J. Phys.: Condens. Matt&0 (1998) 7025-7035. Printed in the UK PIl: S0953-8984(98)91707-6

A diluted mixed spin-2 and spin-5/2 ferrimagnetic Ising
system; a study of a molecular-based magnet

T Kaneyoshi, Y Nakamura and S Shin

Department of Natural Science Informatics, School of Informatics and Sciences, Nagoya
University, 464-8601, Nagoya, Japan

Received 16 February 1998, in final form 21 April 1998

Abstract. The magnetic properties of a diluted spin-2 and spin-5/2 ferrimagnetic Ising system
are investigated on the basis of the effective-field theory with correlations. In particular, the
effect of a positive single-ion anisotrogy on the compensation temperature in a pure system
with D only on spin-5/2 atoms is investigated, in order to clarify the characteristic feature of the
temperature dependence of the total magnetizaonbserved in a molecular-based magnetic
material, Ng-C4Hg)4Fe' Fé" (C204)3. The influences ob and the concentrations of magnetic
atoms on the properties of the system on a honeycomb lattice are examined. The results show
that several (two or three) compensation points are possible in the diluted system with special
values of D and concentrations of magnetic atoms.

1. Introduction

A variety of mixed spin Ising systems consisting of two kinds of magnetic atom, A and B
atoms with spinss, andSg, have been studied theoretically by means of different theoretical
methods [1-5]. Most of these studies treat the system $4th= 1/2, Sg = S (S > 1/2)

and a single-ion anisotropy constabtfor the B atom. The Hamiltonian of the system is
given by

H=1J Z SinSis — D Z(st)z (1)
ij J

where the first term runs over only the nearest-neighbour pairs of atomg/ @adthe
exchange interaction. In these ferrimagnetic systems with 0, particular attention has
been paid recently to the possibility of many compensation points [3, 6]. The exact solutions
for the possibility of two compensation points have been found in [4, 5].

A number of experimental studies have accumulated recently in the area of molecular-
based magnetic materials, and the magnetic properties—that is, the molecular magnetism—
have become an important focus of scientific interest. Among these materials, many
bimetallic molecular-based magnetic materials in which two kinds of magnetic atom, A
and B, alternate regularly have exhibited ferrimagnetic properties and seem to be rather
well interpreted by the use of the mixed spin (Heisenberg or Ising) model [7]. Most of
these ferrimagnetic materials have not exhibited a compensation point. But, in the study of
the compounds AMFe" (C,04)3 (A = N(n-C3H7)s, M"" = Mn, Fe), whose structures are
two-dimensional honeycomb networks [8], a remarkable behaviour, namely the occurrence
of apparently negative magnetization at low temperature, has been observed fdtFe€ Fe
compounds and this phenomenon has been analysed by assuming the so-ellethdel
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[9] to be appropriate:Sy = 5/2 for Fé'" and Sg = 2 for F€'. The magnetization of the

Fe" sublattice follows the Brillouin curve in the molecular-field approximation (MFA), and

the Fé sublattice magnetization increases more steeply below the transition tempé&tature
than that of F because of the positive single-ion anisotrofy ¥ 0) of the Fé ion due

to spin—orbit coupling. According to the proposed model, the system may be described by
the Hamiltonian (1) withSx = 5/2 for Fé', Sg = 2 for Fé'" and D > 0. As far as we are
aware, however, whether a compensation point exists or not for such a system has not been
discussed.

On the other hand, a diluted mixed spin-1/2 and spin-1 ferrimagnetic Ising system [10],
a diluted mixed spin-1/2 and spin-3/2 ferrimagnetic Ising system [11] and a diluted mixed
spin-1 and spin-3/2 ferrimagnetic Ising system [12] have been discussed on the basis of the
effective-field theory with correlations (EFT) introduced by one of the present authors (TK)
[13]. The existence of many (two, three, four) compensation points for these systems has
also been proposed.

The aim of this work is to study the magnetic properties of a diluted mixed spin-5/2
and spin-2 ferrimagnetic Ising system on a honeycomb lattice within the framework of
the EFT, in order to clarify the characteristic behaviour of the molecular-based magnet,
N(n-C4Hg)4Fe' Fe' (C,04)3. By extending the Hamiltonian (1) to the diluted system, we
get

H=17Y SjSitnges— DY (Sip)s @
ij J

whereS;, takes the valuesd5/2, +3/2, +1/2, SfB can bet2, £1, 0, andg;a (or &) is the
site occupancy number which takes the value unity or zero, depending on whether the site
i (or j) is occupied by a magnetic atom of type A (or B) or not.

In section 2, we present the formulation of the system in the EFT. In section 3,
the effect of a positive single-ion anisotrop® on the compensation temperature
for the pure (nondiluted) system is investigated, in order to clarify the characteristic
behaviour of the temperature dependence of the total magnetizatiobserved for N¢-
C4Ho)sFe'Fe'' (C,04)s. In section 4, the possibility of many compensation points for the
diluted system is also examined.

2. Formulation

We consider a diluted two-sublattice ferrimagnetic Ising system on a honeycomb lattice
described by the Hamiltonian (2). The total magnetizatiorof the system is

N
M = E(PmA + cmp) (3

where N is the total number of lattice points and(or ¢) is the concentration of magnetic
A (or B) atoms defined by = (¢;a), (or ¢ = (§;8),). The sublattice magnetizatiomsa
andmg are defined by

(EaSia))r ((EiS7))r
= - — — 4
TN "B T ), @)

where(---) and{(- - -), denote the thermal and random averages, respectively.
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Within the EFT (see the review article [13] for the EFT, or the appendix), the sublattice
magnetizationsna andmg are given by

3
ma = [1— c+c {COSF(J;]BV) - ?Sinl’(JnBV)” Fa(x)
B

x=0
©)
3
mg = |:1— p+p {COS?‘(JUAV) — ? Sinh(Jr)AV)H Fg(x)
A

x=0

whereV = 9/dx is a differential operator. The parameters andng are given by

3
(np)? = |:1 —c+c {COSI‘(JUBV) — ? Sinh(JnBV)” Ga(x)
B

x=0
(6)
3
(n8)? = [1 —-p+p {COSWJHAV) - ? Sinh(JT)AV)” Gg(x)
A

x=0
where the functions, (x) andG,(x) (¢ = A or B) are respectively given by
15sinh(2.58x) + 3sinh(1.58x) + sinh(0.58x)

Fa) =3 cosh2.58x) + cosi1.58x) + cosh0.58x) ;

o 4sinh(2Bx) + 2 exp(—38 D) sinh(Bx) (73)
B(x) = 2 cosh2B8x) + 2exp—3B D) coshBx) + exp(—4B8 D)

G _ 125cosh2.58x) + 9 cosi1.58x) + cosh0.58x)
AW =7 cosh2.58x) + cosh(1.58x) + cosh0.58x) -

G _ 8 cosh2B8x) + 2 exp—3B D) cosh(Bx) (70)
B(0) = 2 coshi2Bx) + 2 exp(—3B D) cosh(Bx) + exp(—4B D)

with 8 = 1/kgT.

Here, the transition temperatufg of the system can be obtained by the standard method
(the linearization of sublattice magnetizations in (5) and (6)); by solving the relation

NG

1= 9pcng—ng (8)
with
In = sinN(J V)L — ¢ + c coshIn3 V)P Fa(x)] . _, o
Ig = sinh(JnRV)[1 — p + p cosU g VI*Fe(x)|,
numerically, we can gefc, where the parameters andn3 are determined from
M2)? =[1 = ¢ + ccoshIndV)IPGa(x)]| _, 10

m)? =[1— p+ pcosIngVI*Ge(x)| _,.

The compensation temperaturfg, if it exists for the system, can be determined from the
relation

-0 (11)

SIS

below T¢.
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3. A molecular-based magnet

In this section, let us study the characteristic behaviour of a molecular-based magnet, N(
C4Ho)4Fe'F'' (C,04)3, on the basis of the formulation (EFT) in section 2. Since the system
is not diluted by nhonmagnetic atom®; and 7, can be determined from (8) and (11) by
substitutingp = 1 andc = 1 into them.

Te(EFT)

D/]
0 2 4 6 8 10

Figure 1. The variations of the transition temperatufe and the compensation temperature

T, with the change ofD/J in the pure p = 1.0 andc = 1.0) mixed spin-5/2 and spin-2
ferrimagnetic Ising system on a honeycomb lattice, when the two theoretical frameworks are
used, namely the effective-field theory with correlations (EFT) and the mean-field approximation
(MFA).

The variations of7 and 7, versus the single-ion anisotropy constdnhtof B atoms
(D/J > 0) in the ferrimagnetic honeycomb lattice are depicted in figure 1. In the figure,
the results of using the MFA are also depicted for comparison, where, instead of (5), the
sublattice magnetizations in the MFA are given by

mp = —FA(3]mB) mp = —FB(3JmA). (12)

As is seen from the figure, the dependencego0bn the value ofD/J are very similar
in the two theories. The value @ is revised in a reasonable way when the EFT is used
instead of the MFA. As a result, the critical valiig- of D above which the compensation
point may appear is increased frob/J = 2.934 for the MFA toD¢/J = 3.349 for
the EFT. This implies that the criticdD-/J takes a value larger thab./J = 3.349 for
the EFT, when a better approximation is applied. Thus, the mixed spin-5/2 and spin-2
ferrimagnetic Ising system on a honeycomb lattice may exhibit a compensation point below
the transition temperature when the valueldfJ is larger than a critical valu®./J.
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M/N

MFA

Lk, T/J
H
10

Figure 2. The temperature dependences\fin the mixed spin ferrimagnetic Ising honeycomb
lattice with Sa = 5/2, Sg =2 andD/J = 8.0, when the two theoretical frameworks (EFT and
MFA) are used.

In figure 2, the temperature dependences\ofin the pure system witlp = 1 and
¢ = 1 for the EFT as well as the MFA are shown; they were obtained by selecting the value
D/J =80 (D/J > D¢/J) and solving the coupled equations (5) and (12) numerically.
The curves are similar to that predicted in [8] for the compouna-8{Hg)sFe' Fe'' (C,04)3
with Sy = 5/2 (Fé") and Sg = 2 (F€").

Now, it is important to note the following facts. As shown in figure 1, the value of
T, seems to be rather insensitive to the choice of theoretical approximation, if it exists for
the system. When the value 6§ for the system withSa = 5/2 andSg = 2 is replaced
by Sg = 1 or 3/2, no compensation point could be found in the regio®g§ > 0 within
the framework of the MFA. The same situation is also observed for the mixed spin-1 and
spin-3/2 ferrimagnetic honeycomb lattice with/J > 0 as well as a mixed spin-1/2 and
spin-S (S > 1/2) ferrimagnetic system witl®/J > 0. In other words, the mixed spin-5/2
and spin-2 ferrimagnetic Ising system described by (1) ity > 0 is a special system in
the class of mixed spin ferrimagnetic systems, since a compensation point can be observed
whenD/J > D¢/J > 0. Thus, the single-ion anisotropy constdntJ for the compound
N(n-C4Ho)4Fe' FE'" (C,04)s must be larger than the critical valug-/J when the model
proposed in [8] is valid for the material. This fact also indicates that the Ising model
described by (1) may be a good starting Hamiltonian for discussions of the compound.

4. A diluted system

In this section, let us study the magnetic properties (indicated hy7, and M) of the
mixed spin-5/2 and spin-2 ferrimagnetic Ising system on a honeycomb lattice, when the
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k,T/]

T (p=1.0)
| ¢=1.0 <P

T (p=0.9)

)

Figure 3. Phase diagrams of the diluted mixed spin ferrimagnetic system on a honeycomb lattice
in the T—D plane: (A) whenc = 1 and the value op is changed fronp =1 to p = 0.7; (B)
whenc =1 andp = 0.8; and (C) wherr = 0.8 and four values op are selectedp = 0.8,

0.7, 0.6 and 0.5.

system is diluted by the two types of nonmagnetic atgm< 1.0 andc¢ < 1.0). The
numerical results can be obtained by solving the relations of the EFT given in section 2.
In figure 3, we show how the dilution affects the phase diagram of figure 1, selecting
some typical cases; figure 3(A) is plotted for the system with posifivealues where:
is fixed atc = 1 and p is changed fromp = 1 to p = 0.7. With the decrease ap,
the T, -curve may be changed dramatically, although Thecurve takes the same form as
that for p = 1. In particular, theT,-curve labelledp = 0.8 exhibits the possibility of two
compensation points. In order to show this clearly, The and T, -curves for the system
with ¢ = 1 and p = 0.8 are also plotted in figure 3(B) on expanded scales. The results
indicate that the system with a value BfnearD/J = 0.65 can exhibit two compensation
points belowT.. Next, the features of th&.- and 7,-curves are depicted in figure 3(C)
for the system with a fixed value ef of 0.8, for four selected values gf. The T,-curve
labelled p = 0.5 in the figure also indicates that two compensation points are also possible
for the system with a small negative value bf
In figure 4, the behaviour of thé&-- and T,-curves inT—p space is depicted for the
diluted ferrimagnetic system with a fixed value=£ 0.9) of the concentration, for selected
typical values ofD/J. The five values ofD/J that are selected for figure 4(A) are
D/J =10, 0.75, 0.5, 0.25 and 0.0. We can see that at a definjitthe more the sublattice
is diluted, the lower the transition temperatufe is, and there is a critical concentration
pc at which T reduces to zero. In the vicinity opc, furthermore, the systems with
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k,T/]
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Figure 3. (Continued)

D/J = 0.75, 0.5 and 0.25 may show re-entrance Tgr These features df: as well as

T, in the figure have been obtained in the phase diagrams of the diluted mixed spin-1/2
and spin-1 ferrimagnetic Ising honeycomb system with a negative valde [aD]. Here,

one should notice that the results of figure 4(A) are obtained for positive valuBs df
particular, we can also find some characteristic features fof thairve in the system when

the figure is given with an expended scale; the results are shown in figure 4(B). For the
T.-curve labelledD/J = 0.5, we can also see that two compensation points are possible.
By using an expanded scale for plotting thecurve labelledD/J = 0.25, we can see that
three compensation points are possible, as depicted in figure 4(C).

In figure 4(C), the possibility of three compensation points is apparent. In order to
confirm whether three compensation points can be found in the temperature dependence
of the total magnetization for the system with= 0.9, D/J = 0.25 andp = 0.705 (for
example, in figure 4(C)), the plot is given in figure 5. Th¥/N)-curve clearly exhibits
three compensation points beldf¥, which is consistent with the prediction of figure 4(C).

5. Conclusions

In this work, we have studied the magnetic properties of a diluted mixed spin ferrimagnetic
Ising system consisting of two kinds of magnetic atom, A and B, with s§ins- 5/2 and

Sg = 2. They have been discussed within the framework of the EFT. Numerical results
are obtained in section 3 for the pure cage=t 1.0 andc = 1.0) and in section 4 for

the diluted casey{ < 1.0 andc < 1.0). In particular, we have examined the effect of
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Figure 4. Phase diagrams of the diluted mixed spin ferrimagnetic honeycomb lattice with a
fixed value ofc of 0.9 in theT—p plane, for different values ab. (A) The T¢- and T, -curves

are plotted for five values ob/J, namelyD/J = 1.0, 0.75, 0.5, 0.25 and 0.0. (B) TH&--

and T, -curves of (A) are plotted using an expanded scale, in order to display the characteristic
features of7,.. (C) TheT,-curve for the system witle = 0.9 andD/J = 0.25 in the vicinity

of p =0.705.

a positive single-ion anisotropy on the compensation temperature in the pure system
on the basis of the EFT as well as the MFA, in order to clarify the characteristic feature
of the temperature dependence Mf observed for a molecular-based magnetic material,
N(n-CsHo)sFe' F" (C,04)3 with Sy = 5/2 (F€") and Sg = 2 (F€'). We find that there

is a critical value of D above which a compensation point can be found, and hence that
the behaviour of\f for this compound can be explained by thééll model, as has been
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Figure 4. (Continued)

M/N ¢=0.9 p=0.705 D/J=0.25

k,T/]

0.000

-0.005 |

-0.010 +

-0.015 -

Figure 5. The temperature dependence Mfin the diluted mixed ferrimagnetic system with
¢=0.9, D/J =0.25 andp = 0.705. The three compensation points are obtained bé&lew
which is consistent with the prediction of figure 4(C).

proposed in [8].
In section 4, the effects of dilution on the phase diagrams as well as the temperature
dependence of the total magnetization in the ferrimagnetic honeycomb system have been
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examined numerically within the framework of the EFT. As shown in figures 3-5, we can
see that several (two or three) compensation points are possible in the diluted mixed spin-5/2
and spin-2 ferrimagnetic Ising system on a honeycomb lattice, even when the vdis of
positive. This is clearly at variance with the results of previous work [4-5, 10-12] where
such points were only deemed possible fofJ < 0.0. Of course, for the present system,

for D/J < 0.0 the possibility of many compensation points will be indicated, for example
by the curve labelleg) = 0.5 in figure 3(C).

Finally, the results of section 4 indicate that from the behaviour observed on diluting
the molecular-based magnet/NC4Ho),F€e' Fe'" (C,04)3, some characteristic features of the
magnetic properties may be observed. We hope that such a problem will be investigated
experimentally.

Appendix

The sublattice magnetizations (5) can be derived by using the Ising spin identities and the
differential operator technique [13-17]. The sublattice magnetizatiprfe = A or B) is
given exactly by

(Eia (Siy)r 1 1
a = ~ = i (Fa(EQ)))r = —— (i E V), Fy Al
" ('i:ia)r <§ia>r (E < ( )>) (Eia)r <§ (exm ))> (X) x=0 ( )
with
Ea =-J ZS,‘ZJrga/Ei-FSa’ (A2)
§

whereV = d/dx is the differential operator and the mathematical relation@xpf (x) =
f(x + a) is used.
In order to treat (A1) further, we can use the identity introduced in [14], namely

Y
expas;,) = coshan,) — —= sinh(ang) (A3)

where the parameter, is defined by
1
(éia)r

and the relation,,)? = &, holds. By the use of these relations, equation (A1) (as well as
equation (A4)) can be written in the form

Y
Mo = <<1_[ [1 — &ivso + s {cosf(anaf) — sinh(ana/)”>> Fa(x)
S r

N = (Ea ((S2)2)), (A4)

(A5)

No’ x=0

with a = JV, whereé represents the number of nearest-neighbour atoms.
In order to derive the sublattice magnetizations (5), the decoupling approximation was
introduced into (A5) for treating the multispin correlation functions:

(€0 SiuEi8 S5 - 61 ST 0 = (EaSEN (65 -~ (8, S50 (AB)

fori # j # ... # k. As discussed in [13-17], the statistical accuracy (of (A6)) corresponds
to the Zernike approximation [18] of a spin-1/2 Ising model. As shown in figure 1, the
transition temperature shows a reasonable improvement over the MFA result.
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