Math. Soc. Transl. 22, 163 (1962).

9 T. T. Wu, Phys. Rev. 149, 380 (1966). See also H. Cheng and
T. T. Wu, sbid. 164, 719 (1967); B. M. McCoy and T. T. Wu,
thid. 174, 546 (1968).
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By making use of o4,.*=1, we can write

n

Zy=(=xy 1T (=) (S@IT (14~

=1 i=1
X(1 —xlxi')_ld'l,)\,;a'l,hﬁlj} ’

which is an appropriate sum of correlation functions of
the form (1.3), each one containing an even number of
T p-

Here we are interested in calculating the magnetiza-
tion at the site labeled (1.1) and we shall assume that it
is given by

(2.3)

("'1,1>B=.ﬁl"l lim <<71,10'1,1+t>B

t—>00
=M"1lim ZB_I Z S(OtB)O'l,ldl_l_H , (24)
t->00 {a}

where M is the spontaneous magnetization per site in
the perfect lattice. It is understood that ¢t —oc before
any of the p —. Site (1, 14+1) is thus far away from
the defects, which is the reason for the assumption of
(2.4). By using the same procedure that led to (2.3), we
see that

<01,1>B=M_1(ZOZB_I><1 _xl2)_" ﬁ (1 —xlx,-')

J=1

Xim Zg ' 30 {S@IT [14+(xd —x) (1 —x3)

t>w {0} i=1
(2.5)
The problem thus reduces to the calculation of correla-
tion functions of the form

Xal,)«ﬂl,x;ﬂjﬁ,ldl,1+¢} .

ltlm (01,1' OO LT '0'1,1+z>.
>0

In P it was shown that for the case of z=1 we had to
obtain an expression for a minor which is formed from
a Toeplitz matrix!® by striking out the rth row and the
rth column (referred to as the corresponding column of
the rth row). In order to display the problem for this
case, let us consider

(01.101,x1¢71.x1+1‘ : '01,)\,01,)\,+10'1,1+1>
=C<1) >‘17 >\1+13 T )\f) )‘f+la t+1) )
1SS AL

By inserting factors of o1,.2, 1<m<{+1, we can write

C(l) )\ly T )‘f+1) l+1)=xlt—f[z S(B)]/Z S(Q’), (26)
{o} {a}

Brirv=arirv+gAr ey, 2.7)
g=1/01—x,
Appwr=1 for F=k=1, U'=I+1, I=1,-- 4,
Iy, -\,
=0 otherwise. (2.8)

10V. Grenander and G. Szego, Toeplitz Forms and Their A ppli-
cations (University of California Press, Berkeley, 1958).
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It is found that

2 S(@)=[det(1—:)]'",

(o}

where A4 is a matrix obtained from the e ii» when they
are written in the form of a matrix (ax,xp).1! Similarly,
it is found that

2 S(B)=[det(1—F)]'7,
(o} (2.9)
F=A+gD.

The matrix D is obtained from (A 1) in the same way
as A is obtained from (ax;,1).12 Thus, we find

C(ly )‘1: ) )‘f+1y t+1)

= xy~/{det[1—g(1—A)"'DJ}12.  (2.10)

Because of the form of D, (2.10) is obtained from a ¢X!
Toeplitz determinant by striking out the rows labeled
A1, -+, As and their corresponding columns. We shall
refer to it as an fth minor of a Toeplitz matrix. The
matrix elements ¢nm= ¢n—m are given by??

2r
Cn= (2#)”‘/ ¢(0)e~%de
0
¢(0) =[(x1x2*e® — 1) (1€ — x2*) /
(e —x12%) (x2*€? — 1) J1/2

= 3 cue x*=1—ux)/(14x,).

Nn=—00

(2.11)

We shall be interested in the limit as { — <. Not much
effort is required to convince oneself that all correlation
functions of the form

Eim (Gl,ntfl,xz' . '01,)\.0'1,0
->00

can be written as (2.6) and so can be expressed as ap-
propriate minors of a Toeplitz matrix.

3. FORMAL SOLUTION

Let us consider an (f+1)st minor, V1), of a
Toeplitz matrix ¥V, in which the missing rows are
denoted by the set (f+1)={Ay,---,\,s}. We write
(m)={\1,---,A\s} with a corresponding definition of
V(). Let the matrix elements of V be (V)im=a;_nand
write (V"0 m="im, }, m=0, 1, 2, --- where VV-1=].

''N. V. Vdovichenko, Zh. Eksperim. i Teor. Fiz. 47, 715 (1964)
[English transl.: Soviet Phys.—JETP 20, 477 (1965)].

2 N. V. Vdovichenko, Zh. Eksperim. i Teor. Fiz. 48, 526 (1965)
[English transl.: Soviet Phys.—JETP 21, 350 (1965)].

13 E. W. Montroll, R. B. Potts, and J. C. Ward, J. Math. Phys.
4, 308 (1963).
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Then if we apply Jacobi’s theorem,!*

YN Yo Y\

Visn= det(V). (3.1)

Yhr,s Yss

Jacobi’s theorem, however, must be used with care
when dealing with infinite matrices!® and we shall
present a derivation of (3.1) which is valid when f is
finite. There we shall see the problem that occurs when
fis not finite, but we shall not take up that solution in
this paper. The derivation of (3.1) will also serve to
display expressions for the vm.

Consider the set of equations

w s
2 ai kb =20 aib D =10,
k=0

=1

j=07 1) Ty j¢>‘ly cry Asy (32)

N =pi 0, j=Ny, e, Mg

If we multiply each equation by {7 and sum over 7, we
get

© ©

o f
Z Z aj_kg-f—kgk(/)g-k_z Z aj_)‘.g-]'—)\ish(f)g-)\i

=0 k=0 =0 i=1
I © I
=2 [ onase @ = X (Bimtarioam)rn "IN
i=1 k=0 m=1
=3 7P, (3.3)
=0

Then, if f is finite,

s
a(()[g(/)(g»)_gl E)‘i(/)g-)\ijzn(f)(g')_*_é [Ax (%)

s
— 2 OGmtaran)Ba. LN H00(), (34)
m=1

where

0

a(§) =kZ axs*,

=—00

EOE) =3 £k,
k=0

10O =3 mO @)=Y anats®,
k=0 k=0

-1 0 S
bIO)= 2 LY aiataP =X ainnbn"].

3.5)
j=—o0 k=0 =1
We shall assume that
kZ lax| <=, a(£)=0, |¢|=1, (3.6)

1 A. C. Aitken, Determinants and Matrices (Oliver and Boyd
Ltd., Edinburgh, 1959), Sec. 42.

11 am indebted to E. Schuegraf for some comments on this
point,
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and that the expressions appearing in (3.4) converge
absolutely inside the closed unit disk at the origin. Then,
if the index of a(¢), inda(¢), which is the increase in the
argument of a(¢)/2r as { moves around the unit
circle at the origin in the positive direction, satisfies
inda(¢)=0, we have

a1 (§) = g+()g- ),

where g, (¢) and g_({') are analytic inside the unit
circle at the origin and are continuous on the unit circle,
so that

Iel=1, (3.7

gu(g-) = Z 'Yn(“).(“"; (38)

n=0

p=-+, —.
We can then write

s
g+(O)IED() —2 EVEN) = Po(g- ()N (1)

=g (O O)+A=PE-(ON(E), Q.9

where

NOE)=2E)

s s
+2 AP (O =2 Gimtaria) b0 TN,
e n=1 (3.10)

P2 dig)y =20 dig.
The left- (right-) hand side of (3.9) is analytic inside
(outside) the unit circle, and the right-hand side goes to
zero as { — . Thus,

s
EDE) =X PN =g (O)Pr(-(ON (). (3.11)
i=1
By equating coefficients of {* we find
¥ © J
D=2 B8i= 2 Yinm P+ X [AnD(8)
=1 n=0 =1
s
=2 Gimtarian)ma v, (3.12)
m=1
where
Yen= Z 'yk——m(+)7n—m(¥) B (3.13)

m=0

The v are the matrix elements of ¥~ given previously.
By putting £=X; in turn, ¢=1, - - -, f, we obtain a set
of equations for the A,,¢’(¢). We are interested in
solving for £ when 7,/7=1 and ;=0 for j=s,
52 \;. The condition s> A, is one imposed merely by our
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choice of Ay, - -+, A\, and 5. We find that

S
ga(f) =-y"+z A)‘.-(f)(f)'ys)\ia

=1

(3.14)

S/
Z A (O =

=1

~YAms (3.15)

It is not difficult to see that these equations give

Tah T Ysh ‘yx,xl R 2O

£ = (3.16)

7)\13 'Yxa |7)\1)/ ‘YX/X;I

What we want is £, det(V (), which is given by
£ det(V ) =£DE, UV £,© det(V), (3.17)

where £,® is evaluated with 7, ® =1, »;®=01if j#n.
By combining (3.17) and (3.16) we obtain (3.1).

At this point we should refer back to (3.3) and note
that if f= o, then (3.4) does not follow. In order to
deal with this case, we should consider a set of equa-
tions like (3.2) where £ and jrun over 0, 1, - - -, K, solve
them for K finite, but much larger than A;, and then let
K and f go to infinity together. We shall not take up
this problem here.

For T<T.,, the critical temperature, we identify, as
Wu? first pointed out,

a@)=[1—a)(1—ax™")/(1=ad) (1 —arig™") ]2,
a2=x2*/x1. (3.18)
In this case e1<a:<1, so that inde({)=0. Then a;_;
=Cj—k and

g+ () =[(1—ast)/(1—e§) ',

— e K
1= X1Xe -,

. 3.19)
=L —ag )/ (—at)]2.
It is easy to show (see the Appendix) that
Ykn =Cn—-k_Ql;—n ntl ) (320)
Qk~11"+1= z ’Yl+k~——n(+)')’l(_) lf k;”
l=n+1
=Y Py, if k<n.  (3.21)
I=k+1
When [ is very large, it was shown in P that
Y1~ —[ay/4m (s —an) M 2al-312
l_ [ 2, ( 2 l)] 2 (322)
YO~ [(ae—an)/may ] 2apll=1/2,
so that
Q"I —(2m)7 3 atHEn(lk—p) 82
l=n+1
k>n
~—=Q2m)TY X etk (g — k)12
I=k+1
k<n. (3.23)
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If, in addition, J1=J,=J, e=J(Tc—T)/ksTT, is very
small, and e(k+n) is very large, we have

©

Qpp i~ —-4e1r‘1/ e vdy[y+4e(k—n) 32
e (k+n+2)

X[y —4elk—n) 1% k2n

~ —4e7r“1'/ evdy[y—4e(n—k) ]2
4e (k4+n+2)

X[y+de(n—k) T2, k<n (3.24)

wherein one should note the correction to the asymptotic
form [28] in P which corresponds to the case k=n.

4. APPLICATIONS
(i) First we see that
lim C(l, )\1+1, )\1+2, sy, )\/"}‘1, )\/+2, l+1)
t—>o0

YA ’y)\jxl}

=M? .1)

ANV Yarny

When only a few sites are involved, this expression is
quite simple to evaluate. Even when a large number of
sites appear, there are obvious advantages over the in-
finite determinant with which we started. From (4.1)
we can obtain an expression for any correlation func-
tion involving a finite number of sites in row 1. For ex-
ample, by letting Ay, - - -, A, — % keeping all \;—A,, fixed,
we find

(T AH1T1 42" * *O10+101, 0/ 2)

|
Co Oxn—)g Cx =2y |

C)\/—)\l oo Co |

which reduces to the expression given by Stephenson!®
when f=2. In this case we have

(01,101,14+01,24101, 14801, 2+5)
—’<Ul,1)<0'1.1+rgl,2+r‘71,1+501,2+8>
= M [ —co(Qu 1+ Q)+ 6om s Qa6 Qo
+ QOT+1908+1 —Qs—rr_HQr—sH-IJ , (4'3)

which vanishes as (T, —7")%8.

When I'> T, a1 < 1 <az, 50 that inda({) 0. However,
inde;(¢)=0, where a:1(¢)=¢a(f),® so that the canonical
factorization @ 1(¢) =G4+ ($)G-(§) exists. We can repeat
the procedure of Sec. 3 and we see immediately that all
correlation functions containing an odd number of sites

16 J, Stephenson, J. Math. Phys. 7, 1123 (1966).
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vanish identically, as we should expect. Those with an
even number of sites are given by (4.2).

(if) Let us assume that there are impurity bonds be-
tween the sites (1, 14X;) and (1, 24X;), =1, -+, f, of
weight x//, respectively, so that B= {14\, - -+, 14-Af}.
By an expansion into correlation functions similar to
that of Sec. 2 followed by a substitution from (4.1), we
see that

(o1,1)8=M det(N,)/det(Dy), (4.4)

I+ K Kivao K,

L T S B )
L Kf‘).’h)\/ 1+K.j'¥)\/)\,
(14+Kico Kicrnr, Koy,

D,= K2C):\2~)\1 14+ K¢ K—zc:;\z_x, ’ (4.6)
K/c;,*xl l+k;co

Ki=(@/—x)/(1—xx/), i=1,---, f. 4.7)

Dy is obtained from N, by letting all the X\, —« keep-
ing every \;—\, fixed. Equation (4.4) can be applied
to the case of a dislocation!” by putting all x,/=0.

(iti) Finally, we can use (4.1) to see how reliable cer-
tain decoupling methods are. Matsudaira? has used such
a method in calculating the frequency-dependent mag-
netic susceptibility, from a general formula which he
has derived, for the square lattice. He is particularly
interested in the behavior near the critical point and has
pointed out that his decoupling method does not
give the correct analytic behavior. Let us see where
the difference arises for a simple case. Consider
(01,101,14+01,24 ), Where r is very large, which is de-
coupled as

M[(01,101,14r)F(01,101,24r)F (01.14:01,24,) —2M*]. (4.8)

By using the results of Wu? for the asymptotic form of
the pair correlation function, we see that for J1;=J,=J,
eX1, and e(r+1)>>1, the decoupling approximation
gives

<01,101,1+,a'1,2+,) —MCONM3[321FS2(7+ 1)2]_1 y (49)

because the pair correlation functions are asymptotically
proportional to M3. This expression vanishes like
(T,—T)%8. The asymptotic form of the exact result can
be derived from (4.1) and (3.24), was given in P, and is
proportional to M e near the critical point.

Itis

(01,101,14:01,24r) —Mco~M e[ 8w (r+1)2 T,
which vanishes like (7', —T7)9%/8,

(4.10)

17S. Amelinckx, The Direct Observalion of Dislocations (Aca-
demic Press Inc., New York, 1964), p. 294.
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APPENDIX

If we write

©

Q=T e, (A1)
j=—0
it follows from (3.7) and (3.8) that
Z 7"+i(+)7n =) =1, ]2 0
n=( (Az)

2 v =ry, j20.

n=0

If we then make use of the fact that here a=1({~1)=a({),
we see that v;=c_;. Finally, in (3.13), for k<7 we put
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k—m=1 1o obtain

0
'Yknzz 'Yl(+)'yl+n—k(_)_'9k—-n"+l7 (A3)
1=o
and for £>n we put n—m=1[, which gives
Yin =2 Yighon Ty — Q"L (A4)

=0

By using (A2), we see that (3.20) is verified.

It should be noted that (A2) follows almost immedi-
ately, in a way identical to that of Appendix 3 of P,
from the theorem concerning inverses of Fourier series
proven by Edrei and Szego.'® In passing, we might also
note that we can easily prove these results by means of
the contour integration procedure used in P.

18 A, Edrei and G. Szego, Proc. Am. Math. Soc. 4, 323 (1953).
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Two-Dimensional Antiferromagnetism in Mn(HCOO),-2H,Ot

J. SkaLYO, Jk., AND G. SHIRANE
Brookhaven National Laboralory, Uplon, New York 11973

AND
S. A. FRIEDBERG

Carnegie-Mellon University, Pitisburgh, Pennsylvania 15213
(Received 23 June 1969)

Long-range two-dimensional magnetic correlations have been observed in Mn(HCOO),-2H,O by the
quasi-elastic scattering of neutrons. A direct indication of the two-dimensional magnetic character of the
system is the occurrence of the scattering near “lines” in the reciprocal lattice. The “lines” are parallel to
a*, indicating that long-range correlations are occurring in planes of atoms parallel to (100). The two-
dimensional character is observed below 7x=3.6°K and persists to at least 27y. Observation of the ¢
dependence of the scattering above T'w is consistent with a decreasing two-dimensional correlation length
as the temperature increases. Another interesting property of this crystal is the different degree of ordering
exhibited by two types of Mn moments which occur in the primitive cell at two pairs of inequivalent posi-
tions (4 sites and B sites). The 4 sites and B sites form alternating layers of atoms parallel to (100) and
strong intraplanar antiferromagnetic coupling exists only for the 4 sites. Measurements of magnetic Bragg
peaks below 7'y indicate that (u4) is an order of magnitude larger than (up), which is in agreement with a
molecular field model with very small interplanar coupling. The sublattice magnetization {(u4) was found
to vary as (3.62—T7)0-%+0.01 from 2.00 to 3.48°K, the initial slope of the magnetization just below 7'y being
larger than that obtained in isotropic three-dimensional systems.
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INTRODUCTION

EUTRON diffraction techniques have recently

been utilized by Birgeneau et al.! to give direct
evidence for long-range two-dimensional magnetic cor-
relations in K,NiF, over a wide range of temperatures.
Structural, thermal, and magnetic measurements of
several other compounds suggest the existence of a
similar two-dimensional character. One of the most

t Work performed under the auspices of the U. S. Atomic
Energy Commission, U. S. Office of Naval Research, and the
National Science Foundation.

1R. J. Birgeneau, H. J. Guggenheim, and G. Shirane, Phys.
Rev. Letters 22, 720 (1969).

attractive is Mn(HCOO),-2H,0, a well-studied anti-
ferromagnet with a Néel temperature at 3.7°K.

The structure of Mn(HCOO),-2H-O has been de-
termined by Osaki et al.2 and an (010) projection is
indicated in Fig. 1. The space group is P2;/¢ with four
molecules in the primitive cell, and the Mn atoms
occupy two pairs of inequivalent positions. The two
sets of sites (4 and B) are contained alternately in
planes parallel to (100). An A4 siteis coordinated through
formate groups to four other 4 sites within a plane and

2K, Osaki, Y. Nakai, and T. Watanabe, J. Phys. Soc. Japan 19,
717 (1964).



