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Abstract. The effect of Fe substitutions by rare-eanh ions on magnetic and elecuieal properties 
of a Ni-Zn ferrite prepared by the classical method is investigated. A set of seven compounds 
with formula Niu. ,Zn, ,~Fe, .~R~.~~O~,  where R Yb, Er, Dy, Tb. Gd, Sm or Ce, was prepaxed. 
Emphasis is placed on current expeiimenral results of bulk magnetic measurements and transport 
phenomena The results obtained reveal that. by introducing a relatively small amount of RzO, 
instead of Fe203, an important modification of both the smctllre and the magnetic and elechical 
properties can be obtained. We explain the influence of the rareeanh ions as an effect of the 
ionic radius. This assumption is supported by the lanice wmant measurements. The best results 
from the viewpoint of magnetic and elecuical characteristic acceptable for high frequencies were 
obtained for R ions with a large radius and with a stable valence of 3f such as Gd in OUT work. 

1. Introduction 

Ni-Zn polycrystalline femtes are low-cost materials that are attractive for microwave device 
applications owing to their high resistivity, mechanical hardness, high Curie temperature and 
chemical stability. Indeed, they can be prepared easily by ceramic standard technology. In 
this case, the technological problem consists, mainly, in the practical possibility of avoiding 
discontinuous growth of the grains, assuring at the same time a high density in the final 
material. 

In this connection, in earlier papers [1,2], we investigated the effect of some additives 
and substitutions on the properties of Ni-Zn femtes required for the high-frequency 
technique. In particular, we investigated the effect on the porosity. We found that, by 
introducing properly chosen additives or substitutes, one can realize a compromise between 
the properties, making it therefore possible to obtain, by the classical method, Ni-Zn femtes, 
with properties beneficial for a high operating frequency. 

Continuing these studies in the present paper, we have investigated the effect of rare- 
earth ions substituted for the iron ion in a Ni-Zn ferrite on the magnetic and electrical 
properties, because it is known that the rare-earth atoms R play an important role in 
determining the magnetocrystalline anisotropy in the 4f-3d intermetallic compounds [3- 
51. No information exists in the literature about the rare-earth oxide’s influence on the 
parameters of the femmagnetic oxide compounds. 

It is known that the magnetic behaviour of the femmagnetic oxides is largely governed 
by the Fe-Fe interaction (the spin coupling of the 3d electrons). By introducing R ions into 
the spinel lattice, the R-Fe interactions also appear (3d4f  coupling), which can lead to 
small changes in the magnetization and Curie temperature. The R-R interactions are very 
weak since they result from the indirect 4f-5d-5d-4f mechanism. 

Some prelimimy experimental results were published in [6]. 
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2. Experimental details 

The nominal chemical formula of the samples investigated is Nio.7Zno.sFel.98Ro.mO~, where 
R ss Yb, Er, Tb, Gd, Dy, Sm or Ce. 

The samples were obtained by the usual ceramic technology from high-purity oxides 
(chemical purity greater than 99.5%). The mixing was performed in a ball mill. From 
this mixture at 5 x IO7 N m-z pressure, the toroidal forms (16 mm in outside diameter, 
8 mm in inside diameter and 4 mm thick) and pellets (8 mm in diameter and 4 mm thick) 
were pressed. In order that all samples undergo the same heat treatment they were sintered 
together for the same time. The sintering was done in air in two steps: at 900°C for 4 h and 
then at 1300°C for 5 h, followed by slow cooling in air in the furnace at about 30°C h-'. 
Before the measurements of the magnetic and electrical properties were made, a surface 
layer (of about 0.3 mm thickness) of the samples, in which there might still be a zinc deficit 
because of volatilization during the sintering process, was removed by mechanical grinding. 

The porosity of the sintered bodies was determined by measuring the Archimedes density 
and comparing the result with the theoretical density obtained by using precise x-ray data 
from polished sections. 

The specific saturation magnetization us was measured at liquid-nitrogen temperature 
(77 K) and at room temperature (293 K) with a vibrating-sample magnetometer, in a 
magnetic field of 8.8 kOe. A sphere of electrolytic nickel was used as standard. 

The initial magnetic permeability pi was measured in a field of 5 mOe, at 1 W z ,  by a 
bridge method. 

The Curie points Tc were obtained from the curves of Ihe initial permeability versus 
temperature. 

The DC resistivity p at room temperature was measured with a Wheatstone bridge using 
silver paste contacts. From the temperature dependence of the resistivity the activation 
energies were determined. 

Also, the Fez+ ion content was established by the chemical etch method described in 
171, with a precision of 0.1%. 

The average grain size D ,  was measured on photographs taken of lapped and etched 
surfaces [SI, using an optical microscope Neophot Zeiss. The chemical etch was done with 
70% &PO4 and 30% HzS04 solution, at 60-70°C; the duration of the etch varied between 
6 and 30 min. 

All sintered samples were investigated by x-ray diffraction with a DRON diffractometer 
equipped with an iron anode. 

3. Results and discussion 

The experimental results concerning the x-ray analysis of the samples investigated are given 
in table 1. 

Except for Ni-Zn ferrite without substitutions all samples contain, besides the spinel 
phase, a foreign phase, but in a very small amount. For some samples this was identified 
as the orthofemte (RFeOs). The lattice parameters were determined also; for further details 
on this procedure see 191. 

The properties of all samples are compiled in table 2. 
All results show that, by introducing a relatively small number of rareearth ions, an 

important modification of both the structure and the magnetic and electrical properties can 
be obtained. 
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Table 1. Notation, chemical mmposition and lattice constat a for the samples studied. 
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a 
Smple  Chemical composition (A) Other phases 

A Nio.7ZwnFez04 8.3687 - 
Y Na.~Zs1,~Fei.~sRo.ozO4 (R = Yb) 8.3701 Foreign phase 
E N ~ I . ~ Z ~ U . ~ F ~ I . S H ~ I , ~ I Z O ~  (R Er) 8.3698 Orthoferrite 
D N ~ O . ~ Z ~ . ~ F ~ I , U S & I . ~ I Z O ~  (R = Dy) 8.3674 Orthofenite 
T Niu.~Znn.~Fei,ysRo.o~04 (R Tb) 8.3680 Orthoferrite 
G Niu,7Zno_lFei,vsRumO4 (R Gd) 8.3660 Orthoferrite 
S Nin,7Zn, i~Fei ,y~~. i120~ (R = Sm) 8.3703 Foreign phase 
C Nio.7Zno~Fei.uaRo.n~Oa. (R = Ce) 8.3683 Foreign phase 

Table 2. Propties of the manufactured samples: rareemh ionic radius r ,  specific saturation 
magnetization q 7  K measured at liquid-niuogen temperature, specific saturation magnetization 
"2y3 K measured st room lemperalue; Curie temperature Tc, initial magnetization permeability 
&i measured at room temperature. number of Fez+ ions per molecule, avemge grain size D,, 
porosity p .  logarithm (electrical resistivity) logp and activation energy E l .  

r 
Sample (A) 
A - 
Y 0.86 
E 0.89 
D 0.92 
T 0.93 
G 0.97 
S 1.00 
C 1.07 

077 K rZY3 K 
(emu g-l) (emu g-l) 

97.7 67.3 
93.0 65.3 
99.6 66.1 
92.1 64.8 
93.7 64.6 

103.0 65.9 
97.1 65.6 
87.2 64.4 

Tc 
("C) Pi W+l 
415 110 0.0111 
410 82 0.0155 
405 56 0.0067 
404 78 0.0420 
410 85 0.0677 
410 105 0.0256 
410 100 0.0407 
412 120 0.0533 

D m  P 
(sm) (%) 

16.01 15.5 
14.91 16.0 
14.85 13.0 
12.30 14.4 
11.70 14.2 
10.20 15.7 
12.50 18.2 
10.10 13.7 

1% P 
(Q cm) 
4.774 
4.884 
4.950 
5.077 
4.960 
5.330 
5.250 
4.700 

- 
EI 
(eV) 
0.264 
0.245 
0.210 
0.250 
0.221 
0.252 
0.218 
0.233 

From the viewpoint of the influence on the ferrite, we divide the R ions studied into 
two categories: 

(1) the R ions with a radius very close to those of the Ni and Fe ions, which can enter 
into the spinel lattice; 

(2) the R ions which have an ionic radius larger than those of the metallic ions of 
the spinel lattice; during the sintering process some of these ions will diffuse to the grain 
boundaries and form an isolating ultra-thin layer around grains. 

Figure 1 shows the Curie temperatures Tc and the specific saturation magnetizations cs 
measured at 77 and 293 K for the Nio.7Zno.3Fe,.98Ro.a204 samples in order of increasing R 
ion radius. 

All compositions, irrespective of R ion type, have nearly the same Curie point, which 
confirms that in these compounds the Fe-Fe interactions dominate. The small quantity of 
R ~ 0 3  in these compounds only slightly influences Tc. However,, the Curie temperatures 
are a little lower than that of Ni-Zn femte without R owing to a decrease in the Fe-Fe 
interaction number. A larger decrease in TC was obtained for the samples with Er and Dy 
which have a small ionic radius, because the R-Fe interaction decreases with increasing 
ionic radius, when R ions enter into the spinel lattice. The Curie temperature for the ferrite 
without R is 415°C and for that containing Er is 405°C; the slight difference explains the 
minor influence of R-Fe interactions at high temperatures. 

The specific magnetization measured at 77 K is to some extent variable. It is about 
92 emu g-' for R Yb, Dy and Tb, rising to about 100-103 emu g-' for Er and 
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withoutR Yb Er Oy Tb Gd Sm Ce 

Figure 1. Curie temperam and specific samtion magnetization at liquid-nitrogen temperature 
and room tempemure for Nio.~Zno,rQe~.~~sRI4,.,n04 samples, with R Yb. Er, Dy, Tb, Gd, Sm, 
or Ce. 

Gd. We think that the Er and Gd ions become ferromagnetically ordered, and the others 
antifemomagnetically ordered. In this case we suppose that a small component of the 
magnetic moment is induced by the R-Fe interaction, owing to the ferromagnetic ordering 
of the rare-earth ion moments at low temperatures, when these ions enter in the spinel 
lattice (this is the case for Er ions) [lo]. This interaction causes the rare-earth magnetism 
at room temperature and above [ 111. The Gd ions, because of their large ionic radius, enter 
only partially into the lattice; the rest form the orthofemte GdFe03 with Fe’+ ions. The 
higher value of us for Gd substitution may be explained by a modified distribution of the 
rest of the Fe?+ ions on the two sublattices compared with their distribution in the ferrite 
without substitutions. For Ni0,~Zn0.~Fe~.~~Ceo.0204, us (77 K) has the lowest value, about 
87 emu g-I, and Tc is the highest. This peculiarity could be associated with the fact that 
Ce is a non-typical R element having a broader width of the 4f band and, consequently, 
gives rise to a strong hybridization of the 4f states with the 3d band [12]. At 290 K, b; has 
nearly the same value for all samples with R ions; it is slightly smaller than that for pure 
ferrite. 

An interesting result was obtained concerning the temperature dependence of the initial 
permeability. Figure 2 shows the curves of permeability pi versus temperature T .  

One should note the following. 

(a) The R ion influences the shape of the pj(T) curves. For all samples containing 
rare-earth ions, except Ce, the curves show a plateau, which extends over a temperature 
range whose width depends on the R ion type. In this region, pi is almost independent of 
temperature, the relative variation of permeability Api/pi being about 1-2%. 

@) The magnitude of the permeability increases with increasing R ionic radius. 
(c) For Ce substitution, the initial permeability increases continuously with increasing 

temperature up to the Curie point. 

To explain the shape of the pi(T) curves we can recollect here that, for a ferrite with 
a given chemical composition, the value of the crystal anisotropy constant K I  is composed 
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Figure 2. Initial magnetic permeability as a function of temperature for N~l,rZno,3Fel,~sRo."~O~ 
samples. The rare-earth ionic radii are shown in parentheses. 

of the contributions of the individual magnetic ions [13]. In our femtes, the contribution 
of Fe3+ ions to K1 is negative, while that of the Ni2+ ions on octahedral sites can be 
neglected [14] and K L R  is positive [IS, 161. Furthermore, we suppose that the Fe2+ ions 
which appear during the sintering process can occupy both the octahedral (B) and the 
tetrahedral sites (A) in ferrites [I] and, as shown previously [17], their contributions to the 
anisobopy constant K I  have opposite signs: K1(Fe2+(B)) < 0 and K1(Fe2+(A)) z 0. The 
temperature dependence of all these contributions to Kt can explain the appearance of the 
plateaux in the pi(T) curves, which is of a great technical importance. On the other hand, 
the shape of the &(T) curves can be correlated with the microstructure of the material. 
All microstructural factors such as the size and form of the crystallites, the structure of the 
grain interfaces, the precipitates, the inhomogeneities, the cationic and anionic vacancies 
and the dislocations, can finally lead to the statistical composition differences determining 
a dispersion of the KI compensation temperature and, therefore, a flattening of the pi(T) 

In figure 3 the initial magnetic permeability and the average grain size D,,, are given 
for all samples. We explain the observed influence of the R ion type on the value of pi as 

curves. 
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P I r a  
120 

A Yb Er Dy Tb Gd Sm Ce 
Figure 3. Initial magnetic permeability and average grain size ns functions of the species of 
rareoarth ions. 

an effect of the ionic radius size. 
From figure 3, one can see that the value of pi decreases for R ions with small radius 

but increases with increasing radius of the R ions. 
The R ions which enter into the spinel lattice. owing to their electronic configuration, 

will distort the lattice or crystalline field, generating an internal stress that will hinder the 
domain wall displacement and, as a consequence, the permeability will decrease. 

The R ions which enter into the lattice only partially, during the sintering process, will 
diffuse to the grain boundaries and form an isolating ultra-thin layer around the grains. 
This segregation process impedes the displacement of grain boundaries and further crystal 
growth is stemmed [IS]. This results in quite small grains, with a reduced number of inner 
pores. In this case the displacement of the magnetic domain walls becomes easier and a 
larger pi will be obtained. 

From figure 3, one can observe the decrease in the average grain size D,,, with increasing 
ionic radius. However, for the SmzO3 substituent, the value of D, is a little larger than 
those of neighbouring R substituents. Probably, during the sintering process, SmOz could 
also appear, which acts as a flux owing to its low melting point (642'C) and which can 
favour the growth of lower grains with inner pores. Other crystallites in these samples will 
grow freely or will be stopped by the segregated layer. In consequence, the structure of 
the resulting ferrite presents very heterogeneous grains and a significant porosity, especially 
intergranular, that will therefore lead to a slight decrease in permeability [19]. 

Unfortunately, the permeabilities for samples with Rz03 are not large compared with 
those of the sample without RzOs, since part of the initial iron oxide was substituted by 
R ~ 0 3  and another part formed a weak magnetic compound WeOS with RzOs. 

Our assumption concerning the role of the R ion radius is confirmed by the lattice 
constant measurements given in table 1. We observe that the lattice parameters are not 
constant but increase when the R ions enter into the spinel lattice and begin to decrease 
for a large difference between the cation radii of R3+ and Fe'+ owing to the removal of 
the rare-earth ions from the spinel lattice. One can see that for Ce and Gd substitutions 
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the lattice constants are a little smaller than that of unsubstituted Ni-Zn ferrite. For these 
substitutions it is possible that the spinel lattice is slightly compressed by the resulting 
precipitate. 

I 
A Yb Er Dy Tb Gd Sm Ce 

Figure 4. Porosity and electrical resistivity at m m  temperamre as functions of the species of 
me-eanh ions. 

Figure 4 shows the influence of the R ion on the electrical resistivity and the porosity. 
The samples are generally porous; the highest porosity was obtained for the substituted Sm 
sample for the reason given above. Also, one can see that all rare-earth oxides, except 
for CqO3, increase the electrical resistivities as the result of the formation of insulating 
intergranular layers w e 0 3  contains Fe3+ ions only). 

However, it has been noted that one cannot establish a correlation between the resistivity 
of the specimens and their Fez+ ion concentration because, in the conduction process, Fe2* 
ions on only the octahedral sites participate [20] or it is assumed [I] that the Fe2+ ions 
can occupy both the octahedral and the tetrahedral sites. For instance, from table 2, one 
can see that the ferrites which contain R ions with a large radius (Gd, Sm or Dy), even 
if they contain a large quantity of Fez+, have a high resistivity. On the one hand, the 
formation of insulating intergranular layers impedes the oxidation of Fez+ ions inside the 
grains during slow cooling of the samples and, on the other hand, it increases the resistivity 
of the material. 

From table 2 it can be observed that the Tb-substituted ferrite contains the highest Fe2+ 
amount and it has a small resistivity. A possible cause of this result could he the generation 
at a high temperature (1300 "C) of Tb" ions from Tb3+ ions which having a smaller radius 
(0.76 A) can substitute for Fe3+ ions on octahedral sites. Also, Satbir et al [21] have 
supposed that the introduction of a high-valence cation, such as Me4+, in the lattice of a 
Ni-Zn ferrite generates Fe2+ ions. In the present case, the Tb" ions will generate Fe2+ on 
octahedral sites that will participate in the conduction process: at the same time, a marked 
increase in the Fe" content is noted. The small value of p for Ce may be attributed to Ce 
valence fluctuation between the Ce3+ and Ce4+ ions. 
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To obtain complete information on the effect of the R ion on the conduction process 
the temperature dependence of p was measured between room temperature and the Curie 
point. 

.J- 

1 2 3 
T-'xlO'lK +I-'' 

Figure 5. Logarithm of the eleeIrical raistivity versus reciprocal temperature for the three 
samples studied. 

The variation in the logarithm of electrical resistivity as a function of reciprocal 
temperature for three samples is plotted in figure 5. One can note the following. 

(a) For all samples, irrespective of whether they contain an R ion or not there are, in the 
temperature interval investigated, two regions with completely different activation energies. 

(6) The change in the slope of the log[p(l/T)] curve takes place at around the 
temperature of 200°C. The steeper slopes of the straight lines for higher temperatures 
can be regarded as due to thermally activated mobility of the charge carriers, but not to a 
thermally activated creation of these carriers. Conceptually, this would provide a simple 
explanation for the strong increase in conductivity at a higher temperature. 

(c) In the temperature interval investigated, p decreases by about two orders of 
magnitude. 

(d) All curves can be described by the following equation: 

p = AI exp(El/kT) + Azexp(Ez/kT). (1) 

The constants A1 and A2 can be computed by extrapolating to infinite temperature; E1 and 
E2 are the activation energies for the two temperature intervals; k is the Bolmann constant. 

(e) The difference between the R substituents is in the value of p only, while the 
activation energies evaluated for each interval do not differ so much. In table 2 are given 
the activation energies calculated for the first temperature interval, from the formula 

The small values for the activation energies c o n h  the electronic character of the 
conduction process that consists in the hopping of elect" between FeZf and Fe3+ ions, 
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statistically situated on octahedral spinel sites (‘hopping process’) [20]. The values of the 
activation energies are independent of the R ion type and the Fezc concentration clearly 
shows that the activation energy is determined by the mobility of the caniers and not their 
concentration. 

(f) Also, from figure 5, one can observe that the jump in the activation energy given 
by AE = E2 - E1 is larger for R-contaminated samples than for the sample without R. 
This result suggests the existence of a conduction sensitive to structure. In other words, 
the presence of the crystallites with a spinel shucture with an insulating shell can affect the 
electrical properties of the material. 

(g) On the other hand, it should be noted that the temperature of the discontinuity in 
the log[p(l/T)] curve approximately coincides with the temperature at which the plateau 
in the &i(T) curve starts. This result al1ows.u~ to conclude that both the electrical and the 
magnetic properties are largely determined by the same 3d electrons of the iron ions, which 
are caniers of both the electrical charge and the spin magnetic moment. 

4. Conclusions 

The above results reveal several facts which are noteworthy. 

(1) The influence of the R ions on the properties of an Ni-Zn femte can be explained 
as the effect of their ionic radius. 

(2) The substitutions of iron ions by rare-earth ions provide clearly improved temperature 
characteristics of the initial permeability. 

(3) Also, there was evidence that the permeability is not dependent on porosity; the 
different values of the pi can be explained by the difference between the average sizes of 
the grains. To obtain a higher permeability in our case, the femtes must be produced such 
that grains with a narrower range of diameters (about 10 pm) are obtained. 

(4) It is possible to increase the electrical resistivity by using a small quantity of Rz003 
substituent owing to the structural heterogeneity generated by the insulating intergranular 
layers. The isolation of a grain by high-resistance ultra-thin layers of We03 orthofemte 
is seen as one of the most promising approaches for further reduction in the eddy current 
losses at the higher operating frequencies. 

(5) From the viewpoint of effectiveness, the R ions with a large radius and with a stable 
valence of 3f are found to be the best substituents for improvements in the magnetic and 
electrical properties of the soft magnetic Ni-Zn femte. In our work, Gd203 is preferred of 
the seven rare-earth oxides investigated. 
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