












expected that in the samples studied, Zn will substitute into

the A-sites. Zn has no net magnetic moment and therefore

substituting into the A-sites would result in lower
P

mA�sites

such that the net magnetization M ¼
P

mB�sites �
P

mA�sites

increases with Zn substitution. Moreover, Zn substitution into

A-sites may result in the displacement of magnetic Co and Fe

cations from the A-sites to the B-sites such that
P

mB�sites

increases and consequently leads to increase in net magnetiza-

tion with Zn substitution as observed in this study. It is possi-

ble that at lower Zn concentrations, only the effect of lowP
mA�sites contributed to the variation in magnetization but at

higher concentrations, the effect of the displacement of Co2þ

into the B-sites also contributed. Hence only a slight variation

in magnetization was observed at x¼ 0 to 0.04 but stronger

variations were observed for x> 0.04.

The temperature and compositional dependence of the

maximum magnetization measured at 4 MA/m are, respec-

tively, shown in Figs. 4(a) and 4(b). The maximum magnet-

ization is hereafter represented with Ms. In Fig. 4(a), Ms of

the samples x¼ 0 and x¼ 0.02 are comparable at all

measurement temperatures. This observation is especially

useful in applications where it is desirable to achieve compa-

rable magnetization to that of the un-substituted sample

while being able to adjust the other properties. For all the

compositions studied (except at x¼ 0.17) as the temperature

increased from 50 K, the Ms also increased, reached a

maximum at 150 K and decreased at higher measurement

temperatures. Consequently in Fig. 4(b), the lowest Ms of

all compositions was obtained for samples studied at 300 K.

In previous studies on CoMnxFe2�xO4, CoGaxFe2�xO4, and

Co1þxGexFe2�2xO4, this trend in which Ms is a maximum

around 150 K was observed up to x¼ 0.2 (Refs. 1, 17, and

18). In those studies, for x> 0.2, Ms decreased continuously

with increase in temperature while in the present study, it

decreased continuously only for the sample with Zn

concentration of x¼ 0.17. Although in CoAlxFe2�xO4, the Ms

decreased continuously for all concentrations studied,19 it is

noticeable in that study that the effect is stronger at lower

concentrations of substituted cation than at high concentra-

tions, similar to the observation in the present study at

x¼ 0.17. It is noteworthy that in the previous studies,1,17–19

cations were substituted for only Fe3þ in CoMnxFe2�xO4,

CoGaxFe2�xO4 and CoAlxFe2�xO4, for Fe3þ and Co2þ

in Co1þxGexFe2�2xO4 and for only Co2þ in the present

study (Co1�xZnxFe2O4). This shows that substitution of non-

magnetic cations at lower concentrations gave a maximum

Ms around 150 K but at higher concentration it decreased con-

tinuously irrespective of which cation (Co2þ or Fe3þ or both)

was substituted in cobalt ferrite.

The observed decrease in magnetization between 150 K

and 50 K can be explained on the basis of the dependence of

the measured magnetization on the competition between the

thermal and anisotropy energies during the magnetization

process. Thermal energy results in the disordering of the

alignment of the magnetic moments thus acting against the

work done by the magnetic energy (due to the applied mag-

netic field) in aligning the moments. This gives rise to lower

magnetization. At lower temperatures, the effect of thermal

energy in lowering the magnetization is reduced.

Consequently it would be expected that in materials such as

cobalt ferrite, any applied magnetic field strength will produce

higher magnetization at lower temperatures than at higher

temperatures as observed in all the samples from 300 K to

150 K. Magnetocrystalline anisotropy on the other hand tends

to align the magnetic moments along the closest easy magnet-

ization directions. This lowers the measured magnetization

because part of the applied magnetic field during magnetiza-

tion is used to overcome the anisotropy field. The lower mag-

netization observed between 150 K and 50 K arises because

the anisotropy field increased as the measurement temperature

decreased. As a result the maximum applied magnetic field of

H¼ 4 MA/m is not sufficient to cause an increase in the mag-

netization of the samples with concentrations x¼ 0 to

x¼ 0.09, at those temperatures. A study on single crystal

un-substituted cobalt ferrite suggests that this increase in ani-

sotropy is due to the significant increase in the second order

cubic magnetocrystalline anisotropy coefficient (K2) around

150 K.20 Substitution of a non-magnetic cation into cobalt fer-

rite is known to lower the magnetocrystalline anisotropy,

especially at higher cation concentrations.14,17 Therefore, as

FIG. 4. (a) Temperature dependence of saturation magnetization of the Co1�xZnxFe2O4 (x¼ 0, 0.02, 0.04, 0.06, 0.09, and 0.17) (b) compositional dependence

of saturation magnetization at different Zn concentrations.
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cation concentration increased, the applied magnetic field

became more effective in increasing the magnetization

because it had less work to do against the anisotropy.

Consequently in this study, at x¼ 0.17, the magnetization

decreased continuously with increase in the measurement

temperature from 50-300 K.

In Fig. 5(a), the coercive field decreased with the mea-

surement temperature for all compositions. The decrease in

coercive field indicates an increase in magnetic susceptibil-

ity. Both microstructural inhomogeneities serving as pinning

points during magnetization and magnetocrystalline anisot-

ropy will affect susceptibility. The observed decrease in co-

ercive field in Fig. 5(a) is more likely to be due to decrease

in magnetocrystalline anisotropy as temperature increased.

At higher temperatures, thermal energy is more effective

in reducing the effects of magnetocrystalline anisotropy

energy. This would result in the increase in magnetic

susceptibility and consequent decrease in coercive field. The

observation in this study is similar to the ones obtained for

CoMnxFe2�xO4, CoGaxFe2�xO4 and CoAlxFe2-xO4.1,18,19 In

Fig. 5(b), a similar trend in the variation of coercive field

with x is obtained for all the samples. The decrease in coer-

cive field with composition is consistent with the fact that

substitution of non-magnetic cation results in a decrease in

magnetocrystalline anisotropy which would also result in an

increase in susceptibility.

Fig. 6 shows the plot of the magnetic susceptibility at

300 K as a function of Zn concentration in cobalt ferrite.

Magnetic susceptibility is a measure of the response of the

magnetization to the applied magnetic field. Both the maxi-

mum differential susceptibility vi ¼ dM
dH

� �
and the initial sus-

ceptibility vin ¼ M
H

� �
M!0;H!0

	 

increased as the concentration

of Zn increased. As expected, comparing Fig. 6 with the coer-

cive field data obtained at 300 K in Fig. 5(b), a correlation

could be seen in which coercive field increases when suscepti-

bility decreases and vice versa.

Fig. 7(a) shows the calculated changes in the first cubic

magnetocrystalline anisotropy coefficient (K1) of the samples

with temperature based on the measured magnetization

curves. K1 increased from 300 K to 250 K. The observed

decrease in K1 from 150 K to 50 K for x¼ 0 to 0.09 and at

50 K for x¼ 0.17 does not agree with the expectation that

anisotropy is higher at lower temperatures due to reduced

thermal effects. An increase in K1 with decreasing tempera-

ture was not observed because around 150 K, magnetocrys-

talline anisotropy may have become sufficiently high

so that the applied magnetic field of H¼ 4 MA/m was

insufficient to drive the magnetization to saturation.

Consequently, estimating K1 with the same magnetization

data would affect the accuracy of K1. Therefore in Fig.

7(a), the data points for 150 K and 50 K are plotted with

open symbols for compositions x¼ 0 to x¼ 0.09. This indi-

cates that the changes in magnetocrystalline anisotropy at

those temperatures and compositions are only “apparent” as

distinct from the solid symbols used for 250 K and 300 K

(temperatures at which the data are expected to be more

accurate). While decrease in temperature tends to increase

the magnetocrystalline anisotropy coefficient, increase in

the concentration of the substituted cation tends to decrease

it. Therefore at x¼ 0.17, the effect of substitution may have

dominated the effect of lower temperature such that the

FIG. 5. Variation of coercive field of the samples with (a) temperature (b) composition.

FIG. 6. Maximum differential susceptibilities (black circles) and initial

susceptibilities (red circles) of the samples at 300 K plotted as a function of

Zn concentration.
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decrease in magnetocrystalline anisotropy was observed

only at T¼ 50 K instead of at 150 K. It is interesting to

observe in Fig. 7(b) that at 300 K, the trend observed in the

variation of K1 with composition is similar to the trend of

variation of coercive field with composition (Fig. 5(b))

which is what would be expected if the variation in coer-

cive field was dominated by the variations in the magneto-

crystalline anisotropy. Comparing Fig. 7(b) to Fig. 6, it can

be seen that magnetic susceptibility is inversely related to

magnetocrystalline anisotropy, as expected. The K1 values

obtained in this study at 300 K for all compositions are

comparable to those obtained from theoretical calculations

and experimental studies on un-substituted cobalt ferrite at

300 K.21–23 This is because, the concentration of Zn in the

samples studied here is low and consequently, a moderate

variation of K1 with composition is obtained.

Magnetostrictive properties

Magnetostriction curves of the samples measured at am-

bient conditions are plotted as a function of applied magnetic

field in Fig. 8. The magnetostriction plot obtained at x¼ 0 is

comparable to values often reported for un-substituted cobalt

ferrite. As in previous studies, substitution of non-magnetic

cations decreased the magnetostriction amplitudes. It is

known that high magnetostriction in materials based on

cobalt ferrite is mainly due to the Co2þ in the octahedral site

of the crystal lattice. Substituting Co2þ with Zn2þ decreases

the concentration of Co2þ and would therefore be expected

to decrease the magnetostriction amplitudes compared to the

un-substituted samples. Moreover, substitution of non-

magnetic cation such as Zn weakens the exchange coupling

and would affect the peak-to-peak magnetostriction ampli-

tude as observed here.

The strain derivatives of the samples are plotted as a

function of the applied magnetic field in Fig. 9. The strain

derivative obtained at x¼ 0 is lower than that reported for

un-substituted cobalt ferrite in previous studies13,14,24 but

comparable to that reported in another study.7 This may be

related to the processing conditions. It has been experimen-

tally shown that magnetostrictive properties of materials

derived from cobalt ferrite, including the strain derivatives,

are dependent on processing conditions.25–27 In another

study,28 it was suggested that an enhancement of �200% in

strain sensitivity may be due to non-stoichiometry which can

also be related to the processing conditions. Therefore it is

important to discuss the effect of Zn-substitution on the

strain derivative of the samples with respect to the un-

substituted sample in the present study (i.e., x¼ 0).

Although Zn-substitution resulted in lower strain deriva-

tive compared to the sample x¼ 0, the strain derivatives

obtained for the substituted samples are comparable. Strain

derivative is often enhanced at low cation concentration but

decreases at higher concentrations.3,7,13,14 Some exceptions

are Ga-substitution12 for which strain derivative was

enhanced at relatively higher Ga concentration (x¼ 0.4 at

300 K) and Mg-substitution24 for which strain derivative

decreased with Mg substitution. In those studies, Ga and Mg

were substituted for Fe. In the present study, low Zn concen-

tration did not result in enhanced strain derivative and may

be due to Zn2þ being substituted for Co2þ which is known to

be responsible for the high magnetostrictive properties in

FIG. 7. (a) Temperature dependence of magnetocrystalline anisotropy coefficient (b) Variation of magnetocrystalline anisotropy coefficient with composition

at 300 K.

FIG. 8. Variation in magnetostriction with magnetic field for the

Co1�xZnxFe2O4 samples (x¼ 0, 0.02, 0.04, 0.06, 0.09, and 0.17) obtained at

ambient conditions.
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cobalt ferrite materials. In a similar study7 for which Zn2þ

was substituted for Fe3þ, strain derivative was enhanced at

lower concentration of Zn2þ but decreased afterwards.

CONCLUSION

The effects of temperature and composition dependence

of Co1�xZnxFe2O4 samples (x¼ 0, 0.02, 0.04, 0.06, 0.09,

and 0.17) on the structural, magnetic, and magnetostrictive

properties have been studied from 50 to 300 K. No observ-

able changes in the crystal structure were observed. At all

temperatures, magnetization increased with x indicating

A-site Zn substitution. In samples x¼ 0 to 0.09, high mag-

netocrystalline anisotropy prevented complete approach to

saturation magnetization in the samples such that measured

magnetization was at a maximum around 150 K. At Zn con-

centration x¼ 0.17, maximum magnetization obtained at

4 MA/m decreased continuously with temperature. An

inverse relation was seen between magnetic susceptibility

and coercive field while a direct relationship was seen

between coercive field and magnetocrystalline anisotropy

coefficient. Zn substitution resulted in the decrease in peak-

to-peak magnetostriction amplitude and strain derivative of

the samples. Results have clearly demonstrated the ability to

tune the properties of cobalt ferrite by substitution of Zn at

low concentrations.
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