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Site-bond correlations in the three-dimensional Heisenberg model: Application to KNjMg,_,F3
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Site-bond-correlated dilution pictures have been successfully proposed to account for the striking differences
experimentally observed by nuclear-magnetic-resonaf@lR) measurements between random-diluted
KNi Mg, _,F; and the isostructural system KiyMg,_ F;. The present work makes use of a variational
principle for the free energy to treat the critical behavior of the system,Mlyj _ F; in the three-dimensional
Heisenberg model by considering the interaction of the nearest neighbor and next-nearest neighbor in the spin
system. The calculated phase diagram inThp plane for the Heisenberg model is in good accordance with
experimental data obtained by NMR, and the value of the correlation parameter is estimated.
[S0163-182697)04842-X

For many years physicists tried to understand the collecposed to take into account the correlation effects. Examples
tive behavior of magnets and other condensed matter sysf this approach to alternative site-dilution models are the
tems by studying the pure materials, such as crystals withootstrap percolatidh'? and dilution, high-density
perfect structure and full translational symmetry. However percolationt™**and, more recently, the site-bond-correlated
all materials have some structural disorder in their atomidSBC) dilution model™*
constitution'3 Therefore, it is natural that an increased un- SBC is a recent dilution model proposed by de Aguiar and
derstanding of the collective phenomena that occur in magt0-workers® to explain the differences, observed by nuclear
nets materials has arisen from the study of the structurallyn@gnetic resonance, in the phase diagfanvs p between
disordered magnetic systems. Also, disordered systems hatfee diluted Heisenberg antiferromagnet KUy, - ,F; and
intrinsic properties that cannot be treated by employing overthe isostructural system KjWg;_,Fs;. The experiments
simplified methods. Thus, the literature is filled with differ- have shown that for the randomly diluted Heisenberg mag-
ent models and their variants. In this paper, we consider thgetic compound KNjMg; _ ,F3, T, decreases faster than for
technique usually applied to describe disordered magnetitsostructural KMpMg;_,F; when the concentration de-
materials, namely, the dilution picture. creases. This happens because the latter system is more ad-

The effect of diluting a magnetic system with nonmag-€equately described by an uncorrelated site-dilution picture.
netic impurities has attracted the attention of many researcH=urthermore, the phase diagram in tfiep plane for
ers and, in the last several years, the theoretical and expeNi,Mg;  F; displays an upward curvature in contrast to
mental study of randomly diluted magnetic systems has beeifie compound KMpMg; _ F5. In the pure materials men-
intensively investigated such that an enormous increase dfoned above, the NF ions can form onlyr bonds, while the
work, in the literature, has arisen from these studiéS. Mn*2 ions can form bothr and 7 bonds. The symmetry of

The uncorrelated diluted model is well known and suitedthe o bonds suggests that the substitution of aNbn in
to describe the critical properties of certain magftet8in  KNi,Mg;_,F; by a nonmagnetic one has a stronger effect on
this model, some magnetic atoms on the lattice are randomithe exchange interaction of a nearest-neighbor magnetic pair
replaced by nonmagnetic atoms and a bond connecting easituated along the line joining the three atoms than the same
pair of occupied magnetic first neighbors is modified. In thiseffect induced by substitution of a MA ion in
context, the diluted magnetic systems are usually associaté¢Mn Mg, _,F;. In the SBC model, the coupling between
with an uncorrelated percolation problem when the temperatwo nearest-neighbor magnetic atoms is assumed to be de-
ture goes to zero. Particular interest has been given to theendent upon the occupancy of the other nearest-neighbor
phase diagram for the critical temperature vs concentratiorsites, where a parametarmeasures the correlation between
However, recent experiments have shown that the introdudhe spins.
tion of nonmagnetic species in some magnetic materials dis- The SBC model has been studied by means of various
plays effects not predicted by the usual dilution mode.,  method$"111214-21at first, de Aguiar and co-worket
neither bond nor site dilutignIn these materials the corre- studied the SBC model by employing the effective-field
lation is relevant to describe the system and therefore suctheory for the diluted spin Ising model on a square lattice in
effects must be included. Thus, other models have been pre: cluster with one spin. They found qualitative trends, such
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as an increase in the initial slope=1/T.dTA/dp, at p The Hamiltonian considered is given by

=1, and an upward curvature in thep plane, which is

consistent with the experimental data for KNig; _ ,F3.%* H=-S 3 s.s.-S Js.g 1
They also found three different percolation thresholds at zero <i,25> 4o Sies 021) S S @

temperature. This result, as noted by the authors of Ref. 14\7vhereSK (k=i.j, i+5) is a spin-1/2 vector operator, with

is not consistent with their model Hamiltonian, from which componentS, along the directiore, J; ;. , is the exchange

one shquld obtain only two different thresholds: one for th'sklnteraction between the nearest-neighbors spins for the ions
correlation case and the other for the uncorrelated case. Fu

thermare, de Aguiar and co-work&fsobtained values for 4t sitesi andi+ & on ad-dimensional lattice, defined by
the critical temperature that is dependent on the correlation
parameter. This unphysical result was also not expected.
However, da Silva and Moreitastudied the critical proper- & is an elementary vector of the lattice apdis a random
ties of the SBC model, on a square lattice employing thevariable that obeys the probability distribution
same scheme of Ref. 14, and obtained good qualitative and
quantitative results, for example, finding only two critical P(e)=po(e—1)+(1-p)d(e), 3
concentrations. In 1987, Coutintet al!® studied the SBC
model, on the Bethe lattice, in a version ofravector model
obtaining an exact solution. In this work, the behavior of
phase diagramd, vs p exhibited most of the expected
physical properties. The exceptions were in e 0 axis,
where only one value ob. was found for 8=a<1, and an
upward curvature in th&_ vs p curve even forw=0 and the
Ising model, which is in contradiction to both effective-field
theory” and Monte Carlo result®:** These undesired as- P(35)=pa(J; —3%)+(1-p) 8(3%). )
pects seem to be due to the pathological geometry of the
Bethe lattice. Particularly, in the SBC model, where direc-In the present work, we present the results of a systematic
tional effects are important, the fact that it is only in the calculation of the SBC model with first- and second-
“radial” direction that is uniquely defined for the Bethe lat- neighbor interactions based on a variational principle for the
tice may introduce an undesirable bias. More recently, théree energy’’
SBC model has been applied to the three-dimensional The critical line obtained is given by
Heisenberg ﬁr(r)mdel by employing the Migdal-Kadanoff .
approximation- and it has also been studied by the Monte 3 3 .
Carlo method for two- and three-dimensional systérfdin prtanh(3Ke) +p(1—piitanfy3aKe) = 7575+,
these works, the authors of Refs. 16, 20, and 21 suggest that (5)
the value of the phenomenological parametdor the com-
pound KN{Mg, ,F; is above zero. However, neither value
has been estimated. The SBC model has also been revisit
by the mean-field renormalization-grddpschemé:”° In
these works various interesting aspects were observed. For
: . o 3/2(X)
example, a universal relation for the initial slope @t 1 tanhy,(x) = ,
between the correlated case and uncorrelated case was l1/2(%)
ob.taineoff Furthermore, the phase diagrams for this modelyhere7 is the coordination number arit is the number of
using two different exchange interactions in two- and threez\NN on a d-dimensional lattice. Here, we shall use
_d|men3|_onal lattices, was presenfejrff.ln both _the exchange A=0.009,Z=6 (simple cubic lattick Z* =12, and G=a=<1.
interactions used, we obtained only two critical concentra- 4 1ha other hand, the initial slope=K.dK_ /dp, at
tions. On the other hand, we recall that in neither of thesz):1 is given by
works mentioned above, the experimental contact with th '
compound KNiMg; _ ,F3 _ha_ls been pr_es_ented. Aa) 2 tanhy(3aK)
In the present work, it is our main interest to study the —=]-—
randomly diluted site-bond-correlated Heisenberg model, in- A(0) 3 tanhyy(3K)
Cluding bOth the Contl’ibution Of the nearest and neXt-neal’eSFhiS equation presents an interesting re'ation between
neighbor (NNN) sites in the Hamiltonian that describe the A(q=1) andA(e=0), i.e.?®
system. The introduction of the effect of tlhNNN sites re-
sides in the fact that experimental observations for A(l) 1
KNi,Mg; - ,F3 suggest an apperfeccioned version that cor- m= 3 (8)
rectly describes the spin-lattice relaxation nuclear mecha-
nism in high temperaturé4-26 The experimental estimative The relation(8) show a universality for the SBC model in the
for the value of the exchange interaction betweenNidéN  limiting for a=1 anda=0 and is independent of the dimen-
sites is 0.009 K% where K is the exchange interaction of the sionality of model as well of the lattice structure. Therefore,
nearest-neighbor sites. This same value would be used in theith this result, it is possible to estimate the exact values of
present work. the initial slope for the case of complete correlation. For

Jiiro=Jde€ (L)€ 565t ] (2

where p is the concentration of magnetic atoni.J/kgT
=K>0) is the ferromagnetic coupling constant amds a
parameter governing the correlation. The caaesl and
a=0 correspond to the standard uncorrelated and completely
correlated site dilution, respectively. On the other haJ‘}p,
(with J*=\J, \>0) are the next-nearest-neighbor exchange
interactions with the probability distribution given by

where tank,(x) denotes the generalized hyperbolic tangent
%presented by modified Bessel functions of the first kind
efined by

6
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10 TABLE I. Values for reduced critical temperature and critical
concentration for the Heisenberg model for the SBC dilution model

B experimental data [Ref. 22] are compared with exact results or by expansion series.

present work

n08r

Critical temperature
06t

< kgTe/J 4.767 4.330
;e o4t Critical concentration
S0
P (0<a<) 0.205 0.3%
02t pc (a=1) 0.589
00 8Reference 31.

02 04 06 08 10

concentration , p

use the experimental data and assume that it satisfieSEq.
FIG. 1. Phase diagram in the randomly site-bond-correlated di!,n this approach, for each experlmental pdipé TE)'ZZ we
luted Heisenberg model for the compoud KMig; _F5 with inter- find one value for the correlatlon parameter. All thesg values
action betweemNNN sites. The correlation parameter estimated byare such that &«;<0.2 (i=1,2,3,4). In order to obtain the
the SBC model in the present work as=0.145. curve fitting that adjusts itself better to the experimental data,
we evaluated the arithmetic mean of the values foundafor
Therefore, our estimate for the correlation parameter is
a=0.145. The phase diagram in the-p plane for the
Heisenberg model whea= a=0.145 is presented in Fig. 1
) . . . together with the experimental data. We observe that the
In this part we are interested in evaluating the value of th%/alue obtained for the correlation parameteshows good

fcirgelf\tlogtpgraénstej tlat t_)ettergdjusts tsgtrr;a experimen- adjustment with the experimental data as well as exhibiting
al data obtained by de Aguiar and co-wor was men- CF?e behavior of the experimental evidence for

tioned previously, that all works that studied the SBC mode Ni,Mg;_,Fs. On the other hand, we also observe tRat

do not make experimental contact with the compoun (0<a<1)=0.205, while p, («=1)=0.589. Therefore, the

Cortbiaton’ parametér was ot obained. However, n thi/eisenberd_ adequately  describes _ the compound
present work we aim to obtain an estimaté for the co;relation NIPMgl‘pF.3 with the Value_of the correlation pg_rameter

; ) within experimental expectation. The reduced critical tem-
parametete for the Heisenberg model that better adjusts to
the SBC model. This value, by experimental expectation
must be in the range 0a<0.20?* A computational-
analytical evaluation can provide a value farthat ad- This work was supported in part by CNR@&razilian

equately describes KNWg; _,F;. In the present work, we Agency and Fundaao Universidade do Amazonas.

example, for a simple cubic lattice the initial slope for the
uncorrelated case i4(1)=1.042° By using the relation(8)
we find A(0)=3.12%°

perature and critical concentration for the three-dimensional
Heisenberg model in the SBC model is quoted in Table I.
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