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Site-bond correlated model for disordered magnets: Mean-field theory
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A site-bond correlated model for randomly diluted magnetic systems is presented. The model Hamiltoni-

an takes into account that the strength of the exchange interaction between two nearest-neighbor magnetic

atoms is also dependent upon the magnetic occupancy of their own nearest neighbors, along the line joining
the two atoms. An effective-field theory is used to obtain the critical curves in temperature-concentration
space,

Randomly diluted magnetic systems have been extensive-
ly investigated in both their theoretical and experimental as-
pects." Particular attention has been given to the way in
which the transition temperature is reduced as one de-
creases the concentration of magnetic atoms. Also, the crit-
ical concentration at which magnetic order ceases to exist at
finite temperature is of considerable interest.

The shape of the critical curve (transition temperature
versus concentration of magnetic atoms) depends upon the
lattice structure and the symmetry of the interaction Hamil-
tonian. ' On the other hand, a well-known result of Elliott
and Heap" and of Rushbrooke and Morgan' demon-
strates that for three-dimensional ferromagnetic lattices with
only nearest-neighbor interactions, the critical concentration
at which the transition temperature vanishes is independent
of the symmetry of the Hamiltonian or the spin value. That
is, the critical concentration seems to be a topological prop-
erty and coincides with the percolation concentration of the
lattice.

Recent NMR studies6 of the randomly diluted Heisenberg
magnet KNi~Mgl ~F3 show striking differences in the
behavior of this system compared to that of KMn~Mgl ~F3.
As the concentration is reduced, the transition temperature
decreases faster for KNipMgt —pF3 than for the isostructural
system containing Mn'+ ions. In addition, the critical curve
for KNi~Mg~ ~F3 exhibits an upward curvature, whereas
the opposite is observed in KMnpMg& —pF3.

Attempting to explain these differences, de Aguiar,
Engelsberg, and Guggenheim proposed a dilution model
which is quite different from the usual site-dilution percola-
tion scheme. In this model, which is expected to be more
appropriate for KNi~Mgl ~F3, the coupling between two
nearest-neighbor magnetic atoms is assumed to be depen-
dent upon the occupancy of the other nearest-neighbor
sites.

To understand this dilution effect, we first consider the
exchange paths in the pure compounds. In Mn2+ with a
3d electron configuration, all five of the one-electron orbi-
tals are half filled (L = 0), having the unpaired spins avail-
able to form both cr and m bonds with the fluorine ligands.
However, in Ni2+, with a 3d configuration, the orbitals
d~, d, d~ are completely filled while the d 2 2 and d 2 orbi-

x -y 2

tais are half filled; these unpaired electrons can only form cr

bonds. In fact, as suggested by Anderson's theory of su-
perexchange, ' this is the reason why Ni'+ has a stronger ex-
change coupling in this system. On the other hand, in the
related randomly diluted magnets, the directionality of the tT

bonds suggests that the substitution of a Ni'+ ion by a non-

((o.;) r) „=((tanh(pE, )),)„, (3)

where p= 1/EBT, ( ) r denotes the canonical thermal
average, ( )„ the conditional configurational average
and

E =XJ;+a~+a .
8

(4)

First, we consider the standard mean-field treatment, which
consists of taking the averages in Eq. (3) as

m = tanh((pE;) r) „=tanh(pJm ) (5)

where J=zJp[(1 —a)p+a], and z denotes the coordina-
tion number of the lattice.

The dependence of the reduced critical temperature
T, (p)/T, (1) upon magnetic concentration p is plotted in
Fig. 1, for several values of the parameter o. . It is ~orth
noticing that the upward curvature of the critical curve is al-
ready apparent, even within the framework of simple
mean-field theory, provided site-bond correlation is included

magnetic species has a stronger effect on the exchange cou-
pling of a nearest-neighbor magnetic pair situated along the
line joining the three atoms. For Mn'+ the directionality of
this effect should be less and the overall perturbation of the
coupling weaker.

In this paper we introduce a model Hamiltonian which ex-
plicitly takes these ideas into account. For the nearest-
neighbor Ising model the proposed Hamiltonian is

1

Q g Jii +siri iri +8
i, $

~here S is the lattice vector and J;;+~ denotes the exchange
interaction between the ions at site i and i + S, and is given
by (J)0)

Ji i +s = JOIE i + 8 ['( 1 A )t i - 0 + u ]

The parameter a (0 ( u ( 1) correlates the interaction
between site i and i+S with the occupancy of site i —S.
The limiting cases of e= 1 and 0 correspond, respectively,
to the usual site dilution and to what we call a completely
correlated site-bond model. The random variables &; can
take the values one, with probability p, and zero, with pro-
bability 1 —p, where p is the concentration of magnetic
atoms.

We next treat the Hamiltonian (1) within the scope of
mean-field theory. Using the Callen identity, the magneti-
zation can be written as

33 652 1986 The American Physical Society



6530 MOD L FOR DISORDE0 CORRELATSITE g)N

1 (3) Ne getthe dtfferent al o"

(6)

o erat« t&/gx is the

tanhxlx=P(exp((gED ' -
.,l,„d U.-

cc

exppnena„d,„g t e
)2„+[

(4) into (6) '
)2"= 1

substituting
n identities.

ne obtains the ex
the following

. fpr a11 ~ Pne op, , an
relation

m«el ""ht this mcurves p
t pf frustration

& 1). The c"
ee the effect o

ext consider
some degree

esults we nex
aso .

rove t e
1 exhibit to s

h above res
H m„ra andon

prder to impn .
ld theory develoPe

tp a grea .
1

t variety o
ve-

s been appl'e
the differentia

1
9 wh ch

lo ~ applying
where

K.aney»h'
stems. y

f (x + ~)
d magnet&c y

e[Df (x
l

diso«
opera

33

~

ue, namelytor tech niqu

) ~gnhxl*) ][1 + p E' —pp[+p[[1+p;p(+s ( [+a'[+p

~pJ and sc =('

(( [" '* (~,
,; h(«D[ ""

r[od(~b'"".
s where wfive Sites

t „hxl =o

we get

,(f2+ ~~';S ) ] [ 1 + t pP i 6[+2(( tt [[+~OEi(fI

(Ref 1 1) andexact value
„erfprming t"e

S1= '
~

condl
ith the kno

'
ion. In fact, in p

concentratjpn
, hond diltttio" .

E& (8) the co"1 average in
t}e cpncentra io

tipnal con g
ust be inte P

f mewo«

fiurationa
'

r reied as
f the

connected
. I deed, withi

bPnds mu
'

in the rampms. n
nt va ues p o and I ~l

f magnetic at
1 two dlffere

value

o
roblem pn y

uld be expecte
fpr

percolati«p
0 and 1 sh«)

htained here
correspo

ewhat below &&'

be considered

nding to ~
(Fig. 2, o

as a
0.38»p '"

f ~ should the
btajned for T,

values of ~
'

al values obtain
in

1 Also,

'
termediate

the numerica
uonte paramete

rious resu
dependent

ted from th e

spu
], case are

'
1 not expeceThis resu 1

shpuld be a

the p =
.

lt is certain y
ttributed, as

(()(~(1)
.

[Eq (1)] and s
spin corre a-

Hamiltonlan q
h eglect «sp'n

starting . ', to t eshould the
dlfferentjal oPera

this apprpach

spurjpus pc s

tor techniqu .
areto

in the dl e
b drawn fromThe conclusion

al configuration
'

nal (i.e.,d condition
1 tions and

the thermal a
m„lt, spin co«e '

„ the

performing
neglecting mu

ne can obtain t e
1) ave«ge "

for [ &0, one
(pp) «

f ct that (f() cc

teristic

using the
'

la ed in Fjg
f the characteris i

phase d»g
f F;g 2 sho([('

.,ltonian (1
e result o

nd correlated
d here we pb-

pf the site-bon
odel considere

fea«res
r the ising mo

f the T, (p) c&r"
instan~~

n ttp([(ard c
hl (~

even for
urvature p

this is
serv~ f«+ ~'

dilution Pr
z, 4 Further-

e usual site-
model. '

h ress for the
h Heisenberg '

„e g (1/
T )(dT, /dp ~

1 tion, taking t"
t approximat»n

ee of corre a ' '
The presen

the degr
. 83 for a = 0

8 forgives a critic
T abpve resuT ea0.765 fOr o, ——0. TpcO

)PJ'
F r a clttsterdary co

agneticu iedbyam

D) and ~[
tt ice with P

ls pccup

the notatton f
the appltcatio of .

or whic

1+cosh(+D .
7) to a srtUare

h the centrapnfiguratiPn

Here we use
e shall conside

'
r on}y thpse co

(8

Inw ah t follows w s
d tp consider pne neewit

atom,

&.0

O

~ {}.5—
O

O.5

OI-

O. 5 1.0 0.7
p

n of concentrat' ion oferature as a «d
by the effectiv-

FIG. 2. "
d,fferent values oethic atoms fo

d Kaneyosh]
m 8

f Honmura anfield theory

~

for differenterature vs conccentration orR duced tempFIG. 1.
obtained yvalues of u,



654 ALBINO O. de AGUIAR, MOREIRA, AND ENGELSSERG 33

mainly of qualitative value. Nevertheless, they are believed
to be general. Although our calculations were restricted to
the spin-~ Ising model in a square lattice, we expect that
the effect of site-bond correlation is to increase the initial

slope of the critical curve and eventually also yield an up-
ward curvature in more general cases. In particular, the
three-dimensional Heisenberg magnets KNlp Mg& —p F3 and

KMnpMgi pF3 may be examples of systems which could be

described by a Hamiltonian similar to the one employed
here [Eq. (1)],with n near zero and one, respectively.
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