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The Zinc doped cobalt chromium ferrites with the general formula Co,.,Zn ,CrosFe; 50,4
are used to deposit the thin films on silicon Si (100) substrate using pulsed laser deposition
technique keeping the substrate temperature constant at 450°C. The pressure inside the
chamber was 10™Torr. After deposition these thin films have been post annealed at 800C°
to achieve the crystallinity. The structural properties, surface analysis, magnetic and
optical properties have been analyzed by X-ray Diffractrometer, Atomic Force
Microscopy, Spectroscopy Ellipsometry and Vibrating Sample Magnetometer
respectively. XRD analysis revealed that lattice parameters decreases from 8.796 A° to
8.705 A° and crystallite size increases from 19 nm to 68nm with increasing the zinc
contents. AFM analysis showed that average roughness increases with enhancement of
zinc which may be due to increasing grain size and thickness. The ellipsometric analysis
revealed that the band gap energy increases from 1.91 eV to 3.0 eV.
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1. Introduction

Recently the research in material science is concentrated on invention of novel materials
with enhanced properties to overcome the new technological demands. The main advantages of
ferrites are that they produce high efficiency, suitable dielectric loss, low cost, hence find the
prospective application in memory cores and memory devices[1] . Several groups studied the
effect of substitutions with diverse cations to enhance the properties of spinel ferrites. Among the
spinel ferrites, the most extensively studied ferrites are the cobalt ferrites because it has unique
magnetic properties, for example high resistivity, chemical stability, moderate saturation
magnetization and positive anisotropic constant. Now a days, thin films of cobalt ferrites, doped
cobalt ferrites and their composites have been used as a potential components for the application of
gas sensors [2][3]. The thin films of cobalt ferrites can be attained by various techniques but the
best favorable technique for the growth of epitaxial thin films with perpendicular magnetic
anisotropy and a privileged crystallographic direction was found to be Pulsed Laser
Deposition(PLD) [4, 5]. The lasers with pulse duration of nanosecond e.g. Nd-YAG have been
used for the growth of film. Thin films of soft magnetic material like Mn-Zn or Ni-Zn with high ac
permeability and high resistivity can be used in micro transformer, micro inductor and magnetic
recording.

Fujiwara et al. reported the influence of zinc contents on electric resistivity and
permeability of Zn,Fe; O, ferrite thin films [6]. The permeability and natural resonance frequency
can be modified by adjusting the zinc concentration [7].

Matsushita et al. studied the cobalt doped nickel zinc ferrite thin films deposited by spin
spray technique have high permeability and high resonance frequency exceeding snoek’s limit for
sintered bulk ferrites [8].

The aim of present work is to study the structural, optical and magnetic properties of zinc
doped cobalt chromium ferrite thin films.
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2. Experimental theory

Thin films of Zn,Coy.4CrosFe;s04 magnetic materials with different composition were
deposited on Si (100) substrate. A schematic diagram of the experimental setup is shown in Fig. 1.

N&-YAGlaser

Fig 1: A schematic of the experimental setup for PLD

The ablation of each target was done by Nd-YAG laser with wave length of 248 nm at a
fluence of 2.5 J/cm? and operated at a repetition rate of 20 Hz. The base pressure in the chamber
was ~ 10™Torr which was attained by rotary pump. An optimized distance between substrate and
target is 1.5cm. The rotation of target was done by using a programmable motor mounted at 6 rpm.
The irradiation of each target was done with 5000 number of shots and the substrate temperature is
also kept constant in each case i.e. 300K. After deposition, the thin films have been annealed at
850 °C to achieve the crystallinity. Finally the prepared thin films have been characterized by the
following techniques.

3. XRD analysis

The comparative XRD patterns of Zn,Co,.,CrqsFe; s04 where (x=0, 0.2, 0.4, 0.6, 0.8, 1.0)
thin films are shown in figure 1. It is observed from the XRD patterns that all the films exhibit
single phase cubic spinel structure having two prominent peaks in the direction of (220) and (311).
All the thin films have the preferential plane in the direction of (220) direction. All other peaks of
spinel structure are not observed in these micrographs because XRD measurement has been taken
out of plane which detects only those planes that existed perpendicular to the surface of sample.

It is noted that the (311) peak is not grown in the thin films at x=0 to 0.6 because in these samples
all the peaks are grown parallel to the surface of the thin films but as the concentration of zinc
increases, the (311) plane starts to grow in the direction perpendicular to the surface of thin films.
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Fig. 2. Comparative XRD patterns of Co;, Zn,Crgs Fe; 5 Oy thin films
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The d spacing of the zinc doped ferrites has been calculated by using the Bragg’s law
nA=2dsin 6 (1)

Where, A is the wave length of Cu- ka having value 1.54A°. The lattice parameters have been
calculated using the following relations [9]:

a= d (h*+k*+1%) (2)

Where h, k, | are the miller indices. To calculate the crystallite size along (220) plane Scherrer’s
formula is employed [10]

Dp= 0.9%./BC0s0 ©)

Where Dy is the crystallite size, B is the full width at half maximum and 6 is the peak position. The
parameters extracted from the XRD pattern are listed in the table 1.

It has been observed from the table that lattice parameter “a” decreases as the
concentration of Zinc increases. We can explain the reduction of lattice parameter in to two
regimes.

As the ionic radius of zinc (0.82 A®) is larger than cobalt (0.78 A°), so during heating of
the substrate thermal expansion induces the lattice mismatch which causes the decrease in the
lattice parameters.

It is revealed that the most preferential intense peak (220) in the spectra is slightly shifted
towards the lower angle which overcomes the interfacial stresses and strains between the surface
of the substrate and thin film, which causes to reduce the lattice parameters [11].

Table 1. Parameters extracted from XRD pattern

Zinc content 20 d-spacing FWHM Lattice Crystallite
(x) (deg.) (nm) (Rad.) pagameters size(nm)
(A)

C01.xZNnCrosFeys Oy 28.6804 3.1100 0.3545 8.496 19
C01.xZng,CrosFeys Oy 28.6932 3.1087 0.2960 8.492 22
C01.4ZNy4Cros Fe5 Oy 28.8241 3.0948 0.1256 8.453 26
C014ZNngeCrosFe 5 O, 28.8784 3.0891 0.1286 8.437 36
Coyy Zno,gcro_g, Fei5 04 28.9854 3.0780 0.1503 8.405 40

- C01xZn1oCrgs Feys Oy 28.9328 3.0835 0.0624 8.421 68

It has been observed from Table 1 that the crystallite size increases with increasing the
zinc contents. It is well known that the lattice mismatch between the substrate and the film
produces the stresses during the deposition and these stresses also significantly affect the
properties and structure of film. It has been seen from the table that the lattice parameter decreases
that’s why the strains in the films reduce and the crystallite size increases.

It has already been discussed that the structure achieved in the thin films are cubic spinel,
and this cubic structure consist of two sites tetrahedral and octahedral. The distance between the
magnetic ions in tetrahedral and octahedral sites are L and Lg respectively and they are calculated
by the relation (4) and (5).

Lo (4)

4
Lg 2 (5)

4

The values calculated for the hopping lengths L, and Lgare given in table 2.
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It is observed from the table that the hopping lengths of the ions decrease with increasing
the zinc concentration. As La and Lg are directly proportional to the lattice constant, so by
increasing zinc the concentration the lattice constant decreases which lead to decrease in L, and
Lg. The variation of hopping length with zinc contents has been shown in Fig. 3.
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Fig. 3.Correlation of hopping lengths with zinc contents.

Table 2. Variation of hopping lengths with zinc

Zinc content La Lg
(x) (nm) (nm)

C014ZNnyCrysFei 5 04 3.808 3.1095
C014ZngsCrosFe 5 O, 3.807 3.1081
C01.4ZNy4CrosFei5 Oy 3.790 3.0943
Co14ZNngeCrosFe 5 O, 3.783 3.0886
C01x ZNosClos Fér s Os 3.769 3.0775
CO1 ZN; oClos Fe1 s Og 3.766 3.0829

4. AFM analysis

The AFM images of deposited thin films have been shown in figure 4. The calculated
values from 2-dimentional and 3-dimentional images of the AFM are the means grain size and
average roughness which have been summarized in table 3.



| =t

= LA
NI

019 ym E WYY ||

w | o
-0.07 ym E |}

'-'_'_"'_'_'—V_'_'-_

(m) X{um)

E o

N

@

E

X(um)

.
E%m },\ ‘\ w, it

Ur\‘\ 8l H
u‘ rJr
j‘uu\ ‘J‘ ‘\

\ ‘J W

(f

Fig. 4.AFM analysis of zinc doped cobalt chromium ferrites, analysis, 2D (a, b, ¢, d, ¢, f), 3D(g, h, i, j, h, I)
and line profile of roughness(m, n, 0, p, q, )

The figure (a, b, ¢, d) showing the smooth surface but the figure (e, f) that have larger
concentrations of zinc, the granular structure has been observed. The average grain size calculated
from the AFM analysis is showing the similar trend as the crystallite size. It has been observed
from the table that the average roughness increases with increase in the concentration of Zinc. The
average roughness increases due to increase in thickness and the grain size [12] which is shown in
figure 5. The roughness calculated from the ellipsometric analysis and AFM are approximately
comparable.
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Table 3: Average roughness and grain size calculated from AFM

Zn contents Average Grain size
(x) roughness (nm)
(nm)
C01.4ZNyCrysFe 50, 4.0 646
C01.4ZNg ,CrgsFe 504 5.0 737
C01.4ZNg 4CrgsFe 504 5.6 734
C014xZNgeCrosFe; 504 6.7 847
C01xZNggCrysFe; 504 5.6 556
C014xZn1 oCrysFe; 504 7.1 876
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Fig. 5.Graph between thickness and roughness

5. Ellipsometry analysis

The optical parameters like absorption, refraction, refractive index, optical band gap
energy, thickness and roughness are determined by Spectroscopy Ellipsometry. The refractive
index of all deposited films has been shown in the figure 6.

It has been observed from the figure that the refractive index is high in the region of 500-
600 nm and the refractive index decreases with enhancement of zinc ions. This decreasing trend of
“n” is due to increase in thickness and roughness of the film.
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Fig .6.Variation of refractive index with different concentration of zinc
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Fig. 7.Comparison of reflectance with different concentration of zinc
It has been observed from the figure 7 that value of reflectance is maximum for x=0.2 and

x=0.4 and then its value decreases for higher concentration of zinc. This behavior can be attributed
to the less reflecting nature of zinc and increase in thickness.
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Fig. 8.Comparison of absorbance with different concentration of zinc

The figure 8 shows that the absorbance increases with increasing the zinc contents. The
higher value of absorbance with greater concentration of zinc is due to highly absorbing nature of
zinc and increased thickness of the films. The both AFM analysis and ellipsometric analysis shows
that the roughness and thickness are increasing with increasing the zinc contents which is also
responsible for increasing absorbance.

The optical band gap energy can be calculated by using the following relation[13].

(ahv)’ = A (hu—Ey)" (6)

Where “A” is constant and its value is different for different materials. The (ahv)* is plotted
verses (hv) which has been shown in figure 9 (a, b, ¢). The band gap energy is calculated by extra
plotting the linear part to (chv)® =0

It has been analyzed that at x=0 where the zinc contents is absent, the band gap energy is
minimum. It has been noticed that there is significant decrease in band gap energy with the doping
of zinc from x=0.2 to x= 0.8 which is due to increase in crystallite size and film thickness. The
relationship between crystallite size and energy band gap has been drawn in figure 10. As the
crystallite size increases the valance and conduction bands become closer and narrowing the band
gap. Moreover at x=1.0 where the zinc content is maximum and cobalt is absent the band gap
energy increases again. As increase in thickness results the uniform and homogenous network of
defects results an increase in band gap. [14].
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It has been analyzed from the data listed in table that film thickness increases from 118 to
310nm with the enrichment of zinc contents. The increase in thickness is due to reduced stresses at
the interface of substrate and thin film or may be due to adhesion forces between the deposited
materials and the substrate [15]. It is noted that the surface roughness increases with increasing
the zinc ions and its values are in accordance with AFM results.
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Fig. 9(a). Optical band gap energy of Co;, Zn,Crq s Fe; 5 Oy thin films at x=0 and 0.2
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Fig. 9(b). Optical band gap energy of Co;., Zn,Crq s Fe; s O, thin films at x=0.4 and 0.6
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Fig. 9(c).Optical band gap energy of Co;., Zn,Crq 5 Fe; 5 Oy4 thin films at x=0.8 and 1.0
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Fig 10: Variation of band gap energy and crystallite size with zinc content in Co,.,Zn,Crgs Fe; 5 Oy
thin films:( inset) is the variations from x=0.2 to x=0.4

Table 4: Thickness, roughness, optical band gap and refractive index

Zinc content Thickness Roughness Optical band Refractive
x) (nm) (nm) gap index
(eV) (n)
Co1.xZnCrysFe; 50,4 118 15 1.95 2.1
Co01.4xZng,CrosFe; 504 125 19 3.1 2.57
C01.4xZng4CrosFe; 50, 138 20 2.83 2.55
C01.4xZngCrosFe; 50, 154 25 2.79 2.0
C01.xZnggCrosFe; 504 158 20 2.5 18
Co1.4Zny oCrosFe; 50, 310 35 3.0 1.2

6. Magnetic properties

The hysteresis loop of thin films recorded at room temperature using vibrating sample
magnetometer is shown in Fig. 11. The magnetic properties of thin films depends on the grain size,
surface morphology and magnetic anisotropy of the ferrite films [16].
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Fig.11 .Hysteresis loop of Co;4 Zn ,Crys Fe; s Oy4 thin films

The values of saturation magnetization, Remnant magnetization and coercivity of the
deposited thin films are listed in the table 4.
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Table 5: Parameters extracted from M-H loop of Coy., Zn ,Crq 5 Fe; 5 Oy thin films

Zn concentration (X) Saturation Remnant Coercivity
magnetization(emu/g) magnetization (K Oe)
(emu/g)

C014 ZNnyCrysFe 504 220 27 73
C01.4ZNng,CrgsFe; 504 243 24 70
C01.4xZNng 4CrgsFe 504 203 21 69
C014ZNngeCrgsFe; 504 186 20 66
C01.4ZNnggCrgsFe 504 160 18 65
C014Zn1.0CrgsFe;1 504 110 11 68
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Fig. 12. Variation of saturation magnetization and coercivity with zinc

Both the saturation magnetization and coercivity decreases with increasing the zinc
contents which is shown in figure 12.

The decrease in saturation magnetization with increasing the zinc contents is due to non-
magnetic nature of zinc. The deviation in magnetic properties of this kind of spinel ferrites can be
clarified by the distribution of cations and the change in interaction between “A” and “B” sites.
When the zinc concentration is low the magnetic moment of the ions at (A site) is antiparallel to
magnetic moment at (B- site) due to supper exchange interaction. The net magnetic moment can
be explained by using the relation

M= Mg- M, (7)

It is well known that the zinc prefers to occupy the A-site and cobalt prefers to occupy the
B-site and iron is equally distributed between A and B sites. The replacement of iron ions (Fe**) by
the zinc ions (Zn*?) will decrease the (M) magnetic moment which leads to increase the net
magnetic moment. However, by increasing the zinc contents the net magnetization can be
explained as given below

MgCOSOLx -Ma (8)

Where o, is the Yafet-kittle angle or canting angle between the moments at B-site that has a
relation with non-magnetic nearest neighbor ions at the B site[17].

For x<=0.4 the magnetic moment of the remaining iron ions in site A is no more able to
align the magnetic moment of ions at the B-site antiparallel .The lattice at the B-site then divides
itself into sub-lattices and their magnetic moments establishes the canting angles with each
other[18]. Hence more replacement of the zinc ions with iron ions causes to decrease in magnetic
moment at B site and consequently decrease in saturation magnetization. The magnetic properties
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are also affected by thickness of the film so the decrease in coercivity with increasing the zinc
contents is also due to increasing thickness. As the thickness increases, the size of grains increases
which leads to decrease in grain boundaries that causes to decrease in coercivity[19]. It has been
observed that both coercivity and saturation magnetization have greater values as compare to the
reported values of bulk . The microstructure of the thin film has great influence on the coercivity
values. In case of thin film, the grain boundaries increase due to smaller grain than the bulk
materials. These grain boundaries behave like pinning sites for the domain wall which are
responsible for the high coercivity values [19, 20].

Conclusions

Co1.42Zn ,Crys Fey s O, thin films have been successfully prepared by PLD techniques. The
lattice parameters have been decreased and crystallite size increases with increasing the zinc
concentration that may be due to the internal stresses. The AFM analysis determined that the
roughness increases which may be due to the increasing thickness and the crystallite size. The
ellipsometric data showed that the absorbance is maximum and reflectance is minimum which is
due less reflecting nature of zinc and increasing thickness. The band gap energy decreases from
x=0.2 to 0.8 that is attributed to increasing crystallite size. The magnetic measurements showed
that saturation magnetization decrease from 220 to 110emu/g and coercivity decreases from 73 to
68 KOe which is appropriate for magneto-opto electronic recording devices.
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