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The magnetic properties of diluted spinels Zn;_yMyFe, 04 (M = Mg, Ni) systems have been studied by mean
field theory, probability law and high-temperature series expansions method in the range 0 <x < 1. The
exchange interactions are calculated by the first and second theory, respectively. The magnetic phase dia-
grams of Zn,_yM,Fe,04 (M = Mg, Ni) are calculated by the high-temperature series expansions, combined
with the Padé approximants method. The critical exponent associated with the magnetic susceptibility
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1. Introduction

The AB, 04 type spinel ferrite shows various magnetic properties
such as ferromagnetic and antiferromagnetic behaviours depend-
ing on the composition and cation distribution. For instance, bulk
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zinc ferrite ZnFe, 04 is known to possess a normal spinel structure
and is an antiferromagnetic material [ 1], where the Zn2* ion always
prefers to occupy A-site and all the Fe3* ions occupying B-sites are
antiparallelly coupled. In contrast, NiFe,O4 is an inverse spinel that
Ni2* ion always prefers to occupy B-site and two Fe3* ions occupy
A-site and B-site separately [2]. Due to the super-exchange inter-
actions between the spins of inter-sublattices (A-O-A and B-O-B)
and intra-sublattices (A-O-B) via oxygen anions, two Fe3* ions are
aligned oppositely on A- and B-sites while the Ni2* are parallel to
Fe3* in B-sites, showing the long-range ferromagnetic order. More-
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over, ferromagnetic MgFe,0,4 is a mixed inverse spinel that the
Mg2* and Fe3* ions can easily occupy both of the A- and B-site.

The case of a ferrimagnetic spinels system MFe;0,4 (M =Mg, Ni)
with two magnetic sublattices A and B is particularly interesting
because they may exhibit particular disordered magnetic ions in
different sites. The magnetic structures depend upon the types
of magnetic ions residing on the tetrahedral (A) and octahedral
(B) sites and the relative strengths of the inter- (Jag) and intra-
sublattice interactions (Jaa, Jsg)- Generally all the three exchange
interactions Jaa, /g and Jag are negative. Further, when all the metal
ions (cations) are magnetic, usually the inter-sublattice interaction
Jag is the strongest with |Jag|> |ss| > Jaal- Thus, Jag renders the
undiluted spinels as ferrimagnetic with A-site moments aligned
antiparallel to the B-site moments keeping the AA and the BB bonds
unsatisfied. The determination of critical exponents is an important
aspect of the theoretical description and experimental character-
isation of magnetic materials [3]. The exchange interactions J1(x)
and J(x) of the diluted Zn;_yMgyxFe;0,4 and Zn;_xNixFe,04 sys-
tems have been obtained by using the mean field theory in the pure
case. The probability distribution function adapting the nature of
dilution problem is applied for the two systems to calculate the
exchange interaction Jag(x) in the range 0 <x < 1. The Padé approx-
imant (P.A.) [4] analysis of the high-temperature series expansion
(HTSE) of the correlation length has been shown to be a use-
ful method for the study of the critical region [5,6]. We have
used this technique to determine the magnetic phase diagrams of
Znq_yMgyFe,;0,4 and Zn;_4NixFe,;0,4 in the range 0 <x < 1.

The series expansions of the susceptibility x(T) have been
derived to the seventh-order in the reciprocal temperature for
spinels lattices including both nearest-neighbouring (nm) and
next-nearest-neighbouring (nnn) interactions in the Heisenberg
model [7]. In the antiferromagnetic behaviour we have used the
results given in Ref [8]. We have applied this method to the spinel
systems Zn;_xMgyFe;04 and Zn;_xNixFe,04 to estimate the crit-
ical temperature and the critical exponent y associated with the
magnetic susceptibility x(T).

2. Theory method
2.1. Calculation of the exchange integrals

2.1.1. Mean field approximation
Starting from the well-known Heisenberg model, the Hamilto-
nian of the system is given by:

H= —2§ JiSiS; (1)
i

where, J;; is the exchange integral between the spins situated at
sites i and j. 5,- is the atomic spin of the magnetic ion located on
the ith site. The factor “2” in Eq. (1) arises from the fact that, when
summing over all possible pairs (ij) exchange interactions, we count
each pair twice. In this work, we consider the nearest-neighbouring
(nn) and next-nearest-neighbouring (nnn) interactions J; and J5,
respectively. In the case of spinels structure containing the mag-
netic moment only in the octahedral sublattice, the mean field
approximation leads to a simple relations between the critical tem-
perature Ty and the paramagnetic Curie Weiss-temperature 0,
respectively, and the considered two exchange integrals J; and J,.

Following, the method of Holland and Brown [9], the
expressions of Ty and 6, describing the Zn;_yMgyFe,04 and
Znq_xNixFe;04 systems are:

_28(5+1)

Tn 3kg

[-4/1 +2)2] (2)

_25(5+1)

b 3K [12/; + 6J2] (3)

where kg is the Boltzmann's constant and S=3/2 is the spin of Fe3*
ions.

To determine J;(x) and J(x) in the whole range concentration for
the Zn;_xMgxFe;04 and Zn;_,NixFe; 04 systems, we have used the
experimental values of Ty and 6, obtained by magnetic measure-
ment [10-13]. We have deduced the values of exchange integrals
J1(x) and J5(x) for the Zny_yMgxFe,04 and for the Zn;_xNixFe;04
systems in the pure case.

2.1.2. Probability law

The authors [14,15] in the last work, used the probability law to
calculate the exchange interactions. In this work, we have applied
the probability law in the diluted spinels Zn;_yMyFe;04 (M =Mg,
Ni) systems, only the random placement of the ions A and B leads
to the spatial fluctuations of the signs and magnitudes of the super-
exchange interaction between the magnetic ions A and B. Due to
the nature of dilution problem we choose a probability law permit-
ting us to determine exchange integral Jag(x) for each concentration
x. The exchange integral of the opposite pure compound AB;X4
of the bound random spinel is denoted Jag. The occupation prob-
ability p(i) of the two ions A or B induced in the interaction is
p(i) = Cix"~i(1 — x)', where n is the total number of lattice sites
inside a sphere with the volume 4/371Rl.3 (R; denotes the distance
between the sites i and j, n is the number of cations the Pth coor-
dination sphere around a given cation chosen as the central one,
for this structure n=3), while i varies from 0 to 3. The exchange

. L : N
integral for such an occupation is assumed to be: J3, = (]R"]g) /".
The expression obtained is:

3
Jap(x) =€ X037

=0 (1/3) (4)
Jy—re(x) = X3Jy_pe + 3x3(1 — x)(Jy_reJ1)

+3x(1 =X Uv_reh2) "+ (1 -0

Y=Ni or Mg, ou J;=Jpe_pe =—1.166K,J, =—-0.333K, in ZnFe;04
obtained by Egs. (2) and (3).Jag correspond to the exchange inter-
actions of the opposite pure systems AByXj.

Zny_xMgsFe,04 and Zn;_yNixFe,04 are a diluted spinels
MgFe,04 and NiFe,04 systems, respectively, with the values
of the exchange integrals: Jyg_re =—22K for MgFe;04 [16] and
JIni-re = —30K for NiFe;04 [17]. The exchange integrals Jre_re, JMg-Mg
and Jy;_n; are negligible in the MgFe,04 and NiFe, 04 systems.

1/3
)

2.2. High-temperature series expansions

In order to deduce the expression of the susceptibility of the
system with two sublattices, the Hamiltonian of the Heisenberg
with extern field hex may be put in the form:

H= *ZJAAzgigi’ - ZJBBZ&j&j’
(i.1) UJ"

- ZJABZS:ia'j — Uphex gAZS;Z - gBZUf (5)
(i) i j

where S and & are spin vectors of magnitudes S2 = S(S + 1)and 52 =
o(o + 1)in sublattice A and B, respectively. g and gg are the corre-
sponding gyromagnetic factors and wp is the Bohr magneton. hey is
an external magnetic field (z direction) introduced in order to pro-
vide an easy determination of the magnetic susceptibility. The first
summation is over all spin pairs nearest-neighbours in sublattice
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A, the second is over all spin pairs nearest-neighbours in sublattice
B and the third is between all spin pair nearest-neighbours in A and
B. Jaa, Jgs and Jap are the intra- and the inter-sublattice exchange
interactions between neighbouring spins.The magnetisation of the
ferrimagnetic spinels systems is:

M = g gAZ +gBZ <Gf> (6)

J

After computing the first derivative of magnetisation y =
(0M/0hex)p,, .0, We obtained the general expression of suscepti-
bility for the collinear normal ferrimagnetic spinel as follows:

g

232 <.C
St | NagaS + Npg25> +gAZ (35:)

i#i

+g§Z (656, ) - ZgAgBZ (Si67) (7)

j#i i.j

X=

where N, and Ng are, respectively, the number of ion and the spin
value of each type of spin.Finally, we obtain simple form

(2

3kgT

X= (NAgZSZ + Npg352 + Nagivaa + Neg3 ves — ZNBgAgBVBA)

(8)

Following the procedure in [18-22], we compute the expressions
of spin correlation functions yaa, yBB and yap in terms of powers of
B and mixed powers of J; = 2Jpp52,J> = 2JagSG and J3 = 2J/aaS2.The
correlations functions yaa, ¥ss and yag may be expressed as fol-
lows:

7 q gq—-mg—m-n
yan =355 S am.n.p. qUEY
q=1m=0n=0 p=0
7 q gq—-mqg-m-n
ves=5") > > Y b(m,n,p,qUs 0 9
qg=1m=0n=0 p=0

q q-mg-m-n

Va —SGZZZ > clm,n, p, QU560

g=1m=0n=0 p=0

Nonzero coefficients a(m, n, p, q), b(m, n, p, q) and c(m, n, p, q) up to
order 7 on f are given in Ref [7]. We use the powerful P.A. method
[4], to estimate the critical temperature. In this method, the Curie
temperature is determined by locating the singularities in the P.A.
method to the HTSE of the magnetic susceptibility. The excellent
reviews of these methods are available in Refs [23,24].

The simplest assumption that one can make concerning the
nature of the singularity of the magnetic susceptibility x(T) is that
the neighbourhood of the critical temperature the above the fol-
lowing functions exhibit the asymptotic behaviour:

X(T) o< (T=Tc)™” (10)

The usual approach is to compute the series for the logarithmic
derivative of x(T),

d ~_ "V
arloel XM~ 7= (an

Table 1
The exchange integrals Jag of Zn;_yMgyFe;04 and Zn;_«NiyFe,04 as a function of
dilution x.

X Zny_xNiyFe; 04 Zn;_xMgyFe, 04
";j—: (K)| [17] |],ﬁ‘—§(l()’ (present work) |],ﬁ‘—§(l()’ (present work)

1 30.00 30 22

0.9 - 24.43 18.13

0.8 - 19.60 14.74

0.7 - 15.45 11.80

0.6 - 11.93 9.29

0.5 - 8.99 7.16

04 - 6.58 5.38

0.3 - 4.64 3.92

0.2 - 3.13 2.75

0.1 - 1.99 1.85

0 1.166 1.166 1.166

as this function has a simple pole T¢ and should be well represented
by Padé approximants [M, N]. The exponent y is then re-estimated
from the approximates to:

(T- Tc) 1ol x(T)] (12)

evaluated at T= Tgerrim(Tn)-

AP.A.[M,N]to amagnetic susceptibility x(T)is arational fraction
Pp/Qn, with Py and Qy, polynomials of order M and N in 8=1/kgT,
such that: x(8)~ Py/Qn +O(BM*N*1) M and N are the degree of the
Pand Q polynomials, respectively. Estimates of Trerim(Tn) and y for
Zn;_xMgyFe,04 and Zn;_xNixyFe;04 have been obtained using the
P.A. method [4]. The simple pole corresponds to Trerin(Ty) and the
residues to the critical exponents y. The obtained central value of
yis: y=1.36+0.02 and y=1.38 £0.02.

Fig. 1. The magnetic phase diagram of the Zn;_Ni,Fe,04 systems. The open squares
and the solid squares represent the results given by: HTSE method and magnetic
measurements [11-13], respectively.
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Fig. 2. The magnetic phase diagram of the Zn;_yMg,Fe,04 systems. The open
squares and the solid squares represent the results given by: HTSE method and
magnetic measurements [11-13], respectively.

3. Discussions and conclusions

In present work, we have used the mean field theory to calcu-
lated the exchange interactions J;(x) and J,(x) of the ZnFe, O4 spinel.
The probability distribution function adapting to the nature of dilu-
tion problem has been applied for the two Zn;_yMgxFe,04 and
Znq_xNixFe,04 systems to calculate the exchange interaction Jag (x)
intherange 0 <x <1 (see Table 1). From Table 1, on can see that the
exchange integral decreases in absolute value when x decreases in
the two systems. In these spinels oxides the predominant exchange
interaction is super-exchange between cations through the inter-
vening oxygen (Zn-0O-Fe, Zn-0-Zn or Fe-O-Fe). The main factors
govern the strength of this antiferromagnetic interaction. In the
Znq_yMgyFe;0,4 and Zn;_,NixFe,04 materials, the exchange inte-
gral Jap is the largest because the angle Zn-O-Fe is closest to 180°
[11].

By applying the HTSE method to the magnetic susceptibility
Xx(T), we have estimated the critical temperature Tgeip(Ty) for each
dilution x in the Zn;_yMgyFe,04 and in Zn;_,NixFe,04 systems.
Several thermodynamic phases may appear for the Zn;_,NixFe; 04
including the ferrimagnetic (FerriM) (0.4 <x < 1) and antiferromag-
netic (AFM) (0 <x < 0.4) and paramagnetic (PM) phases (see Fig. 1).
In Zn;_yMgxFe,04 we find the several magnetic phase includ-
ing the ferrimagnetic (FerriM) (0.7 <x < 1) and antiferromagnetic

(AFM) (0 <x<0.7), paramagnetic (PM) phases (see Fig. 2). In the
two figures (Figs. 1 and 2), we have included, for comparison, the
theoretical results obtained with the results obtained by magnetic
measurement [11-13]. From these figures one can see good agree-
ment between the theoretical phase diagram and experimental
results. In the other hand, the sequence of [M, N] P.A. to series of
x(T) has been evaluated. The value of critical exponent y associ-
ated with the magnetic susceptibility x(T), have been estimated.
By examining the behaviour of these P.A., the convergence was
found to be quite rapid. This procedure was repeated for series up
to orders 6 and 5. Between the orders 6 and 7, the analysis of the
series is not affected significantly. The approximants are well con-
verged and estimates are accurate to high precision 1%. When the
number of terms decreases from 6 to 5, the analysis of the series
shows that estimates of increase by 2%. For short series n <4 the
accuracy in the calculation is not expected to be high. Estimates
of the critical exponents associated with magnetic susceptibility
for the Zn;_yMgxFe; 04 and Zn;_,NixFe,04 systems are found to be
y=1.36+0.02 and y=1.38+0.02.

References

[1] W. Schiessl, et al., Phys. Rev. B 53 (1996) 9143.
[2] G. WinKler, in: J. Smit (Ed.), Magnetic Properties of Materials, McGraw-Hill,
New York, 1971, pp. 20-63.
[3] N. Godenfeld, Lectures in Phase Transitions and the Renormalisation Group,
Addison-Wesley, Reading, MA, 1992.
[4] G.A.Baker, P. Graves-Morris (Eds.), Padé Approximants, Addison-Wesley, Lon-
don, 1981.
[5] R. Navaro, in: LJ.D.E. Jonsgh (Ed.), Magnetic Properties of Layered Transition
Metal Compounds, Kluwer, Daventa, 1990, p. 105.
[6] M.C. Moron, ]. Phys: Condens. Matter 8 (1996) 11141.
[7] M. Hamedoun, H. Bakrim, K. Bouslykhane, A. Hourmatallah, N. Benzakour, R.
Masrour, J. Phys. Condens. Matter 20 (2008) 125216.
[8] N. Benzakour, M. Hamedoun, M. Houssa, A. Hourmatallah, F. Mahjoubi, Phys.
Status Solidi (b) 212 (1999) 335.
[9] W.E. Holland, H.A. Brown, Phys. Status Solidi (a) 10 (1972) 249.
[10] K. Tanaka, S. Nakashima, K. Fujita, K. Hirao, ]. Phys.: Condens. Matter 5 (2003)
L469;
A. Arrot, J.E. Goldman, Bull. Am. Phys. Soc. 30 (1955) 62.
[11] F. Luo, C.H. Yan, Chem. Phys. Lett. 452 (2008) 296.
[12] P.J.Van-der Put, How to Make Things out of Elements, The Inorganic Chemistry
of Materials, 1998, ISBN 978-0-306-45731-9, p. 406.
[13] H. Yokoyama, et al., Papers of Technical Meeting on Plasma Science and Tech-
nology, IEE Japan, PST-03;59-64.66-71, 2003, p. 27.
[14] M. Hamedoun, M. Hachimi, A. Hourmatallah, K. Afif, ]. Magn. Magn. Mater. 233
(2001) 290.
[15] R. Masrour, M. Hamedoun, A. Hourmatallah, K. Bouslykhane, N. Benzakour, A.
Benyoussef, M. Bousmina, Can. ]. Phys. 87 (2008) 1287.
[16] N.S.S. Murthy, L.M. Rao, RJ. Begum, M.G. Natera, S.I. Youssef, ]. Phys. Colloques
32(1971),C1-318-C1-319.
[17] L. Néel, Ann. Phys. 3 (1948) 137.
[18] M. Hamedoun, M. Housa, N. Benzakour, A. Hourmatallah, J. Phys: Condens.
Matter 10 (1998) 3611.
[19] M. Hamedoun, H. Bakrim, A. Filali, A. Hourmatallah, N. Benzakour, V. Sagredo,
J. Alloys Compd. 369 (2004) 70.
[20] M. Hamedoun, H. Bakrim, A. Hourmatallah, N. Benzakour, Surf. Sci. 539 (2003)
159.
[21] M. Hamedoun, H. Bakrim, A. Hourmatallah, N. Benzakour, Superlattice
Microstruct. 33 (2003) 131.
[22] M. Hamedoun, M. Houssa, Y. Cherriet, F.Z. Bakkali, Phys. Status Solidi B 214
(1999) 403.
[23] D.L. Hunter, G.A. Baker, Phys. Rev. B 7 (1973) 3346.
[24] D.S.Gaunt, A.J. Guttmann, in: C. Domb, M.S. Green (Eds.), Phase Transitions and
Critical Phenomena, vol. 3, Academic, New York, 1974, pp. 181-243.



	Magnetic properties of B and AB-spinels Zn1−xMxFe2O4 (M=Ni, Mg) materials
	Introduction
	Theory method
	Calculation of the exchange integrals
	Mean field approximation
	Probability law

	High-temperature series expansions

	Discussions and conclusions
	References


