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Abstract

We have studied Fe;O,, CoFe,O,, NiFe,0, and CuFe, O, considering Néel’s two-sublattice collinear model and the
superexchange theory. We have found that, for this theory to be valid, the interaction between ions in tetrahedral sites
should be very weak, and we have proposed a model to find the constants J4p and Jpp with the assumption that J,4 = 0.
Using this model, the calculated values of these constants follow the expected tendencies for the four systems under study,
as well as the ion-to-ion constants of Anderson’s theory which we obtained through the assessment of the transfer

integrals.
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1. Introduction

The exchange energy in ferrites is indirect (super-
exchange). The predominating exchange energies
between the magnetic ions in the ferrites are nega-
tive, as would follow from the theory for half-filled
or more than half-filled 3d shells. These ions in-
clude the ferric ions, as well as the divalent metal
ions of the first transition series which can be sub-
stituted in ferrites with spinel structure.

The magnitude of the negative exchange energies
between two magnetic ions M and M’ depends
upon the distances from these ions to the oxygen
ion O?~, via which the superexchange takes place,
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and on the angle M—O2?"-M’ (¢) (Fig. 1), though
no quantitative relationship is known between the
exchange interaction and these quantities. Usually,
only interactions within the first coordination
sphere (both cations in contact with the anion) are
considered important and the others are neglected.
According to the superexchange theory, the angle
¢ = 180° gives rise to the greatest exchange energy,
and this energy decreases very rapidly as the dis-
tance between the ions increases. If we call A and
B the tetrahedral and octahedral ions respectively
in a spinel structure, the A-B interaction is the
greatest and the A-A exchange interaction is the
weakest [1].

Néel postulated a two-sublattice collinear model
and analyzed the variation of the saturation mag-
netization and paramagnetic susceptibility with
temperature for a number of ferrites [2]. He
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Fig. 1. Schematic representation of ions M and M’ and the
02~ ion through which the superexchange is made. r and g are
the centre-to-centre distances from M and M’ (respectively) to
0?7, and ¢ is the angle between them.

obtained the exchange constants Ja,, Jap and Jgp,
on the basis of the molecular field theory. However,
Smit and Wijn [1] have shown that this theory fails
in describing ferrimagnetic materials because it pre-
dicts too large values for the interaction between
sublattices and particularly for those within the
sublattice of lower magnetization, that is, the tetra-
hedral sublattice. This difficulty is illustrated very
clearly in some results of Néel and Brochet [3] on
the interaction in Ni~Zn ferrites. From a molecular
field analysis of experimental data on susceptibility,
they found |J 4| = |Jgs] in every case. Considering
the details of the spinel structure and the current
ideas about exchange interactions in oxides [4] we
must regard such results as most unlikely. Smit
and Wijn’s arguments apply specifically to interac-
tions determined from paramagnetic susceptibility
data; however different molecular field theory ap-
proaches, involving other kind of data, for evaluat-
ing exchange interactions lead to the same
difficulty, as proved by Rado and Folen [5] who
used spontaneous magnetization data.

Srivastava et al. [6] observed that in many cases
more than one set of exchange constants can fit the
saturation magnetization M, versus T curves

equally well. They showed in particular the case of
Lithium ferrite, where the results obtained by Rado
and Folen, Dionne et al. and themselves all give
a good fit to the magnetization data, while the
exchange constants varied markedly from one set
to another.

In order to better define the set of exchange
constants, Srivastava et al. [6] have proposed
a three-sublattice model to describe interactions in
spinel ferrites. They have considered the octahedral
sublattice as two different sublattices: one com-
posed of the divalent ions (B') and the other formed
with the trivalent ions (B”). These authors found
a set of six exchange constants using paramagnetic
susceptibility and magnetization data simulta-
neously. However, the superexchange constants
obtained on the basis of the three-sublattice model
show a great discrepancy with what was expected.
The values of |Jas| for a number of ferrites are
indeed too high and both |Jgs| and |Jg-g/| are too
low. It also predicted a too strong ferromagnetic
interaction between ions in sites B’, and according
to Anderson [7] the ferromagnetic interaction for
ions in octahedral sites should be very weak.

We think that the main reason for this behavior
is that usually there exist two magnitudes to be
fitted: magnetization and Curie temperature, but at
least three available parameters. We have more
variables than equations and different sets of the
parameters can give equally good results. The fit-
ting can always be optimized but the exchange
constants obtained in this way do not have a coher-
ent physical meaning, according to the superex-
change theory.

If we consider that even for the simplest cases of
pure ferromagnets as Fe, Ni or Co, with only one
parameter to fit, the molecular field model does not
lead to a fit for M(T) versus T as accurate as that
for ferrites with three or more coefficients [6], it
emerges that something is not completely right.

In the case of spinel ferrites, what is not com-
pletely right is that the negative values obtained for
Jaa, when three or more coefficients are considered,
are too high.

In the literature concerning this subject, there are
several cases where the assumption that J,, =0 is
made [8] but this was not used systematically in
studies of spinel ferrites.
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In this paper we make the assumption that
Jas = 0in spinel ferrites. This is based on the usual
idea that superexchange interaction occurs between
the metal ions via the nearest oxygen ions. A two-
sublattice model for the magnetization as a func-
tion of temperature is used to calculate the values of
the other exchange constants for several spinel fer-
rites. These constants were used in Anderson’s
model of superexchange interactions to evaluate
the ion-to-ion exchange energies.

2. Two-sublattice model

In spinel ferrites the metal ions are separated by
the oxygen ions and the exchange energy between
spins of neighboring metal ions is found to be
negative, that is, antiferromagnetic.

This is explained in terms of superexchange in-
teraction of the metal ions via the intermediate
oxygen ions [7].

However, there are a few points to line out about
the interaction between two ions in tetrahedral (A)
sites:

e The distance between two A ions (~3.5 A) is
very large compared with their ionic radius
(0.67 A for Fe3*),

e the angle A-O?™-A (¢ = 79° 38') is unfavorable
for superexchange interaction [1], and

e the distance from one A ion to O*~ is not the
same as the distance from the other A ion to
O?" as there is only one A nearest neighbor to
an oxygen ion (in Fig. 1 M and M’ are A ions,
ra33A and g~ 1.7 A (Ref. [1])). As a result,
two nearest A ions are connected via two oxygen
ions.

These considerations led us to the conclusion
that superexchange interaction between A ions is
very unlikely. This conclusion, together with the
observation that direct exchange is also unlikely in
this case [ 1] support our assumption that J44 =0
in spinel ferrites.

On this basis, we apply Néel’s two-sublattice
collinear model for the magnetization and calculate
the values for the exchange constants J,z and
Jgg for MFe,O,4 (M being Fe, Ni, Co and Cu) with
the aid of magnetization and Curie temperature
data from Pauthenet [9].

According to Néel’s theory, the total magneti-
zation of a ferrite divided into two sublattices A and
B is:

M(T) = My(T) — Ma(T) ' 1)

where T is the temperature and both Mg(T) and
M (T) are given in terms of the Brillouin function
Bgi(x):

Mg(T) = My(T = 0)Bsg(xz), 2)
MA(T) = MA(T = 0)Bga(xa)s 3)
with

Bgi(x;) = Brillouin function,

Sa@) = spin quantum number of ions A(B),

AT T MgN ap, 4
S

B = il (MpNgp + MaN az), &)
ICBT

ks = Boltzmann constant.

The molecular field coefficients, N;;, are related
to the exchange constants J;; by the following ex-
pression;

2

1,;9:9;48
Ji'=;N[' 6
J 2Zij J ( )

with n; the number of magnetic ions per mole in the
jth sublattice, g; the Landé factor, yg is Bohr mag-
neton, and z;; the number of nearest neighbors on
the jth sublattice that interact with the ith ion.

According to Néel’s theory and using Jas =0
(or, following Eq. (6), Nas = 0), equating the in-
verse susceptibility 1/y =0 at T = T, (the Curie
temperature) we obtain for the coefficients of the
molecular field theory N, and Nyp the following
expression: '
Tc CANiB

Ngp === ,
BB CB Tc

(7)

where C, and Cy are the Curie constants for each
sublattice.

Egs. (1) and (7) constitute a set of equations with
two unknowns, Nap and Ngp, provided that
M, and My are a known function of T'. If this is the
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case, it is possible to find the molecular field coeffi-
cients.

However, the available experimental data are the
curves M1 versus T for the different ferrites so that
M, and My are underdetermined with the only
condition that My — M, = M for each value of T.

The procedure we used to obtain Np and Npp 18
the following: for a given pair of experimental
values T and M(T), we proposed an initial value of
My (we call it M) considering that it could only
vary between MZ" = M{(T) and Mp*= Mj
(T = 0). With this arbitrary value of ME" we cal-
culated xz from Eq. (2). Then using Eq. (7) into
Eq. (5) both N,p and Ngg were calculated. Know-
ing N g, the value of x, was obtained with (4) and
used in Eq. (3) to give M$°.

This value was compared with M=
Mipe — M(T)and if there was a percentile discrep-
ancy between M and M$° over 0.5%, we
changed M and repeated the loop until we found
the desired agreement.

We applied this procedure to several Mq(T),
T pairs along the curve M(T) versus T of the
different ferrites and for each point we obtained
a set of Nagp, Ngg coeflicients. We found that the
coefficients obtained for T/T. = 0.5 were the ones
that gave the best fit to the whole experimental
curve.

3. Results and discussion

From the calculated N;; coefficients we obtained
the exchange constants J;; with the help of Eq. (6).
These results are shown in Table 1 and the cal-
culated values of the curve M(T)/M(0) versus
T/T. are compared with experimental curves of
Pauthenet [9] in Figs. 2-5.

The general agreement between the measured
and calculated values of the magnetization is not as
good as that obtained by using Jaa # 0, especially
for low temperatures. In our case, for each temper-
ature T, we deal with only two adjustable para-
meters (N5 and Ngg) and two magnitudes (M(T';)
and T) to fit and the iteration process gives only
one pair of coefficients Ng and Ngs.

When J4s # 0, there are still two magnitudes to
fit but now there are three parameters. In this case

Table 1
Exchange constants for spinel ferrites, calculated with the as-
sumption that Ja4 =0

Ferrite Jan (K) Jap (K) Jaz (K)

— 147 —11.7
—17.6 —-57
—20.6 —-99
—20.3 -9.0

F6304

CoFe,04
NiFe,04
CuFe, 0,4
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Fig. 2. Reduced magnetization as a function of reduced temper-
ature for magnetite. The solid curve corresponds to experi-
mental values [9] and the dots are the values predicted with
Jaa=0Jgg=—117K; Jug = — 147K.

the M(T) versus T curves are better reproduced by
using three coefficients (there are more variables
than equations) but the values of the exchange
constants obtained in this way do not have a coher-
ent physical meaning, according to the superex-
change theory.

In the following, we analyze the problem from
a point of view based on superexchange interaction.
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Fig. 3. Reduced magnetization as a function of reduced temper-
ature for cobalt ferrite. The solid curve corresponds to experi-
mental values [9] and the dots are the values predicted with
Jaa=0;Jpg=—57K; Jaug=—17.6 K.

The difference of energy between a parallel and
an anti-parallel spin arrangement of the two inter-
acting atomic ions is called the exchange energy
and can be expressed, according to Anderson [7] in
the form:

2bk

AE(TT - 1D = Z +2 71 (8)

1

We have kept the same nomenclature as Ander-
son’s; the summation k is over the different routes
of the superexchange (indirect) interaction via the
ligand (oxygen ion), and [ is over the different fer-
romagnetic (direct) interactions. The b;’s are the
coefficients of the Fourier expansion of the mag-
netic ion’s wave function and the U,’s are constants
which Anderson estimated for different ions. Using
the Heisenberg-Dirac Hamiltonian, we have the
following expression for the ion-to-ion exchange

1.0-=

0.9 ~
0.8+ -

0.7 .

0.6+ J

0.3 -

0.2+ \ -
\.L

0.1+

——— Experimental curve from Pauthenet [9]
®  Predicted values with this mode!

0.0

T T T I T T 1 T T
00 01 02 03 04 05 06 07 08 09 1.0
T/Tec

Fig. 4. Reduced magnetization as a function of reduced temper-
ature for nickel ferrite. The solid curve corresponds to experi-
mental values [9] and the dots are the values predicted with
Jaa=0;Jpg =—99K; Jyp=—206K.

constants:

Jiqn 1-ion2

1 2b2
I

The kind of ferrites that we have considered are
of the normal type: Fe3"[M?*Fe3*]02%~, where
the ions between brackets are in B sites. The con-
stants shown in Table 1 are average values of the
exchange interaction between the different ions. We
have expressed the constants Jag and Jgg as
a weighted average of the corresponding ion-to-ion
constants in Eqs. (10) and (11).

Tap = HURET 4 ST, a0
JBB — %(JF33+“F33+ + 2JF53+>b12+ _'_ J%{g+‘b’iz+). (1 1)

Acccording to Eq. (9) the expressions for the
interactions between electrons in orbitals d" and
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Fig. 5. Reduced magnetization as a function of reduced temper-
ature for copper ferrite. The solid curve corresponds to experi-

mental values [9] and the dots are the values predicted with
JAA = O, JBB = — QOK; JAB =—203K.

d™ (with n, m

2 2
d-d% JEgTF = — > <2b +4b“>, (12a)

=5,6,7,8 and 9) are the following:

U

s+_pgzt 1 /22 42p2
S_ 6: Fel -M?* _ | ="c _ _Tf 12b
d>-ds: Jig 20<U+3U>, (12b)

g 30

2
2b°>, (12d)

d5—-d8: J§§+—M“ _

2 2
gs_qn grerer L <2]i° L 22 ) (120)

ds5-d°: JFe-‘* -M2*

3+ _pq2+ 1 52 ‘25 4bg
d5-d% JEBTM = -—— <§ % - 7>, (13a)

(12e)

I

|
] —
S
Ql'QN

2 2
d>-d"% JETMT = — L <f b _ ib—) (13b)

15\3 U U
. 1 /2b;  4bZ
ds—dsl Jg% ME = E <—l'.—_j— - '“(‘7" s (130)
= 3+ + T% 2 g’
d:__dQ: JFe MR % <% — % R (13d)
2 2
ds—dSI JFe”—FeH - _ 515 <j4i(;n_ — 43_G>, (136)
ds—ds. ettt __1__ _4__2.% — 4bc2’ (13)
R A R A
o eape 1 (22bF  4p2
=t B =53 -7w) W
2+ _pa2+ 4 czi
d8—ds: J%lg MET %%, (131’1)
2
do-d® UMM = — % 2;%". (13i)

In these equations, U = 10eV, U = 8¢V and
U = 6 eV, as given in Ref. [7]; b4(b?) is the transfer
integral for the electron in the e,(t,,) state of one
atom to the e,t,,) state on the other; b? takes part
in the antiferromagnetic term of the Jgg exchange
constant and it is a contribution between a t,, state
on one and z? state on the other magnetic ion
through a single p orbital of the ligand with = for
t;, and o for e, bonding states; b2 is the transfer
integral for the ferromagnetic interaction which
involves two p orbitals (¢ and &) of the ligand and
z? orbitals of the magnetic ions in o-bonding states.
We neglect direct exchange J, from Eq. (9) because,
due to the symmetry of these compounds, it is very
unlikely to have this kind of interaction [1, 6].

We considered YEgs. (10) and (11) for Fe;O,4 and
one of the other three ferrites at a time. Using
Egs. (12a), (12b), (12¢), (12d), (12e), (13a), (13b),
(13¢), (13d), (13e), (13f), (13g), (13h) and (13i) we
obtained a set of four equations with four un-
knowns (b2, b2, b2 and b2), for each pair of
ferrites: Fe;O4—NiFe,04; Fe;O4,~CoFe,0,; and
Fe;0,~CuFe,0O,4. They were solved by using the
data from Table 1.

We obtained a different set of values for the
transfer integrals depending on what ferrite we used
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Table 2
Tranfer integrals for the antiferromagnetic interactions in spinel
ferrites, calculated with the data from Table 1

b2 (eV?) b% (eV?) bz (eV?) b2 (eV?)

0.1028 0.0130 0.0004 0.0477

for the calculation, and we chose a particular set
(given in Table 2) that gave the exchange constants
Jap and Jgg which better reproduced the magneti-
zation curves.

With these values we calculated the d>-d?, d3-d*
and d"-d” exchange interaction constants and the
results are shown in Table 3 (A and B), together
with the results obtained by Srivastava et al. [6].

All the ion-to-ion exchange constants, except
[Jgsl(d"-d"), for NiFe,O, and CuFe,O, are the
same, according to Eqgs. (13¢) and (13d) which are
identical, as in both cases the number of different
routes of superexchange interaction divided by
the corresponding product S,S; gives the same
result.

Table 3

1t is remarkable that Jgg (d"-d") for Cu and Ni
ferrites turns out to be slightly ferromagnetic, as
predicted by Anderson’s theory. Also, this exchange
constant for Fe and Co ferrites results antifer-
romagnetic and its magnitude is comparable with
the other exchange constants. This is an important
success of the model that proposes Jas =0. In
contrast, the values obtained in Ref [6] for
Jgg (d"-d"} are strongly ferromagnetic and higher
than all the other exchange constants involved.
This behavior can not be accounted for by any
theory of superexchange interaction.

The values of |Ja5|(d°-d") and |Jgp(d*-d") also
satisfy Anderson’s theory, as the first constant in-
creases with n and the second decreases as n grows.

The exchange constants between ferric ions
|J a5l(d°—d®) and |Jgp|(d>—d°) are the same for all the
ferrites since we are considering just ion-to-ion in-
teractions, neglecting interactions with the other
nearest neighbors. ‘

The ion-to-ion constants from Table 3 were used
in Egs. (10) and (11) in order to predict Jap and
Jgg and the results are given in Table 4. With these
values, the Curie temperatures were calculated by

Comparison between ion-to-ion exchange constants for spinel ferrites, calculated with the transfer integrals from Table 2 and the values

obtained by Srivastava et al. [6]

A Ferrite n Jaa (KD Jas (K) Jas (K}
(dS_dS) (dS_dS) (dﬁ_dn)
This work Ref. [6] This work Ref. [6] This work Ref. [6]
Fe,04 6 0 — 140 —12.0 — 280 - 174 . —-202
CoFe;04 7 0 — 140 — 120 —28.0 —20.7 - 227
NiFe,04 8 0 — 140 —120 - 280 —29.8 —274
CuFe,0, 9 0 — 140 — 120 — 280 —29.0 —-27.0
B Ferrite n Jeg (K) Jag (K) Jze (K)
(dS_dS) (ds_dn) (dn_dn)
This work Ref. [6] This work Ref. [6] This work Ref. [6]
Fe,Oy4 6 — 838 - 9.0 - 114 —11.0 - 152 . + 44.0
CoFe 0, 7 — 88 —-9.0 —122 - 100 — 133 +46.0
NiFe,O4 8 — 8.8 —9.0 —13.6 — 10.0 + 0.8 +29.0
CuFe 0O, 9 — 8.8 —9.0 —13.6 - 10.0 + 0.4 +29.0
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Table 4
Exchange constants for spinel ferrites, calculated using the ion-
to-ion exchange constants

Ferrite Jaas (K) Jap K) Jeg (K)
Fe;O4 0 — 147 - 117
CoFe,04 0 — 164 —11.6
NiFe,O4 0 —20.9 — 8.8
CuFe,0y4 0 - 209 —8.9
Table 5

Curie temperatures for spinel ferrites calculated with the values
shown in Table 4, compared with experimental values from Smit
and Wijn [1]

Ferrite T (K) T (K)
(Ref. [17)
FesO. 858 858
CoFe, 0, 826 793
NiFe,O4 857 858
CuFe,0, 739 728

solving Eq. (7) for T, and are presented in Table 5
together with the experimental values taken from
Smit and Wijn [1].

Comparing the exchange constants given in
Tables 1 and 4, a good agreement between the
values can be observed, except for cobalt ferrite,
where the values estimated using the ion-to-ion
exchange constants exceed those given in Table 1,
which were obtained by fitting the magnetization
versus temperature curve for this ferrite. As a conse-
quence of this, the estimated Curie temperature is
higher than the experimental one. This behavior is
also observed in CoO by Anderson [10] who states
it is due to the effect of orbital degeneracy in Co.

4. Conclusions

On the basis of the superexchange theory and
Neéel’s ideas of ferrimagnetism we propose a model
which neglects any interaction between ilons in
A sites.

We show a procedure for obtaining the exchange
constants and the so-obtained values agree with the

results expected by the superexchange theory, as
|Jagl = |Jgg| for every studied system.

With the use of Anderson’s model and the men-
tioned results, we obtain ion-to-ion interactions
which are reasonable and in agreement with what
Anderson predicts in his theory.

The values of the exchange constants |J s5/(d*~d")
increase with the number of d-electrons of the
divalent metal, whereas the values of |Jgg|(d°~d")
decrease.

The constant |Jgg|(d"-d") for the different ferrites
tends to be more ferromagnetic as the number of
d-electrons increases. For the systems with n = 8§
and n =9, this constant is positive and small in
magnitude.

It is remarkable the fact that using the exchange
constants found for each system their Curie tem-
peratures are accurately reproduced, except for Co-
balt ferrite, where the theory fails apparently due to
orbital degeneracy in the Co ions.

We think that the results obtained in this work
strongly support the fact that using too many para-
meters when limited experimental data is available
is inadequate. In the case of spinel ferrites, consider-
ing too many parameters to describe the interac-
tions leads to erroneous results.
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