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The structural, electrical, and dielectric properties were studied at room temperature for the
Nij—zZn.Fe2Q4 ferrite samples (z = 0, 0.2, 0.4, 0.6, 0.8, and 1) prepared by the usual ceramic
technique. The analysis of X-ray diffraction patterns proved that the studied samples have single-
phase cubic spinel structure. The lattice constant a, radius of tetrahedral ion rie¢, oxygen positional
parameter u, relative permittivity ., dielectric loss tg §, DC o4c(T') and real AC o (w, T') electrical
conductivities, and parameters n and B for the electrical conductivity o2(w,T) increase while the
radius of octahedral ion r,c: decreases on increasing Zn®* ion addition. o} (w,T) increases while &,
and tgd decrease on increasing the frequency of the applied AC electric field. Empirical formulae
were suggested for the compositional dependence of each of the electrical conductivities § and

parameters n and B, respectively.

The magnetic semiconductor ferrites have been
considered as one of the best magnetic materials in
telecommunications, microwave set-up, radio and TV
sets [1]. The physical properties of ferrites markedly
depend on the preparation conditions, chemical com-
position, heat treatment, type and amount of ad-
ditives. The X-ray diffraction [2—5], dielectric be-
haviour [6—8], DC [9—12] and AC [6, 13—15] electri-
cal conductivity have been studied for Ni—Zn ferrite
systems. The aim of this work is to study the effect of
Zn** ion substitution on the structural, electrical, and
dielectric properties of sintered Ni; _,Zn;Fe, Oy ferrite
samples. The effect of frequency on the AC electrical
conductivity and dielectric properties is studied, too.

EXPERIMENTAL

Pure oxides NiO, ZnO, and Fe;O3 were mixed in
mole ratios to form the Ni; _;Zn;Fe;O4 system (z= 0,
0.2, 0.4, 0.6, 0.8, and 1) using the usual ceramic tech-
nique as follows. These mixtures of oxides were presin-
tered at 1173 K for 4 h. The presintered oxides were
ground finely in agate mortar, then pressed in the form
of discs in air without any binders at constant pressure
of 1.034 x 108 Pa and finally sintered at 1573 K for 15
h. Then, the furnace was switched off and the samples
were left to cool slowly inside it for 3 days. The sam-
ples were polished to get smooth and parallel surfaces

of thickness d and cross-sectional area A. A disc from
each composition was ground finely for the study of
X-ray diffraction using FeKa radiation of the wave-
length A = 0.193597 nm from X-ray diffractometer of
the type Jeol, Model JSX-60 PA. The surfaces of the
discs were coated with silver paste as contact materials
for the electrical measurements which were carried out
inside an evacuated silica tube to avoid the moisture
absorption on the surfaces of the samples. The DC
electrical conductivity oqc(T) was determined from
the DC I—YV characteristics of the samples. The com-
plex impedance technique (Lock-in amplifier SR 510
type) was used to measure the voltage drop Vg devel-
oped across a standard ohmic resistance R, frequency
f, and phase angle ¢ between the current I = Vg/R
and Vg, respectively. The measurements were carried
out at room temperature using the circuit shown in
Fig. 1. The real AC electrical conductivity o} (w,T),
relative permittivity €], and dielectric loss tg § were
determined using the following expressions, where V
is the applied input AC voltage

o (w,T) = [dVg cos §|/[AR(V — VR)] (1)
& = {[dVrsin ¢]/[AR(V - VR)]} (2)

tgd=1/tgo (3)
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Fig. 1. Electric circuit used for the measurements of AC con-
ductivity and dielectric properties.
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Fig. 2. X-Ray diffraction patterns for Ni;_.Zn,FesOy4 ferrites.
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Table 1. Compositional Dependence of Lattice Constant a, Av-
erage Value ap as Compared with Published Values

z  Present results ap/nm Published values
a/nm

0.0 0.837 0.836  0.837 [4], 0.835 [5, 17, 18]

0.2 0.839 0.839  0.839 [4], 0.838 [5, 17

0.4 0.842 0.841  0.841 [4], 840 [5, 17]

0.6 0.844 0.843  0.844 [4], 842 [17], 0.843 [5]

0.8 0.846 0.845  0.846 [4], 0.845 [5, 17]

1.0 0.849 0.848  0.849 [4], 0.847 [5]

RESULTS AND DISCUSSION
Structural Study

The X-ray diffraction patterns for the studied sam-
ples are shown in Fig. 2. The analysis of X-ray diffrac-
tion showed that the studied samples have single-
phase cubic spinel structure. The value of lattice con-
stant a was calculated for each sample using a com-
puter program (Powder Diffraction Pakage) PDP [16].
The calculated values of a are listed in Table 1 as a
function of composition and compared with previously
published values. Table 1 indicates that the present
values of lattice constant are in good agreement with
the published results. The lattice constant increases
with increasing the Zn?* ions substitution. This could
be related to the fact that Zn?* has ionic radius of
0.074 nm [19] which is higher than that of Ni** ion
being 0.069 nm [19].

The radius of an ion on the tetrahedral site was
calculated using the following expression [20]

Tret = (1 — Z)Teet (F3T) + zrier (M?T) (4)

M?* is a divalent metal ion.

The values of oxygen positional parameter u could
be calculated for each composition using the value of
a, Tiet, and radius of oxygen ion Ro = 0.132 nm in the
following expression [21]

et = a(u — 1/4)(3)Y% — Ro (5)

Then, the radius of the octahedral ion 7oy could be
calculated using the values of a, Ro, and u in the
following expression [21]

Foet = a(5/8 — u) — Ro (6)

The effect of Zn2* ion addition on the radius of tetra-
hedral ion rit, radius of octahedral ion ro¢¢, and oxy-
gen positional parameter u is presented in Fig. 3. The
radius of the tetrahedral ion riey and oxygen positional
parameter u increase while the radius of the octahe-
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Fig. 3. Effect of Zn2t ion addition on rtet, Toct, and u.

dral ion 7, decreases as Zn?* ion addition increases.
It was reported that the nonmagnetic Zn?* ion has a
strong preference to occupy the tetrahedral (A) sites
[3, 22, 23], the magnetic Ni2* ion has a strong pref-
erence to occupy the octahedral (B) sites [3, 24—26]
while the Fe ion partially occupies the A sites and the
B sites [3, 24—27]. Therefore, the increase of the addi-
tion of Zn%* ion of larger ionic radius of 0.074 nm [19]
at A sites and the decrease of content of Ni%t ion with
smaller ionic radius 0.069 nm [19] at B sites leads to
a marked increase of the radius of tetrahedral ion and
the decrease of the radius of octahedral ion as shown
in Fig. 3.

There are the available interstices in an ideal close
packed structure of rigid oxygen anion for a metal ion
which can be incorporated in A sites with radius r <
0.03 nm and with radius r < 0.055 nm for B sites.
In order to accommodate Zn?*, Ni2t, and Fe ions,
the lattice has to be expanded. The difference in the
expansion of A sites and B sites is characterized by
the oxygen positional parameter . When a metal ion
of larger ionic radius (Zn?* and Fe37) is located at A
sites, then the tetrahedral sites will be expanded by an
equal displacement of the four oxygen ions outwards
along the body diagonal. The four oxygen ions of the
octahedral octants are shrinked by the same displace-
ment as the first expands. The displacements of oxy-
gen ions make A sites larger and B sites are reduced
in size. Therefore, u increases as Zn2* ion substitution
increases (Fig. 3).

The X-ray diffraction patterns in Fig. 2 show a
strong diffraction from the planes (311), (220), (400),
(511), (222), (422), and (440). The diffraction from
these planes is sensitive to the cation distribution at
both the A and B sites for the spinel ferrites [28]. The
intensity ratio I(hkl)/I(400) was considered to be sen-
sitive for the cation distribution which is composition-
dependent [29]. The intensity ratio I(hkl)/I(400) for
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Fig. 5. Lattice constant a as a function of F(8) for samples
with z equal to: A 0.0, ® 0.2, A 0.4, M 0.6, 0 0.8, and
+ 1.

some selective planes is drawn in Fig. 4 as a function
of Zn?* ion addition, it represents a linear relation-
ship. The intensity ratio decreases as Zn%* ion addi-
tion increases. ’

Using Bragg’s angle ©, the function F(8) [30] was
calculated as

F(8) = 1/2[(cos® 8/ sin8) + (cos® §) /6] (7)

Drawing the relationship between the lattice constant
a and F(6), a straight line will result for each compo-
sition as shown in Fig. 5. Extrapolating the function
F(6) = 0 for § = /2, an estimated value of the lattice
constant ag was obtained for each sample to be listed
in Table 1 as a function of composition. ay increases as
the Zn%* ion addition increases. Table 1 indicates that
the values of the lattice constant are sometimes little
smaller than the average values ap. Some little devia-
tions are present between the published data and the
values of ag which could be related to the variations
in preparation conditions.
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Fig. 6. Effect of angular frequency w on o2(w, T) for the same
samples as in Fig. 5.

Electrical and Dielectric Measurements

The real AC electrical conductivity o}.(w,T’) con-
sists of two terms [31] as

Uallc(w>T) = Udc(T) + 02(waT) (8)

The first term o4.(T) is the DC electrical conduc-
tivity which is temperature-dependent and frequency-
independent. It is attributed to the drift mobility of
charge carriers. The second term o2(w, T) is related
to the dielectric relaxation caused by localized elec-
tric charge carriers. It is frequency- and temperature-
dependent, o2(w, T) obeys the following power law
form [31, 32]

02w, T) = B(w)" (9)

where w = 27f is the angular frequency, n and B are
composition- and temperaturz-dependent parameters,
the exponent n is dimensionless while B has the S
cm™! unit.

The effect of w on the AC electrical conductivity
o2(w, T) is represented in Fig. 6 in the logarithmic
form. Fig. 6 indicates that o3(w, T') increases on in-
creasing the angular frequency, this well agrees with
eqn (9). Fig. 6 represents a straight line with a slope
equal to the exponent n and intercepts a part equal to
log {B} on the vertical axis at log {w} = 0 for each
sample. The values of n and B were determined from
Fig. 6 as a function of composition z.

The effect of angular frequency w on the relative
permittivity e, and dielectric loss tg § at room tem-
perature is represented in Figs. 7 and 8, respectively.
Both €] (Fig. 7) and tg é (Fig. 8) decrease on increas-
ing w. This is a normal dielectric behaviour in fer-
rites. The decrease in €] and tg § on increasing the
frequency (Figs. 7 and 8) takes place when the jump-
ing frequency of electric charge carriers between the
adjacent octahedral sites cannot follow the alternation
of the applied AC electric field beyond a certain crit-
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Fig. 8. Effect of angular frequency w on tg § for the samples
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ical frequency [33]. ] in Fig. 7 has high values of the
order of 102 to 10° which are in accordance with the
previously observed values of 10° for each of Mn—Zn
5], Cu—Zn [6], Ni—Zn [7, 8, 34], Li—Ni [20], Ni—
Mg [35, 36], ZnMg—Ni [37], Zn—Mg [38] and 107 for
Mg—Mn [34, 39] ferrites. Fig. 6 indicates that o2 (w,
T) increases while €/ (Fig. 7) and tg 6 (Fig. 8) de-
crease on increasing the angular frequency w. This is
in accordance with the following theoretical relation-
ship [21] which predicts that o} (w, T) or oz(w, T)
is directly proportional to w while € and tg § are in-
versely proportional to w

0 (w, T) = (weL tg ) /dr (10)
According to Maxwell—Wagner model [40, 41], the
dielectric structure could be considered as consisting
of two layers, the fairly well conducting ferrite grains of
large size and the second is the thin poorly conducting
grain boundaries. The high values of €] and low values
of o2(w, T) are related to the grain boundaries which
are formed during the sintering process of the samples

Chem. Papers 52 (2) 107—113 (1998)
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by the superficial reduction or oxidation of the small
crystallites as a result of their direct contact with the
firing atmosphere [20]. It was reported that the grain
boundaries are effective at lower frequencies while the
ferrite grains are effective at higher frequencies [8, 42,
43]. This is in a good agreement with the increase of
o2(w, T) (Fig. 6) and decrease in both €. (Fig. 7) and
tg 0 (Fig. 8) on increasing the angular frequency w.
The effect of Zn?* ion susbtitution on the AC and
DC electrical conductivities o} (w,T) and oq4c(T) is
illustrated in Fig. 9. o (w,T) is drawn at selected
frequencies of 100 kHz, 10 kHz, 1 kHz, and 0.1 kHz,
respectively. Fig. 9 shows that the DC electrical con-
ductivity o4c(T) is smaller than the real AC electrical
conductivity o} .(w,T). This could be related to the
fact that o4c(T) is a part of o) (w,T) according to
eqn 8. Fig. 9 indicates that both o4.(T) and o} (w,T)
increase on increasing the Zn?* ion substitution. The
study of cation distribution using Mossbauer spectral
analysis proved that the Zn2* ions strongly occupy
the A sites [3, 22, 23] while Ni?* ions occupy B sites
[3, 24—26] and Fe ions occupy both the A and B sites
[3, 24—27). Increasing the Zn?*ions content at the A
sites and reducing Ni?* ions content at B sites leads to
the migration of some Fe ions from A sites to B sites to
substitute the decrease in Ni%* ions content at B sites
[27]. As a result, the number of ferrous and ferric ions
at B sites increases. The electron exchange interaction
between Fe?* and Fe3* ions at B sites (which is re-
sponsible for electric conduction in ferrites) increases.
Therefore, the electrical conductivity increases on in-
creasing the Zn?* ion substitution as shown in Fig. 9.
The semilogarithmic relation was drawn in Fig. 9
(between In {o} and z) at different selected frequen-
cies to determine the real and exact compositional de-
pendence of the DC and AC electrical conductivity o.
This relation in Fig. 9 represents parallel straight lines
with a slope equal to 2.42 and intercepts parts from
the vertical axis at £ = 0. According to the results in
Fig. 9, an empirical formula for the compositional de-
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pendence of electrical conductivity o could be written
in the following form

o = Sexp(mz) (11)

The pre-exponential constant S has the conductivity
unit, m is the slope of the lines, the positive sign of
m is for the increase of o while the negative sign
is for the decrease of o with z. The empirical rela-
tion (11) for Nij_;Zn Fe;O4 ferrites has been sug-
gested before for CuAl,Fe; ;04 [44], CuCr,Fe;_; 04
[45]’ NizMg; —;Fe2O4 [35], Zn Mg, Fe; 04 [38]a and
Zng g— Mg, Nig 2 FeaO4 [46] ferrites.

The effect of Zn?* ion addition on the relative per-
mittivity €] and dielectric loss tg ¢ at the selected fre-
quencies of 100 kHz, 10 kHz, 1 kHz, and 0.1 kHz is
represented in Fig. 10a and b. Fig. 10 shows that both
¢! and tg & increase on increasing Zn?* ion addition.
The electric charge carriers are not completely free but
are strongly localized at the 3d-shell. The mechanism
of electric conduction in ferrites is similar to that for
dielectric polarization. The electron exchange between
Fe?* and Fe3* ions (which is the reason for increasing
the conductivity with Zn?* ion substitution, Fig. 9)
causes local displacements in the direction of applied
external electric field. These local displacements de-
termine the dielectric polarization (e and tg 4) in
ferrites. Therefore, both €, and tg § increase on in-
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creasing the conductivity or Zn?* ion addition.

The effect of Zn?t ion substitution on the param-
eters n and B for the electrical conductivity o2(w, T)
is presented in Fig. 11. Both n and B increase on in-
creasing the Zn?* ion substitution. Since the electrical
conductivity o2(w, T) increases on increasing Zn%t
ion addition as shown in Fig. 6, both n and B will
increase, too. On the other hand, B has the unit of
S cm™!, therefore it must follow the character of con-
ductivity with composition, i.e. it increases on increas-
ing Zn%* ion addition. The exponent n determines the
degree of frequency dependence of the AC conductiv-
ity o2(w, T), at certain frequency w the conductiv-
ity o2(w, T) increases as Zn** ion addition increases,
as a result n must increase, too. The semilogarithmic
relation (between In n, and In {B} vs. z) in Fig. 11
represents straight lines with a slope of 0.36 for n and
0.87 for B. These straight lines intercept parts on the
vertical axis at £ = 0. The cempositional dependence
of the parameters n and B could be written in the
following empirical formulae

n(z) = N exp(az) (12)

B(z) = N'exp(bz) (13)
These empirical formulae (12) and (13) have been sug-
gested before for each of Ni—Mg [35], Zn—Mg [38],
and NiZn—Mg [46] ferrites.

CONCLUSION

The analysis of X-ray diffraction patterns indicates
that the studied Ni;_,Zn,Fe,Q,4 ferrite samples have
cubic spinel structure with single phase. The lattice
constant a, radius of tetrahedral ion riet, 0Xygen posi-
tional parameter u, relative permittivity e/, dielectric
loss tg ¢, DC and AC electrical conductivities o4c(T)
and o'(w,T), parameters n and B for the electrical
conductivity o2(w,T) increase while the radius of oc-
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tahedral ion roc¢ decreases as the Zn?t ion substitu-
tion increases. The AC electrical conductivity o2 (w, T)
increases while the relative permittivity €] and dielec-
tric loss tg & decrease on increasing the frequency
of the applied AC electric field. Empirical formulae
were suggested for the compositional dependence of
the electrical conductivity, parameters n and B, re-
spectively.
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